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Abstract

This thesis describes the progress made towardsytitesis of the natural product
phacelocarpus-2-pyrone A and the development oglnsynthetic methodology for the
synthesis of functionalised 2-pyrones. Initialdsés focused on the synthesis of the
natural product and the applications of Pd-catalysess-coupling reactions using the
interesting palladium catalystatCat.

Br, .PPhs
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Phacelocarpus-2-pyrone A

Key findings in the studies towards the naturaldpici include: i) the synthesis of

two 6-alkyl-4-hydroxy-2-pyrone intermediates suleabor providing a synthetic platform
for future work; ii) the first synthesis of a 2-pyre bound vinyl ether; iii) the synthesis of a

19 membered macrocycle containing 2-pyrone anaa;¢ne functionality.
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Chapter 1: Introduction

1.1 Introduction to natural products

Natural products have formed the basis of medifdnenany hundreds of years. It
is well documented in historical literature withaexples dating back to the ancient
Egyptians, who used tea brewed from willow barkréat conditions such as feverThe
analgesic effect of this treatment is now knownh&we originated from the medicinal
properties of salicylic acidlf, a natural product found within willow bark. Sdguently a
more potent form ot was developed, namely acetylsalicylic acid (mammonly known
as Aspirin) one of the biggest selling pharmacelroducts in today’s markét.Other
molecules can be found throughout nature which ggseedicinal properties, such as
quinine Q) (a treatment for malarid).

Natural products are usually in very limited supgnd in some cases as little as a
few milligrams of the desired product can be isdafrom a kilogram of biological
material. As a result, the harvesting of naturaldpcts from nature rarely represents a
feasible supply of such compounds, however theexyession of the relevant gene in
bacteria, such a&. coli, and subsequent fermentation can provide large spantities
Unfortunately, the fermentation approach is nosiiele for the screening of large numbers
of natural products and has consequently resuttethié development of natural product
synthesis as one of the key areas of researchganmr synthesis. This has far ranging
effects on organic chemistry, as many of these camgs require the development of new

synthetic methodology.

/
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Figure 1.1: Common natural products.

The total synthesis of natural products originafi@en Wohler's serendipitous

synthesis of uread), whilst attempting to prepare ammonium cyansghéme 1.1°
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Scheme 1.1Wohler's synthesis of urea

Wohler's discovery is largely considered the foatiwh of modern organic
chemistry through disproving vitalisfnyhich previously stated that organic matter could
not be created from inorganic matter. Since tlissavery, the field of natural products
has attracted much interest. Notably, this areaskan the award of various Nobel prizes.
Arguably one of the most important prizes was awdrd E. J. Corey in 1990 for his work
on natural product synthesis through the introducof retrosynthetic analysis (RSA).
The use of RSA has proven to be an extremely efficivay to approach the synthesis of
natural products and is now widely applied by orgahemists in the modern era.

As the demand for new therapeutically viable coumats increases, through the
resistance of certain diseases to their curreatrtrents or for conditions which have no
effective treatments, scientists have continuetlitio to nature as a source of inspiration.
New natural products are constantly being scredoediological activity, providing
starting points for the synthesis of promising biptally active targets.

One of the most important attributes for these cmumps is to show target
selectivity. Often the most biologically activengpounds also pose interesting synthetic
problems, such as those possessing stereochemegigchemistry and other interesting
structural featurese(g.large ring and polycyclic ring systems). To ddkere have been
hundreds of succesfully synthesised natural predunany of which prove to either lack
the desired level of biological activity or provaotcostly to synthesise on a large scale.
Fortunately, some prove to be very effective, sash cortisone 4) (a potent anti-
inflammatory§ and discodermolide5] (an anti-tumour agent) which has attracted afot o

attention, with various analogues undergoing pnédi trials’
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Figure 1.2: Medicinally important natural products.

One natural product class described as being teetigplly viable are the
epothiloned These compounds show an interesting array ottstrai complexity with
alkene, carbonyl and thiazole functionalities beipgesent, as well as complex
stereochemistry throughout the molecule. Signifidaterest was shown in this class of
compounds by the group of Danishefsityal? who reported the first total synthesiséain
1996. Due to the high level of bioactivity showgamst certain cancer cell lines these
compounds have continued to be studied with mamdiads of analogues having now
been synthesised and biological evaluated; someatiges are currently undergoing

clinical trials®

1.2 Introduction to pyrones and natural products cataining the pyrone motif

There are many types of natural products whichlexBimilar structural features
such as polyketide chains, macrocyclic rings, sagdls and heterocyclé$The pyranone
(or pyrone) substructure is commonly found in baateplants, animals and insects. The
pyrone motif often shows biological activity in theem of defence against foreign bodies.
It is also found in biosynthetic precursors/intediages and can be easily metaboliSed.
This particular facet of the pyrone ring system esakhem very interesting to study as
potential pharmaceutical agents.

Pyrones can exist in one of two major isomeric ®r&rpyrone and 4-pyrone (also

known asu andy pyrones, respectively) which are assigned on tsitipn of the carbonyl



relative to the oxygen atom within the ring syst@fig. 1.3. The parent compounds for
both types of pyrone ring system are susceptibléengpopening by nucleophilic reagents,
particularly hydroxide ions, which will predomingnattack the carbonyl position on the
2-pyrone, or in a Michael fashion in 4-pyrafie.

0
4
0
1
Pyran-2-one Pyran-4-one
(2-Pyrone) (4-Pyrone)
7 8

Figure 1.3: The two variations of the pyrone motif.

Due to this reactivity, 2- and 4-pyrones in natare often found to be substituted
on the ring, particularly at the positions mostcgymible to nucleophilic attack. 2-Pyrones
are often found to contain substituents at the & C-6 positions, the positions which

can stabilise the intermediate species througheese.

o (0] (o)
1,4-addition 1,6-addition
7o) - | _ -~ ZZe)
H _ _ . H
Nu /y\_/ Nu
u

NG

Scheme 1.2Nucleophilic attack on 2-pyrone.

Two such examples are 4-hydroxy-6-methyl-2-pyrdniadetic acid lacton8) and
3-acetyl-4-hydroxy-6-methyl-2-pyrone (tetraacettdalactonel0). 4-Hydroxy-6-methyl-
2-pyrone9 is an interesting compound due to its ability totéenerise to 4-pyrone and
promote electrophilic substitution at both C-3 a@d7 positions** Both of these
compounds are biologically synthesised from acatid and are metabolised back to
acetic acidn vivo™ A vital aspect in drug discovery and design & tetabolism of the
test compound, but crucially one needs to know drbly-products affect the host. The
formation of this non-toxic chemical, combined wilie reactivity at the C-3, -OH and C-7
positions, make these compounds an excellentregapivint for the synthesis of complex
natural product target§:!’
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Figure 1.4: Simple 2-pyrones found in nature.

The 2-pyrone motif is found in many types of natupoducts such as
bufadienolides 11), peripyrones 12), gibepyronesi(3), fusapyronesl4) and coumarins
(15) (Fig. 1.5.*° Such examples show the extensive diversity irsthe and complexity of

natural products containing the 2-pyrone motif.

O

Racemosol
15

Fusapyrone
14

Figure 1.5: Complex 2-pyrone containing natural products.

The structural diversity shown by 2-pyrone-contagnnatural products is mirrored
through their biological effect®.g.asanti-bacterials, anti-fungals, agents acting agains
Alzheimer’s disease, HIV, cholesterol-lowering acaihcer treatments. The biological

activity in all of these examples is thought todsea result of enzyme inhibitiofy:*® 2% 2%
22



Due to the biological effects of 2-pyrone-contagimatural products, it is
understandable that they have been the sourceayf &r many years, and subsequently a
number of synthetic routes have been developedderao access the 2-pyrone motif.

4-Hydroxy-6-alkyl-2-pyrones are commonly obtaingd a biomimetic synthesis
using a polyketide chai§Scheme 1.3) Treatment of the appropriately substituted 3,5-

diketo ester with a suitable base generates tlsrede2-pyrone.

. S
Basef\ o o ( o 8_ o o
H H
\A O/ _— o —_— kk o —_— | 0
.. o = R o = %

R™ (O R HO R

Scheme 1.3Biomimetic route to 4-hydroxy-6-alkyl-2-pyrones.

Many other synthetic routes to 2-pyrones haveseaiilinovel methodology
involving both organic and organometallic pathwaysansition metals have been shown
to be highly useful for the formation of 2-pyronesth palladium proving particularly
popular. In 2001, Bellinat al showed that 5,6-difunctionalised 2-pyrones weaislg
accessible through the reaction of ene-ynoic awittsiodine, followed by either Stille or
Negishi cross-couplingScheme 1.4-A%*?* Parrairet al.improved upon the use of Stille
reactions in 2-pyrone formation, where 2-pyronadade formed in a one step reaction of
an acyl chloride with a distannar@cheme 1.4-8* Another interesting stille based
approach was that of Liebeskind and Wang who detraiesl Pd-catalysed carbonylative
cross-couplings of chlorinated cyclobutenones withous stannanes, which then
underwent rearrangement to form the 2-pyrone ngstiheme 1.4-§:?° Other innovative
approaches have focused on more traditional orgaatbods to generate the 2-pyrone
moiety, such as that of Dieter and Fishpaugh wH®BI7 utilised vinyl thiol ethers to

create 2-pyrones showing excellent functional grdiversity Scheme 1.4-p?’
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Scheme 1.4Examples of organometallic and organic synthet@spyrones

Palladium-catalysed reactions utilising 2-pyrones lbeen widely studied. In
addition to the examples shown in Scheme 1.4, vimgrkFairlamb and co-workers has
shown that halides grseudehalides derived fron® are able to undergo a number of Pd-
catalysed reactions including Suzuki, Sonogashmc ldegishi cross-couplingS¢heme
1.5-A).%2 In addition, the C-3 and C-5 positions are edsiiogenated and the subsequent

C-X bond can participate in a multitude of Pd-omall reactionsScheme 1.5-B/¢:2% %

o Pd-catalysed Q

cross-coupling

(e} - > o
A | |

X Me R Me

Q Pd-catalysed o
Br cross-coupling R
o _— O
B
=

MeO Me Meo” F “ve

Q Pd-catalysed o

cross-coupling

O —_— 0

C = |
MeO Me MeO = Me
Br R

Scheme 1.5Cross-coupling reactions of halogenated 2-pyrones



The examples given in Scherhérely on the 2-pyrone providing the organohalide
derivative for Pd-catalysed cross-couplings, howeévis also possible for the 2-pyrone to
provide the organometallic derivative. One of tinstforganometallic 2-pyrone derivatives
synthesised was the cuprio-pyrone devised by Poandrco-workers as an effective
nucleophile3* More recent work has shown the 2-pyrone can sups@nnane and
boronate functionality for Pd-catalysed cross-cmgd, as shown by Liu and Meinwald

and also Gravett al in their respective approaches to the bufadidesliScheme 1.5
33

(@] (0] (e}
Br Me,Culi cu R—X R
A | 0 > | (0] - | 0
7 = =

oTf
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O Cat. Pd
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Scheme 1.6A) Posner’s cuprio-pyrone; B) Cross-coupling apyiftes to bufadienolides

1.3 Introduction to skipped dienes and natural prodicts containing the skipped diene

motif

A diene is a structural motif that contains twoealks, which can be separated by
any number of other atoms. The most common is3aliene, whereby two alkenes are
positioned such that only a single bond separats.t In this instance the twesystems
are able to overlap to form an extended conjugayestem through the delocalisation of
electrons through the extendedystem. The delocalisation results in the fororabf a
degree of double bond character in the single btmgs making it a stronger bond and
more stable to a variety of conditions. Another owon form is the 1,4- or ‘skipped’ diene,

where two single bonds separate the alkenes amdrireonjugatiori?

3 1
4 2 5 3 1
1,3-diene 1,4-diene

Figure 1.6: Two common diene motifs.



Though relatively stable to most conditions, skippdienes are particularly
vulnerable to oxidation. For example, radical fatimn can occur at the central carbon
allowing a facile rearrangement of the skipped €ign form the more stable 1,3-
conjugated form. Upon termination of the radi¢ed tnore stable 1,3-diene will always be
preferred $cheme 1.¥>°

R R A° N
NN R R
7N AR T oY

|

R\/\/\/R A
X IR 2

Scheme 1.7Radical rearrangement of a skipped diene

The skipped 1,4-diene motif is regularly observedatural products despite this
instability with the most prevalent occurence bewithin the long hydrocarbon chains of
fatty acids. One example is the essential fattid,atnoleic acid (7) which is
biosynthesised via a polyketide extension reductiathway®® to give octadecanoic acid
(16), which then undergoes successive desaturatiombgndAl2 desaturases to gilé
(Scheme 1.8)*":38

o OH ©O
/\ﬁ&i ACP . /\)?\/ﬁ\ 7N\ /\)\/U\ CoA
R S/ R S/COA R S/
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<
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— e S con
o s

/\/\)(T\ . i I
- CoA /\/\)J\
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(e}

9 3
1

12 6 OH
16
J A9 desaturase
A12 desaturase
o

Linoleic Acid
17

Scheme 1.8Biosynthesis of Linoleic Acidl(7)



Linoleic acid is a vital precursor to many bioaetimatural products including
arachidonic acid 18), epilachnadiene1@)*° and isoprostane2@)** which all maintain

the enzymatically acquired skipped 1,4-di¢Rig. 1.7)

(0]
o o N o OH
Arachidonic Acid
18
HO, OH (]
2 S
OH
‘6 ._
Epilachnadiene 'PF3;O VI

19

*Stereochemistry not defined

Figure 1.7: Skipped 1,4-diene containing natural products.

Skipped 1,4-diene containing natural products arewh to be involved in many
important biological functions such as cell sigmag] control of inflammation, anti-
asthmatic’? anti-predatoriaf® and anti-diabetié> The laboratory synthesis of this motif
has therefore been subject to synthetic studiesvfer four decades. Due to the long-term
instability of these compounds, the skipped 1,feimotif is often generated towards the
end of the synthesis, with a simple motif usedeadf which is stable to various conditions
and leads to facile access of the alkenes required.

Alkynes are stable to a number of chemical enviremi:m and can easily be
protected by a dicobalt(0) hexacarbonyl métiThe selective hydrogenation of alkynes to
cis-alkenes by Lindlar catalyStprovides a straightforward method for introductafnthe
alkene functionality. The use of the alkynyl stgt was exemplified by Osborad al in
1959 during the total synthesis of arachidonic &&&) (Scheme 1.9§° The iterative use
of propargylic units to generate the 1,4-alkyne imaas complemented by a final step

hydrogenation of four alkynes to generag&

// \\ // % COOH H, - Pd/Lindlar

18

Scheme 1.90sbond’s approach tt8

10



The use of other transition metals in the seledtiwdrogenation of alkynes are also
known using coppéeY, nickel® and titaniunt? Other approaches have utilised methods
which give access to the skipped diene directlypleging the repetitive use of the Wittig
reaction, as usedby Santedti al>® (Scheme 1.10-A or the Stille cross-coupling of vinyl
stannanes with allylic halides as utilised by Baslenal (Scheme 1.10->*

-Pro Br  NaHMDS -Pro PTSA Q
/‘\/\@ © 0] : — R - — R
. i-PrO H
i-Pro PPhg )k
R™ H
A i-Pro %r
-Pro PPh, | NaHMDS

5 on P(PPhy), o
- r - NN
B R > Teusn R

Scheme 1.10Various syntheses of the skipped diene motif.
1.4 Introduction to palladium catalysis in natural product synthesis

The use of transition metals, particularly pallawjtf has become increasingly
popular in the synthesis of natural products, wéhent examples such as Takahashi's

synthesis of dysiherbain@2),> and Jacobsen’s synthesis of thpyrone aureothin2)
(Fig. 1.8.>

Suzuki Allylic substitution

(0]
NH, NHMe \,\ </
HOOC T ) /
\(/’ O, ,\\OH ~ \\\\ /)-nl / /
//\< / (e}
RS o]
HOOC MW" ™Nq OaN 2 oM

Negishi

e

Dysiherbaine Aureothin
22 23

Figure 1.8: Use of Pd catalysed cross-coupling reactions iarahproduct synthesis.

Palladium’s ability to catalytically mediate varmdransformations, increasingly
centred around C-C bond formation, making it areetal tool for the modern day organic
chemist. The conditions required for catalysis cary extensively, depending on both the

reaction and the palladium complex (including sunding ligands) being employed. One

11



of the most commonly employed palladium catalyst§Pd(PPH)4], although in recent
times the importance of the mono-ligated specie{PPh),” (n = 1) has become more
understood and led to the development of many dialta complexes in a search to

identify more catalytically active species for agiyen reaction”

o)
Bugsn” X NN OEt
N N o)
( \ 25 </ |
o o TR OEt
X Pd(PPhy),
X=0 26

X =Br
24

Scheme 1.11Stille reaction used in a study of the inthomygcin

During a synthetic study towards the inthomycinstiy groups of Fairlamb and
Taylor, it was observed that a Stille cross-couplieaction would only proceed when the
preceeding bromination d¥4 was performed using NBS and BRh CH,Cl.. % |f the
bromination was performed using GBas an alternative source of bromine then the
consequent Stille coupling failed unless tracembants of NBS were added to the crude
bromide 24) material Scheme 1.1l This was attributed to the oxidative addition o
NBS to palladium(0) and led to the discovery of @vel catalyst species for certain
coupling reactions. Thas-succinimido palladium(ll) complexis-27) was later shown to
be highly efficient for the Stille cross-couplinglmth benzylic and allylic bromides under
relatively mild conditions and therefore could bguitable catalyst for use in the synthesis
of molecules containing sensitive functionafify The cis-<complex can be isomerised to

thetrans-complex (known colloquially a&CatCat”) by simple heating in toluene.

BI’,,' ~\\Pph3 o Ph3P/,,, ’\\PPhB

'Pd 'Pd 0
~ ~
(0] (0]
trans-27(CatCat) cis-27

Bromobis(triphenylphosphindY¢succinimide)palladium()I

Figure 1.9: A novel palladium (1) precatalyst.

To date, relatively little work has been carriedt @ order to ascertain the
efficiency of the precatalyst in other Pd-catalysedipling processes, such as Negishi,

Suzuki and Buchwald-Hartwig cross-couplings. Tgmigject was set up to consider the use

12



of various palladium catalysts towards the synthesi a phacelocarpus 2-pyrone,
including simple precatalysts such @3, but also more complex catalyst systems
possessing ligands such as those reported by Biat¥was) Hartwig® (29) and the
phosphine freeN-heterocyclic carbene3()®®, which will be used in combination with
other palladium precursor sourcesy. Pcb(MeO-dbai or Pd(OAc) (Fig. 1.10.%*

®
T x@rf“ S

(Q- Phos)

Figure 1.10: Alternative ligands for palladium catalysts.
1.5 Introduction to the Phacelocarpus pyrones

Considering approximately two thirds of the eagltovered by water it comes as
no surprise that many natural products are fouowh fthe abundance of life in the world’s
oceans, seas and lakes, with over 17,000 differemine natural products reported since
1965°% The area of marine natural products is split iseweral categories based on the
microorganism from which the natural products ws@ated, which include algae (red,
green and brown), sponges and molluscs to nameajuisiv. As of 2002, red algae
accounted for approximately 6% of the natural potslusolated from marine organisms,
many of which have been found to contain bromingielgiphenols and terpen&s>® The
presence of multiple alkenes is also notable in ymah the structures including the
oxylipins (31) and eicosanoids3®), where the alkenes are found to occur in botmesic

forms E/2), and also in conjugated (1,3) and non-conjugétet) systems.

OH
N COOH

Oxylipin
)?:lp Agardilactone

(Eicosanoid)
32

Figure 1.11:Alkene-rich marine natural products isolated frad algae.
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The skipped 1,4-diene motif was also discoveredaimnique type of natural
product isolated from the Australian marine redaaRhacelocarpus Labillardieriby
Kazlauskaset al®* Further studies of the alga by Sten al®® and Murrayet al®® has
resulted in the discovery of nine unique 2- andyrbpe macrocyclese(g. 33-39 each
containing the 1,4-skipped alkene motif. Thesecttires also contain an important motif
whereby the macrocycle is completed through a \@tlger found in botlk andZ isomers.
Although the vinyl ether motif is well known in naal product§,7 pyronyl vinyl ethers are

a novel substructure seen only in the phacelocgrpumes.

4-Pyrone C
35

2-Pyrone B 4-Pyrone B 4-Pyrone D
36 37 38

Figure 1.12:Macrocyclic 2- and 4-pyrones isolated fréthacelocarpus

Labillardieri.64656¢

Crude extracts of the alga have proven to exhiiromuscular inhibition, exciting
interest amongst chemists due to the unique steiciuithese compounds. Seven out of the
nine isolated pyrone macrocycles contain the 44pgmmotif, with the remaining two being
2-pyrone analogues. Due to the presence of bodn@-4-pyrones, the likely biological
pathway originates from the cyclisation of a 3,kedo acid, followed by an enzymatic
reaction with an alcohol to yield one of the twgicgsomers, depending on which position
the alcohol attacksScheme 1.1 Should the alcohol in question be tetheredhédther

14



side of the ketolactone intermediate, then the &ion of the 2-pyrone and the

macrocyclisation can potentially occur in a sirggep.

o o o} " o o/R'
-H,0 HO”  -H,0
R —_— —_— + \
| . |
HO” Yo R o~ ~o R o~ "o~ R 0

Scheme 1.12Proposed biosynthesis of 2- and 4-pyrones.

o

Previous work within the group has focused on trdhesis of various 2-pyrones
using Pd-mediated cross-coupling reactions and déstermination of their biological
activity.*® %8 ®The phacelocarpus-2-pyrones offer a chance tddurtlevelop cross-
coupling methodologies and apply them in the syithef intricate and challenging
molecules.

To date the only studies towar@8 have been performed by Firstner and co-
workers, where they utilised alkyne metathesisridento generate the desired macrocycle
(Scheme 1.187° Although the macrocyclisation proceeds well, tipraach utilised by
Furstner was solely for the generation of the maie, and does not address the
additional alkenes present in the desired prodwtich are likely to complicate the

macrocyclisation, possibly through additional eme-gide reactions occurrify.

(tBuO);W =—
=
o (16 mol%)
Toluene (0.001M), 80 T
& 50 mins
84%
% (84%)
39 40

Scheme 1.13Firstner's approach to macrocycle formation.
1.6 Retrosynthetic analysis of phacelocarpus-2-pyne A
The proposed RSA o883 (Scheme 1.1% is centred on breaking down the
compound into smaller fragments at points of furality in order to piece the molecule

together in a convergent manner. The RSA®tonsists of four main disconnections to

give four unique fragments. Fragmeni9) is a commercially available material, making

15



this the ideal point from which to start a forwanghthesis. FragmenB andC are known
in the literature, whereas fragmdhis unknown and will require a novel synthesis.

It is envisaged that Pd-catalysed reactions sudhea$onogashira cross-coupling
and Hartwig etherification will be incorporated anthe synthetic route, however the

development of current methodologies may be redudoetheir efficient application.

Metathesis

/ DABC Fragment

Hartwig
etherification

0 NSO ST
' \ = %

& Fragment C
AB Fragment

Fragment D

Lithiatipn ABC Fragment
/Alkylation

o]

o
ﬁk*///\/\x
HO

Fragment A Fragment B

9
Scheme 1.14RSA of 2-pyrone33.
(Note: Fragment nomenclature throughout definedlbgkwise combination of individual
fragments)

1.7 Proposed forward synthesis of phacelocarpus-3#one A

The initial coupling of fragments A and B utilizesynthetic methodology
developed by Zhangt al'® whereby the 2-pyron® is lithiated at the C-7 position
followed by alkylation using an alkyl electrophilén order for fragment B to react by the
correct path, in the presencersbutyllithium, the terminal alkyne needs to proestas a

silane Gcheme 1.1p
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H?::::] n-BuLi iii:::] FGI /f::::]
i-Pr3SICl = g
é ~ i-Pr3Si =

i-Pr3Si
41 42 43
(0]
n-BuLi | o
=
HO
9
(e}
(0]
O
9 '/
Z TBAF HO
HO -~
=
/ .- . /
4 i-Pr3Si
AB Fragment 14

45

Scheme 1.15Proposed synthetic route 46.

The synthesis of fragment 6Q) can be envisaged from the known reaction of the
highly active allyl bromide 46) with propargyl alcohol 47) via the formation of an
organocuprate derived from the terminal alkyheSelective alkyne hydrogenation of the
enyne48 in the presence of a surface catalyst, such adldrircatalyst, would ensure the
cis-stereochemistry of the central alkene resultind,#+diene49. Conversion ofl9to a
halide (or pseudehalide) would produce the desired fragment for dg@shira cross-

coupling to45in as few as three stegfSaheme 1.1%

Cul, Nal, Base M by hydrogenation OH
B . /OH //\ ¢ "ydrogenaxe \/\)/
A %%
Z 48
49

46 47

FGI

51

Scheme 1.16Proposed synthesis bl
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The formation of the vinyl ether poses one of theatest challenges in the
proposed synthetic route due to the potentialaliffy associated with the preparation of
the fragment D. In order for a Pd-catalysed camgpling to be carried out, a vinyl halide
precursor would need to be formed. It is likehattlihis compound would be highly
unstable, although recent work by Yu and Jin hasidoa route to the synthesiswhalo
vinyl ethers’® The use of a pseudohalide such as a tosyl groujdl @llow the formation
of the desired fragme®b through the increased stability that this groupy meovide. The
final step of the proposed synthesis would be arotgclisation using an metathesis
catalyst such as Grubbs’ 1st or 2nd generatiorysasd* The important factor to consider
in this step would be the selective generatiorhefcts-alkene to form the natural product
33 (Scheme 1.1y

Schwarz
Br Cul, Nal, Base // reagent
P + // _ - —_— =
46 52 = N

53 54

cat. Pd

Grubbs catalyst

33 55
(Target)

Scheme 1.17Proposed synthesis 6band33
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1.8 Aims and objectives

The overall aim of the work detailed in this theisighe development of the first

synthetic route towards the macrocyclic 2-pyr@® Incorporated into this aim is the

desire to develop novel methodology for the syrighes highly functionalised 2-pyrone

derivatives and exploit any interesting observai@ng.C-H activation).

In Chapter 2 we will investigate a methodology tadgathe total synthesis 8.

As a part of this work a number of objectives Wil followed, namely;

Extend the use d€atCatin Suzuki cross-coupling processes, particulaslyards
more difficult benzylic and allylic substrates.

Explore cross-coupling strategies in the syntheSss3.

Extend the lithiation chemistry of 6-alkyl-2-pyrane

Develop a vinyl ether synthesis involving the 2gng motif possesing a suitable
handle for further manipulations.

Evaluate alkene metathesis as a macrocyclisatiategly for 2-pyrones.

Formally identify all novel and known compounds épter 4).

In Chapter 3 we will investigate a novel intrameilec Pd catalysed C-H

functionalisation, observed during the course ofkntowards33. As a part of this work a

number of objectives will be followed, namely;

Develop the use of palladium to perform an intragnalar cyclisation
Extend optimised synthetic methodology to a rarfgaubstrates.

Assess the limitations of the reaction.

Investigate potential reaction intermediates inedlin the catalytic cycle.

Formally identify all novel and known compounds &pter 5).
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Chapter 2: Synthetic studies towards phacelocarpug-

pyrone A

2.1 Suzuki-Miyaura cross-couplings

One of the key aims towards the synthesi83fs the formation of a 1,4-skipped
diene, which can be envisaged through a Suzukisarospling reaction of allylic and
vinylic substrates. Whilst this type of cross-conglhas been previously reported, there
are limited reports of simple efficient catalytigseems which can perform this type of

transformatior(?

2.1.1 Suzuki-Miyaura cross-couplings of benzyl bromdes with aryl boronic acids
Preliminary studies focused on the Suzuki-Miyaarass-coupling reactions of
various arylboronic acids with benzyl bromides gsf@atCat namely frans-Pd(Br)N-
Succ(PPH),] (27), as the precatalyst. The primary aim of thistieacof work was to
investigate the use of heteroaromatic componemtd, ewvaluate the efficacy datCat
Stille couplings of organostannanes are reportedbeéo mediated well byCatCat,
particularly for benzylic and allylic bromidéSwhereas Suzuki-Miyaura cross-coupling
reactions remain unreported. The results from te@periments are shown in Table 2.1.
The results of this study demonstrate thatCatis a useful catalyst for the Suzuki-
Miyaura coupling of several thiophene boronic amithstrates with benzyl bromides. The
fluorinated boronic acid67 and69 proved to be difficult substrates for the reactiaith

the poor reactivity attributed to the steric infhge of theortho-substitution.
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Table 2.1:Yields for Suzuki-Miyaura cross-couplings usiggtCat

Br AN CatCat (1.0 mol%) AN
* |/ _— 2M NayCOg(aq), THF /\fR
R 60 °C
Entry  Aryl boronic acids Products Av. Yield (%)*
< >*B(OH)2 88
1 57 58
S Hy,cOC—_~S
H3COC\@/B(OH)2 \@/\@ i
2 59 60
Cl S B(OH), Cl S
<r @ 5
3 61 62
z B(OH), z
@/ s / 93
4 63 64
S S
A~ O .
S 65 66
R F F
: F.
6T F B(OH), i O i O 5
F F :
67 68
F F
7 FQB(CH& 0
F F F
69 70
R F
s e N
F
] 71 72
S<_B(OH), s
9 3 74
O_B(OH), °©
10° . y
O —BOH), ~°
11% v Y .
77 78

* Yields based on an average of two runs.
t The reaction was carried out at 80 °C.
T These reactions have since been successful agliffprent batch o75and77
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Throughout the course of these reactions one ofdh@mon problems encountered
was the hydrodeborylation of the organoboronic #8itheme 2.1 This was particularly
noticeable with the furan derivatives althoughHertstudies within the group showed that
coupling occurs when using a different batch ofi@&xhboronic acid. This indicates that
hydrodeborylation may be occurring as a result ofstare in the air prior to the reaction,

as opposed to during the reactién.

®
OH Na
/ OH H,O
@/B\OH NaoH O _pg=OH ’ \O/
&e @/9 “OH -B(OH)3

-NaOH
OH

Scheme 2.1Hydrodeborylation of 2-furanboronic acid.

2.1.2 Suzuki-Miyaura cross-couplings of prenyl anderpenyl substrates

The coupling of the prenyl70) and geranyl §0/81) halides Scheme 2.2 were
attempted to test a system more similar to therabuoduct, allowing an assessment to be
made as to the feasibility of using this type ofiging process in the synthesis of the
natural product. Unfortunately, preliminary resutidicated that the allylic bromides are a
poor substrate for the Suzuki-Miyaura cross-cowggljrwhich stands in contrast to the high
reactivity observed with the same substrates in 8iifle reaction (reaction with
organostannanesy.

The high reactivity of allylic and benzylic bromslen the Stille coupling,
compared to high reactivity towards benzylic sudiss and low reactivity of allylic
substrates in the Suzuki-Miyaura coupling couldidgate the possibility of a different
mechanism forCatCat in these apparently similar reactions. Alterngiyy the rate of
transmetallation could be slowed in the presencehef allylic substrate. Finally, the
presence of agueous base may be hydrolysing Wle dfomides into the allylic alcohols

under the reaction conditions.
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B(OH),

)\/\ 1 mol% CatCat
+ -
NS gr THF,60°C,16h Recovery of S.M

r
2M N32CO3 (aq)

57 79
B(OH),
As above
+
N NN - Recovery of S.M
Br 80 °C
57 80
B(OH),
+ As above
. N —_— Recovery of S.M
Cl 80 °C
57 81

Scheme 2.2Couplings of terpenyl substrates.

2.2 Studies towards the total synthesis of phacekpus-2-pyrone A>7®

2.2.1 Alkylation/ lithiation strategy to AB fragment

The originally proposed route to the AB fragme#)(wasvia the synthesis of a
brominated 2-pyrone for use in a Negishi type fieacwith fragment B 43). The results
shown below correlate to the most selective roatethie brominated 2-pyroneB3)
(Scheme 2.3 with the major problem being the formation o thnwanted dibrominated
product 84).

o)
o) o)
. :CC'OOC NBS, AIBN
ridine
| I : ﬁk = | 1 ¥ )OJ\ | I
= Br
Hoo N\F (64%) o = o
Br
(19%)

9 82 83 84

Scheme 2.3Synthetic route to 6-(bromomethyl)-2-pyrog&

Suzuki et al.”® reported an alternative metho8cheme 2.3 which avoids this

problem by employing a Se(xidation to form a primary alcohol on the C-6-hgt
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group B5), with subsequent conversion of this newly fornpeidhary allylic alcohol to an
allylic bromide. The results reported show a slghimproved yield, however an

alternative strategy has recently been developadnwhay offer a synthetic advantage.

o) o 0
Se0,, t-BUOOH NBS, AIBN
o) 60 °C o
L L — [
Z
HO HO HO
Br
9 g5 ©OH 83

Scheme 2.4Suzuki's approach t83.

Recent work by Swidorslat al. has shown that the direct addition of organohalide
to unprotected 4-hydroxy-6-methyl-2-pyrone can bkective for the methyl grouf®!
The implications of this novel methodology for thatural product synthesis are important,
as no alterations to the commercially availabley@®pe 9 would be required, thereby
circumventing the formation of the problematic brden In the reports by Swidorsét al.

two synthetic routes were examin&thieme 2.5

o o)
1.HMDS, 90 C, 1 h
Route A | (e} | o
2.n-BuLi (1.3 eq.), THF,
HO = RX, -78t0 22 T, 16 h HO = R

O (0]

n-BuLi (2.5 eq.),
THF/HMPA(6:1),
[ 9 B
Route B RX,-78t022 C, 16 h
, , = R
Ho™ N7 HO

Scheme 2.5Routes to direct alkylation of 4-hydroxy-6-met®¢pyrone

Route A relies on an assumed complete TMS protectiadhe C-4-hydroxy group,
followed by selective monolithiation at the methgdsition, electrophilic organohalide
attack and removal of the TMS group upon work-Upoute B uses the introduction of

HMPA to stabilise a dilithiated intermediate, angds~found to be a more effective

procedure.
0
0
(o) + X \ 1%
| oS - ~
HO Z TIPS HO %
TIPS

9 43 44

Scheme 2.6Proposed route to AB fragment.
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Studies focused on the possibility of using thiemafstry for the initial coupling
step in the natural product synthesg&lteme 2.5 Preliminary results came from the
coupling of various allylic and alkyl halides tohgeroxy-6-methyl-2-pyrone, however
poor yields of the desired products were obtainéith @ major problem being double
addition onto both the hydroxyl and methyl posiidg&cheme 2.Y.

o}
| o
Pz =
HO
o n-BuLi (2.2 eq.), THF 2%)
78T, 1h 87
| o
B
o / M r O
86
781022°C, 16 h | %
WO = =

(26%)
88

Scheme 2.71nitial results from alkylation/ lithiation studie

The extent of this problem, though not discussethénliteraturé,’ led to attempts
to reproduce the literature resulf@ble 2.2.

Table 2.2 Repetition of literature procedure for lithiaticalkylation of9.

o n-BuLi, THF Q
781022 C, 16 h
| /O i ph” >l (see table for | /O
HO further details) HO Ph
9 89 90
HMDS eq. ofn-BulLi Additive Yield (%)  Lit. Yield (%)’
10 eq. 1.0 None 13 -
None 2.2 None 7 -
None 2.2 HMPA 15 80

The literature result for the direct addition oibkgl chloride was 80%, almost six
times higher than the yields achieved here. Theadtion of the double addition product
was still visible in these cases, and for this seate addition to the 4-methoxy-6-methyl-
2-pyrone 91 was attempted, to remove the interference of therdxyl group.
Unfortunately, no product was isolated in this case
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In order to better understand these reactionsarelsewas directed into finding
where the majority of lithiation was occurring unddéhe conditions used, through
deuteration studies on both the hydroxyl and methsystems $cheme 2.8 Preliminary
results showed that the C-5 position of the 2-pgramderwent no lithiation, allowing
levels of deuteration to be calculated by protaedrations correlated to this position on
the 2-pyrone ring (byH NMR spectroscopy).

1. n-BuLi (2.2 eq.), o
. THF,-78 T, 1 h
g ] oo B
2.D,0 0.39
= 2 = D
HO 7 HO

1.HMDS, 80, 1h
2.n-BulLi (2.2 eq.), THF
-78°C, 1h

B | (0] - > | (6]
_ 3.D,0 _ DO.93
HO 7 7 HO
9
1. n-BuLi (2.2 eq.), HMPA o]
, THF,-78 C, 1 h 04
c Y oo 7 e
2.D,0 :
= 2 = D
HO 4 - HO
9
1. n-BuLi (1.3 eq.), THF o
. 78, 1h p 8o
D | (0] - > | (6]
0.84
P 2.D,0
\O , \O =

o1
Scheme 2.8Deuteration study @ and91

(yields not recorded; generally high recovery otenal).

The initial study was towards the dilithiation wetlt any additives, resulting in
limited evidence of C-7 functionalisation, with 9ni39% deuterium incorporation
(Scheme 2.8-A The use of ain situ silylation using HMDS followed by monolithiation
resulted in excellent deuterium incorporatiddcliieme 2.8-B The use of Swidorski's
optimised conditions, with HMPA additive to stabdithe dilithiated intermediate, resulted
in reasonable deuterium incorporation at C-7, st aome incorporation at the undesired
C-3 position Scheme 2.8-¢& A methyl derivative91 was also subjected to mono-
lithiation conditions, however, increased lithiatis apparent at the C-3 positiddcheme
2.8-D).
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These findings show that although lithiation doesus at the C-7 position, further
lithiation is apparent. In further studies, anpispyl derivative 92) was tested to prevent
lithiation occurring at the C-3 position throughcieased steric bulk. This approach
showed that lithiation still occurred at the C-$'mion (Scheme 2.3

o IPA, PPh,, DIAD 1.n-BuLi (1.3 eq.), THF
o _HR22T16h 78T, 1h
| P (70%) )\ 2.D,0
HO

Scheme 2.9Deuteration study of a hindered 2-pyrone.

The deuteration study indicated that the electorof the 2-pyrone ring are
sufficiently changed by the introduction of an atka@roup, resulting in a reduction in the
lithiation selectivity towards C-7. In the origindirect alkylations $cheme 2.4 it was
suggested that the HMDS in route A was acting ady&ating agent prior to lithiation.
Although there is no mechanism suggested for thissformation, it is possible that the
relatively high acidity of the 2-pyrone hydroxyl ayp leads to the formation of an
ammonium salt when combined with the lone pair leé nitrogen in HMDS. The
ammonium salt can then act as the protecting gitseff, or form the silyloxy species due

to the high temperatures employed, with loss ofntioee volatile TMS amine.

o o
. | o 80°C “TMS—NH, | 0
™S/ H _— ® P
NH C e TMSO
93

Go TMS\@Su\
™S 9

Scheme 2.1OS|IyI protection of9 using HMDS.

The HMDS procedure does not appear to affect thectbaty for the alkoxy
derivatives, but increases the level of lithiatamturring at the C-7 positios¢heme 2.8
This led to attempts to isolate a silylated 2-pgrorDespite various bases and water free
work-up procedures being employed, no successiyiasons were achieved (starting
material recovered in all cases- See Appendix 1tlis suspected that any silylations that
may be occurring are rapidly hydrolysed upon isokatthrough trace amounts of water

found in the atmosphere.
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Base
|O = r e/ ||

N
= RMe,SiCl Sig =
HO 2 Vae)

O

9
Scheme 2.11Silylation of 4-hydroxy-6-methyl-2-pyron®).

Following these results, work returned to the usHMDS for which the best
deuteration results were observed. As these seshtiwed, the problem was not with the
extent of lithiation, but with the resulting alkgilen. It was found that an increase in the
amount of organohalide gives more efficient alkgiat without an increase in the
generation of the unwanted dialkylated productugto still not to the level described
within the literature.

The lithiation/ alkylation procedure was tested iagla a range of different
electrophiles, with respectable yields observedughout Table 2.3. In particular, the
synthesis 0B5is important due to the pentyne motif observed ciwhs also present in the
natural product. Whilst the yield &5 is relatively low, these results still represent an

acceptable level to apply to the natural produstesy.
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Table 2.3:Results of lithiation/ alkylations of various orgdralides.
O

o)
1. HMDS, 80°C, 1 h
| 1 B
P> 2. n-BulLi (1.3 eq.), RX R
HO HO =

THF, -78 °C,16 h

) eq. of Yield
Organohalide (RX) Product
RX (%)

©/\Br
2.3

[e]
(@]
Ho N 40
56
90
O
TS /ﬁiok/\/\/
2.3 49
86 HO Z =
87
(@]
|/\/\/\ (@]
AN +
X 1.4 HO = N 32
94 X
95
(@]
S /ij;ok/\/
2.3 | 53
45 HO = a
96
O
CI\/\)\/\)\ ?
2.3 /@\/\)\/\)\ 36
81 HO
97

Br.
\/\/\Q iy

98

17

" Equivalents of RX limited due to availability.
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2.2.2 Synthesis of fragment B

The synthesis of fragment B for coupling to theyPepe has also been studied.
Starting from the commercially available 1-hydrggnt-4-yne 41), TIPS protection,
followed by halogenation of the alkyl alcohol, shibiead to the desired product in two or
three steps.

The TIPS protection of the alkyn#l is known in literature through one of two
routes®?® both of which require initial protection of thecahol Scheme 2.12 The
original route is through initial TMS protection tbfe alcohol, followed by TIPS protection
of the terminal alkyne. Alternatively, the highgelding route involves the reaction of two
equivalents of a Grignard reagent, followed by #@ddiof TIPSCI, which give#i2 in

excellent yield.
n-BulLi (0.1 eq.), THF,0°C,0.5h

1.
2. TMS-Cl (1 eq.), 0-20C, 1 h HO )\
HOW Gea) /\/\ .
4 3.n-Buli(2eq),0C,05h Si
4.TIPS-Cl (L eq), 0-20 T, 4 h \<
42

41 (40%)

1. EtMgBr (2.1 eq.), THF, 80 T, 16 h HO/\/\ >\
HOW si
H  2.TIPS-Cl(1eq), 80 C,6h Y
(90%)
42

Scheme 2.12TIPS protection of 1-hydroxy-pent-4-yne.

41

The halogenation of2 proved more problematic — three different synthetdutes
were attempted. MesylatioAd—43a), followed by reaction with Nal, proved successful
However, 1-(triisopropyl)silyl-5-iodo-1-penty8b has proven to be sensitive to light and
silica-gel, causing problems with purification. rther studies have focused on the
formation of the 1-(triisopropyl)silyl-5-bromo-1-pgyne43c. Two classical brominating
reagents have been employed: £&rd PPENBS. Unfortunately due to the acidic nature
of PBrzgenerating trace quantities 0§Dy, silyl deprotection o2 occurred, whereas the
use of PPHNBS led to only 50% conversion. The use of thentide for the alkylation
step was therefore deemed as unacceptable due teettficiency of the bromination step.

Therefore the tosylated pentyr8¢) was also synthesised to provide an additionabopt
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whereby the use of either the mesylate or tosylatebe used aspseudehalide leaving
group for the lithiation/alkylation step.

>)Si/: MsCI (2 eq.), TEA r_ Nal (2 eq.), Acetone >>3|/:
)\ )  DCM,-10T,2h : )\ ~— 16,22 T, )\ \
HO (96%) OMs 2h45C !
(78%)
42 43a 43b

>7\S'/: > PPhs, NBS >7\s|/:
)\ HO DCM, 2;(:, 18h )\—\_\Br
i (50% conversion)
>7\SI/: > PBr >»\s|/:
)\ HO THF, 0 ‘Cs, 2h )\—\_\

(10%) Br
42 43¢

>*Si%4> TsCl (2 eq.), TEA >Si —

A boM, 10C.2h N

HO (44%) OTs
42 43d

Scheme 2.13Halogenation of TIPS protected fragment B.

43c

2.2.3 Synthesis of AB fragment

In order to synthesise the AB fragmen the lithiation/alkylation route discussed
above, the terminal alkyne was protected to predeqtrotonation of the alkyne in the
presence oh-butyl lithium. Should this occur then it wouldveeely hamper the desired
reaction. However, should deprotonation of the madkynot occur under the reaction
conditions, the use of the TIPS protection can beided. To test whether the
lithiation/alkylation of 9 would occur in the presence of an unprotected nelkynodel
substratelO0was prepared.

Due to the low molecular weight of the unprotegtedtyne4l, it was decided that
the use of tosylate would aid the isolation anddtiag of this compound. Tosylation of
41 proceeded under standard conditions to g@@in 90% yield. As expected the use of

100in the lithiation/alkylation reaction wit@ proved unsuccessful.
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——4> TsCl (2 eq.), TEA ==
DCM,-10C,2h \
HO

(90%) OTs
41 100
(0]
9 (0]
1.HMDS,80°C,1h |
| (0] e — HO =
_— 2.n-BulLi (2.2 eq.), 100 (2.3 eq.)
HO THF, -78 °C, 16 h 45 _
9 =

Scheme 2.14Synthesis and use of tosyldi@0

Although the tosylate was used in this case instdad halide, it is suggested that
the cause of the failure was due to the free allgm®pposed to an issue with the tosyl
group. Due to the poor bromination of the TIPStgeted alkynetl and the instability of
the iodo compound43b, the lithiation/alkylation of9 was attempted using both the
mesylate43a and tosylate43d (as pseudehalides). Unfortunately, in both cases this
reaction proved unsuccessful, indicating that tbavihg group is important for the
reaction. Consequently, the iodo compodBith, generatedia a Finkelstein reaction from
the mesylatet3a was used immediately after its formation withany purification. The
reaction proceeded in good yield despite fewer \@gemnts of organohalide being
employed, affording the desired TIPS protected Adjinentd4 (Table 2.4.

Table 2.4 Synthesis of TIPS protected AB fragmddt
o)

o)
o
1. HMDS, 80°C, 1 h |
B Z
_ 2.n-BuLi, THF, -78°C, 16 h  HO

HO % S>—
9 X/\/\Si 44 4< T/
—T

X Eq. of organohalide Yield (%)
OMs 2.3 0
OTs 2.3 0

| 1.7 70

" Equivalents of organohalide limited due to avaiigb
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Figure 2.1 'H NMR spectrum of AB fragmert5 (400 MHz, CDC}).



The synthesis of the desired AB fragment was aelidwy desilylation ofi4 using
TBAF in THF at 22 °C to afford5. Initial attempts using one equivalent of TBAF ked
no desilylation occurring, but increasing the antoua three equivalents led to
deprotection in 95% vyield, affording fragment AB5) in approximately 60% overall yield
from five linear steps.

o) (0]
(0] o o)
| TBAF, THF, 22°C, 16 h l
_— =
HO (95%) HO
4 =z % =
TIPS

Scheme 2.15Deprotection o#4to afford45.

The'H NMR spectrum o#5 is shown inFigure 2.1 This confirms the structure
of the desired product, despite the presence o¢ tirmpurities. The chemical shifts of the
2-pyrone proton signals &t5.98 and 5.57 remain largely unchanged in compavris the
signals observed in the starting material. Howewbe singlet methyl group has
disappeared and replaced by a triplet sigwal.61), confirming that alkylation has
occurred at the C-7 position. The sharp triplghal with a small coupling (~2 Hz) ab

1.95 also confirms the presence of a terminal alyroton.
2.2.4 Synthesis of fragment C (49)

One of the most important aspects in the syntladdimgment C is the introduction
of the 1,4-skipped alkene motif and tbis-geometry of the internal double bond. One
method of introducing a&is-alkene would bevia a selective hydrogenation of an internal
alkyne using a heterogeneous catalyst such asdrimaitalyst or a zinc-copper coupfe.
The precursor for the hydrogenation was synthesisedhe reaction of allyl bromid46
and propargyl alcohal7, incorporating thén situ formation of a organocuprate and allylic
iodide. The reaction proceeded in excellent ytel@fford the desired produds for the

next hydrogenation ste@¢heme 2.1p
Cul (1 eq.), Nal (2 eq.)

/\/Br + ///\OH - /\/\OH
K,CO3 (2 eq.), Acetone, =
22°C,5h
(90%)

46 47 48

Scheme 2.16Synthesis of fragment C precursor.
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The hydrogenation 048 to form thecis-alkene was attempted under a variety of
conditions, without further hydrogenation of eithefr the alkene motifs. The use of
Lindlar catalyst for selective alkyne hydrogenatisnwell documented and studies were

focused on the use of this as the cataljable 2.5.2°

Table 2.5:Hydrogenation studies of hex-5-ene-2-yn-148I

/\/\OH Pd, Poison, Hz 22T /\/\L

(see table for other condition

OH
48 49
Time Cat. ) Poison. Hydrogenation
Entry Solvent Catalyst Poison
(h) mol% mol%  of alkyne (%)
1 MeOH 3 Lindlar 1 Quinoline 10 0
2 MeOH 5 Lindlar 1 Quinoline 2 8
3 Hexane 5 Lindlar 1 Quinoline 1 6
4 MeOH 5 Lindlar 1 Quinoline 1 30
5 MeOH 16 Lindlar 1 Quinoline 1 25
6 MeOH 16 Pd/C 1 Quinoline 1 >89
7 MeOH 16 Lindlar 1 - - 0
8 MeOH 5 Lindlar 1 Pyridine 1 25
9 MeOH 3 Lindlar 4 Quinoline 4 50
10 MeOH 16 Lindlar 5 Quinoline 5 >99

* Complete hydrogenation of both alkenes and alkymas observed.

The hydrogenation studies dB first examined the use of low mol% catalyst
utilising quinoline as a catalyst poison, howevesglte varying the quantities of poison
and solvent (Entries 1-4) limited hydrogenation lwedurred. Moving to a more active
Pd/C as a more active surface catalyst led to cet@pgiydrogenation of all unsaturated
bonds (Entry 6).After extensive studies, the use of 5 mol% Lindlatalyst with an equal
amount of Quinoline over 16 hours proved to be hast effective (Entry 10). The
completion of fragment C was achieved by an Appettiofi® of 49 to give bromide50 in
modest yield (Eheme 2.17.
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PPh;, CBr,,

HO_/;—\_/ DCM. 22°C. 3 h Br—/_\—/
50
(50%)

Scheme 2.17Appel bromination of9.

Though successful, this reaction would be expettegroceed in much higher
yield®” One possible problem associated with this syssetime possible formation of both
a primary and secondary bromide, dependant uporpdirg of attack of the incoming

bromide anion.
2.2.5 Buchwald-Hartwig etherifications

The preliminary focus on the left hand side of th&crocycle was the introduction
of the novel vinyl ether motif seen in this clagssnatural product. The initial RSA
suggested the use of Buchwald-Hartwig etherificatahemistry, however in order to
generate the desired vinyl ether, a new synthegithadology was required.

Buchwald-Hartwig etherifications have been the ®otiextensive study, although
limited to those of mono and biaryl systeffi$€® The nature of the reaction dictates the
use of extremely active and often sterically buldyosphines is required in order to
promote the reductive elimination. Initial studiesused on trying to generate an aryl-
pyronyl ether in order to generate methodology whiould then be transferred to the
natural product systenTéble 2.6.

The results of these reactions indicated that thgdféoxy-6-methyl-2-pyron® is
not sufficiently nucleophilic for these reactionsdccur. In a Pd-catalysed cross-coupling,
the reactive intermediate formed after oxidativelian can react in one of two ways.
Primarily (and desired) is transmetallation whiatursvia the exchange of a nucleophile
with the halide. However, if the rate of exchangeaoo slow, the Pd intermediate can
undergo halide-aryl exchange/scrambfiigThe resulting “LPd(Af’ complex can then
reductively eliminate to yield homocoupled produ@cheme 2.18 The “PdX’
intermediate will be reduced under the reactionddmns to also give Pd(0) by a path

which has not been defined.
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Table 2.6: Buchwald-Hartwig etherification results

(0]
R\ AN o Pd(OAc),, Phosphine, K3PO, R\ AN o
N
| 7 | = Toluene, 100 °C, 16 h P | =
Br HO o
_ _ Yield

Entry Phosphine Organohalide Product %)

Yo

Br
! @ S o W/
CF,

101 102

.
x O, O e

104

N

103
28 (0] |

3 /\OJ\/ No Product. -

105
e
4 Ph Fe Ph \©\ FSCCFg 82
s CF,

Ph Ph 101 102

Ph
29 (Q-Phos)

>LPJ< Br\@
5 4\ or No Product -

3
101

S _
X 0—R JO—R R.E. o
L,—Pd L,—Pd - = R A
@ N
Ar X Ar
X X AT R.E.
L,—Pd * L—Pd  + L—Pd — A—Ar
“Ar X Ar

Scheme 2.18Homocoupling in palladium cross-coupling

The product of oxidative addition is usually shibred, with transmetalation
occurring rapidly in the presence of a suitable lemghile; homocoupling can be
minimised by the use of low palladium concentragighalide-aryl exchange/scrambling

could also occur via dimer complexe¥)If a poor nucleophile is used, the Pd(ll) oxidativ
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addition intermediate experiences a longer lifetiam®l consequently the reaction with
another Pd(ll) intermediate becomes possible. rékalts detailed iMTable 2.6indicate
that the coupling partners in this case are incailga Although these reactions do not
work with the 2-pyrone possessing a 4-hydroxy grauis possible to convert 4-hydroxy-
6-methyl-2-pyroned into 4-bromo-6-methyl-2-pyron&06 and then use various phenols as
the coupling partners. Unfortunately, despite shecessful use of 4-bromo-6-methyl-2-
pyrone 106 in various cross-couplings by Fairlanes al ™" Beokmark not defined. - ypjq
methodology is not feasible for the synthesis & tiatural product due to the required
coupling partner. So, in the synthesis of phacefnea 2-pyrones, the coupling partner
required would be an enol which would be found pramhately as a ketone, the more

stable tautomer.

2.2.6 Synthesis of functionalised vinyl ethers

The failure of Hartwig etherification reactions kvitegards to the synthesis of
pyronyl ethers rendered the originally planned R&&olete. In order for a new RSA to
be prepared, it is logical to first identify a siite method for the introduction of the vinyl
ether.

An alternative route igia the introduction of a suitable moiety which cothén be
functionalised further. One suitable motif is emial vinyl ether which could be used to
undergo cross metathesis or an intermolecular Heektion. Two vinyl ethers were
synthesised to develop methodology for these mastia natural product analoguel ()
and also a simple vinyl ether with no substitugats3). CompoundLO9 was synthesised
through the selective tosylation of butane-1,2-@@7), followed by a Mitsunobu reaction
with 4-hydroxy-6-methyl-2-pyroned} (Scheme 2.1

0
TsCl, TEA, DCM /d
20 C, 16 h
oH —_— ~° OTs
OH (80%) oH DIAD, PPh,, DCM
20<C, 16 h
107 108 (95%)

Scheme 2.19Synthesis ofL09.
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The resultant product was subjected to various ieéitron conditions, utilising
organic bases such as MTBD and DBU to avoid hydiexnediated decomposition of the
2-pyrone, to generate the desired produd (Table 2.7). Initial studies using MTBD as
the organic base showed no elimination (entry djydver, with the addition of Nal the
reaction gave a reasonable yield (entries 2 andC3anging the base to DBU resulted in
an excellent yield (entry 4). Further variationgime and temperature failed to give rise

to any improvement in yield. (entries 5-9).

Table 2.7: Tosylate elimination reaction optimisation.

O o}
| O Base | o
D —————
= . =
o (See table for conditions) (@)
\/K/OTS \/&
109 110

Entry  Solvent Base eqg. Nal Temp (°C) Time (h) Yield%)

1 Toluene MTBD - 85 16 0
Toluene MTBD 3 85 16 52
3 DME MTBD 3 85 16 40
4 DME DBU 3 85 16 89
5 Acetone DBU 3 50 16 49
6 DME DBU 3 85 3 30
7 DME DBU 3 8 48 0
8 DME DBU 3 85 4 50
9 Acetone DBU 3 8 48 0

The vinyl analoguel(13), which does not contain the ethyl side chainuest in
the natural product, was subsequently obtawviadthe same route except commercially
available 2-bromoethanol was utilised. In the [fiBhmination reaction, the conditions
utilised yielded a much lower quantity of produgtlifeme 2.20 This has since been
attributed to the formation of the vinyl ether ioogl yield, followed by the degradation of

the product under the conditions employed.
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0

| 0 0
Hoo NF DBU, Nal, DME
Br 9 | 0 85 C, 16 h o
"o DIAD, PPh,, THF = 47% | _
’ ) o
111 20T, 16 h (\O “7%) o

(82%) Br 112 113

Scheme 2.20Synthesis ofl11

Compoundsl110 and 113 were then screened unsuccessfully against a rahge
cross-metathesis conditions utilising various gatal temperatures and solverigtfeme
2.21).

O
Ru Catalyst R | o
NS e~
B
/J'\ ' (see Appendix 1.2 Br = f0) =
for full details)
R = Et (110) R = Et (114)

R = H (113) R = H (115)
Scheme 2.21Cross metathesis reactionsldf0and113

The electron deficient nature of the vinyl ethembined with the 1,1-disubstituted
motif of 110 results in poor viability towards cross-couplidgspite the use of high
temperatures and the most active catal{fsts.

Due to the poor reactivity of the substrates in #likkene metathesis reaction,
compound110 was subsequently tested towards an intermoleddénk reaction with
iodobenzene§cheme 2.2p Previous work by Nilssoet al showed that vinyl ethers are
susceptible to Heck reactions, particularly at éhectron rich position adjacent to the
oxygen atom although secondary reactions also oetat the terminal positions once the
a-position was blocke®® Similar conditions were adopted for the synth&§i§ utilising
various sources of catalytic Pd at high temperaturowever, no reaction at the vinyl

ether was observed and most of the starting matesis found to have decomposed.
Phl, cat Pd, PPh,,

(0]
DMF, 100 C, 16 h
| (0] (Degradation of S.M.
Phe — P only)
(0]
116

Scheme 2.22Heck reactions af10

39



Although this reaction cannot be applied to thaltsynthesis, the degradation of
the vinyl ether motif above 100 °C gives an insigl the stability of the natural product,
and allows any routes demanding high temperatorbs tuled out of any future synthesis.

During the synthesis of alkedd.0, an alternative route was studieid a two step
process. Initially, the 4-hydroxy-6-methyl-2-pym@ was reacted with propionyl chloride
117 to generatel18 which could subsequently undergo a Tebbe readtiogive 110
(Scheme 2.28

O O
TEA, DCM, Tebbe reagent
/@ \)J\ 5T 2h /ﬁ‘;oK pyridine, THF /(/d
o (89%) e Pz -40t020 T, 4 h
9 117 118

Scheme 2.23Tebbe route t410.

Although Tebbe conditions proved unsuccessful, wayrklakaiet al showed that
1,1-dibromo alkanes were able to undergo a modiflebbe reaction to generate
functionalised vinyl ethers, with good selectiviywards esterd! This reaction was
attempted to discover if the reaction presente@asible route to functionalised vinyl
ethers. Unfortunately no selectivity towards theemal ester was observed, and

degradation of the starting material proved to fedific (Scheme 2.2%

/iI;K TiCl,, Zn, TMEDA \/Eﬁ

Scheme 2.2:4M0d|f|ed Tebbe reaction.

The poor reactivity of the terminal alkenes sugggshe need to develop a vinyl
ether which would provide a better handle for fartmeactions. Work by Zhoat al.
reported that under basic conditions, relativeligiacalcohols such as phenols can act as
nucleophiles towards terminal alkynes to generéigl \ethers”®> The use of this type of
chemistry can be envisaged in the synthesis of ritamiral product. Preliminary
investigations focused on screening phenyl ace#yl@0 against various bases to develop
conditions which would be compatible with 4-hydreGaalkyl-2-pyrones $cheme 2.2p
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Base
To L = 7o
Y (see Appendix 1.3 Ph_ -~ 7
HO for full details) Z "o
9 120 121

Scheme 2.25Nucleophilic addition o8 into 120,

The reaction oB with 120 proved to be unsuccessful despite the use ofgerah
organic and inorganic bases, high temperatureseatehded reaction times. The most
likely reason for poor reactivity is due to theuratof the intermediate when using phenyl
acetylene 120. The deprotonated alcohol attacks the alkynejclwtsubsequently
abstracts the proton back from the conjugate basgenherate the alkene. However the
choice of EWG is important due to the reversibléurea of the initial attackScheme
2.26). If the carbanion intermediate is not stabiliskeen the equilibrium of the first step

will lie far to the left and very little reactionillvoccur.

®
Base-H

o I e
EWG% ‘\ 0 | 1 | I
b | P EWG%O = EWG. A \F
22

Scheme 2.26Mechanism for the addition 8fto a terminal alkyne.

Although an aromatic ring is able to stabilise tiagbanion to an extent, it appears
the intermediate requires a much greater degrestaffilisation. In order to greatly
stabilise a carbanion, a mesomeric form must beladk@ whereby the charge is
transferred to a more electrophilic atom. The chaf substrate for this reaction was an
alkynoate. The reaction could then be expectgardoeed in a Michael type reaction to
form an allenolate intermediate which places thargh on the oxygen and greatly
improves the chance of reaction. This reactiorlduiproved to be successful under both
thermal and microwave conditions, with an optimueid/obtained after 16 hours at reflux
(Table 2.8.

Table 2.8 Optimisation othe synthesis af21
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(0] (0]

)\ . ° TEA, DCM ° °

MeO” o | P (see table for details) MeoJ\/\o | _
122 9 123

Entry Temperature (°C) Time (h) Yield (%)

1 20 2 48
2 20 16 63
3 45 16 82
4 80 (mw) 0.5 67

The ester group present k23 also presents a useful handle for further steps.

Hydride reduction of the ester would present allglicohol124 (Scheme 2.28
0

%
Me o)J\/\ o = H o/\/\ o
123 124

Scheme 2.27Possible transformation @R1to allylic alcohol122

The generation of an allylic alcohdlZ4) would then be suitable to be used directly
in a Suzuki cross-coupling with a vinyl boronic dcas reported by Tsukamoto al. or
alternatively can be converted into an allylic Halifor use in further Pd-catalysed cross-
couplings®® The incorporation of this sub-unit can now preval platform to re-evaluate
the original RSA.

2.3 Revised RSA and synthesis

2.3.1 Revised RSA

The revised RSA utilises most of the same discaioes as were suggested
originally, and also involves the same AB fragm@ts) previously synthesised. The key
difference is the incorporation of the allylic/virycoupling generated by disconnectibn
(Scheme 2.28and the resulting fragmefi formed as a result of the Michael addition
previously shown to provide a means of forming\uhmgyl ether. The appropriate coupling

partner to perform both a Sonogashira reactionaamhylic/allylic coupling can now be
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envisaged as the novel fragméntwhich would contain all of theis-alkenes required in

o]
| o)
Sonogashira fe) =
| -
- /\/\_/\ o

the natural product.

Suzuki-Miyaura

(0]
(0]
(0] ?/Q
(6] | (e} Reduction | _ B\O
— o |
’ +
Et0 /III/Ao 7 l
FZ
OH

Z | X
EAB Fragment Fragment F
(0]
(0]
| (0]
(0] +
Z K Ho” N
¥V
Fragment E
125 AB Fragment

45

Scheme 2.28Revised RSA 083.

A proposed forward synthesis will now utilise theeypously synthesised\B
fragment 45) in a Michael addition onto the commercially aghie alkynoatel?7,
followed by hydride reduction to the allylic alcdhb27, generating the advancé&AB
fragment. The original example of a Michael additof a 4-hydroxy-6-methyl-2-pyrone
(9) to an alkynoate was performed on a terminal akymowever the natural product
requires the inclusion of an ethyl side chain. ohder to include this side chain, it is
necessary for the Michael addition to be perfornoedalkynoate125 which already
contains the desired ethyl unBdheme 2.2 The addition of this ethyl side chain will

sterically restrict the access of the nucleoph®ipyrone to the alkyne in order for the
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reaction to occur, and as a result will requireedepment of the original methodology to

account for the increased complexity.
O
(0]

Eto)\/ o i
Ho™ N7 Eto” N Yo7 NF o
TEA |
z =z ? Z
126 OH

44 127

EAB Fragment

Scheme 2.29Proposed synthesis of the advanEéd fragment 127).

The next step would require the cross-couplind @7 with the novel fragmenk.
The synthesis of fragmeRtcan be envisageda a five step procedure to form the desired

vinyl boronic acid pinacol estd33(Scheme 2.3p

THO
HO—__—OH TBOMSCl | HO—__ —OTBOMS __ 7~ ToO—__—OTBDMS
128 129 130
Li
=z
LDA S
PinB:ﬂ/—OTBDMS = - OTBDMS
PinB—0
132 131
Lindlar / H,
o}
OTBDMS
4 — cat. Pd
_ >
BPin  Fragment F o
133
| o
=
o
134
| >
127
OH

Scheme 2.30Proposed forward synthesis and use of fragment F.

The Pd-catalysed reaction with the allylic alcotiictates that the additional allylic

group on fragmenE cannot be either a halide or acetate due to thegptivity towards
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Pd(0). The choice of a silyl protected alcohobwal a simple deprotection followed by

conversion to triflate or halide for the macrocgation.

2.3.2 Synthesis of EA and EAB fragments

The steric influence of the 6-alkyl chain requifedthe natural product, increases
the complexity of the Michael addition. It is teésre important to optimise the conditions
with simple analogues such &sas opposed to wasting valuable intermediates. An
important factor in the choice of analogue is thatchemical environment of the reacting
group mimics that of the parent compound as cloaslypossible. In this case, the most
important factor is the pkof the alcohol, although steric influence may gy a part.

The mechanism of this reaction requires deprotonavf the alcohol, so it is
important that the pKof the two alcohols are similar. Using pprediction software it is
possible to compare the two 2-pyrones to assessuhability of the chosen mimic.
Although the prediction software cannot be assutoeoke entirely accurate, it is possible
to compare known values to judge the error. Thediption shows that the extended
aliphatic chain has little influence on the aciditfythe alcohol, which combined with the
large difference between the pHf protonated bases such asHN indicates tha® is a

suitable analogue on this occasion.

o (o]
B @i
— =
HO
HO A
pK, (calc.)=5.03
Actual (H,0) = 4.94 PK, (calc)=5.12
9 45

Figure 2.2 pK, predictions of alcohol in compounéisind45.®’

The effect of C-6 functionalisation on the p&f 4-hydroxy-2-pyrones appears to
be minimal when functionalisation is limited to Roonjugated systems. At this point, the
benchmark reaction with methyl propiolatd2®) was tested against various C-6

functionalised 4-hydroxy-2-pyrone$gble 2.9).
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Table 2.9 Michael additions of C-6 functionalised 4-hydre2ypyrones withl22

o o DCM, TEA, o
45, 16 h
| o + e < > o} | o
e
= N )J\/\ =
HO R MeO Ze R

122

Entry  Starting Material Product Yield (%)
0 0
! ﬁok/\/ I /E‘;OK/\/ 86
HO = = MeO)K/\O = =
96 135
O O
2 | i I ﬁok/\ 68
Ho N Ph MeoJ\/\o = Ph
90 136
3 64
95 137
o} 0
| o} o} | o
4 Ho N MeO)J\/\O = 82
= Z
TIPS TIPS
44 138

The reaction proceeded well with all of the vaaas, but particularly encouraging
is the 82% yield o35 which can be seen as an ethyl side chain defielgaogue of the
advancedEAB fragmentl26. Now with the confirmation that C-6 modified 4drpxy-2-
pyrones will react in a similar fashion to the slersystem utilising, the incorporation of
the ethyl side chain must be addressed.

Preliminary investigations into the Michael additiof 9 onto an internal alkyne
utilised a methyl side chain as opposed to therel@sethyl side chain in order to first

generate conditions for the slightly simpler system
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Table 2.10 Optimisation of Michael addition betwe®&rand139.

O

+ Eto)\

O

T A
Eo” N Yo

O

O

HO Z &
9 139 140

Entry Solvent Base Additive Mol % Temp Time  Yield

Base Additive (°C) (h) (%)

1 DCM TEA 1 - - 40 1 0
2 DCM TEA 1 - - 80 (mw) 1 ~1

3 DCM DBU 2 - - 90 (mw) 1 4

4 THF  DBU 1 BR 20 90 (mw) 2 18

5 DCM DBU 1 BR 20 80 (mw) 2

6 THF DBU 1 BR 20 80 (mw) 2 24

7 THF TEA 1 BR 20 80 (mw) 2 5
8 THF  DBU 1  Yb(OTf} 20 80 (mw) 2 13

9 THF  DBU 1 BR 20 70 16 22

10 THF DBU 1 Bl 6 80 (mw) 2 19
11 THF DBU 1 BPr 20 80 (mw) 2 17
12 DCM TEA 1 Cul 10 80 (mw) 1 29
13 THF DBU 1 Cul 10 40 16 29
14 THF DBU 1 Cul 10 80 (mw) 2 26
15 THF  DBU 0.1 Cul 10 80 (mw) 0
16 THF  DBU 0.2 Cul 10 80 (mw) 30
17 THF  DBU 0.66 Cul 10 80 (mw) 0.5 43
18 THF  DBU 0.66 Cul 10 40 16 7

19 THF  DBU 0.66 C.UI / 10/20 80(mw) 0.5 9

B'Pr;

20 THF NaH 1 - - 20 5 0

21 THF NaH 1 - - 40 5 0

22 THF NaH 1 - - 70 5 0
23 THF NaH 1 Cul 10 70 5 0

" Large amounts of 2-pyrone degradation observed
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As expected, the use of an internal alkyne sevefigcts the reactivity of the 4-
hydroxy-2-pyrone towards the alkyne. Utilising #@me conditions as previously used for
the terminal alkyne yielded no product. The raienfor the lack of reactivity was
attributed to a combination of the restricted ascés the alkyne, but also a poor
nucleophilic character displayed by the 2-pyroy. altering the base to the stronger and
more bulky DBU, the degree of charge formed onZhmyrone9 is increased, due to the
increased distance between itself and the counterithe nucleophilicity would now be
enhanced, however this again proved to be toe littlaffect a substantial increase in yield
(entry 3).

The use of additives in Michael additions is weticdmented, most commonly
using a Lewis acid to activate the carbonyl andssghbently withdraw electron density
from the point of nucleophilic attack. The introduction of BFas a Lewis acid greatly
improved the reaction yield, however large amouwft2-pyrone degradation was also
noticeable (entries 4-7, 9-10). The use of wedlsvis acids such as'B; and Yb(OTf}
promoted the reaction to a lesser degree, alththeyamount of 2-pyrone degradation was
noticeably smaller (entries 8 and 11). The uskentis acids to remove electron density
from the alkyne shows that this is a feasible whineoreasing reactivity. Copper(l) iodide
is known to bind to alkynes, and is used in the dgashira cross-coupling for this
purpose”’ In binding to the alkyne the copper(l) removescbn density, thereby making
it more susceptible to electrophilic attack. Tise of copper(l) iodide as an alternative to
a Lewis acid was then tested and was shown toaseréhe yield under similar conditions
(entries 12-14).

The high polarity of 2-pyron® means that it is often only partially soluble in
organic solvents such as DCM and THF until an aghase is introduced. On repetition
of these reactions, it was noted that complete bddlu occurred at precisely 0.66
equivalents of base. The use of sub-stoichiomeuantities of base was then tested and
proved that the observed solubility point was atbe optimum amount of base,
culminating in a yield of 43% (Entry 17).

The yield of 43% represented a vast improvementeler for use in the natural
product synthesis a yield above 60% would be delsira The introduction of the same
vinyl ether motif is also accessibléa a substitution reaction utilising a vinyl iodide o
triflate such ad41
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@ i
0 9 Ho N7
ACOH, Lil, 70 °C, 5 h )J\)\ 9 Q |9
EtO NN EtO | /U\)\
AN (86%) DMF, NaH, 70 °C EtO = o 7
139 (25-43%)

141 140

(See Appendix 1.4 for full details)
Scheme 2.31Synthesis ol40via vinyl iodide 141.

The coupling of 2-pyron® and organoiodid&41 proceeded poorly despite the use
of a variety of solvents, bases, temperatures atehded reaction timesS¢heme 2.31
The reaction would only proceed in the presenceamfiodide trap such as AgNO
affording the desired product in a variable yielthe major problem with this reaction is
the reversibility of each step, and the generadioa quaternary centred intermediate. The
guaternary intermediate can eliminate either tké® or the 2-pyrone, however due to the
large steric bulk of the 2-pyrone, the initial aduh is unlikely to occur. The 2-pyrone is
also able to delocalise the charge throughout thiecale making it more stable and thus a
better leaving group than the iodidgcheme 2.3p

(0 o 0 0
o
SAF EOT X N NF EtO 0

N
Scheme 2.32Substitution reaction mechanism.

The addition of silver nitrate to irreversibly biady free iodide made it possible to
slowly drive the reaction forwards and generatedésired product, however the reaction
proved to be unreliable and results varied. Th& besult obtained using this approach
only matched the 43% achieved through the direchiiel addition to the alkynoate. The
more challenging ethyl 3-pentynoat&2f) was subjected to the optimised Michael
conditions in order to generate the required etidé chain present in the natural product.

Unfortunately, this proved to further reduce théivity and no product formation was

observed.
o 0
Cul (0.1 eq.), DBU (0.66 eq.)
0 THF, 80 T (mw), 0.5 h o o
— T AL
EtO = =
HO = EtO (o)
125 9 142

Scheme 2.33Michael addition oB into 125
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The inclusion of the ethyl side chain is seen tat slown all reactivity, most likely
due to the inaccessibility of the alkyne towards thcoming nucleophilic 4-hydroxy-2-
pyrone Scheme 2.3B In order to try and increase the accessibibitythe desired-
carbon it was hypothesised that using an allenczg provide a better platform for
addition, with theB-carbon now at the centre of the more accessibd@ealand therefore
more susceptible to nucleophilic attack. The miediate formed can be envisaged to then
react in one of two ways; firstly by re-eliminatirthe 2-pyrone, or alternatively by
rearrangement and subsequently abstracting therpfadm the conjugate base at the
carbon to generate the desired prodGcheéme 2.34 Despite the equilibrium for the first
step, the formation of the product would likely &e irreversible reaction and therefore

drive the reaction forwards.

o) H-Base o
) .
./"’4 + o o) [e) fe)
Eto)J\"/ ‘\Me_/o | _— M | o EtO/U\/(O | =
' S S

Scheme 2.34Proposed reaction pathway for nucleophilic attaican allenoate.

Allenoate144 was preparedia a one pot-two step Wittig/elimination reaction of
phosphorand 43 with propionyl chloride 117), to generate the desired product and also
the alkynoatel25in similar yield Gcheme 2.3h

o
j\/ . o TEA, DCM o) .
PPh )K/ J\/ e E07 X
~ 3 _ =
. Me AN
EtO cl EtO =
22C,18h
143 117 144 125
(29%) (27%)

Scheme 2.35Synthesis ofl44.

The subsequent reaction 6f with allenoate144 does not occur at all, with
complete recovery d, despite the use of elevated temperatures andvis laeid additive

to encourage the initial step of the reactiSol{eme 2.3p

9 0
O Base
| 7 : )k/ = Me xs Q | o
EtO Z4 (See Appendix 1.5
HO Z for full details) EtO Z (0] Z
9 144 142

Scheme 2.36Michael Addition of9 with allenoatel44
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At this point the synthesis of an ethyl side chdgificient analoguel@d5 of the
natural product was considered to test the fedyilof the remaining steps in the proposed

synthesis.

33 (Target) 145 (Analogue)

Figure 2.3 Natural produc83 and modified analogui45

The next step in the proposed synthesis involveshtidride reduction of the,p3-
unsaturated ester into the allylic alcohol. Theutes of the hydride reduction 4R3 are
shown inTable 2.11

Table 2.11:Hydride reduction oiL.23

O 0
o} | o "+ (2 eq) | o
MeoJ\/\o = (See Table for details) oo A0 =
121 122
Entry Hydride Source Solvent  Temperature Yield
1 LiAIH 4 Ether 78 °C B
2 DIBAL-H DCM .78 °C 30"
3 DIBAL-H Ether 78 °C 19
4 L-Selectride THF -78 °C 19
S NaBH, Ether -20 °C )

"Complete consumption d21 observed by TLC analysis.
"Reaction yielded >95% 4-hydroxy-6-methyl-2-pyrche

The hydride reduction 0£23 gave low yields with a number of hydride sources
with varying degrees of strength. It is noticeatblat within the structure df23there are
three positions at which hydride is able to attéeig. 2.4). Firstly, when utilising softer
sources of hydride such as selectride and boratgdtihe desired product was not formed.
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Instead, the leaving group properties of the 2-pgr@ncourage Michael substitution

through hydride attack at tifiecarbon and subsequent elimination of the 2-pyrone.

Soft hydride
source e.g. NaBH, o

(0] | (0]
)J\/\ =

MeO ( o)
Hard hydride

source e.g. LiAIH,

Figure 2.4 Sites of hydride attack a3

Alternatively, when using harder sources of hydsdeh as LiAlH and DIBAL-H
the hydride attacks the carbonyl positions of bt unsaturated ester and the 2-pyrone.
The subsequent 30% yield observed using can bbuéd to a near statistical distribution
of products where each equivalent of hydride hastesl unselectively .

In order to improve the selectivity of the redant the reactivity of the ester and
2-pyrone carbonyls need to be better differentiat€she way of approaching this is to
provide a better leaving group than methoxide tcoarage a more facile attack from a
weaker hydride source. The use of fluorinated resie known to promote hydride

100

reduction, and with this in mind, pentafluorophenyl (PFP)potate (46) was utilised

in the Michael addition with both compoun@and44 (Scheme 2.3).
(o]

o] PFPOK

o
146
o (@] (@]
| TEA, DCM, 45 T, 16 h )J\/\ | P
Hoo NF (27%) PFPO ZNo
147

9

(e}
As Above

= _— >

O (0]
HO A (37%) M _ >_
i PFPO e A
44 4< j/ 148 _{i
Scheme 2.37Michael additions 09 and44 with fluorinated estet46
The yields of the Michael addition appear to bevitganfluenced by the ester. In

this case, the PFP ester proves to be a relagpady match for the addition of 4-hydroxy-

6-methyl-2-pyrone derivatives. However, despite [tdwer yields in the Michael addition,
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it is important to test whether the variation oé thster affects the subsequent hydride
reduction. The PFP esté47 was subjected to both DIBAL-H and NaBHhough in each
case the yields mimicked those seen previously whth methyl ester derivativé23
(Scheme 2.38

o} o}
DIBAL-H (2 eq.), DCM,
o | o 781020 C,3h | o
Pz
PFPO)K/\O = (30%) HO/\/\O
147

0 NaBH, (2 eq.), THF,
-20t020 C, 3 h O
o) o) |
)J\/\ | _ (15% + 82% RSM) Hoo NF
PFPO ZNe)
147

Scheme 2.38Hydride reduction o147.

The continued poor selectivity for the reductiortiod o, f-unsaturated esterersus
the 2-pyrone suggest that this approach is notogpiate for this system. In order to
differentiate better it is feasible that a Bkeduction of an acid would allow complete
selectivity in the formation of the allyl alcohol'he Michael addition was then performed
usingtert-butyl propiolate149 with 9 to yield 150in a respectable 61% yield. Subsequent
treatment of150 with TFA to yield the desired aciii51, however the following Bkl
reduction of the acid failed to generate any allgbhol123(Scheme 2.3p

0
TEA, DCM, 5 /@1
45, 16 h |
>L )\ /ék (61%) >|\O)J\/\O 7
150

TFA, THF,
20C,05h

(86%)
HO o

Q BHj, THF, i
| ° 20C, 16 h j\/\ /ij;oK
= A HO ZZNo) 7
123

Scheme 2.39Hydride free approach tt23
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The 'H NMR spectroscopic analysis of crude material frbva borane reduction
shows the absence of the alkene signals fromuffr@insaturated ester, suggesting that
hydroboration of the alkene has occurred in prefegeto the reduction of the acid. No
conclusive proof was isolated from the crude reactnixture.

The continuing poor selectivity shown in generatiag2-pyrone bound allyl
functionality suitable for cross-coupling indicatdsat the current synthetic strategy is
flawed. However, the possibility of cross-couplivigylic and allylic groups to generate
the skipped 1,4-diene motif allows two differenpegaches to be studied, with the pyronyl
substrate able to provide the allylic or vinylicitunThe current study has shown that the 2-
pyrone fragment does not easily provide accessheoallylic fragment, however it is
possible that the 2-pyrone can instead providevihglic substrate for cross-coupling
(Scheme 2.4})

Scheme 2.40Two Pd-medlated approaches to a skipped 1,4-diene.

In order to test the feasibility of using the 2-gye bound vinyl halide for cross-
coupling, a simple analogue was developed. Théeaynthesised13was treated with
bromine to generate a dibromid&5@) which subsequently underwent an elimination
reaction to generate the vinyl bromide&-153 (Scheme 2.41L

o) o) o)
Br,, DCM DBU, THF
78C,3h h r o 80%T,16h o) o)
| — |
= Br =
(80%) o ~A 0 (\o
(~60%) (17%)
113 152 E-153 z-153

Scheme 2.45ynthesis of vinyl bromid&53
The synthesis of vinyl bromid&53 is not an efficient route due to the lack of

stereo-selectivity observed. The initial bromioatiworks in good yield, however the C-3

position of the 2-pyrone core is also susceptiblattack from bromine, and it was noted
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(via *H NMR) that some material was brominated at this tfmsi although no isolation
was possible due to the decomposition of all maltem silica. As a result, the impurity
was carried forwards into the elimination reactiofibe elimination reaction works well
with selective elimination of the secondary bromideyield bothcis andtransisomers of
the desired vinyl bromide. Unfortunately, the dedibromideE-153 was never isolated
cleanly, due to the presence of a second insegapabtiuct. The identity of this impurity
has not been proven, although the mass spectrutheomixture showed only one ion
presentifn/z= 231/233), indicating an elemental compositiceniital to that oE-153 It
is suspected that the impurity stems from the @e8nnated material carried through from
the initial bromination reaction.

Although no tests could be run &153 thecis-bromide Z-153) was isolated and

subjected to Suzuki reaction conditiofigle 2.19.

Table 2.12 Suzuki cross-couplings of vinyl bromide153with boronic acids.

o) (@]
cat. Pd, Na;COgzyg),
o THF, 70 € o)
| +  R—B(OH), ﬁk
K\O s (see Table for details) (\o =
Br Z-153 R
. _ Pd Mol% Time Yield
Boronic acid Product
source Pd (h) (%)
e}
B(OH) =
> |PPh 7 o
57 Ph
154
(@]
2 Peb{dba) 5 @ 4 10
B P
—/ % | PPh f o
155 X
156
(@]

o] o]
/
B CatCat |
_ \o:é 7 5 o7 NF 4 59
155 A

156
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In each reaction it was noted that complete retantif stereochemistry occurred.
The natural producB83 requirestrans stereochemistry at the vinyl ether, however the
retention of stereochemistry from the unfavoum@stadduct Z-153 indicates that the
reaction will always proceed with retention of serhemistry.

The success of utilising vinyl bromide153in Suzuki cross-couplings to generate
skipped 1,4-dienes, particularly using the previpstudied palladium comple&-27, now

offers a second route to forming the problemafichiand side of the natural product.
2.3 Further revised RSA and forward synthesis

2.3.1 Revised RSA

The new disconnection occurs adjacent to the \etlyer, reversing the vinylic and
allylic positions seen in the previous route andhayates fragmenG (158 and the
advancedAB (157 fragment.

In addition to this RSA the alternative macrocyfdeming disconnection can be
made across a double bond to yield the two fragste¢AB ' (159 andl (160), suitable for
RCM. Both of these routes can easily be followegarallel Gcheme 2.4p

(e}
- (0]
1. Suzuki-Miyaura | |
=
f— (0) +
2. Sonogashira % /% |
Br é

BPin

Route A |
| . \ =
N \\
1l
N = X
HAB Fragment
33 157 Fragment G
158
O
| 0 BPin
=
0 1. Suzuki-Miyaura |
f— +
Route B N Z 2. RCM |
K/\;\/ Br |
\
n HAB' Fragment
33 159 Fragment |

160
Scheme 2.42Disconnections for routes A and B.

(Note: Fragments containing Befer to the 1,4-enyne system)
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The revised synthesis for routerequires the synthesis of novel fragmén(158
which can easily be accesséd a similar route to that of fragmehRt(133). By utilising
the intermediatel30, the reaction with propargyl alcohol in the preserf copper(l)
iodide and base will generatik6l (Scheme 2.48 The reaction ofl61 with Lindlar
catalyst will then generate allylic alcohb62 which can be converted to the boronic acid
pinacol estewia conversion to a halide or triflate followed by aydira borylation to

generate a silyl protected fragme&h(163).**

Cul, K,COj3, Nal
TBDMSO— __ ~—OT! = R0 R TBDMSO—\ __ /~—=— \
OH
OH
130 ///\ 161

46

Lindlar / H,
) 1. Tf,O
163 2. cat. Pd, PinB-BPin 162

Base

Scheme 2.43Proposed synthesis of fragmeéht

The revised synthesis for rout can utilise the previously synthesiséd’
fragment 95) thereby circumventing the requirement for a gigbtection of the terminal
alkyne. Conversion to the proposedB’ fragment {59 and subsequent reaction with
fragmentl (160) would rapidly generate a substrate suitable iiog closing metathesis.
Fragmentl (160) can be accessed utilising allylic borylation neetblogy, developed by

Aggarwal and co-workers, with the previously sysieed compoun#48 (Scheme

2.44 102
——— 0
- |
Br

HAB' Fragment
159 IHAB' Fragment
164

cat. Pd

AB' Fragment
95

cat. Pd, PinB-BPin
TsOH

MOH BPin

48 Fragment |

160

Scheme 2.44Proposed synthesis BIAB ' fragment
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The generation of the vinyl bromide will present tlargest challenge for the
synthesisvia the new route, as fragmeiit is not available directly, but will be accessed
via various transformations once bound to the 2-pyi@weme 2.45 The preliminary
studies will focus on generating a 2-pyrone-boultttlayde. The aldehyde can then be
converted to a 1,1-dibromide which will subsequenithdergo an elimination reaction to

generate the desired vinyl bromide.

O O

Br\/()("'ﬁi—x—’\/(ﬁi
B

HO/R r/O/R

Fragment H

(0]
(0] (0]
(0]
\/E/@ Br\/(/@ \/E/ﬁOL
NS (0] Z R B © R O O Z R
r

Scheme 2.45RSA of vinyl halide.
2.5.2 Synthesis of the HA fragment (176)

The synthesis of the HAB fragmerit5() will first rely on adequate methodology
developed on the simpler HA fragment.

The planned synthesis of the HA fragment requinesformation of an aldehyde
bound to the 2-pyrone. Once the aldehyde is iraratpd, it is possible to convert the
carbonyl to a dibromide, with subsequent elimirmataf one bromide to generate the
desired vinyl bromide. Alternatively, it is poskbto use the conditions discussed by
103

Spaggiariet al.to generate the vinyl bromide directgheme 2.45

O

o (0]
[N g o QNS
Br =
=
| o R (e} R Br__~ o =
o ‘ Br T

Scheme 2.46Conversion of an aldehyde to a vinyl bromide.

R

P(OPh),, Br,, NEt,

There is literature precedent for the introductainalkyl groups onto the alcohol &

S104

through a simple substitution reaction with alkgbimides.”™ A substitution reaction af-

halobutyraldehyde witt® was attempted to create the desired aldehydeouajth this
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proved to be unsuccessful under various conditiovid) none of the desired product
formed Scheme 2.4).

o) o)
X Base
| 0 + OW (see Appendix 1.6 O\/E | o
Hoo NF for full details) NN NF
9 165

Scheme 2.47Substitution reaction & with a-halobutyraldehyde.

Initial attempts focused on using organic baseaskist the substitution reaction,
however a quantitative amount 6f was always recovered. The poor reactivity was
attributed to an elimination reaction of tialobutyraldehyde occurring in preference to
the substitution reaction. In order to prevent #iie reaction, sodium hydride was used to
pre-form a 2-pyrone salt which would be unabledbas a base to perform the elimination
reaction. Unfortunately, this proved ineffectivadano product was formed despite
extended reaction times.

Previous work with 4-hydroxy-6-methyl-2-pyron® fad provided excellent yields
when subjected to Mitsunobu conditions, and theodhiction of the aldehyde was
therefore plannedia a Mitsunobu reaction of 1-penten-3-ol with 4-hydr&-methyl-2-

pyrone, followed by an ozonolysis of the terminileae to generate the desired aldehyde.

Table 2.13 Mitsunobu reactions & and164.

0 0
OH DIAD, PPh;, THF
o) o)
| _ : \)\/ 0-20C,16h \/E | _
HO o)
9 166 167
Eq. of _
Yield (%)
PPR/DIAD/ 164
1.0 12
1.5 17 - 32
2.0 28

"Reaction yield varied across five runs.
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1-Penten-3-ol 166) proved to be a poor substrate for the reactioim wariable
yields obtained, and no yields of an adequate leaeé been achieved. In each case, large
guantities of unreacte@iwere recovered.

Previous work with 1,2-butanediol had shown it ywassible to selectively protect
the primary alcohol and then utilise the seconddophol for Mitsunobu coupling t8
(Scheme 2.19) By utilising the same methodology, a new apphnoacthe aldehyde was

suggested§cheme 2.48
(0]

/ﬁok
- /
TBDMS-CI, TEA, HO

0
/Y\OH —»DCM’ 20C 180 /Y\OTBDMS ° \/E /Eiok
_ s
0,
OH (84%) OH DIAD, PPh;, DCM ~ 1EDMSO 0" N\F
169

107 168 20C,16h

(99%)

, Deprotection

\/E | 0 ___ Oxidation \/E | o)
O\ / -------------
o HO o =

Scheme 2.48Proposed route the5.

The first two steps of the reaction proceeded iteient yields to generate a silyl
protected alcohol169). It was then predicted that a simple deprotecdod oxidation
would lead directly to the desired aldehybh The initial deprotection strategy was to
use TBAF as a source of fluoride. The deprotec8tep gave excellent conversion,
however upon isolation, two products had been geedr The'H NMR spectroscopic
analysis confirmed that a rearrangement of thetthdl occurred under the conditions used
(Scheme 2.49

) 0 0
TBAF, THF,
20, 2h 0
o —==" 5 0 + |
TBDMSO | _ HO | _ /\/\o 7
0 o
OH
169

170 171
(30%) (66%)

Scheme 2.49TBAF deprotection 0169
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Figure 2.5 'H NMR spectrum of.71with emphasis of the diagnostic peaks.

Figure 2.6 Overlay of observetH NMR (top) and gNMR simulation (bottom) signals fo
diagnostic peaks df71



The'H NMR spectra of the two products differ only vestightly, however the key
diagnostic signals are those directly adjacenh&alcohols on the 1,2-butanediol. The
electron-withdrawing effect of the 2-pyrone meamet the protons on the carbon adjacent
to the 2-pyrone ring will be more deshielded thHawse adjacent to the hydroxyl group. In
the case of the TBAF deprotection, the major prodsloowed two multiplet signals
observed at ~3.7 and ~3.9 correlating to one and two protaespectively. This
corresponds with the shifts expected #Grl.  The multiplets can be explained due to the
presence of the chiral centre adjacent to the alcofhe two protons in an adjacent £H
group are no longer equivalent, and as such wilpt®to each other and also the adjacent
CH, thereby introducing increased complexity in tH&NMR spectrum of.70,

The minor product also produced an interestiigNMR spectrum. The two
diagnostic signals were observed at chemical sbif& 3.75 andd 4.3 corresponding to
two and one protons’ respectively. The single gmas now the more deshielded proton
and therefore adjacent to the 2-pyrone ag&7@ This proton is also discernible as an
indistinct quartet of doublets, indicating thatethrof the four adjacent protons have
equivalent coupling values. The apparent multiptatesponding to the ‘GI®H’ group
can be seen as an overlapping of the two diastgregbrotons, each a doublet of doublets,
which as a result leads to the second order eftdxgervedKig. 2.5).

By utilising the NMR simulation program ‘gNMR’ deleped by P. Budzelaar, it is
possible to simulate the observed second ordectefnd designate the individual peaks
and coupling constants with confiderl€®. In this case, the signals observed for the two
protons adjacent to the alcohol&t 75, correspond t&uy couplings of 4.1 and 5.9 Hz to
the proton at the chiral centre, and alsta coupling of 12.1 Hz between each other.
The gNMR simulation of these peaks supports trsgasent Fig. 2.6).

The assigned structures bf0and171were subsequently confirmed by oxidation,
using Dess-Martin periodinane to generate the gtikeland ketone, respectivelgdheme
2.50.
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0 0
DMP, DCM, 20 C, 2 h
\/E | I | ]
63%)
HO _ ( Os —
0 0
165

170

| (e} As above (o)

/\/\o F (37%) /\H/\ o Pz

171

Scheme 2.500xidations ofL70and171

The general mechanism for TBAF deprotection istfa insertion of fluoride to
create a silyl fluoride and oxide counter ion whisbcomes protonated upon work-up.
However, due to the strong electron-withdrawingefffof the 2-pyrone motif id69, it is
feasible that the oxide is able to eliminate thpyBbne to create an epoxide. Upon
nucleophilic attack of the 2-pyrone on the epoxitie, terminal carbon would now be the

most accessible, resulting in the undesitédl (Scheme 2.5

o) o o}
o TBAF o o
~._.-0 l Pz TBDMS-F 8 l = ] l Pz
si” o i i o 99
>‘/| NS
H* \
o)
o o
| o
"o o Y o Z 0
OH

©

Scheme 2.51Deprotection/Rearrangementif9in presence of TBAF.

The most surprising aspect of this rearrangementha& given the lack of
nucleophilic character observed wBhn previous experiments, none of the free 2-pyrone
was isolated. In order to probe this reaction me®m, 1,2-epoxybutanel{3) was
treated with the sodium salt 8fand subjected to prolonged reaction times and aseme

temperatures§cheme 2.52
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o O THF,20-80<C, 1-48h | 0
|>\/ + | Y Ga— 4
) = /Y\O
Ow
173 Na oH

Scheme 2.52Attempted synthesis df71from nucleophilc reaction @ with 173

In each case no reaction was obsenwedicating one of two scenarios. Either the
proposed mechanism is incorrect, or the presendbeofarge sterically bulky tetrabutyl
ammonium counter ion increases the nucleophiliitihe 2-pyrone.

Alternatively, the alkoxide ion could undergo a jgmate addition into the 2-
pyrone ring to form an acetal intermediate. Thaultéing ring opening would generate the
two products in equilibrium, with the formation thfe undesired secondary alcohol likely

to be favoured§cheme 2.58

o) (8

|) i = N j P = =
oL :
© \y = /\</O = /EA

1°Alkoxide 2°Alkoxide

Scheme 2.53Alternative rearrangement pathway.

In order to avoid the rearrangement, acidic coodgiwere tested and quickly

proved to be very effective, providing an efficieatite to the free alcohadb¢heme2.54).
(0] (0]

\/E | o AcOH/ THF/ H,0 \/E | o
o > HO
Ngi” o 20C, 40 h o0 N\F
| (98%)
169 170

Scheme 2.54Acidic deprotection o169

The next step towards the synthesis of the vimlide was the oxidation to an
aldehyde. Using DMP has been shown to be an ateequathod for the oxidation,
however trace amounts of aromatic impurities wesaststently found in the product,
which proved to be unstable to silica gel chromatphy. Subsequent testing showed that

a Swern oxidation gave quantitative yieldsl66in high purity Gcheme 2.5p
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o)

(COClI), (1.3 eq.), DMSO (2.6 eq.),
| o TEA(3.6eq.), DCM,-78C,1h \/E | o
MO N NF (>99%) O N NF

Scheme 2.55Swern oxidation ol 70

The initially proposed two step synthesis of virgyl halide via the synthesis of a
1,1-dihalo-intermediate can potentially be circumteel using a suitablpseudohalide
such as a triflate. The use of vinyl triflateschoss-coupling reactions is well documented,
with the triflates often accessed through the reactf a suitable carbonyl with base and a
source of triflate such as triflic anhydrif8. Aldehyde165was subsequently treated with
various bases and triflic anhydride to generataedtrsred vinyl triflate 174).

o o)
Base, Tf,0
\/E "o "o
Ox o = (Degradation of S.M.) Tfo__~ o Pz
165 174

Scheme 2.56Synthesis of vinyl triflate. 72

The triflation of 165 proved to be unsuccessful with degradation of2fmyrone
seen despite a variety of conditiosckheme 2.56 Itis likely that trace amounts of triflic
acid in the reaction could have mediated the dedial of the 2-pyrone.

The alternative synthesis of the vinyl halide séé methodology developed by
Spaggiariet al. whereby an aldehyde can be converted into a hdkde under relatively
mild conditions'®® Treatment of the resulting dihalide with base géinerate the desired
vinyl halides suitable for cross-coupling. Treatmef 165 under these conditions gave

access to dibromo and dichloro addut®a and 175k respectively, in relatively low

yields Scheme 2.5y
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O
P(OPh); (1.1 eq.), Br, (1.15 eq.),
\/E /ﬁ‘;ok TEA (1.2 eq.), DCM, -60 - 20 C, 18 h
e (36%)
165

175a

(¢}
P(OPh); (1.1 eq.), Cl, (1.15 eq.),
\/E | o TEA (1.2 eq.), DCM, -20- 20 C, 18 h
Ox o = (41%)
165

175b

Scheme 2.57Synthesis of dihalidek75aand175h.

Dihalides 175a and 175b were subjected to a variety of elimination corafig,
with the results shown ihable 2.14

Table 2.14 Elimination reactions of 75aand175h.

(0] (0]
O
O Base o
X | = iti | 7 * /@
o (see Table for conditions) X _ o
X © X
X = Br (175a) X = Br (E/Z-176a)
Cl (175b) Cl (E/z-176b)
_ Yield E:Z
Entry X Base Solvent Time Temperature .
(%) Ratio
1 Br DBU THF 24 h 80 °C 93 41 : 59
2 Br DBU THF 24 h 70 °C >99 36 64
3 Br DBU  Dioxane 18h 100 °C 68 31:69
4 Br  Ag.COs THF 24 h 70 °C 0 -
5 Br AgCO; THF  24h 100 °Cip) 0 .
6 Br KHMDS  THF 18 h -78 -20 °C 0 -
7 Cl DBU THF 24 h 80 °C 0 -
8 ClI DBU THF  24h 90 °C 9 44 - 56

"Ratio established from isolated yields.

The initial elimination of HBr fromlL75aresulted in the formation of boteomers
of 176a (entry 1), with the undesired-isomer favoured. Reduction of the reaction

temperature to promote formation of the kineticduat resulted in the ratio shifting
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Figure 2.7 Overlay of'H NMR sprectra foZ

andE isomers ofL76a(a), with emphasis of

the alkene (b) and GHc) signals.



slightly more towards th&-isomer (entry 2), however when utilising a higlmeaction
temperature to promote formation of the thermodyingmoduct, it was observed that the
ratio of products has now shifted dramaticallyandur of theZ-isomer (entry 3). It must
be noted however that the yields drop towards higbmperatures, whilst no starting
material is recovered, indicating that product degtion is a significant problem. It is a
distinct possibility that at higher temperaturesnfation of theE-isomer is preferred,
however due to the high temperatures, degradationh® E-isomer occurs quicker
resulting in a distorted isomeric ratio. The usealatively weak organic bases, such as
DBU, are likely to enforce an E2 pathway for theatoon, however, by using stronger
bases to generate a deprotonated intermediatedlcian can be shifted towards ancg1l
type mechanism which may affect the isomeric ratitained. Unfortunately, the use of
stronger inorganic bases such as KHMDS resultewiobserved reaction (entries 4,5 and
6). A possible explanation for this is the relalyvacidic protons at C-7 df75a In the
presence of DBU, the elimination proceeds via aedrd deprotonation and elimination
of bromide, whereby the strength of the base igffitsent to deprotonate any position of
the molecule directly. However, when using KHMDOS8js now sufficiently basic to
deprotonate the most acidic position of the mokecuDn this occasion, the C-7 position
would appear to be the most likely, forming theeexted enolate and thereby shutting

down the elimination pathway¢heme 2.58

o
O ) o
0  KHMDS
U OO e
r
o Br o X NN
Br Br

Scheme 2.58Possible explanation for lack of elimination whesing KHMDS.

In the absence of any adjacent protons to thenalke 174 it is not possible to
determine stereochemistry through the magnitudethef alkene-alken€Jqy values.
However, study of the two isomers indicates thatltmger*Juy allylic couplings are only
present in one of the isomeric forms, allowing idition of the isomers through these
differencesig. 2.7).

Literature precedent suggests that‘thg allylic couplings are promoted when the
alkene proton is locatetls to the relevant allylic protorf8! Further to this, it was noted
in the isolation papers of the phacelocarpus mactes that some derivatives exhibited

the allylic coupling, however in the case3¥ no such coupling was observed. Complete
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assignment of the stereochemistry was confirmealitiit NOESY correlations which were
observed between the alkene and,@HZ-1763 but were absent iB-176a(Fig. 2.9.

o) (6]
Correlation o
No correlation \/E | 0 observed |
observed : =
Br_ .~ o = ZZNe)
Br Z-176a

E-176a
Figure 2.8 Observed NOESY correlations BfZ-174.

2.4.3 Cross-coupling reactions involving the HA frgment (176a)

The most important step in the current synthettbyay is the synthesis of the 1,4-
skipped dien&ia a vinylic / allylic coupling reaction. The vinykbmidesE/Z-176awere
subjected to Suzuki reactions utilising the preslgulescribed methodology. The results
are shown imable 2.15

The initial Suzuki reactions worked well on botlorisers of 176a when using
highly active organoboronic acid$77 and57), proving the activity of the vinyl bromide
is sufficient for palladium catalysed cross-couglinit is noticeable that as the stable aryl
boronic acid partner is exchanged for a less aatwepling partner, such as the allyl
boronates, the reactivity declines rapidly. Therpeactivity of allyl BPin {52 can be
attributed to the rapid hydrolysis of the pinacetee into the allyl boronic acid in the
presence of aqueous base, which subsequently @sgche to the slow transmetalation
step. The use of stable B€salts instead of the boronic acids, pioneeredbjander:®®
allows for the reaction of more sensitive reag&rieh may be prone to degradation. The
use ofl81in the Suzuki reaction continues to show poor redgt despite changing to the
stronger cesium carbonate base. To avoid the gmabhssociated with hydrolysis of allyl
pinacolborane, the reaction was carried out in dbsence of water, resulting in a
respectable 41% yield of the desired 1,4-skippedalproduct&-180).
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Table 2.15 Suzuki couplings oE/Z-176awith organoboronic acids.

o)
| O + R—B(OH),
Bl 2N NF

2 mol% CatCat

70 °C, THF, 12 h

[e
‘x/[/iiok
R/O =

_ ] Boronic . Yield
Entry Vinyl bromide _ Base Products
acid (%)
(e}
0 B(OH), /i‘;OK
7o) =
| NaxCOs 68
1 %(O _ (aq)
Br OMe
Z-176a 177 OMe
Z-178
B(OH),
(@]
MeO o
2, o " [ [(3
E-176a OMe E-178
177
B(OH), (e}
(@]
3 E-176a N&;COs(aq) P P 61
(@]
57 E-179
(6]
- (@]
4 E-176a _>§BPin Na,COs(aq) W( /@ 0
(@]
E-180
BF3K
5 E-176a :/1; NaCOsz(aq) E-180 0
BF3K
6 E-176a =/1; CCOzaq) E-180 0
BF3K
7 E-176a :{; 7 CsCOs E-180 0
8 E-176a :\—BPin CsCOs E-180 41

152

" 2M aqueous solutions or 3 equivalents of anhydbmse were used in all cases
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2.4.4 Synthesis of the HAB (157) and HAR159) fragments

The synthetic methodology developed towards theftdgment (768 was applied to
the synthetic routes ASgcheme 2.5pand B(Scheme 2.6Dsuggested ischeme 2.43

OH
7 1

DIAD, PPh;, DCM
—( 4 20°C, 16 h
i (74%)

OTBDMS
68

ACOH/THF/H,O
20°C, 3 h
(75%)

\/E | o (cocly,, DMSO, TEA \/E | o
DCM, -78°C, 3 h
o ’ ’ HO
S o P2 o =
(95%)
184 i A =

P(OPh);, Br,, TEA, DCM
-60 °C to reflux, 18 h

o (@]
= V[| °
Br . _ Br/O =
DBU
Br /S mmmmmmmmmo------ > P
— P

(Degradation of SM only)

Scheme 2.59Synthetic route A
The initial incorporation of the protected alcold8 deprotection and oxidation to

184 proceeded with a respectable 53% vyield (over theetlsteps). The subsequent

dibromination failed with complete degradation v tstarting material observed (TLC and
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'H NMR). The same synthetic pathway was applieithéosynthesis of the HABragment

(159 with a similar result.
o}

/\(\OTBDMS

OH | o

168 TBDMSO o0 NF
DIAD, PPhs, DCM
20°C, 16 h _
(50%) 187 =~ Z

AcOH/THF/H,0
(69%)

(o]
(COCl),, DMSO, TEA | o
_ 0,
DCM, -78 °C, 3 h HO _
(0]
(98%)
=
188 =

P(OPh)s, Br,, DCM
-60 °C to reflux, 18 h

190

Scheme 2.60Synthetic route B

The poor conversion to the dibromides in each @& thal systems attempted was
disappointing. The only significant difference ween the test substrai€é5 and the real
systems ;184 and 189 is the presence of the alkyne. The use of bmerm the synthesis
of the dibromide485190 could contribute to the degradation of the stgrtimaterials.

The mechanism involves an initial equilibrium fong between the bromine and
phosphate to generate a bromophosphonium ion aade#ctive bromide ion which

attacks the carbonyl. However, in the presencenaf-aromatic alkenes/alkynes, a
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competing reaction pathway is formed whereby tharime can react rapidly with the
points of unsaturation. The dibromination of thgehyde is a slow reaction, whereas C-3
bromination of 2-pyrones is known to be extremedpid.'® as is the bromination of
alkynes** In this instance the equilibrium of the intitstep will drive the reaction away

from the desired dibromide compound.

oPh o
_ OPh o)
Pho Br | P=0 =
O Pz PhO~I o R
(e} R (Br

‘ LN B

(PhO)4P + Br,
o o)
o) oPh o
I B PROL I~ 07 | P
Ph(PJhO/ Sopn t B a PhO” o) R
Br (Br

Scheme 2.61Proposed mechanism for dibromination.

2.5 Synthesis of macrocyclic 2-pyrones

The proposed method of forming the macrocycle uted is through ring closing
alkene metathesis. In order to test the feasibditythis method a simple analogue was
rapidly prepared through the reaction of 8-bromoefene {91) with 95 under basic
conditions to generated2 (Scheme 2.6

DBU, MeCN,
60 °C, 16 h

_— >

(73%)

Br

191

95
Scheme 2.62Synthesis 0192
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The analoguel92 was subsequently subjected to various metathesiditons,
however, no cyclised product was observed utilissngariety of conditionsScheme
2.63.

Cat. Ru

(see appendix 1.7
for full details)

193

Scheme 2.63Ring closing metathesis @B2

The results fromScheme 2.63suggest that RCM is not compatible with this
system. The likelihood is that the linearity oethlkyne is preventing the two alkenes
being orientated in the correct manner for alkee¢athesis to occur.

Recent work by Youn@t al has shown that in medium-sized ring systems it is
possible to enhance RCM compatibility of 1,4-enytiesugh the protection of the alkyne
with Co(COX.*** The dicobalt hexacarbonyl protection enforcesgaificant change in
the hybridisation of the alkyne. As the unprotdctdkyne the orbitals are in an sp-
hybridised state, allowing no rotation out of tHare. However, upon formation of the
dicobalt hexacarbonyl adduct, the alkyne now assumetetrahedral sghybridised
geometry about which there is a much greater degfréexibility available Fig. 2.9.

OC co
R., Cotmn+CO

",
Co(CO)
R——R’ ® §/
-2CO Y
OCmmnCo ‘,

sp-hybridisation

R

>
"

oC ‘co
sp3-hybridisation

Figure 2.9: Alkyne-dicobalt hexacarbonyl compound.
The same methodology was applied1®2 which facilitates a greater degree of

rotation for the macrocyclisation. The protectidnttee alkyne proceeds well under mild

conditions, with the following RCM now proceeding éxcellent yield $cheme 2.6}
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Figure 2.10 *H NMR spectra (500 MHz, CDg)lof a)192, b) 194, c) 195
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Figure 2.11 *H NMR spectra (500 MHz, CDg)lof a)194and b)195(Sine bell
apodisation applied to raw FID)



Co,(CO)g, THF, f0)
20°C,2h

g

(57%) X
A N Co,(CO)s
=
194
192
MesN__ NMes Grubbs 11 (10 mol %)
TCI DCM (0.0016M),
Ru’\_ 40°C, 16 h
N 7 “ph (80%)
P(Cy)s o]
Grubbs Il

Deprotection

Co,(CO)g

195

Scheme 2.64Synthesis of macrocycl95

On inspection of théH NMR spectroscopic data fdi95, the presence of two 2-
pyrone species are observed, indicating one ofpmasibilities. It is possible that botis
and transisomers of the alkene are present. Alternativélyis equally plausible that
decomposition of the dicobalt compl&®25 is leading to the formation of the deprotected
macrocyclel93

The *H NMR spectra ofl92 (Fig. 2.10-A shows the presence of four terminal
alkene protons and two overlapping internal C-Headéls in addition to the two 2-pyrone
signals. Upon formation of the dicobalt comp®84 (Fig. 2.10-B the internal alkenes
become distinct. A downfield shift of the klentred in the 1,4-enyne motif, observed as
a doublet ad 3.55. Following macrocyclisation 95 (Fig. 2.10-Q, the four terminal
alkenes have been removed, however two productsdril ratio are observed from the
integrals of the two 2-pyrone signals and the, @dublet signal aé 3.55. Interestingly,
the alkene signals for the major and minor proddcishot differ sufficiently to interpret
the signals separately using standard processitigoae

Applying Sine bell apodisation to the raw NMR dafatained for194 and 195

generates spectra with increased resolution betweerapping signalsHg. 2.11-Aand
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2.11-B respectively), allowing for improved charactetisa of the key alkene signals.
The first alkene ad 5.40 represents a doublet of triplets widhy values of 15.0 Hz and
7.5 Hz, respectively. Analysis of the second alkette5.55 is more difficult. However, it
is possible to assign the signal as a doubletigiets with3Jy values of 15.0 Hz and 7.0
Hz, respectively, with an additional impurity ovagwping. The major component &85
can be assigned with confidenceEa$95 (Fig. 2.12.

§Z
o)
C\/\///\/
= C0,(CO)s
E-195

Figure 2.12 Major component 0195

The interpretation of thtH NMR spectra suggests that there is only one is@Ee
195 present in the product, as a mixture would beeetgrd to generate a complex
multiplet or two additional signals corresponding the cis-alkene protons. The most
important factor in identifying theis-isomer would be the identification of a suitable
value or alternatively an NOE correlation betwets televant protons. Unfortunately)a
value is not discernible due to the more promirsgnals fromE-195 and the NOESY
spectra proved inconclusive. The formation of rdixisomers in large ring sized
macrocylisations formed through ring closing metats has been well documented, which
supports the evidence for this-isomer™'? Of particular note are the selectivity problems
encountered in the various syntheses of nakadomard®7, whereby the final RCM is

noted to generate boHEr andZ- isomers in a ratio of 2:1 in all cas&cheme 2.6)3113

Grubbs l/ll/Hoveyda

(2:1E/2) S

197
196
(-)-Nakadomarin A

Scheme 2.65RCM approach to Nakadomarin A
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The alternative explanation for the minor produstaadeprotection of the dicobalt
complex would also appear inaccurate. Upon comgl@xaof dicobalt hexacarbonyl to
192, the signals for the CHyroup centred in the 1,4-enyne motif shifted furttiewnfield.

It can be assumed that a similar shift upfield wiobe expected upon removal of the
protecting group, however the minor product cleartjicates the Chisignal remains close
to the major product, and thus the cobalt complestrstill be intact. Mass spectrometry
supports this interpretation due to the absencéhefcorrect mass for the deprotected
macrocycle.

The degradation of dicobalt hexacarbonyl complehxas been well documented,
with the loss of CO as a key fragment in their degtion*'* The mass spectrum @05
shows the presence of degradation peaks wheresyfds 3 or 4 CO units has occurred.
Whilst the presence of these peaks would be exgdicien pure product, it is possible that
partial degradation of the dicobalt complex acceunt the minor product observed. The
co-ordination of alkynyl dicobalt hexacarbonyl cdeyes to alkenesia the loss of CO
has been widely shown to be a key step in the Pakiband reaction*® It is therefore
conceivable that the minor product could contaia #ikene and alkyne linked cobalt
complex198. This assignment would account for the small changde chemical shifts
observed for the C-3-H and C-5-H 2-pyrone signale two possibilities for the minor
component in the RCM df94 have been suggestedz495and198 (Fig. 2.13, however
upon inspection of the IR data f&195 only three bandare observedn CO region
(2086, 2043 and 2012 & consistent with the presence of an alkyne boDogCO.
The IR spectrum 0fl98 would be expected to exhibit additional bands doiethe
unsymmetrical nature of the cobalt complex, whe#®&95 should exhibit the same bands
asE-195

Whilst definitive proof has yet to be obtained, ttentity of the minor compenent
from the RCM 0f194 is attributed toZ-195 The key details in the assignment are the
presence of only three distinct bands in the IRadatd the minimal shifts in the NMR
signals.
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Z-195 198

Figure 2.13 Possible minor components from RCMI1&4.

The desired macrocycles can now be acquired thrthegbxidative deprotection of
the dicobalt hexacarbonyl group. The choice oflart needs careful consideration for a
number of reasons. The use of strong oxidantd) ascCAN, may jeopardise the 1,4-
enyne motif which could be converted into the In$re in the event of radical formation,
or alternatively, in the presence of elevated tawmipees, an inter/intra-molecular Pauson-
Khand reaction may occur.

The formation of macrocyclé95 is an important result as it shows RCM is a
suitable means of macrocycle formation, howevés &lso important that the ring closing
methodology is able to accommodate further compleii the left hand chain which
would require two additional alkenes for the forimatof 33. Prior work towards the vinyl
ether has shown it to be unreactive towards metathalthough the additional alkene
within the chain could potentially become involvad the metathesis and disrupt the
formation of the desired product. However, thespree of the two terminal alkenes
should dictate that the ruthenium catalyst reactfepentially at these positions. The

competitive RCM reaction was subsequently testath¢me 2.66
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DIAD, PPhs, DCM,

20°C, 16 h |
-
0,
X (52%)
\
199 200
C0,(CO)g, THF,
20°C, 2 h
(28%)
o}
o Grubbs 11 (10 mol %)
DCM, 40°C, 16 h |
X
P
/\//\
Co,(CO)g X = Co,(CO),
X 201

202

Scheme 2.66Synthesis and RCM @01

The synthesis of trien201 was achieved in modest yield through the Mitsunobu
reaction of95 with dienel99 and alkyne protection of the resulting tri2@0. The RCM
reaction failed to yield the desired macrocy2® indicating that the internal alkene unit
must be masked in order for the reaction to becanmmuitable means of macrocycle
formation in the real system.

There are a number of methods available to madsdnak, with perhaps the most
widely utilised method being the alkyne, allowintgreoselective hydrogenation to give
the formation of the desired alkene isomer. Thesg@nce of an alkyne has already been
shown to inhibit macrocyclisation, yet further motion of the alkyne enabled the ensuing
macrocyclisation to occur. In order to test thebility of a doubly protected diyne system,
a simple test substrate was synthesiSmth¢ me 2.6p
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DIAD, PPh3, DCM,

I OH 20°C, 16 h
(61%) gz
= 7
/
203 204
C0,(CO)g, THF,
20°C,2h

(95%)
O

Grubbs 11 (10 mol %)

=
DCM, 40 °C, 16 h o
x
< //

X
N Co,(CO)s AN \COZ(CO)G

205

(OC)sCoy
Scheme 2.67Synthesis and RCM @05

The RCM of doubly alkyne protected diyne syst2db proved to be unsuccessful.
Although the reaction failed, it is not a definéivfailure towards the natural product
formation. The presence of dicobalt hexacarbomyisuin close vicinity to the terminal
alkynes on both arms could be providing too muehisbulk to allow the formation of the

metathesis intermediate required for the formatibthe desired producE€heme 2.68
(CO)s

/ \ Co
s—Na 2N~ (CO)3 (OC);CoZ (CO)
\( es Co. X /N\ ~Mes 3
(¢f] /Co(CO)3 i} C'Y /Co(CO)3
cl / | x Cl— RU
P(Cy)s

i ()P’

J>Co(CO);
(CO)3

Scheme 2.68Proposed reaction intermediates in the RCMGQg
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2.6 Conclusions and Future work

2.6.1 Conclusions

Throughout the course of the studies tow&8she important features required for
the synthesis have been identified. The most itaporfactor that has been addressed is
the synthesis of the novel vinyl ether motif. Vghithe originally proposed Buchwald-
Hartwig etherification strategy proved to be inadste, alternative methods proved to be
effective at installing the motif. The use of 4dngxy-2-pyrones as nucleophilic partners
has been of key importance to the installation wicfionalised side chains through
Mitsunobu and Michael addition reactions. The ditgbof the vinyl ether motif has also
been observed to be relatively poor, with degradaticcurring above 100 °C.

The most important results from the studies towe&8@sare: a) the successful
synthesis44 and 95 as suitable fragments for future syntheses; b)stmhesis of vinyl
bromidel76aand the subsequent successful Suzuki reactionstbfisomers; and c) the
utilisation of a dicobalt hexacarbonyl protecteklyak to enable the formation of the 19

membered macrocycl5.
O

HO

44

195 33

Figure 2.14:Key structures from studies towarg3.
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2.6.2 Future Work

The unsuccessful attempt to generate the advabdedibromidesl184 and 189
presents a problem in the planned synthesis, haweitee studies can contemplate one of
two solutions to this problem. The eliminationatan of dibromidel75ato generate the
vinyl bromide 176a did not occur in the presence of strong inorgarases, such as
KHMDS. The low reactivity was attributed to depmoation at the C-7 position, which is
desirable for alkylation at this position. This w@ allow formation of the previously
synthesised dibromidel72 followed by the subsequent lithiation/ potassiatiand
alkylation with a suitable alkyl iodide&S¢heme 2.6

o

o
| o BuLi/ KHMDS o
Br o = Br\/(o | —
|/\/\
Br \ R Br
Z
R

R=TIPS (185)
«}LL/\/ (190)

Scheme2.69 Metallation strategy to advanced dibromides.

Alternatively, the problem of the alkyne can becammventedvia the introduction
of an alkyne protecting group such as,(@C®) prior to the dibromination reaction. The
protecting Ce(CO)s group may then be carried forward into the potémRi@M reactions
(Scheme 2.7D

Coz(co)e
P(OPh)3, Br,,
TEA
Br%‘/(/dj Y[%
Coz(CO)s R COz(CO)e

Scheme 2.70Alkyne protection strategy to vinyl bromides.
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The ring-closing methodology developed so far il &t an early stage. Despite
the successful macrocycle formation in the presefi@edicobalt protected alkyne, further
work is necessary to assess the full capabilithisfreaction. The failure of the triene and
doubly protected alkyne derivatives suggest thatdidsired macrocycle substrate can only
accommodate the presence of one bulky dicobalt xmpand yet the additional alkene
will require accessing at a later stage. A poss#ollution to this is the incorporation of a
masked alkene which would allow macrocyclisation ocur and subsequent alkene

formation to generate the natural product.

o
SePh Q
o /\)\/\ (o]
| = BF3K
Br\/(o = 207 Ao | >~
.Pd
& cat. P Phse X =
/\//\ 29
= Co,(CO)s AN \Coz(CO)G

N

o

(<2}
N

08

Grubbs |

o) ) Z
| = ' | /\/
/\ ’
Co0,(CO)s Co,(CO)s Co,(CO)s
AN = ==
PhSe
211 210 209

Scheme 2.71Masked alkene strategy to promote RCM.

The formation of the desirezis-alkene as one of the final steps creates problems
with selectivity. InScheme2.71 it is suggested that a phenyl selenide would ach a
suitable masked alkene, however the resulting sftion would generate two possible
regioisomers, each with stereoisomers likely.

As a result of the poor selectivity these straeguggest, the previously suggested

routeA would appear to be the more logical choice foec@le ring-closing methodology.
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X

Scheme 2.71Sonogashira focused disconnections.

The formation of the macrocycle would now be rdliapon Sonogashira or copper
mediated allylation reactions. The suitabilitytbfs macrocycle formation strategy will
require ample testing, and the required fragn@mtill require synthesis. The proposed
forward synthesis now requires the Suzuki couptih)85 with 159 removal of both silyl
protecting groups and suitable functionalisationth&f ensuing allyl alcohol, which would
present an advanced intermediate suitable for mgclisation. The natural product would

then be completeda the relevant alkynyl-allyl coupling reaction.

(0]
PinB OTBDMS
O L/\J
Bre _— _ NN =
o 163
____________ >
// CatCat

|
TIPS
186

NP
<
7
)
_|
m
>

Cat. Cu (Pd)

33

Scheme 2.72Proposed forward synthesis3s.
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3. Intramolecular C-H arylation of 2-Pyrones

3.1 Reaction discovery and optimisation

In the course of the studies towards phaceloceZgugone A an integral reaction
in the desired route focused on a proposed Suzokisecoupling of allyl boronat&55
with vinyl bromide175a In the course of reaction screening it was notbed the Suzuki
cross-coupling oZ-175aled to the identification of a second reactionduct, namely

furopyrone213formed in 25% yield$cheme 3.1

o
i CatCat (2 mol%), Cs,CO ?
BPin atCat (2 mol%), Cs,COs, o
o ., THF, 80°C, 18 h | . / o
|/ e Z |
Z o | 0T NF
AN

7-180 213
Z-175a 155 (40%) (25%)

Scheme 3.1Intramolecular C-H functionalisation-initial diseery.

The low yield of180 was attributed to the low stability and reactivifythe allyl
pinacolboranel55 Recent work by Molander and co-workers has shthan the more
stable potassium trifluoroborate salts of bororids are adequate substitutes for boronic
acids'® The Suzuki cross-coupling df-175a was subsequently attempted utilising

potassium allyltrifluoroborat&81 as an alternative to allyl pinacol borane.

i BF4K CatCat (2 moI:A)), Cs,COg3, Q
| o, THF, 80 °C, 18 h \—éﬁ ony)
PN N | (44%) A
Br 71752 181 213

Scheme 3.2Selective intramolecular C-H functionalisationZefl 75a

The use ofl81 as an alternative source of allyl boronic acidiliesl in a complete
shut-down of the Suzuki reaction pathway givingiamproved 44% vyield o213 The
reason for this is likely to be in part due to #tesence of water. Molander and co-workers
have recently shown that the presence of trace rwiateneeded for the potassium
trifluoroborate salts to be an effective boroniddasubstitute:*® The synthesis o013

represents the first Pd-catalysed C-H functionatiseof a 2-pyrone.
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The synthesis of furopyrones has been well doctedenwith two reported
syntheses§cheme 3.Bas good examples. The first was reported by &adiet al,**’
which utilises the reaction of a propargylic alcbtith 4-hydroxy-6-methyl-2-pyronedj
in the presence of a cationic ruthenium catalyBe reaction utilise® in a propargylic
substitution-cyclisation process. The second exembpighlighted from the work of

Cabaréset al.!'®

requires the prior formation of a tetra-substitufachn derivative and
subsequent formation of the furopyrone. The reads limited by the accessibility of the
substituted furans, however the direct produchefreaction provides a carboxylic acid as

a useful handle for further manipulation.

oH 0] [Ru(eta3-2-C3H,Me)- - o
o (CO)(dppf)][SbFe] R
N
o}
R)\ | _ TFA, THF, 7 P
R HO . 70T, 20 h o
o) o)
o 1. NaOH
o \ // o~ 2. HClI
R 3. Ac,0
o)
/ o

Scheme 3.3Known synthetic routes to furopyrones.

The routes highlighted i8cheme 3.3re limited however, as they do not allow the
incorporation of an additional fused ring into gystem to create a benzofuropyrone. The
synthesis of benzofuropyrones has received littkndon, with only one reported pathway
to date. Majumdar and co-workers have synthesisedriety of structures featuring a
tricyclic system containing the benzofuran motificluding benzofuropyrone216.
However, the reaction is limited as the final steguires very high temperatures (250 °C)

to affect elimination and subsequent dehydrogenatdhe benzene ring¢heme 3.1°

snCl,, I,

—_—

DCM, RT

10% Pd/C, 250 T

Ph,0, 2 h

215 216

Scheme 3.4Majumdar’s synthesis &16.
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In order to further develop the unique transforomatobserved irscheme 3.2a

model aromatic analogue was synthesised in twa $temn 4-hydroxy-6-methyl-2-pyrone
9 (Scheme 3.k

|
L :
0 TBAB, P,0s, o OH

Toluene, 110°C, 6 h

|
| (0] | o - ©i | i
9 K,CO3, Acetone, 60 °C, 6 h
o P> (71%) _ 2LU3 o _—

Br (85%)
9 106 218

Scheme 3.5Synthesis 0216

The cyclisation 0f218 was screened with a variety of Pd sources, basds a
additives to optimise the formation of cyclised ¢wot 216  The results of the

optimisation of the intramolecular cyclisation afewn inTable 3.1

Table 3.1 Optimisation of cyclisation conditions.

(0] (0]
| cat. Pd (2 mol%), Cs,CO3 (3 eq.)
QL J
THF, 70°C, 18 h
©) Z (See Table for other conditions) o =
218 216
Entry Catalyst Additive Yield (%)
1 CatCat 155(2 eq.) 49
2 CatCat 181(1 eq.) 57
3 CatCat 181(0.1eq.) 69
4 CatCat AgBE(1 eq.) é
5 CatCat PivOH (0.3 eq.) 41
6 Pd(OAc) PivOH (0.3 eq.) 31
7 Pd(dba) PPh (4 mol%) 74
8 Pd(dba-4,4-OMe)s PPhs (4 mol%) 79
9 Pdy(dba-4,4OMe); PPh (4 mol%) 771
PPh (4 mol%)/
10 Pdy(dba-4,40OMe); 45

PivOH (0.3 eq.)
"A 42% yield of the Suzuki product is also observed.
"Reaction left for 72 h in the dark.
*Using KsPOy instead of C£COs.
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Initial studies withCatCatand the two allyl boronate reagents correlate wéh
the original observations detailed inoHeme 3.2where more stable boronates resulted in a
higher vyield for the intramolecular cyclisatiorenfries 1 and 2) under anhydrous
conditions. It was suggested that the boronatéddeel acting in one of two ways. Firstly,
it could act as a reducing agent for the palladi)ndrecatalyst generating the active
palladium(0) species, or alternatively, the borenaduld be influencing the reaction in
another capacity.
Catalytic quantities ofl81 proved to further increase the yield 26 whereas utilising
AgBF,; as a boron alternative limited the reaction, iatigy that181 is acting as a
reductant ¢ntries 3and4). Recent work by Fagnou and co-workers has shihaha
combination of Pd(OAg) pivalic acid and caesium carbonate proves to rbeffcient
catalytic system for C-H functionalisation of vargoheteroaromatic syster’r?g,however
the inclusion of pivalic acid with eitheZatCat or Pd(OAc) proved ineffective for the
synthesis oR16 (entries 5and6).
The results so far point to the formation of’(®Ph), which is sufficiently active to
perform the cyclisation. A common route to acced{APh),is through the reaction of
Pd.dba with PPh (Ratio Pd:PPh= 1:2). The application of this methodology tows2d6
proves to be effective, with an improved 74% yieltained éntries 7). Work by Jutand
and co-workers has shown that the presence ofrdtheeireaction has a profound effect on
the formation of the active catalyst, with the dbaming a dynamic equilibrium between
active catalyst and a stabilised form whereby theere from dba binds)?? to the
palladium(0) centré?* This interaction limits the amount of active dgs& found within
the reaction, while also stabilising the highly ataze catalyst to prevent rapid catalyst
degradation.

/
S Ph3P\
Pd,dbag + 4 PPh; —— > PhgR Pd°—S
pe © s Phyp
Fd /' (S = Solvent) 3
Inactive form Active form

Scheme 3.6dba stabilisation of palladium (0).
Work by Fairlamb and co-workers has shown thatirtflpencing the electronic
nature of the dba alkene, through functionalisatibthe aryl group, it is possible to alter

the equilibrium and therefore affect the quantity axctive catalyst formed in the
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reaction**>**3The most useful catalyst from this work,.Rtha-4,4MeO); proved to be
effective in the intramolecular cyclisation #18yielding an improved 79% @16 (entry
8), conditions which will be utilised in all furtheeactions to assess the substrate scope.
The intramolecular cyclisation reactions can fiowalise two positions of the 2-
pyrone, with C-3 and C-5 being equidistant from #éingl iodide and both being available
for attack. ThéH-NMR spectroscopic data suggests that the reaotioars exclusively at
the C-3 position, with an observaily coupling observed between protons at C-5 and C-
7. Conclusive proof of this assignment was obthitlerough a single crystal X-ray
diffraction study o216 (Fig. 3.1).

Figure 3.1 Crystal structure a216 (Arbitrary numbering used). Selected bond lengths
(A): C(2)-C(3) 1.443, C(2)-C(9) 1.374, C(3)-C(8B28. Selected bond angles: C(1)-C(2)-
C(3) 133.18, C(2)-C(3)-C(4) 136.20, C(1)-C(2)-C120.00, C(2)-C(9)-0O(3) 111.95.

The intramolecular reaction utilises an aryl halihel reacts at the C-3 position of
the 2-pyrone, however it is also conceivable thatreaction may utilise a 4-halo-2-pyrone

and react with an aryl C-H to generate the sameyuto

o] 1. PhOH (1% eq.), KCOs, (o] Pd,(dba-4,4'-OMe); (1 mol%), o
acetone, 40 °C, 18 h Br PPh; (4 mol%), Cs,CO3 (3 eq.)
| 2 enaea) oom @\ B X B
.Bry(1eq.), , THF, 70°C, 18 h
Br Z 20°C, 2 h (59%) o N\F o F
106 219 216

Scheme 3.7Alternative intramolecular cyclisation.
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The intramolecular reaction wiil9fails to generate any of the desired cyclisation
product216 with starting material degradation the only négapathway $cheme 3.Y.
The reaction pathway is therefore highly dependgan the inherent activity of the 2-
pyrone.

3.2 Reaction scope

Previous work with 6-alkyl-2-pyrones (Chapter 2slshown that the protons at C-
7 are commonly the most acidic. The presence s€ lia the reaction media therefore
point towards deprotonation at C-7 playing a criumé& in the reaction mechanism, from

which a suitable mechanistic pathway can be prap@eheme 3.8

PhsP

JPd-L

PhaR

Pd°-s

/

PhgP

O.A
R.E
L= dba
S= Solvent o
3
(0]
Ph3 PPh; O | P
Il
d 0 5 ;
Ph3P—Pd'LPPh3
I
Proton Cs2C05
Transfer PhgP_ PPh3
dll
Csl + CSHCO3

Scheme 3.8Preliminary proposed catalytic cycle.

The proposed mechanismcf®@me 3.8 is dependant upon proton transfer between
C-7 and C-3 under the reaction conditions. To tlestsuspected acidity of C-7 and the
ensuing proton transfer required for the proposedhanism, the starting materll8 was

subjected to basic conditions in the presencedsfugerium transfer agent (acetong-H
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NMR spectroscopic analysis of the resulting prodsbbwed total incorporation of
deuterium at the C-7 position. Upon treatmenhefdeuterated starting materzdl8 with
CsCO;s in anhydrous THF, it was noted that the deuteraquilibrates between C-3 and
C-7, thereby confirming that proton transfer is gible under the reaction conditions
(Scheme 3.2 The reaction also confirms the requirement gfadladium catalyst for
cyclisation to occur. The outcome is also consistith Dr. L. R. Marrison in his PhD

studies on the Sonogashira cross-couplings of Bibré-alkoxy-6-methyl-2-pyrone'$?

0 Cs,CO3, Dg-acetone, O Cs,CO;, THF, o

THF, 70°C, 1 h 70°C, 18 h Ho 2D eC
| o | o) 0.33Y0.67 | o
Ar = (3 cycles) Ar 7 Ar
o ~o CD; S0 N o m

Scheme 3.9Deuterium transfer study @fL8

The proposed mechanisrBgheme 3.8 also suggests that in the absence of any
acidic protons at C-7 then the reaction would eitbease entirely or require higher
temperatures to attain comparable yields. In otdetest the importance of the C-7
protons, a number of C-6 functionalised analoguesewsynthesisedS€heme 3.1
Firstly, a proto-C-6 derivative2@1) was synthesised through a C-6 selective zincatéztu
of 220 followed by a conjugated nucleophilic displacemeith 217 to afford221in 49%
over the two steps. The second analogue, phenyldeértvative 223 was synthesised
through a low temperature Kumada coupling 2#0 with PhMgCI, followed by a
conjugated nucleophilic displacement wih7 to afford223in 11% over the two steps.
The final analogue was synthesisgd bromination of90 and a conjugated nucleophilic

displacement of the resulting bromide wath5to afford225in 23% over the two steps.
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o} 1. Zn, AcOH, Pd,(dba-4,4'-OMe),

20°C,2h (56%) (1 mol%), PPh (4 mol%),
| o @: Cs,CO5 (3 eq.)
2.217, K,COs,
cl Z> a0 °C, 18 h (87%) THF, 70°C, 18 h
221

(74%)

1. NiCly(dppp), PhMgCl, Pd,(dba-4,4'-OMe);
0 THF, -10 - 20 °C, 1% (1 mol%), PPhg (4 mol%),
18 h (13%) | Cs,CO; (3 €q.)
B [ 1
_ 2. 217, K,CO3, > THF, 70°C, 18 h
cl Cl 40°C, 18 h (87%) o Ph (59%)
220
o Pd,(dba-4,4-OMe),
1. PBr3, DMF, (1 mol%), PPh3 (4 mol%),
0 0,
| o pp 110°C.18h (39 %) Cs,CO5 (3 eq.)
Ho” NF 2. 217, K,COj, 40 °c THF, 70°C, 18 h
18 h (59%) (68%)
90 226

Scheme 3.1OSynthesis and cyclisation 221, 223and225

Subjecting the parent systeét1 to the intramolecular cyclisations yield2@2in a
74% yield, with regioselectively confirmed througtsingle crystal X-ray diffraction study
(Fig. 3.2. The subsequent cyclisations2#3 and225 proved to be very efficient yielding
224 and226in yields of 59% and 68%, respectively. Thesdifigs suggest that although
the presence of the acidic C-7 proton may be affgcthe mechanistic pathway, the
reaction is not entirely dependant upon their prese The reaction mechanism will be
further discussed later in this chapter.
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Figure 3.2 X-ray structure oR22 (Arbitrary numbering used). Selected bond leng#)s (
C(5)-C(6) 1.441, C(5)-C(1) 1.371, C(6)-C(11) 1.388lected bond angles: C(4)-C(5)-
C(6) 132.45, C(4)-C(5)-C(1) 120.67, C(5)-C(6)-C1Bp.78, C(5)-C(1)-O(1) 111.94.

Following the optimisation of relatively mild condins for the cyclisation, and
subsequent testing of various C-6 substituted go@s, the influence of the aromatic
component was explored. This was tested througkyththesis and subsequent cyclisation
of various analogues derived from 2-bromo-phenitih& results are collected in Table 4.2.

The reaction appears to be sensitive to the natuithe electronic effects of the
aromatic substituents. Steric effects appear fapsitant, as good yields are observed with
substituents present in the 6-positientties 2 4 and8). The most important contribution
to the reaction yield appears to be the stabilitthe starting material under the reaction
conditions. In most examples, the yields afterhb®rs appear to be limited by how
rapidly 2-pyrone degradation has occurred, as miitiadal starting material or products

are observed.
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Table 3.2: Intramolecular cyclisations
Pd,(dba-4,4'-OMe),

1" 106,K,C0, acetone L amomepeh@mony, Ry 0
| AN 450C, 18 h // | ﬁok Cs,CO3 (3 eq.) 5 Qﬁi
R/ = Step 1 R o = THF, ;(t):pc,zls h & 9 8/9
227(a-n) 228(a-n) 229(a-n)
Yield Step 1 (%) Yield Step 2 (%)
Entry R
(228 a-n) (229 a-n)
1 4-Me (a) 96 72
2 4,6-(Me) (b) 37 79
3 4+4-Bu (c) 66 71
4 4,6-¢-Bu), (d) 28 71
5 4-Ph (e) 90 44 (58)
6 4-OMe (f) 90 65 (93)
7 5-OMe (g) 53 67
8 5,6-(OMe} (h) 17 32
9 4-O(GHs0>) (i) 49 16
10 4-F (j) 87 30
11 5-F (k) 88 24 (31)
12 4-Cl () 97 28
13 4-Br (m) 71 0
14 4-CR(n) 90 11

" Reaction conditionst06, NaH, THF, 70 °C, 18 h.
" Numbers in brackets refer to the calculated ylised on recovered starting material

following flash column chromatography.

It would be expected that with the methoxy funaility para to the bromide, as in
228g (entry 7), reactivity would be enhanced, however the yisldimited due to the
degradation of the starting material, whereas whth methoxymetato the bromide we
observe a comparable yield except with unrea2@&f also recoveredefitry 6). In this
instance, the degradation is much slower and thiel Y& more reliant upon the receptivity
of the substrate to cyclisation. The reaction appé& be unreceptive towards the presence
of additional aryl halide functionality, with lingtl reactivity for fluoride adduc®28j and
228k (entries 10 and 11), chloride adduc228& (entry 12) and no reactivity for the

92



Cl

o
‘ (0]
B o _
A L
T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 4.5 4.0 3.5 3.0 2.5 2.0

5.5 5.0
f1 (ppm)

Figure 3.3 Representative example to show tHeNMR (400 MHz, CDC}) spectral

changes observed from starting material to pro(RR&—229%)



bromine adduc228m (entry 13). The low reactivity of the bromide can be atitdd to
competitive oxidative addition between the two aéwbmide bonds. The intramolecular
arylation appears to be a slow reaction, thereifotbe presence of a second bromide the
palladium is likely to be moving between positi@rsd unable to cyclise as a result. The
poor reactivity of the fluoride/chloride adduc228j, 228k and 22& is a little more
surprising. It is well established that the oxidataddition of palladium into aryl
chlorides/fluorides requires phosphines which areorem electron rich than
triphenylphosphine, so competitive oxidative adbuiitishould not be affecting the
reactivity. However, it is possible that in theepence of multiple C-X bonds, the
palladium is able to migrate around the system axigative addition has occurred at the

most active C-X bond?>12¢

0, — 2, — 0 — 1
=P cl Br |\ cl Br /| cl Br Pd—L
Br PdL PdL Cl

Scheme 3.11Possible migration of Pd into C-Cl bond.

Throughout the series of benzofuropyrones syntbdsithere are notable changes
in the NMR spectroscopic data, allowing for accarraentification of the products. The
most important changes are those in the 2-pyrokesals. ThéH-NMR spectra of the
starting materials consistently show the C-3 anBl Zpyrone C-H signals &~5.1 and
0~6.0 respectively. Following arylation, the 2-pyeoC-5 signal is shifted significantly to
0~6.5, indicating the 2-pyrone motif is now sign#itly more aromaticHig. 3.3. The
regioselectivity is subsequently determined through presence of &)y, coupling
between the Ckland the C-5 protons from the 2-pyrone.

Additionally, the IR spectroscopic data shows aype C=0 stretching frequency
at ~1700 crit for the starting materials, whereas the cyclisestipcts routinely show a
shift of ~20 cnt to higher wavenumbers. The change in frequencya thigher
wavenumber is consistent for systems with increaseglLigation*’

Further X-ray diffraction studies have confirmede thregioselectivity for
compound£29j and229k (Fig. 3.4).

93



Figure 3.4 X-ray structures oR29j and229k (Arbitrary numbering used). Selected bond
lengths 229j (A): C(6)-C(7) 1.440, C(6)-C(1) 1.379, C(7)-C(12}4al1. Selected bond
angles229j. C(5)-C(6)-C(7) 133.35°, C(5)-C(6)-C(1) 119.94°(6§:C(7)-C(8) 136.17°,
C(6)-C(1)-O(1) 112.02°. Selected bond leng@29k (A): C(6)-C(7) 1.446, C(6)-C(1)
1.367, C(7)-C(12) 1.396. Selected bond ang@8k C(5)-C(6)-C(7) 133.34°, C(5)-C(6)-
C(1) 119.98°, C(6)-C(7)-C(8) 136.20°, C(6)-C(1)-p11n2.14°.

Thus far, the importance of the 2-pyrone and argleties has been tested. The
final area of importance is the link between thg group and the 2-pyrone, whereby all
reactions so far have generated a furan ring.s kanceivable that the same reaction
methodology could be utilised to generate other :66:5ing systems €.g.

benzothiophenylpyrones) or alternatively generéterént sized ring systems.(.6:6:6).

X=S,NR,C
6:5:6 ring systems 6:(5+n):6 ring systems

Figure 3.5 Alternative ring systems.

In order to probe the importance of the centrad riwo suitable substrates were
prepared.

The reaction of the thiophene derivatR@l failed to deliver any of the cyclisation
product232 The cause of this is potentially due to ligaffdats from the sulphur. It is
possible that following oxidative addition the sulp coordinates to palladium in any
subsequent steps, thereby shutting down the catalytle. This effect has not been

investigated further.
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Br
o Pd,(dba-4,4'-OMe); o
(1 mol%), PPh3 (4 mol%),

o Cs,CO; (3 eq.) | o
N
| _— Acetone, K,COg3, 40 °C, 18 h THF, 70°C, 18 h s =

99%
106 ( ) 231 232

Pd,(dba-4,4'-OMe);
(1 mol%), PPhs (4 mol%),

COOH
| o 233 Cs,CO;3 (3 eq.)
Pz DIC, DMAP, DCM, THF, 70°C, 18 h
HO 20°C, 24 h
234

9 (84%)

Scheme 3.11Synthesis of alternative ring systems.

The synthesis of est@B4was chosen as a cyclisation precursor due toliberee
of any saturated positions, allowing a close miofithe original system regarding a fully
conjugated ring system. However, upon treatmerth whe cyclisation conditions no
product was observed with complete degradatiorhefstarting material occurring. The
failure to form a 6:6:6 ring system mirrors thedimgs by Changet al. whereby the
formation of a coumarin derived 6:5:6:6 occurredyaod yield when utilising their rather
complex Pd precatalyst, whereas no product waseddevhen trying to form the 6:6:6:6
system?®  Whilst the reactions performed by Chaetcpl. conform with the observations
seen here; the authors offer no insight into tlesoas they screened the reaction with the
complex precatalys237 or the reason for the failure of the 6:6:6 syst&he reaction was
described as an intramolecular Heck reaction, afthono proposed mechanism was put

forward and no other reactions were performed.
th
\ cl
Cp—Co—
/ “cl
Ph P

o Ph,
237

DABCO, Dioxane,
N 100 C,12h

<n =0: 79%)

n=1:0%
236 238

Scheme 3.12Chang'’s ‘intramolecular Heck’ reaction.

The intramolecular cyclisation reaction methodglagas subsequently applied to

the synthesis of the natural product coume&tanThe synthesis of coumestan has been
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achieved on many occasions, most notably the mypithesis by Larock and co-workers,

utilising a Pd-catalysed carbonylation to insth# t2-pyrone’ motif Scheme 3.18"°

I AcO
cat. Pd, CO (1 atm)

A\ —
K,COs, DMF, 60 °C
o

(98%)

239 240

Scheme 3.13Larock’s synthesis of coumestan.

The application of the intramolecular cyclisatitm the synthesis of coumestan
allowed rapid access to the natural product from cbmmercially available 4-hydroxy
coumarin 241). Bromination of the coumarin followed by a caygtied nucleophilic
displacement reaction with 2-iodophen@ll]) gave access to the cyclisation precursor
242 Subsequent cyclisation @42 gave rise to a respectable 44% yield of coumestan
(240), with an overall unoptimised yield of 21% overdb steps§cheme 3.13 The three
step synthesis of coumestan compares unfavouralily karock’s synthesis which
accessed the natural product with an overall yoé@0% from three linear steps. However,
cost analysis of the key reagents used by the dwtes indicates a much more favourable
outcome for the intramolecular arylation with a tco$ ~£4/g compared to Larock’s
synthesis which costs ~£181.

0 o Pd,(dba-4,4'-OMe),
1. TBAB, P,0s, Toluene, | (1 mol%), PPhs (4 mol%),
o  110°C, 18 h (56%) @: B Cs,CO4 (3 €q))
HO 2. 217, K,COs, 40 °C, o THF, 70°C, 18 h
18 h (85%) (44% [56% b.r.s.m))
241 242 Coumestan

240

Scheme 3.14Synthesis of coumestaR40).

3.3 Stoichiometric studies

To gain further insight into the reaction mechamisa series of stoichiometric
studies were performed.

The complex [P{PPh),(n*dba-4,40Me)] is presumed to be the initial Pd
species formed in the reaction. Preparation amdacierisation of this intermediate was
performedin situ by the reaction of R(ba-4,40OMe); and PPk (ratio Pd:P = 1:2) in P
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Figure 3.6 *'P-NMR (700 MHz, THF-g) spectra oR43and244

(Spectra shown at approx. same intensity)



THF (Scheme 3.1p Addition of 2 equivalents of aryl iodid&L8 resulted in quantitative
conversion to the oxidative addition prod@é# when monitored byH NMR. Treatment
of the oxidative addition product with €30; at 70 °C for 2 hours results in quantitative

conversion to the cyclised prod&16.
(0]

PPh; (4 eq.) Ar
Pd,(dba-4,4'-OMe); - =
Dg-THF, AT
22C,05h ~Pd
; PhsP” PPhg
243
218 (2 eq.)
Dg-THF,
22C,05h
0s__O
0 |
Cs,CO3 (3 eq.) KJ/
% o)
| Dg-THF, 70 C, 2 h
O /
/7, dll"\PPh3
P
216 Phyp” ~,

244
Scheme 3.15NMR scale synthesis @f16

The 283 MHZ'P-NMR spectrum 0243 (Fig. 3.6-A) shows two broad signals &t
24.5 and 26.2AXvi, = 60 Hz) corresponding to exchanging phosphinespleserved by
Jutand and Fairlamb, and an additional peak28.4 corresponding to a small quantity of
(O)PPh.®* Following the addition of aryl iodid€18 the 283 Mhz*'P-NMR spectrum
exhibits a sharp singlet &22.4 indicitive of arans-Pd' complex Fig. 3.6-B). Additional
peaks are seen &23.4 and -5.5 corresponding to (O)RBhd free PPfrespectively.

The presence of (dba-4@Me) and PPhin stoichiometric quantities serves to
complicate the aromatic region of thd-NMR spectrum. However, Pccomplexes are
known to be air stable, and as such the oxidatiegtian product was isolated as both the
proto- and deuteron- PPh adducts $cheme 3.1p
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Figure 3.7 *H-NMR (700 MHz, DCM-d) of (a)216, (b) 244and (c)244-.
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O« _O
1. PPh, (4 eq.), 218 (3 eq.) |
DCM, 22C, 1h X
Pd,(dba)s - . i
2. Ether, 18 h
_Pd"”
>

PhepP”
244

O, (0]
1. P(CeDy)s (4 €q.), 218 (3 eq.) “ |
DCM, 22 <, 1h
Pd,(dba)s - - S
2. Ether, 18 h
34%
(34%) ,,'Pd“‘\\P(CGDs)g

(C6D5)3P/ \|
244-d,
Scheme 3.16Preparative synthesis 2i4and244-ds.
The'H-NMR spectrum of the intermediate shows a subististift of the aromatic
signals, howeverH-'H COSY and’H-*'P HMQC were able to confirm the signals

associated with the 2-pyrone as thos& 472 and 5.65Hig 3.7).

Crystals of244 (obtained from DCM/Ether) were analysed by sirglestal X-ray
diffraction. The X-ray diffraction data confirmbéd structure oR44 (Fig. 3.9, with a
distorted square planar geometry observed at tiledpam centre. The key angles between
P-Pd-P and C-Pd-l are observed to be 169.0° and2?lG8spectively. The distorted
geometry relieves any steric interference betweke@ bulky phosphino and aryl
components. The distortion of bulky [RYR(PPh),] complexes has been previously

reported, but note iB44 are the near identical angles observed whichiiguerd®? 133 134
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Figure 3.8 X-ray structure oR44 (Arbitrary numbering used). Selected bond
lengths (A): C(37)-Pd(1) 2.014, I(1)-Pd(1) 2.6641)PPd(1) 2.316, P(2)-Pd(1) 2.326.
Selected bond angles: C(37)-Pd(1)-1(1) 169.21°)-Pd(1)-P(2) 169.03°.

PhsR
pd-L
Ph;P
| O
0 N\F PhsR
Pd’-s
Ph;P

O.A

L= dba
S= Solvent o

PPh; O |
PhgP 3
N /d” Cs,COs o NF
- P
Ph3P—I|3d'LPPh3

R.E

Scheme 3.17Known intermediates in the catalytic cycle.
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The initial step in the catalytic cycle has beeavah to be the oxidative addition
into the aryl iodide bond to givB44 It can also be assumed that the final structure
required for the catalytic cycle is the palladaeytl (Scheme 3.1ywhich can reductively
eliminate to give the desired produt6 and regenerate the active’Rehtalyst. The
intermediate stepdl( between these two crucial stages are however miiffieult to
envisage.

It is known that 2-pyrones are capable of bindimgrietal centres and conceivably
could coordinate to the Pthrough the alkene adjacent to C-3 of the 2-pyriore similar
manner to dba, thereby activating the C-H bblidAssuming this interaction, there are
two possible routes through 1l which can be taken. The first approach involves a
neutral palladium centre which loses phosphine anebrdinates the 2-pyrone, in
conjunction with transmetallation of the iodide fohe carbonate. The ensuing
intermediate then rapidly undergoes an intramosctbncerted metallation deprotonation
(CMD), akin to the mechanisms reported indepenglebyf Fagnou and Echavarren
(Scheme 3.1p*2013¢

Alternatively the mechanism could involve a catio Pd intermediate,
whereby loss of Csl generates the palladium casiabilised by the carbonate anion.
Subsequent intermolecular deprotonation of thevatdd C3-H by the carbonate would

lead to the reductive elimination precursor.
CsO

\

PhoP © |-i/

+Cs,CO4 ©\ / - CSHCO,
- PPh + PPhg
Pd
o)
Ph3P\' ©: ﬁk

‘ ‘PPh, +% Ph3P‘ PPh3
' Csl

| - CSHCO;

0%

)\OCS

o
Scheme 3.18Potential reaction pathways.
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To try and elucidate the reactive pathway4 and 244-d, were treated with a
silver salt (AgPE) containing a non-coordinating anion. Subsequemioval of the silver
iodide by filtration generated the palladium casi@Ad5and245-d, (Scheme 3.1

o
0 Q PFs
o AgPFs, DCM o ‘
| 22T, 1h |
0" N7 Z

Ar3P ? o
~ Pd“ Pdll@
.'/ e \
‘ ‘PAr, AP
|
244: Ar = CgHg 245: Ar = CgHsg
244-d4g: Ar = C¢Dg 245-d3q: Ar = C¢Dsg

Scheme 3.19Synthesis of cationic Bccomplexe245and245-cso.

The'H-NMR spectrum oR45-ds, shows a significant change in the chemical shifts
of the 2-pyrone signals from 4.72 (C-3) and 5.65 (C-5) i244-d to 6 4.41 (C-3) and
4.73 (C-5) in the cationic complex45-cs (Fig. 3.9. However, further spectroscopic
techniques, including®C, 'H-3'P HMQC and'H-*C HMQC, failed to show any
significant evidence for the formation of 2-pyroRd-interactions (C=C or C-H agostic or
anagostit®.

The reaction was subsequently tested utilisingCAg in the reaction to generate
the cation in the presence of the carbonate baseevrer monitoring the reactionia *H-
NMR spectroscopy showed no reactivity. The lackaegctivity under these conditions
suggests that the mechanism does not follow argatathway, an observation which was
subsequently supported by the crystallisation ef Bfs” derived intermediat@45 Upon
layering the NMR sample (in DCMgp of 245 with ether, the formation of white
crystalline needles were observed following 24 Boarthe dark. Single crystal X-ray
diffraction studies revealed that the cationic sgedormed has undergone a Pd to P
transfer to generat46 (Scheme 3.20/ Fig. 3.30 Whilst this type of transformation has
been reported®1*the formation 0f246 under such mild conditions indicates that under
the intramolecular arylation conditions, which requelevated temperatures to occur, this
pathway will be kinetically and thermodynamicallyeferred to the cyclisation and thus

the pathway is unlikely to involve cationic palladi(ll) intermediates.
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o 0 PFg
0 PFe
DCM, Ether,
o (@]

| | P + Pd Black
_— 22 C, 3 days o

O
Pd”@
PhP” N

246

© Pph,

Scheme 2.20Synthesis 0248

c(11) c(22)

F(6)

Figure 3.1Q Crystal structure a248

Whilst further study is required at this stagedé&termine the mechanism, it seems
likely that the mechanism involving neutral "Pihtermediates and a CMD process is
preferred $cheme 3.2l The key step in the mechanism is the concertethllation and

deprotonation between intermediat® and V, which is promoted by solvation of the

subsequent acid.
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/PdO-L
PhgP o
! X
L3
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Pd°-s
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R.E
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Php FPNa Q) | _
Pd"
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O R X I
\Y/
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CsHCO,
CSO CsX + Pph3
PPh CsO OH=--S
3 s \( /O
1

Ph3P‘ 0
PhsP_ H

Scheme 3.21Proposed mechanism for intramolecular arylation.

Most of the reported CMD processes reported to Hatee utilised highly polar
solvents, such as DMF and DMA, to promote thisdion*** *® The use of THF in the
intramolecular C-H functionalisation could partyaliolvate the intermediatél, however
not as much as DMF or DMA, and therefore it woukld éxpected that if the reaction
proceedsvia the CMD pathway the change to one of these sadvemauld enhance the
reaction yields. The intramolecular C-H functiasafion of 218 was subsequently

attempted in DMF&%cheme 3.2p

Pd,(dba-4,4'-OMe);
(1 mol%), PPh3 (4 mol%),

o)
I o C82CO\3, (3eq.)
| %
o = DMF, 70°C, 18 h

218 216

Scheme 3.22Intramolecular arylation d218in DMF.
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The intramolecular arylation fails to generate ahyhe desired produ@16, when
the more polar DMF is used as solvent instead df.THhis result suggests that the actual
reaction mechanism does not undergo a CMD pathwagreviously suspected. It was
earlier noted during optimisation conditiorigable 3.1), that the inclusion of pivalic acid
as an additive restricted the formation2df6, which is also consistent with a non-CMD
pathway. It therefore seems likely that the CMD gass is not involved in the
intramolecular arylation. Previous work by Chamgl @o-workers suggested a ‘Heck-like’
mechanism in their synthesis of Coumest&eheme 3.12 however they offered no
mechanism to support their rationale. The ‘Heck:likmechanism is so far still a
possibility in the intramolecular arylation reactjohowever there are also problems

associated with this mechanism.

PhsR
Pdo-L
PhgP o
! X
+ CSCOZH ©: | 0
+ CsX -L
=
+S o R
Ph3R
Pd°-s
PhsP O.A.
1l
Intermolecular
base-assisted
PPh;+ Cs,CO4 deprotonation o
and
R.E.
| (0]
=
(0]
H (0] R
N0 Ph3P—ﬁ’d"-PPh3
L= dba X ]
o~
x e
PPh,
Vi PPh,
o-mallyl
isomerisation X
(Anti-B-H O PhpR_ X PhaP. = 4 o
elimination pg" Pd
unfavoured) \
o -— 7 %
04:<
\Y R

Scheme 3.23'Heck-like’ mechanism for the intramolecular afibn.

The ‘Heck-like’ mechanism, shown Bcheme 3.23involves the same initial steps

I-Ill as for the CMD mechanism. However, instead of fogna 6:6:6 palladacyclic
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intermediate, loss of a phosphine leads to intetatetV/, where the Ptco-ordinates to
the alkene of the 2-pyrone. The'P&r subsequently undergoesyninsertion into the 2-
pyrone alkene thereby generating the C-Ar bondhis process to form intermediaté
The desired product is subsequently formedp-H elimination, however due to trsyn
insertion theB-H is locatedanti to the palladium and an internal rotation is ingiole due
to the rigid cyclic framework. As a result, thdlpdium is likely to shift to the more stable
n-allyl intermediateVI, before undergoing inter-moleculffH elimination and R.E. to
regenerate the active Pehtalystll . The mechanism proposed above requires baskeor t
final regeneration of the Igdatalyst, it must also be noted that the solubdityfCsCO; in
THF is very low, and therefore will not easily peippate in the inter-molecular base
assisted deprotonatidff’

At this point neither the ‘Heck-like’ or CMD meahiams is without problems.
The most likely pathway based on the results obthiis the ‘Heck-like’ mechanism. It
should be noted that halide-carbonate exchangebmagquired prior to the base-assisted
deprotonation/ R.E. to facilitate product formati@learly further study is necessary to
support the exact mechanism.

The poor reactivity of electron-withdrawing substibts was further investigated
by attempting the stoichiometric intramolecularlatipn of the Ck-substituted derivative
228n

Initial preparative scale synthesis of the O.Aoduct (II) from 228n was
performed in THF at 70 °C. As expected, the sotutiecame a bright yellow colour
indicative of the formation of a palladium(ll) spes. Following removal of THi vacuo
and crystallisation from ether, the formation ofkdpurple crystals was observed. Single
crystal X-ray diffraction of the crystals confirméte identity of the crystals to be Jdba.
Assuming the oxidative addition had occurred, theovery of Pgilba indicates that the

O.A. step is reversible.

o o
1. PPh; (4 eq.), 228n (3 eq.) |
THF, 70°C, 1 h X
Pd;(dba)s — X — o)
2. Ether, 18 h
7, PPhy
FsC Pd!

PheP” Vg,
247

Scheme 3.22Preparation oR47.
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To assess whether O.A. had occurred, the reactamnswbsequently performed on
an NMR scale $cheme 3.2B The reaction is observed to undergo O.A. toegate a
trans-palladium(ll) complex, confirmed bjH and®'P NMR spectroscopy. Following 2
hours at 70 °C in the presence oL@S; the reaction had not proceeded. Moreover, the
O.A. was observed to have reversed, regeneratimglitia stabilised active cataly®43
identifiable via two broad singlets in th#P NMR spectrum ab 26.8 and 25.2AvY: 42

Hz).%°
(@]

PPh; (4 eq.) Ar
Pdy(dba-4,4-OMe)y —— " » . =
Dg-THF, AT
22C,0.5h APd
’ PhsP” PPhg
243
228n (2 eq.)
Dg-THF,
70, 0.5 h

0. (6]
Cs,CO3 (3 €eq.) \I\%J/
X (6]
Dg-THF, 70 C, 2 h
7, .WPPhg
FsC Pd"

PheP” Vg,

247
Scheme 3.23NMR scale Synthesis @29n

The poor yields for the more electron-withdrawinghb&tituents can therefore be
attributed to the poor conversion from the O.A.duas through to the R.E. precursor, due
to competitive reversal of the O.A. under reactomditions. It is important to note that
the reversal of the O.A. is not the only limitatiofi the reaction, as in most cases no
starting material is recovered after the reactieniqal. Degradation pathways are therefore
an important limitation in the intamolecular arydett reaction. The synthesis of electron
deficient systems was limited due to the poor rajtdic character of other functionalised
phenols containing substituents such as nitro amayfl groups. The presence of electron
deficient substituents therefore increases thdrgagroup potential of the phenoxy group.
Following deprotonation at the C-7 position of &¥yrone, it is conceivable that loss of
ArO’ is a major step in the degradation pathway, ctergisvith the poor recovery of
starting materials with electron deficient subgttts. A possible mechanism to enable the

loss of ArO involves the initial loss of C§ and generates the highly unsaturated product
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248 (Scheme 3.24) The low molecular mass and high degree of unstidm in 248

would suggest that it is likely to be lost as a gasundergo polymerisation under the

reaction conditions.
(0]

O o o, ij\/ P AO° o
n/ \ o/
A | N A0 = \V

246
Scheme 3.24Possible degradation pathway of starting matetader basic conditions.

3.4 Conclusion and Future work

3.4.1 Conclusion

During the course of studies towar@iZthe first catalytic C-H functionalisation of
a 2-pyrone has been identified and the reactioreldped further. Optimised conditions
have been applied to a wide variety of substratgsetid 15 different benzofuropyrones in
yields varying from 11-79%. Whilst good yields arbserved with alkyl substrates, the
reaction proceeds poorly with electron deficiemtdiionality and appears to be limited by
the rate of degradation of the starting materimsaddition, the catalytic cycle has been
investigated and the initial step confirmed as atiig addition from a Pdsource to give a
distorted square planar complex. The possibilityaatationic reaction pathway has also
been disproved due to a competing Pd to P traasi@om temperature.

3.4.2 Future work

The future work in this area can develop in a neimdd ways. Further mechanistic
studies are required to determine an absolute merhaor the intramolecular arylation.
In addition to the mechanism, further study of tbaction scope is required. Although the
formation of a thiophene derivative was unsuccéss$tuther development and testing
could give rise to nitrogen and carbon containiegivétives, whilst the variation in the
size of the central ring is also largely untest&dother potential area to develop is the

application to 2-pyridinone analogues which shdwédanalogous to the 2-pyrone systems
so far studied.



X=0,S N-R,C R = Aliphatic

Figure 3.11 Development potential for intramolecular arylati@action.

Finally, the development of more vinyl halide gyst such ag-175g from which
the reaction was discovered, need to be probed exaemsively which could allow rapid
access to a large series of compounds, sucB48sidentified by Hua et al. to have

excellent bio-activity and a potentially importaole in the treatment and prevention of
Alzheimer’s diseas&'!
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Chapter 4: Natural product experimental

4.1 General Details

Reagents were purchased from either Sigma AldrichAlfa Aesar and used
directly unless otherwise stated. Dry THF, toluamel diethyl ether were distilled over
sodium wire using benzophenone indicator and staresr a potassium mirror. Dry
acetone was distilled over driefiteMeOH was distilled over magnesium turnings and
triethylamine was dried over KOH. All other solvenvere dried utilising a chromas8lv
solvent column. Nitrogen gas was oxygen free aneddimmediately before use via
passage through sodium hydroxide pellets and silicargon and hydrogen were
administered directly via balloon. All carefullgditions were performed using a syringe
pump unless otherwise stated within the text. &ilbns were performed under gravity
with fluted filter papers unless otherwise statetthivw the text.

All TLC analysis was performed using Merck 5554nailoium backed silica plates
and visualised using UV light (254 nm), an aquesaisition of potassium permanganate,
or an ethanol based solution pfanisaldehyde.'H NMR and**C NMR spectra were
recorded on a Jeol ECX400 or Jeol ECS400 spectesmogerating at 400 and 100 MHz
respectively, a Bruker 500 spectrometer operattrig08 and 126 MHz respectively. All
column chromatography was performed using flasicasdel with the solvent systems
specified within the text.

Mass spectrometry was performed on a Bruker dattsamicrOTOF spectrometer,
with < 5 ppm error recorded for all HRMS sampldR was performed on a Jasco FTIR
4100 spectrometer using an ATR attachment. Melpioigt analyses were performed on a

Stuart SMP3 melting point apparatus, using a teatpez ramp of 3 °C/minute.
4.2 General procedures

4.2.1 Suzuki cross-coupling reactions (General Predure A)

A solution of arylboronic acid (0.58 mmol, 1 eaqjganohalide (0.58 mmol, 1 eq.)
and palladium precataly&% (0.0058 mmol, 1 mol %) were stirred in THF (2 mit)der
nitrogen at 60 °C for 10 minutes. To this solutamueous 2M N&£LOs (1 ml) was added
and the reaction stirred for up to 5 hours at 60 T@e solution was allowed to cool to 22

°C, diluted with ether (3 ml), and the organic lageparated. The aqueous layer was then
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extracted with ether (3 x 3 ml) and the combineghaic extracts washed with brine, dried
over MgSQ, filtered and then concentratedvacuo The product was then purified by

flash column chromatography on silica gel elutirnthwnexanes/EtOAc.

4.2.2 Lithiation/alkylations of 4-hydroxy-6-methyl-2-pyrone (General Procedure B)

4-Hydroxy-6-methyl-2-pyron® (1 mmol, 1 eq.) was heated under nitrogen in
HMDS (3 ml) to 80 °C for 1 hour. The solution walkwed to cool and the HMDS
removed under vacuum. THF (3 ml) was then addédlan solution cooled to -78 °C at
which pointn-BuLi (2.5M in hexanes) (1.25 mmol, 1.25 eq.) wdded carefully over 15
minutes, and the solution stirred for 1 hour. &hel halide (1.7-2.3 mmol, 1.7-2.3 eq.)
was then added over 10 minutes and the solutiowad to warm gradually to 20 °C and
stirred for 16h. The reaction was quenched withi® until the pH= 2 and the solvent
removedn vacuo The residue was taken up in ethyl acetate (5wa¥hed twice in brine,
dried over MgSQ) filtered and concentrated vacuoto afford a crude brown residue
which was purified by flash column chromatographysdica eluting with MeOH 3% in
DCM.

4.3 Characterisation data for known and novel componds

All known compounds are indicated with a referefatlowing the compound title.
Compounds without a reference are therefore novel have been characterised
accordingly.

5-Triisopropylsilyl-4-pentyn-1-ol (42)°**4*

Route A

To a stirred solution of 4-pentyn-1-4l (1.06 g, 12.6 mmol, 1 eq.) in THF (50 ml) under
nitrogen at 0 °C was added n-BuLi (2.5M in hexan@»96 ml, 1.26 mmol, 0.1 eq.)

carefully over 30 minutes. The solution was alldwe warm to 22 °C over 30 minutes,
and chlorotrimethylsilane (1.36 g, 12.6 mmol, 1)eafdded carefully over 1 hour. The

solution was stirred for one hour at 22 °C, theoled to 0 °C and n-BuLi (2.5M in
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hexanes) (5.96 ml, 12.6 mmol, 1 eq.) added cayetier 30 minutes. The solution was
stirred for 30 minutes at 0 °C then warmed to 22 & stirred for a further hour.
Chlorotriisopropylsilane (2.48 g, 12.9 mmol, 1.@R)avas added and the solution stirred at
22 °C for 16 hours. The reaction was quenched @MhHCI (20 ml) and the product
extracted with ether (3 x 17 ml). The combinedaoig extracts were then concentraited
vacuoand dissolved in methanol (50 ml). Potassium ¢wide (0.504 g, 9.0 mmol, 0.74
eg.) was then added and the solution stirred fdrodrs at 22 °C. The solution was
neutralized with drops of 2M HCI and the solvennowedin vacuo The residue was
taken up in water (25 ml) and extracted with e{8ex 20 ml), then the combined organic
extracts washed with brine, dried over MgS@ltered and concentrated vacuo The
product was then distilled under reduced pressud8 (C, 3 mmHg) to afford the title

compound as a colourless oil (1.21 g, 40%).

Route B

To a solution of pentyn-1-at1 (8.6 mmol, 1 eq.) in THF (16 ml) under argon wedded
ethyl magnesium bromide (3M in ether) (6 ml, 18 mhn2ol eq.) over 30 minutes. The
solution was refluxed for 16 hours then cooled t8 2C and a solution of
chlorotriisopropylsilane (1.66 g, 8.6 mmol, 1 emp)THF (8 ml) added slowly over 10
minutes. The reaction mixture was then refluxedafdurther 6 hours, then quenched by
slow addition into 2M HCI (15 ml) and the organéyér separated. The aqueous layer was
then washed with ether (3 x 25 ml) and the comborganic extracts washed with brine,
dried over MgSQ filtered and concentrateid vacuo The product was then distilled
under reduced pressure (b.p. 108 °C, 3 mmHg) twdhthe title compound as a colourless
oil (1.85 g, 90%).

'H-NMR (400 MHz,CDCly): 3.75 (t,J = 6.0Hz, 2H, CHy), 2.28-2.31 (m, 2H, t>),
1.73-1.77 (m, 2H, &4,), 0.98-1.01 (m, 21H, EI/C"H3); *C-NMR (100 MHz,CDCL):

108.4, 81.1, 61.9, 31.2, 18.3, 16.2, 1048 (ESI) m/z(rel.%): 241 [MH] (100), 215 (4),

198 (12), 175 (5), 157 (199RMS (ESI) calculated for GH»00Si [MH']: 241.1982,

found: 241.1985.
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5-Trisopropylsilyl-1-methanesulfonyloxypent-4-yne 43a)®
1 O\ 2

7 3 0]

\/ S
! : /\/\O/\
7 // 2 8

Si
}/ .

6
7
7

To a solution o#2 (7.2 g, 30 mmol, 1 eq.) and triethylamine (4.58%,mmol, 1.5 eq.) in
DCM (60 ml) under nitrogen at -10 °C, was addedhaeésulfonylchloride (6.87 g, 60
mmol, 2 eq.). The reaction was quenched with aid water (7.5 ml) and separated. The
organic layer was then washed with cold 2M HCI @}, sat. NaHC® (45 ml) and brine
(45 ml). The organic extracts were then dried dNesSO,, filtered and concentrated
vacuo to afford a pale yellow oil (10.2 g, quant.) whietas used without further
purification.

'H-NMR (400 MHz,CDCly): 4.38 (t,J = 6.4 Hz, 2H, CH,), 3.02 (s, 3H, €H), 2.43 (t,J

= 6.4 Hz, 2H, CH,), 1.97 (p.J = 6.4 Hz, 2H, GHy), 1.03-1.07 (m, 21H, T&I/C"H3); °C-
NMR (100 MHz,CDCl): 106.3, 82.2, 68.6, 37.3, 28.4, 18.7, 16.2, 1M$, (ESI) m/z
(rel.%): 341 [MN4] (100), 272 (4), 209 (76), 181 (36), 157 (3HRMS (ESI) calculated
for C15H300sSSi [MNa]: 341.1577, found: 341.1577.

5-Triisopropylsilyl-1-iodopent-4-yne (43bi6
7 3 1
. J(S/\Z/\I
|
\e( P

7
7

A solution 0f43a(10.2 g, 30 mmol, 1 eq.) and Nal (13.5 g, 90 mr8agq.) in acetone

(300 ml) were stirred for 16 hours under argon(at@, then refluxed for 2 hours. The
solution was allowed to cool before being filterd filtrate was concentratédvacuo
taken up in pentane (5 x 5 ml), filtered and salvemovedn vacuoto afford the title
compound as a pale yellow oil (8.2 g, 78.1%), whigts used immediately without further
purification.

'"H-NMR (400 MHz, CDCly): 3.34 (t,J = 6.7 Hz, 2H, CH,), 2.40 (t,J = 6.7 Hz, 2H,
C%H,), 2.00 (p,J = 6.7 Hz, 2H, GH,), 1.00-1.08 (m, 21H, T/C'Hs); *C-NMR (100
MHz, CDClg): 106.1, 81.5, 31.9, 20.6, 18.4, 11.0, 5viS (ESI) m/z(rel.%): 351 [MH]
(100).
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5-Triisopropylsilyl-1-bromopent-4-yne (43c)

7 3 1
7746(8_/\2/\&
|
N
77 °

To a solution o#42 (500 mg, 2.1 mmol, 1 eq.) in THF (4 ml) under ogen at 0 °C, was
added PBy (226 mg, 0.83 mmol, 0.4 eq.) carefully over 10 mé@s. The solution was
stirred for 1 hour at 0 °C, then allowed to warn2®°C and stirred for a further 2 hours.
The reaction was quenched with 1M NaHQ®til pH~ 7 and the aqueous layer extracted
with ether (3 x 3 ml) and the combined organic &t washed with brine, dried over
MgSQ,, filtered and concentrateid vacuo The product was then purified by column
chromatography on silica-gel (using hexanes) asdalized byp-anisaldehyde stain, to
afford a pale yellow oil (63 mg, 10%).

'"H-NMR (400 MHz, CDCly): 3.77 (t,J = 5.8 Hz, 2H, CH,), 2.37 (t,J = 6.8 Hz, 2H,
C%Hy), 1.73-1.82 (m, 2H, &1,), 0.99-1.07 (m, 21H, &/ C'H3); *C-NMR (100 MHz,
CDCl): 106.6, 99.9, 81.6, 32.5, 30.9, 18.6, 1M (ESI)m/z(rel.%): 223 (40), 209 (15),
195 (8);HRMS: not available due to loss of Br under ESI conodisi.

5-TriisopropylsinI-1-tquenesuIfonyloxypent-4-yne(43d)
1

7
7

To a solution o#2 (240 mg, 1 mmol, 1 eq.) and triethylamine (151 &g, mmol, 1.5 eq.)
in DCM (2 ml) under nitrogen at -10 °C, was addeldi¢nesulfonylchloride (381 mg, 2
mmol, 2 eq.). The reaction was quenched with atd water (1.5 ml) and separated. The
organic layer was then washed with cold 2M HCI (hl}, sat. NaHC®(1.5 ml) and brine
(2.5 ml). The organic extracts were then driedrdvaSQ;, filtered and concentratead
vacuo purified by flash column chromatography (pet. etite afford a pale yellow oil
(857 mg, 43.5%).

'H-NMR (400 MHz, CDCly): 7.78 (d,J = 8.2 Hz, 2H, H), 7.33 (d,J = 8.2 Hz, 2H,
C™H), 4.14 (t,J = 6.6 Hz, 2H, CH,), 2.43 (s, 3H, &H3), 2.31 (t,J = 6.6 Hz, 2H, CH,),
1.85 ( p,Jd = 6.6 Hz, 2H, GH,), 0.96-1.00 (m, 21H, ®/C'Hs); *C-NMR (100 MHz,
CDCly): 145.1, 133.2, 130.1, 128.1, 106.5, 81.6, 6980,221.3, 18.2, 15.8, 10.8)S
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(ESI) m/z (rel.%): 417 [MN4d] (100), 395 (24), 329 (15), 285 (79), 257 (11)71&3);
HRMS (ESI) calculated for §Hz,NaO;SSi[MNa']: 417.1890, found: 417.1888.

3.5.6 4-Hydroxy-6-(6-triisopropylsilyl-hex-5-yne)-2pyrone (44)

10 14

9 % >&
si 14
14 133" 14
?(
4 14

Prepared according to General Procedure B &ifi26 mg, 1 mmol, 1 eq.) artBb (550

mg, 1.6 mmol, 1.6 eq.) to afford the title compowsda yellow oil (239 mg, 69%).
'H-NMR (400 MHz, CDCl): 5.93 (d,J = 2.1 Hz, 1H, CH), 5.54 (d,J = 2.1 Hz, 1H,
C3H), 2.47 (,J = 7.5 Hz, 2H, CH), 2.24 (t,J = 6.9 Hz, 2H, C°H), 1.74-1.84 (m, 2H,
CB®H), 1.53-1.62 (m, 2H, ), 0.97-1.01 (m, 21H, BH/ C**H,); *C-NMR (100 MHz,
CDCl): 172.3, 167.9, 166.8, 107.9, 101.3, 89.9, 8034533.0, 27.9, 25.6, 18.6, 11.2
MS (ESI) m/z(rel.%): 349 [MH] (100), 307 (8), 255 (3), 167 (4%RMS (ESI) calculated
for CpoH330:Si [MH*]: 349.2193, found: 349.218%R (DCM, cni'): 3684, 2944, 2865,
2169, 1693, 1613, 1572, 1462.

4-Hydroxy-6-(hex-5-yne)-2-pyrone (45)

12

A solution of44 (80 mg, 0.23 mmol, 1 eq.) and TBAF (1M in THF)§@.ml, 0.69 mmol,

3 eq.) in THF (1 ml) was stirred under nitroger2at°C for 16 hours. The reaction was
guenched with 2M HCI (1 ml) and the product extdctwith ether (3 x 3 ml) then
concentratedin vacuo  The resulting product was purified by flash cofu
chromatography on silica-gel, eluting with 1% MeQR DCM, to afford the title
compound as a waxy Yyellow solid (32.3 mg, 73%).

'H-NMR (400 MHz,CDCly): 5.97 (d,J = 1.9 Hz, 1H, ¢H), 5.56 (d,J = 1.9 Hz, 1H,
C3H), 2.50 (t,J = 7.57 Hz, 2H, CH,), 2.21 (dt,J = 6.91 Hz, 2H, ¢H,), 1.95 (t,J = 2.5
Hz, 1H, C?H), 1.74 — 1.81 (m, 2H, ®©l), 1.56 (p,J = 7.4 Hz, 2H, CH); *C- NMR (100
MHz, CDCl): 172.1, 167.8, 166.6, 101.3, 89.9, 83.6, 68.81,337.5, 25.6, 18.0MS
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(ESI) m/z(rel.%): 191 [MH] (83), 147 (L00)HRMS (ESI) calculated for GH1:03[MJ:
191.0714, found: 191.0718R (DCM, cni’): 3304, 2928, 1702, 1693, 1639, 1453, 1365.

Hex-5-en-2-yn-1-ol (48Y" "

Propargyl alcoho#t7 (5.6 g, 100 mmol, 1 eq.) was stirred under nitrogeacetone (400
ml) at 22 °C. Allyl bromide46 (14.5 g, 120 mmol, 1.2 eq.) was then added, f@ibwy
Cul (19.1 g, 100 mmol, 1 eq.), Nal (30.0 g, 200 rhn2oeq.) and KCOs; (27.6 g, 200
mmol, 2 eq.). The solution was stirred for 16 Isobefore being quenched with 1N HCI
(220 ml), diluted with water (500 ml) and stirreal fLO minutes. The mixture was then
filtered through Celitd" and the filtrate extracted with ether (5 x 120.nilhe combined
organic extracts were then dried over MgSfitered and concentratad vacuoto afford
the crude product, which was purified by Kuhglratistillation under reduced pressure
(b.p. 100 °C, 6 mmHg) to afford the title compowrsda colourless oil (9.5 g, 99%).
H-NMR (400 MHz,CDCly): 5.78 (ddt,J = 17.0, 10.0, 5.4 Hz, 1H,%), 5.28 (ddtJ =
17.0, 1.7, 1.7 Hz, 1H, ®P), 5.09 (ddtJ = 10.0, 1.7, 1.7 Hz, 1H, &), 4.26 (t,J = 2.2
Hz, 2H, CH,), 2.95-3.00 (m, 2H, ty), 2.19 (s, 1H, OH)**C-NMR (100 MHz,CDCly):
132.2, 116.2, 82.76, 80.6, 51.1, 236 (EI) m/z(rel.%): 95 [M] (62), 81 (100), 77 (24),
67 (32), 53 (22)

(22)-Hexa-2,5-dien-1-ol (49"

A stirred solution o#8 (480 mg, 5 mmol, 1 eq.), quinoline (32 mg, 0.25@hM.05 eq.)
and Lindlar catalyst (520 mg, 5 mol % palladium)ethanol (5 ml) was stirred under a
hydrogen atmosphere at 22 °C for 5 hours. Thetisolwas then filtered through Celité
and concentratedn vacuqQ then the crude material was purified by flashuoot
chromatography (15% EtOAc in hexanes) and visudllzgp-anisaldehyde stain, to give
an colourless oil (378mg, 77%).

'"H-NMR (400 MHz,CDCls): 5.80 (ddt,J = 17.1, 10.1, 6.2 Hz, 1H, @), 5.66 (dtt,J =
10.8 6.6, 1.5 Hz, 1H, &), 5.57 (dttJ = 10.8, 6.5, 1.3 Hz, 1H,), 5.04 (ddt, 17.1, 1.7,
1.7 Hz, 1H, éH"), 5.00 (ddt, 10.1, 1.7, 1.7 Hz, 1H°W®), 4.21 (ddJ = 6.6, 1.5 Hz, 1H,
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C'H,), 2.80-2.92 (m, 2H, ®&1,); *C-NMR (100 MHz, CDCl): 136.41, 129.86, 129.69,
115.26, 60.50, 31.6MIS (El) m/z (rel.%): 97 [M] (25), 83 (12), 80 (100), 70 (14), 67
(42), 57 (93), 54 (41), 43 (17), 41 (73), 39 (73).

(22)-1-Bromohexa-2,5-diene (581

To a stirred solution of CB(1.99 g, 6 mmol, 1.2 eq.) and RR%.57 g, 6 mmol, 1.2 eq.)
in DCM (10 ml), under nitrogen at 22 °C, was add®q490 mg, 5 mmol, 1 eq.) carefully.
The solution was stirred for 4 hours then the suwivemoved and the crude material
passed through a silica plug, eluting with ethesn€entrationn vacuoafforded the title
compound as a yellow oil (403 mg, 50%).

'H-NMR (400 MHz,CDCl): 5.76-5.87 (m, 2H, &/ C°H), 5.63 (dtt,J = 10.5, 7.6, 0.8
Hz, 1H, CH), 5.08 (ddtJ = 17.1, 1.7, 1.7 Hz, 1H, ®"), 5.04 (ddtJ = 10.0, 1.7, 1.7 Hz,
1H, C°H?), 3.99 (d,J = 8.3 Hz, 2H, CHy), 2.90 (m, 2H, ¢H.); *C-NMR (100 MHz,
CDCl): 135.3, 132.5, 126.3, 115.8, 31.0, 26V& (El) m/z(rel.%): 81 [MH-Br] (100),
53 (30), 41 (34).

Diphenylmethane (58§*

Prepared according to General Procedure A us(@0 mg, 0.41 mmol, 1 eq.) add (50
mg, 0.41 mmol, 1 eq.) to afford the title compowmsda pale yellow oil (88 mg, 88%).
'H-NMR (400 MHz, CDCl): 7.32-7.28 (m, 4H), 7.23-7.19 (m, 6H), 4.00 (b})2"°C-
NMR (100 MHz, CDCk): 141.1, 128.9, 128.4, 126.0, 41)4S (EI) m/z (rel.%): 168
[MH™] (100), 152 (19), 91 (22).

2-Benzyl-5-acetylthiophene (60}°
6]

s
SRVl
Prepared according to General Procedure A ush@0 mg, 0.41 mmol, 1 eq.) aBd (70
mg, 0.41 mmol, 1 eq.) to afford the title compowmsch pale yellow oil (103 mg, 82%).
'H-NMR (400 MHz,CDCl): 7.53 (d,J = 3.8 Hz, 1H), 7.33 (tt) = 7.2, 1.4 Hz, 2H), 7.28-
7.23 (m, 3H), 6.83 (dt) = 3.8, 0.8 Hz, 1H), 4.16 (s, 2H), 2.50 (s, 3tC-NMR (100
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MHz, CDCl): 190.5, 153.9, 142.8, 138.9, 132.8, 128.7, 1282.8, 126.3, 36.6, 26.4;
MS (EI) m/z(rel.%): 216 [MH] (87), 201 (100), 173 (60), 129 (27).

2-Benzyl-5-chlorothiophene (62"

S

Prepared according to General Procedure A uS61¢70 mg, 0.41 mmol, 1 eq.) ared
(66.4 mg, 0.41 mmol, 1 eq.) to afford the title gwund as a pale yellow oil (102 mg,
84%).

'"H-NMR (400 MHz,CDCly): 7.36-7.30 (m, 2H), 7.28-7.22 (m, 3H), 6.73 (dd; 3.7, 1.8
Hz, 1H), 6.58 (dJ = 3.7 Hz, 1H), 4.06 (s, 2H)°C-NMR (100 MHz, CDCl): 142.9,
139.5, 128.6, 128.5, 127.9, 126.7, 125.7, 124.34;3@S (El) m/z (rel.%): 208 [MH]
(67), 173 (100), 131 (25).

3-Benzylthiophene (64Y*

&
Prepared according to General Procedure A usé¢70 mg, 0.41 mmol, 1 eq.) argB
(52.5 mg, 0.41 mmol, 1 eq.) to afford the title guund as a pale yellow oil (99 mg,
96%).
'H-NMR (400 MHz,CDCl): 7.33-7.29 (m, 2H), 7.26 (dd,= 4.9, 3.1 Hz, 1H), 7.24-7.20
(m, 3H), 6.94-6.91 (m, 2H), 4.00 (s, 2HC-NMR (100 MHz, CDCl):141.5, 140.6,
128.7, 128.45, 128.43, 126.1, 125.6, 121.2, 3d5;(El) m/z (rel.%): 174 [MH] (100),
97 (48).

2-Benzyl-5-formylthiophene (66}*°

s

SRva'
Prepared according to General Procedure A s81(@0 mg, 0.41 mmol, 1 eq.) and (64
mg, 0.41 mmol, 1 eq.) to afford the title compowsch yellow oil (70 mg, 60%).
'H-NMR (400 MHz,CDCly): 9.81 (s, 1H), 7.61 (d] = 3.8 Hz, 1H), 7.34 (tt) = 8.0, 1.7
Hz, 2H), 7.29-7.23 (m, 3H), 6.91 (dt,= 3.7, 0.8 Hz, 1H), 4.19 (s, 2HJC-NMR (100
MHz, CDCly): 182.7, 155.8, 142.4, 138.7, 136.9, 128.8, 128.7,11226.6, 36.9S (EI)
m/z(rel.%): 202 [MH] (100), 173 (92), 129 (20).



1-Benzyl-3,5-difluorobenzene (72)

e

F
Prepared according to General Procedure A uséh@L00 mg, 0.58 mmol, 1 eq.) aiid

(92.4 mg, 0.58 mmol, 1 eq.) to afford the title gauand as a colourless oil (82 mg, 69%).
'H-NMR (400 MHz,CDCly): 7.33 (tt,J = 8.2, 1.6 Hz, 2H), 7.25 (tf,= 6.2, 1.4 Hz, 1H),
7.20-7.17 (m, 2H), 6.74-6.68 (m, 2H), 6.65 @t= 9.0, 2.3 Hz, 1H), 3.96 (s, 2H)C-
NMR (100 MHz, CDCL): 163.0 (dd,JC-F = 248.0, 12.9 Hz), 145.0 (C-F = 8.9 Hz),
139.4, 128.9, 128.7, 126.6, 111.6 (d€-F = 18.4, 6.5 Hz), 101.6 (1JC-F = 25.4 Hz),
41.6 (t,JC-F = 1.9 Hz);F NMR (376 MHz, CDCk): -110.3 (m, 2F):MS (El) m/z
(rel.%): 204 [MH] (100), 183 (36), 127 (8), 91 (1MRMS (EI) calculated for GH1oF>
[MH*]: 204.0751, found: 204.0752R (neat, crit): 3086, 3063, 3030, 1624, 1596, 1495,
1461, 1452, 1322, 1116, 991, 972, 844, 757, 704, 68

2-Benzylthiophene (74%3

S

SAY
Prepared according to General Procedure A uSt1¢70 mg, 0.41 mmol, 1 eq.) a8
(52.5 mg, 0.41 mmol, 1 eq.) to afford the title gmund as a pale yellow oil (91 mg,
90%).
'H-NMR (400 MHz,CDCl): 7.43-7.38 (m, 2H), 7.36-7.31 (m, 3H), 7.23 (d&; 5.1, 1.2
Hz, 1H), 7.02 (ddJ = 5.1, 3.4 Hz, 1H), 6.90 (dd,= 3.4, 1.2 Hz, 1H), 4.25 (s, 2HYC-
NMR (100 MHz,CDCly): 144.0, 140.3, 128.53, 128.48, 126.7, 126.4,1,2623.9, 36.0;
MS (El) m/z(rel.%): 174 [MH] (100), 97 (44).

4-Hydroxy-6-(hex-5-ene)-2-pyrone (87°

HO H®
Prepared according to General Procedure B uif(i26 mg, 1 mmol, 1 eq.) ar8b (342
mg, 2.3 mmol, 2.3 eq.) to afford the title compow@sda yellow oil (95 mg, 49%).
H-NMR (400 MHz, CDCly): 5.98 (s, 1H, €H), 5.76 (ddtJ = 17.0, 10.2, 7.1 Hz, 1H,
C'H), 5.58 (s, 1H, €H), 4.99 (ddtJ = 17.0, 2.0, 2.0 Hz, 1H, €H®), 4.94 (ddtJ = 10.2,
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2.0, 1.2 Hz, 1H, &HP), 2.48 (t,J = 7.5 Hz, 2H, CH,), 2.02-2.08 (m ,2H, &,), 1.60-1.69
(m, 2H, C%Hy), 1.39-1.48 (m, 2H, &i,); *C-NMR (100 MHz,CDCly): 172.49, 168.21,
167.10, 138.11, 114.92, 101.32, 89.81, 33.46, 328%7, 26.06MS (ESI) m/z (rel.%):

195 [MH'] (100); HRMS (ESI) calculated for GH1503[M *]: 195.1016, found: 195.1011.

4-Hydroxy-6-(2-phenylethyl)-2-pyrone (90§’

Prepared according to General Procedure B uif(i26 mg, 1 mmol, 1 eq.) arkb (373
mg, 2.3 mmol, 2.3 eq.) to afford the title compowmsda yellow solid (85 mg, 40%).

Mpt: 134-135°C (lit. 137-138 °C);H-NMR (400 MHz,CDCly): 7.32-7.14 (m, 5H, &H/
C'H/ C'H), 5.92 (d,J = 2.1 Hz, 1H, CH), 5.57 (d,J = 2.1 Hz, 1H, CH), 2.96 (ddJ =
8.8, 6.8 Hz, 2H, H,), 2.78 (dd,J = 8.8, 6.8 Hz, 2H, &H,); *C-NMR (100 MHz,
CDCl): 172.24, 167.94, 165.87, 139.50, 128.54, 1281P%.43, 101.72,89.94, 35.36,
32.7Q MS (ESI) m/z (rel.%): 217 [MH] (100); HRMS (ESI) calculated for GH130;
[M™]: 217.0859, found: 217.0865.

4-Methoxy-6-methyl-2-pyrone (915

s o

AL
To a stirred suspension of 4-hydroxy-6-methyl-2gmg9 (5.29 g, 42 mmol, 1 eq.) and
potassium carbonate (17.4 g, 126 mmol, 3 eq.) etome (80 ml), was added dimethyl
sulphate (5.29 g, 42 mmol, 1 eq.). The solutios ween refluxed (48 °C) for 48 hours,
allowed to cool and filtered through Celite The filtrate was concentratéd vacuoand
recrystallised from pet. ether to afford a whitgstalline powder (4.75 mg, 81%).

Mpt: 87-88 °C (lit. 87-88 °C)*H-NMR (400 MHz, CDCL): 5.76 (d,J = 2.2 Hz, 1H,
C°H), 5.39 (d,J = 2.2 Hz, 1H, CH), 3.77 (s, 3H, &Hs), 2.18 (s, 3H, Hs); *C-NMR
(100 MHz,CDCly): 171.4, 165.1, 162.1, 100.4, 87.4, 55.9, 1®18; (ESI) m/z(rel.%): 141

[MH "] (100)



4-1sopropyloxy-6-methyl-2-pyrone (92)

(0]
9
3 | o
8
)\ =
9 o M 7

To a stirred solution of 4-hydroxy-6-methyl-2-pyeo® (1.89 g, 15 mmol, 1 eq.),
triphenylphosphine (5.89 g, 22.5 mmol, 1.5 eq.) aogropyl alcohol (1.35 g, 22.5 mmol,
1.5 eq.), in THF (90 ml) under nitrogen at ambiemperature, was added DIAD (4.54 g,
22.5 mmol, 1.5 eq.) carefully. The solution wasrttstirred for 16 hours and the solvent
removedn vacuq then the product purified by flash column chroogaaiphy (20% EtOAc
in hexanes) to afford a white crystalline solid7@Lg, 70%).

Mpt: 49-51 °C;'H-NMR (400 MHz,CDCl): 5.71 (m, 1H, €H), 5.35 (d,J = 2.2 Hz, 1H,
C®H), 4.49 (sept.]) = 6.1 Hz, 1H, éH), 2.18 (s, 3H, (Hs), 1.32 (d,J = 6.1 Hz, 6H,
C°Hs); *C-NMR (100 MHz,CDCly): 169.41, 165.15, 161.85, 100.96, 87.81, 71.3231
MS (ESI) m/z (rel.%): 169 [MH] (100). HRMS (ESI) calculated for ¢H;,0sNa [M]:
191.0679, found: 191.068%R (DCM, cmi'): 2984, 2937, 1733, 1651, 1562, 1467, 1376,
1321.

1-lodooct-7-en-4-yne (94)\{a 1-(methanesulfonyloxy)oct-7-en-4-ynéj’

(|)| 9

3 1 -
&<

a 7 & > (0] (0]

To a solution of oct-7-en-5-yn-1-a2@3 (12.4 g, 100 mmol, 1 eq.) and TEA (20.8 g, 150
mmol, 1.5 eqg.) in DCM (800 ml) under nitrogen at 2@, was added
methanesulfonylchloride (22.9 g, 200 mmol, 2 edihe reaction was quenched with ice
cold water (150 ml) and separated. The organierlayas then washed with cold 2M HCI
(150 ml), sat. NaHC@(150 ml) and brine (150 ml). The organic extragése then dried
over MgSQ, filtered and concentrated vacuoto afford a pale yellow oil (20.2 g, >99%)
which was used without further purification.

'H- NMR (400 MHz,CDCls): 5.81 (ddtJ = 16.9, 10.0, 5.3 Hz, 1H,’8), 5.23 (dd,J

=16.9, 1.7Hz, 1H, GH?), 5.10 (ddJ =10.0, 1.7Hz, 1H, CH), 4.35 (t,J = 6.4Hz, 2H,
C'Hy), 3.02 (s, 3H, €Hs), 2.91-2.95 (m, 2H, &1,), 2.36 (tt,J =6.4,2.5Hz, 2H, CH,),

1.94 (p,J = 6.4 Hz, 2H, @H,); **C-NMR (100 MHz,CDCly): 133.4, 116.2, 80.7, 78.7,
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69.1, 37.6, 28.7, 23.4, 15MS (ESI) m/z(rel.%): 203 [MH] (100); IR (neat, crit): 2943,
2866, 2172, 1464, 1427, 1360, 1185, 971.

A solution of 1-(methanesulfonyloxy)oct-7-en-4-yi2€.2 g, 100 mmol, 1 eq.) and Nal (45
g, 300 mmol, 3 eq.) was stirred in acetone (300forl)72 hours under nitrogen, and then
refluxed for 2 hours. The solution was allowedctmol then filtered and the filtrate
concentratedh vacuo The crude product was then taken up in hexane4@ ml) filtered
and reducedn vacuoto afford a pale yellow oil (17.4 g, 74.5%), whietas used
immediately without further purification.

H- NMR (400 MHz,CDCly): 5.81 (ddtJ = 16.9, 10.0, 5.3z, 1H, CH), 5.30 (ddt,J

=16.9, 1.7, 1.Hz, 1H, ¢H?, 5.10 (ddtJ = 10.0, 1.7, 1.7 Hz, 1H,%&), 3.31 (tJ=6.7

Hz, 2H, CH,), 2.93 (m, 2H, €H.), 2.34 (tt,J = 6.7, 2.4Hz, 2H, CH,), 1.99 (pJ = 6.7

Hz, 2H, CHy); **C-NMR (100 MHz,CDCl): 133.50, 116.15, 80.77, 78.35, 32.86, 23.49,
20.25, 5.90MS (El) m/z(rel.%): 234 [MH] (33), 206 (21), 155 (10), 127 (8), 105 (9), 91
(45), 79 (100), 65 (10), 51 (25), 39 (283, (neat, crt): 2945, 2865, 2173, 1463, 1427,
1364, 1220, 1177.

4-Hydroxy-6-(non-8-en-5-ynyl)-2-pyrone (95)

Prepared according to General Procedure B uif(i26 mg, 1 mmol, 1 eq.) argdt (330
mg, 1.4 mmol, 1.4 eq.) to afford the title compowasda yellow oil (74 mg, 32%).

'H- NMR (400 MHz,CDCl): 6.00 (d,J= 2.1Hz, 1H, CH), 5.83 (ddtJ = 17.0, 10.0, 5.3
Hz, 1H, C“H), 5.58 (d,J= 2.1 Hz, 1H, CH), 5.28 (ddtJ = 17.0, 1.8, 1.8 Hz, 1H,"€H"),
5.08(ddt,J = 10.0, 1.8, 1.8z, 1H, C°H?), 2.91-2.94 (m, 2H, EH,), 2.51 (t,J = 7.6,2H,
C'Hy), 2.22 (tt,d = 7.0, 2.4Hz, 2H, C°H,), 1.72-1.80 (m, 2H, ;) 1.51-1.58 (m, 2H,
C°Hy); °C- NMR (100 MHz, CDCly) 172.6, 168.2, 166.9, 133.2, 133.2, 115.7, 115.7,
101.5, 89.9, 81.8, 33.2, 28.1, 25.7, 23.1, 1B18;(ESI) m/z(rel.%):233 [MH] (100), 255
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[MNa'] (19); HRMS (ESI) calculated for GH1:05 [M']: 233.1172, found: 233.1178R
(neat, crif): 3083, 2939, 2619, 1694, 1568, 1492, 1445, 13880, 1142, 993.

4-Hydroxy-6-(but-3-en)-2-pyrone (963*’

HO H®
Prepared according to General Procedure B uifi26 mg, 1 mmol, 1 eq.) artb (363
mg, 2.3 mmol, 2.3 eq.) to afford the title compomsda waxy yellow solid (88 mg, 50%).
H-NMR (400 MHz,CDCL): 6.01 (d,J = 1.9 Hz, 1H, CH), 5.77 (ddtJ = 17.1, 10.1, 6.8
Hz, 1H, CH), 5.58 (d,J = 1.9 Hz, 1H, &H), 5.05 (ddtJ = 17.1, 1.5, 1.5 Hz, 1H, €H9),
5.01 (dtd,J = 10.1, 3.3, 1.5 Hz, 1H, €HP"), 2.57 (t,J = 7.5 Hz, 2H, CH,), 2.35-2.41 (m,
2H, CgH); ¥3C-NMR (100 MHz,CDCl): 172.70, 168.38, 166.28, 135.94, 116.45, 101.85,
90.02, 33.04, 30.6MS (ESI) m/z(rel.%): 167 [MH] (100); HRMS (ESI) calculated for
CoH1:03[MH™]: 167.0703, found: 167.0704.

4-Hydroxy-6-(4,8-dimethylnona-3,7-dien)-2-pyrone (9)

HO 15
Prepared according to General Procedure B uif(i6 mg, 1 mmol, 1 eq.) ar&l (395
mg, 2.3 mmol, 2.3 eq.) to afford the title compowmsda dark yellow oil (95 mg, 36%).
'H-NMR (400 MHz, CDCl): 5.95 (d,J = 2.1 Hz, 1H, CH), 5.57 (d,J = 2.1 Hz, 1H,
C%H), 5.06 (m, 2H, éH/ C'3H), 2.49 (t,J = 7.4 Hz, 2H, CH), 2.33 (ddJ = 14.6, 6.7 Hz,
2H, C*?H,), 2.04 (dd,J = 14.6, 6.7 Hz, 2H, €H,), 1.95 (d,J = 7.4 Hz, 2H, €Hy), 1.66 (d,

J = 0.9 Hz, 3H, &'H3), 1.58 (s, 6H, EHy/ C'®Hs); *C-NMR (100 MHz,CDCls): 172.03,
167.71, 166.70, 137.39, 131.52, 124.02, 121.52,2B)D9.89, 89.84, 39.58, 33.80, 26.56,
25.66, 17.67, 16.00MS (ESI) m/z(rel.%): 263 [MH] (100); HRMS (ESI) calculated for
Ci6H2403 [MH™]: 263.1642, found: 263.1632R (neat, crit): 3373, 2968, 2927, 2621,
1673, 1574, 1439, 1376, 1254, 1150, 997.
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4-Hydroxy-6-(undec-10-en)-2-pyrone (99%2

8 10 12 14 16

HO X

5 7 9 11 13 15 17

Prepared according to General Procedure B Wifi®4 mg, 4 mmol, 1 eq.) argB (876
mg, 4 mmol, 1 eq.) to afford the title compoundagellow oil (45 mg, 17%).

H-NMR (400 MHz,CDCl): 5.95 (d,J = 1.8 Hz, 1H, CH), 5.73 (ddtJ = 16.9, 10.2, 6.7
Hz, 1H, C°H), 5.58 (dJ = 1.8 Hz, 1H, CH), 4.92 (m, 2H, &Hy), 2.38 (it,J = 9.00, 5.50
Hz, 2H), 2.01 (m, 4H), 1.58 (m, 6H), 1.31 (m, 6EAC-NMR (100 MHz,CDCL): 178.41,
172.07, 167.23, 138.96, 113.90, 99.23, 89.60, 8133%B5, 29.17, 29.14, 28.97, 28.84,
28.69, 28.66, 26.4NS (EI) m/z(rel.%): 265 [MH] (100).

1-Toluenesulfonyloxypent-4-yne (108

To a solution of 4-pentyn-1-ol (0.42 g, 5 mmol,dl)eand TEA (0.75 g, 7.5 mmol, 1.5 eq.)
in DCM (20 ml) under nitrogen at -10 °C, was addeldenesulfonylchloride (1.9 g, 10
mmol, 2 eq.). The reaction was quenched with aid water (7.5 ml) and separated. The
organic layer was then washed with cold 2M HCI (nl}, sat. NaHC®(7.5 ml) and brine
(7.5 ml). The organic extracts were then driedroMe,SQ,, filtered, concentrateth
vacuo purified via flash column chromatography (hexanes) to afforgake yellow oil
(1.07g, 90%).

'"H-NMR (400 MHz, CDCl): 7.79 (d,J = 8.4 Hz, 2H, CH), 7.35 (d,J = 8.4 Hz, 2H,
C®H), 4.14 (t,J = 6.1 Hz, 2H, CH,), 2.45 (s, 3H, ®Hs), 2.26 (dt,J = 6.7, 2.7 Hz, 2H,
C%H,), 2.04 (s, 1H, €H), 1.85 (t,J = 6.7 Hz, 2H, H.); *C-NMR (100 MHz, CDCL):
144.91, 133.01, 129.95, 128.03, 82.20, 69.52, 688280, 21.74, 14.7MS (ESI) m/z
(rel.%): 261 [MN4] (100), 228 (8), 173 (9), 157 (9xIRMS (ESI) calculated for
Ci12H14NaO;S[MNa']: 261.0556, found: 261.0566.
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4,4'-Bis-trifluoromethyl-biphenyl (102)**

A solution of9 (152 mg, 1.2 mmol, 1.2 eq301 (225 mg, 1 mmol, 1 eq.), Pd(OAd}.5
mg, 0.02 mmol, 2 mol%), 0O, (424 mg, 2 mmol, 2 eq.) argB (8.9 mg, 0.03 mmol, 3
mol%) in toluene (2 ml) was heated at 100 °C umidogen for 24 hours. The solution
was allowed to cool and filtered through Célitethen concentrateid vacuoto afford the
crude product which was purified by flash colummorhatography (hexanes) to afford a
white powder (218 mg, 70%).

'H-NMR (400 MHz,CDCl): 7.63 (dd,J = 8.8, 0.7 Hz, 4H), 7.49 (dd,= 8.8, 0.7 Hz,
4H): MS (ESI) m/z(rel.%): 313 [MN4] (100).

4,4'-Dimethoxy-biphenyl (104}°*

A solution of9 (152 mg, 1.2 mmol, 1.2 eq303 (187 mg, 1 mmol, 1 eq.), Pd(OAq¥.5
mg, 0.02 mmol, 2 mol%), 0O, (424 mg, 2 mmol, 2 eq.) argB (8.9 mg, 0.03 mmol, 3
mol%) in toluene (2 ml) was heated at 100 °C umidogen for 24 hours. The solution
was allowed to cool and filtered through Célitethen concentrateid vacuoto afford the
crude product which was purified by flash colummorhatography (hexanes) to afford a
white powder (200 mg, 85%).

H-NMR (400 MHz,CDCL): 7.38 (d,J = 9.1 Hz, 4H), 6.78 (d] = 9.1 Hz, 4H), 3.37 (s,
6H); MS (ESI) m/z(rel.%): 237 [MN4] (100).

1-Toluenesulfonyloxybutan-1-ol (108" *°°
Y
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A solution of toluenesulfonyl chloride (51.5 g, 2i#0nol, 1 eq.), TEA (54.6 g, 405 mmol,
1.5 eq.) and butane-1,2-diol (36.5 g, 540 mmolg3 ander nitrogen in DCM (800 ml),
was stirred at 20 °C for 16 h. The reaction was thuenched with ice cold water (550 ml)

and the aqueous layer removed. The organic lagsrtien washed sequentially with ice
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cold 2M HCI (550 ml), sat. NaHC550 ml) and brine (550 ml). The organic phase wa
then dried over MgSg) filtered and concentratdd vacuoto afford the crude material.
The product was purifiegtia flash column chromatography (10% EtOAc in toluetw)
afford a white crystalline powder (53g, 80%).

Mpt: 59-61 °C (lit. 59-60 °C)*H- NMR (400 MHz, CDCL): 7.80 (d,J = 8.1 Hz, 2H,
C®H), 7.35 (d,J = 8.1Hz, 2H, CH), 4.05 (dd,J = 10.1, 3.1Hz, 1H, CH), 3.90 (dd,J
=7.1, 10.1Hz, 1H, CH), 3.77 (qd,J = 7.1, 3.1Hz, 1H, CH), 2.45 (s, 3H, &HJ), 1.51-
1.44 (m, 2H, @H,), 0.93 (t,J = 7.5Hz, 3H, CHs); *C-NMR (100 MHz,CDCls): 145.02,
132.78, 129.92, 127.94, 73.62, 70.79, 25.75, 2R&E;MS (ESI) m/z(rel.%): 245 [MH]
(72), 227 (13), 173 (21)R (neat, cni): 3536, 2968, 2881, 1598, 1456, 1359, 1161, 1097,
963.

4-(1-Toluenesulfonyloxybutyl-2-oxy)-6-methyl-2-pyrme (109}%’

18 16
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4-Hydroxy-6-methyl-2-pyron® (13.87 g, 110 mmol, 1 eq.)08 (40.3 g, 165 mmol, 1.5
eg.) and triphenylphosphine (43.3 g, 165 mmol,elj were dissolved in THF (380 ml)
under nitrogen at 0 °C. DIAD (33.4 g, 165 mmob &qg.) was then added carefully over
30-40 minutes to prevent the generation of exceas hThe reaction was stirred for 16 h at
20 °C and then the solvent removedvacuo Phosphine oxide was removed from the
product by dissolving the product in ether (200,mahd vacuum filtration to remove the
solid oxide. The ether was then removed in vacubthe crude product purified by flash
column chromatography (10-40% EtOAc in heptane)afford the title compound as a
white crystalline solid.

Mpt: 96-98 °CH-NMR (400 MHz,CDCL): 7.73 (d,J = 7.5Hz, 2H, C°H), 7.31 (d,J =
7.5Hz, 2H, C®H), 5.64 (m, 1H, €H), 5.22 (d,J = 2.1 Hz, 1H, CH) 4.33-4.28 (m, 1H,
C™H), 4.16-4.07 (m, 2H, €H,), 2.42 (s, 3H, &Hs), 2.15 (s, 3H, tHs), 1.68 (p,J = 7.5
Hz, 2H, CH,), 0.93 (t,J = 7.5Hz, 3H, CHs); *C-NMR (100 MHz,CDCL): 169.2, 164.6,
162.4, 145.3, 130.0, 127.9, 100.5, 88.4, 68.8,,68841, 21.7, 19.8, 14.2, 9.MIS (ESI)
m/z (rel.%): 375 [MN4] (100), 353 [MH] (80), 281 (7), 227 (20)HRMS (ESI)
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calculated for GH»:06S [MH']: 353.1053, found: 353.1062R (DCM, cmil): 3062,
2979, 2883, 1713, 1652, 1598, 1436, 1365, 12433, 11096.

4-(But-1-en-2-yloxy)-6-methyl-2-pyrone (110}’
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A solution 0of109(26.1 g, 74 mmol, 1 eq.), Nal (33.3 g, 222 mmogg3) and DBU (22.5
g, 148 mmol, 2 eq.) in DME (720 ml) was refluxedianargon for 16 hours. The reaction
was allowed to cool then quenched by addition aewéB00 ml) and the product extracted
with ether (3 x 800 ml). The combined organic &xts were dried over MgS(iltered,
concentratedh vacuoand purified by flash column chromatography (20e4Bther in pet.
ether) to afford the title compound as a a col®@sriail (13.3g, 89%).

Rf = 0.3 (40% Ether)*H- NMR (400 MHz,CDCly): 5.87 (dg,J = 2.0, 0.9 Hz, 1H, &),
5.52 (dg,J = 2.0, 0.6 Hz, 1H, éH), 4.80 (dtJ = 2.0, 1.3 Hz, 1H, &H), 4.70 (dtJ = 2.0,
0.6 Hz, 1H, &), 2.22 (dd,J = 0.9, 0.6 Hz, 3H, @43), 2.19 (qddJ = 7.4, 0.9, 0.6 Hz,
2H, CH,), 0.98 (t,J = 7.4 Hz, 3H, CH5); *C-NMR (100 MHz, CDCly): 168.9, 164.4,
162.8, 159.18, 100.2, 99.86, 90.3, 25.3, 19.6, ;103 (ESI) m/z (rel.%): 181 [MH]
(100), 127 (31)HRMS (ESI) calculated for gH1303 [MH™]: 181.0859, found: 181.0864;
IR (neat, Cn'11): 3093, 2974, 2941, 2923, 2884, 1739, 1648, 11688, 1406, 1320, 1230,
1188, 1136, 1033, 997.

4-(2-Bromoethoxy)-6-methyl-2-pyrone (112§’
(0]

. 9
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4-Hydroxy-6-methyl-2-pyron® (12.6 g, 100 mmol, 1 eq.), 2-bromoethanol (18.71.%))
mmol, 1.5 eq.) and triphenylphosphine (39.3 g, dBfol, 1.5 eq.) were dissolved in THF
(380 ml) under nitrogen at 0 °C. DIAD (30.3 g, 160nol, 1.5 eq.) was then added
carefully over 30-40 minutes to prevent the formatof excess heat. The reaction was
stirred for 16 h at 20 °C and then the solvent neadan vacuo Phosphine oxide was
removed from the product by dissolving the produrctether (200 ml), and vacuum

filtration to remove the solid oxide. The etherswhen removeih vacuoand the crude
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product purifiedvia flash column chromatography (10-40% EtOAc in hepjao afford
the title compound as a pale yellow crystallineds@9.1 g, 82%).

Mpt: 66-68 °C;*H- NMR (400 MHz,CDCly): 5.83 (m, 1H, éH), 5.37 (dJ = 2.0 Hz, 1H,
C%H), 4.26 (t,J = 6.0 Hz, 2H, &H,), 3.61 (t,J = 6.0Hz, 2H, CH,), 2.21 (s, 3H, Hs);
3C-NMR (100 MHz, CDCl): 169.7, 164.5, 162.5, 100.1, 88.1, 77.3, 77.07,768.0,
27.1, 19.8;MS (ESI) m/z (rel.%): 235 #'Br-MH*] (84), 233 [*Br-MH™] (100); HRMS
(ESI) calculated for gHo'°BrOsNa: 254.9627, found: 254.962@ (DCM, cmi‘): 3059,
1716, 1653, 1571, 1448, 1418, 1377, 1251, 1184 tid.

4-(Vinyloxy)-6-methyl-2-pyrone (113}*'

A solution 0f112(18.0 g, 77 mmol, 1 eq.), Nal (34.7 g, 232 mmogg3) and DBU (23.5
g, 154 mmol, 2 eq.) in DME (720 ml) was refluxeddanargon for 16 hours. The reaction
was allowed to cool then quenched by addition aewgB00 ml) and the product extracted
with ether (3 x 800 ml). The combined organic extSawere dried over MgSO
concentratedh vacuoand purifiedvia flash column chromatography (20-40% Ether in pet
ether) to afford the title compound as a crystallivhite powder (5.5 g, 46.6%).

Mpt: 43-45 °C;*H-NMR (400 MHz,CDCly): 6.53 (ddJ = 13.5, 5.9Hz, 1H, CH), 5.84
(d, J = 2.0Hz, 1H, CH), 5.49 (d,J = 1.9 Hz, 1H, €H), 5.03 (dd,J = 13.5, 2.0 Hz, 2H,
C°HP), 4.77 (dd,J = 5.9, 2.0 Hz, 2H, &%), 2.23 (s, 3H, ¢Hs); *C-NMR (100 MHz,
CDCl): 168.2, 164.0, 163.1, 143.6, 101.4, 99.5, 89®8;IMS (ESI) m/z (rel.%): 175
[MNa'] (100), 153 [MH] (2); HRMS (ESI) calculated for gHgO3Na [M*]: 175.0366,
found: 175.0373tR (DCM, cmi®): 3672, 3060, 1731, 1641, 1573, 1448, 1411, 12385,
1142.

6-Methyl-4-propionyl-2-pyrone (118)**’
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To a stirred solution of 4-hydroxy-6-methy-2-pyro®€¢1.01 g, 8 mmol, 1 eq.) and TEA
(3.34 g, 24 mmol, 3 eq.) in DCM (24 ml), was adgeapionyl chloride (0.81 g, 8.8 mmol,



1.1 eq.) at 20 °C. The solution was stirred fdéroRirs then quenched by addition of water
(15 ml) and the DCM separated and concentratecacuo The crude product was then
purified via flash column chromatography (20% EtOAc in pet etherafford the title
compound as a colourless oil (1.3 g, 89%).

H-NMR (400 MHz, CDCk): 5.91 (d,J = 1.1 Hz, 1H, CH), 5.86 (d,J = 1.1 Hz, 1H,
C%H), 2.45 (gJ = 7.5Hz, 2H, CH,), 2.14 (s, 3H, (H3), 2.14 (t,J = 7.5Hz, 3H, C°Ha);
3C-.NMR (100 MHz, CDCl): 170.86, 164.02, 163.59, 101.67, 101.01, 53.98.12,
20.28, 8.89:MS (ESI) m/z (rel.%): 183 [MH] (100); HRMS (ESI) calculated for
CoH1004Na [M']: 205.0471, found: 205.0478R (neat, cml): 3097, 2986, 2945, 1772,
1739, 1648, 1571, 1447, 1398, 1352, 1317, 1218).111

Methyl 3-(6-methyl-2-pyronyl-4-oxy)-acrylate (123§
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4-Hydroxy-6-methyl-2-pyron® (9.45 g, 75 mmol, 1 eq.), TEA (7.58 g, 75 mmokdL)
and methyl propiolate (7.57 g, 90 mmol, 1.2 eq)emafluxed in DCM (250 ml) for 16
hours. The solvent was then removiedvacuo and the product purified by column
chromatography (20% EtOAc in hexanes) to afforcebow crystalline powder (12.85 g,
82%).

Mpt: 129-130 °C;H-NMR (400 MHz,CDCly): 7.67 (d,J = 12.0Hz, 1H, CH), 5.91 (d,J

= 2.2 Hz, 1H, éH), 5.85 (d,J = 12.0Hz, 1H, CH), 5.65 (dJ = 2.2 Hz, 1H, CH), 3.78 (s,
3H, C''Ha), 2.27 (s, 3H, (H3); *C- NMR (100 MHz,CDCly); 167.2, 165.9, 164.2, 163.3,
152.5, 107.7, 99.1, 92.1, 48.8, 20MS (ESI) m/z (rel.%): 233 [MN4] (100), 177 (5);
HRMS (ESI) calculated for GH100sNa [M']: 233.0420, found: 233.042(R (DCM, cm
1): 3061, 2953, 1723, 1644, 1576, 1447, 1406, 12586, 1101.

4-(3-Hydroxy-propenyloxy)-6-methyl-2-pyrone (124)
0
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A solution 0f123 (210 mg, 1 mmol, 1 eq.) was dissolved in DCM (3 orier nitrogen.
DIBAL (1M in DCM) (2 ml, 2 mmol, 2 eq.) was then@ed at -40 °C, and the solution
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allowed to warm up to -20 °C over 1 hour. The 8otuwas then transferred to a flask
containing aqueous Rochelle’s salt (15 ml, 20% wamg stirred for 3 hours. The aqueous
layer was then separated and washed with DCM (3ml)5and the combined organic
extracts dried over MgSQfiltered and then concentratéd vacuo The crude product
was then purifiedsia flash column chromatography (50% EtOAc in hexanesifford a
yellow powder (49 mg, 27%).

'H- NMR (400 MHz,CDCl): 6.63 (dt,J = 12.0, 1.5Hz, 1H, CH), 5.85 (dqJ = 2.2, 0.7
Hz, 1H, CH), 5.75 (dtJ = 12.0, 6.4Hz, 1H, CH), 5.53 (dJ =2.2Hz, 1H, CH), 4.22 (dd,

J = 6.4, 1.5 Hz, 2H, &H,), 2.23 (d,J = 0.7 Hz, 3H, CHs); *C- NMR (100 MHz,
CDCly); 168.6, 164.5, 163.2, 140.0, 117.5, 99.8, 90.1,,580(0; MS (ESI) m/z (rel.%):
205 [MNa] (100), 133 (9);HRMS (ESI) calculated for gH;00;,Na [M*]: 205.0471,
found: 205.0478IR (DCM, Cm'l): 3683, 3603, 3056, 2927, 1716, 1650, 1570, 12489.

Methyl 3-(6-(but-3-enyl)-2-pyronyl-4-oxy)-acrylate (135)
(0]

13 5 79
2-pyrone96 (14 mg, 84umol, 1 eq.), TEA (8 mg, 8dmol, 1 eq.) and methyl propiolate (7
mg, 84umol, 1 eq.) were stirred in DCM (1 ml) for at 45 f@ 16 hours. The solvent was
then removedn vacuoand the product purifiedia flash column chromatography (20%
EtOAc in hexanes) to afford a yellow crystallinenpker (18.1 mg, 86%).

'H-NMR (500 MHz,CDCl): 7.67 (d,J = 12.1 Hz, 1H, &H), 5.90 (d,J = 2.1 Hz, 1H,
C°H), 5.84 (dJ = 12.1 Hz, 1H, &H), 5.78 (ddtJ = 17.0, 10.1, 6.7 Hz, 1H,°8), 5.65 (d,
J=2.1Hz, 1H, éH), 5.08 (ddtJ = 17.0, 1.5, 1.5 Hz, 1H,'?), 5.05 (ddtJ = 10.1, 1.5,
1.5 Hz, 1H, €°H®), 3.77 (s, 3H, &Hs), 2.60 (t,J = 7.9 Hz, 2H, CHy), 2.41-2.45 (m, 2H,
C®H,); ®C-NMR (101 MHz, CDCL): 167.1, 166.8, 165.9, 163.3, 152.5, 135.7, 116.6,
107.7, 98.8, 92.3, 51.8, 33.2, 30MS (ESI) m/z(rel.%): 251 [MH] (100); HRMS (ESI)
calculated for gsH150s5: 251.0914, found: 251.091IR (CHCl,, Cm'l): 3077, 2955, 2362,
1722, 1639, 1574, 1415, 1325, 1223, 1163, 1099.



Methyl 3-(6-(2-phenylethyl)-2-pyronyl-4-oxy)-acrylae (136)

2-pyrone 90 (20.4 mg, 94umol, 1 eq.), TEA (9.4 mla 94umol, 1 eq.) and methyl
propiolate (8.7 mg, 10@mol, 1.1 eq.) were stirred in DCM (1 ml) for at 46 for 16
hours. The solvent was then remowedacuoand the product purifiedia flash column
chromatography (20% EtOAc in hexanes) to afforceboy crystalline powder (19.3 mg,
68%).

'"H-NMR (400 MHz,CDCl): 7.65 (d,J = 12.1 Hz, 1H), 7.33 — 7.28 (m, 2H), 7.25 — 7.20
(m, 1H), 7.19 — 7.15 (m, 2H), 5.84 (dt= 2.3, 0.7 Hz, 1H), 5.82 (d,= 12.1 Hz, 1H), 5.66
(d,J = 2.3 Hz, 1H), 3.77 (s, 3H), 2.99 &= 7.8 Hz, 2H), 2.81 (td] = 7.7, 0.7 Hz, 2H);
¥C-NMR (101 MHz, CDCL): 167.1, 166.5, 166.0, 163.5, 152.5, 139.6, 12828.4,
126.7, 107.8, 99.2, 92.5, 52.0, 35.8, 3K (ESI) m/z(rel.%): 301 [MH] (100); HRMS
(ESI) calculated for GH170s: 301.1071, found: 301.1068R (CHCls, cmi'): 3019, 2363,
1721, 1641, 1573, 1416, 1101, 670.

Methyl 3-(6-(non-8-en-5-ynyl)-2-pyronyl-4-oxy)-acryate (137)

2-pyrone 95 (33.3 mg, 143umol, 1 eq.), TEA (15 mg, 148mol, 1 eq.) and methyl
propiolate (12.1 mg, 14gmol, 1.01 eq.) were stirred in DCM (1 ml) for at 45 for 16
hours. The solvent was then remowedacuoand the product purifiedia flash column
chromatography (20% EtOAc in hexanes) to afford axywyellow powder (28.9 mg,
64%).

'"H-NMR (400 MHz,CDCly): 7.68 (d,J = 12.0 Hz, 1H, &H), 5.92 (dt,J = 2.3, 0.7 Hz,
1H, CH), 5.85 (d,J = 12.0 Hz, 1H, &), 5.82 (ddt,J =16.9, 10.0, 5.3 Hz, 1H,H),
5.66 (d,J = 2.3 Hz, 1H, éH), 5.29 (ddtJ = 16.9, 1.8, 1.8 Hz, 1H,*&"), 5.09 (ddtJ =
10.0, 1.8, 1.8 Hz, 1H,®H?), 3.77 (s, 3H, &Hj3), 2.91 — 2.96 (m, 2H, ¥H,), 2.53 (dtJ =
7.6, 0.7 Hz, 2H, @H,), 2.24 (it,d = 2.4, 6.9 Hz, 2H, €H,), 1.74 — 1.83 (m, 2H, T&l),
1.51 — 1.62 (m, 2H, &l,); ®C-NMR (101 MHz, CDCL): 167.5, 167.1, 166.0, 163.5,

13C



152.4, 133.2, 115.7, 107.7, 99.9, 98.6, 92.1, &81M, 33.4, 28.1, 25.7, 23.1, 18MS
(ESI) m/z (rel.%): 339 [MN4] (63), 317 [MH] (100), 210 (7), 180 (7)HRMS (ESI)
calculated for GH,105[MH*]: 317.1384, found: 317.1379R (neat, cnt): 3091, 2947,
2160, 1710, 1636, 1567, 1415, 1221, 1098, 823.

Methyl 3-(6-(6-triisopropylsilyl-hex-5-ynyl)-2-pyronyl-4-oxy)-acrylate (138)

2-pyrone 44 (100 mg, 287umol, 1 eq.), TEA (29 mg, 28amol, 1 eq.) and methyl
propiolate (24.2 mg, 288mol, 1.01 eq.) were stirred in DCM (1 ml) for at 45 for 16
hours. The solvent was then remowedacuoand the product purifiedia flash column
chromatography (20% EtOAc in hexanes) to affordaaywellow powder (102 mg, 82%).
'H-NMR (400 MHz,CDCh): 7.68 (d,J = 12.0 Hz, 1H, €H), 5.90 (d,J = 2.3 Hz, 1H,
C°H), 5.84 (d,J = 12.0 Hz, 1H, ¢&H), 5.65 (d,J = 2.3 Hz, 1H, €H), 3.77 (s, 3H, EH>),
2.53 (t,J = 7.5 Hz, 2H, CH,), 2.30 (t,J = 6.9 Hz, 2H, °H,), 1.77 — 1.86 (m, 2H, T&1,),
1.54 — 1.63 (m, 2H, &), 1.00 — 1.08 (m, 21H, ¥H/C™®H3); *C-NMR (101 MHz,
CDCl): 167.5, 167.1, 165.9, 163.4, 152.4, 107.8, 109875, 92.1, 81.0, 51.8, 33.2, 27.8,
25.5, 19.4, 18.6, 11.MS (ESI) m/z(rel.%): 455 [MN4] (100), 433 [MH] (51), 399 (5),
377 (3), 326 (4), 289 (12), 267 (8), 242 (10), 217 180 (4);HRMS (ESI) calculated for
CoaHzeNaG:Si [MNa']: 455.2224, found: 455.2218R (CHCl;, cmi): 3023, 2956, 2866,
2362, 1721, 1641, 1574, 1418, 1215, 1101.

Ethyl 3-(6-methyl-2-pyronyl-4-oxy)-but-2-enoate (18)
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A solution of 4-hydroxy-6-methyl-2-pyron@ (126 mg, 1 mmol, 1 eq.), ethyl 3-butynoate
137(134 mg, 1.2 mmol, 1.2 eq.), DBU (100 mg, 0.66 m@®6 eq.), and Cul (19 mg, 0.1
mmol, 10 mol%) in THF (2 ml) was heated under mjgo at 80 °C in a microwave for 30
minutes. The solvent was removéd vacuo and the product purified by column

chromatography (30% EtOAc in hexanes) to affordaaywellow solid (102 mg, 42.8%).
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Rf = 0.43 (40% EtOAc in hexanesH-NMR (400 MHz, CDCl): 5.87 (dg,J = 2.0, 0.8
Hz, 1H, CH), 5.57 (dg,J = 2.0, 0.6Hz, 1H, CH), 5.52 (qJ = 0.9Hz, 1H, C°H), 4.19 (q,
J = 7.1Hz, 2H, C?H,), 2.38 (d,J = 0.9 Hz, 3H, CHs), 2.26 (dd,J = 0.8, 0.6Hz, 3H,
C'Hs), 1.29 (t,J = 7.1Hz, 3H, C°Hs); **C-NMR (100 MHz,CDCL): 167.2, 165.8, 165.6,
163.9, 107.5, 100.1, 94.4, 79.9, 60.4, 20.1, 17442; MS (ESI) m/z(rel.%): 261 [MN4]
(100), 177 (2), 153 (4}4RMS (ESI) calculated for GH140sNa [M']: 261.0733, found:
261.0738jR (DCM, cmi’): 3018, 2919, 2871, 2774, 1729, 1643, 1556, 13885, 1168.

Ethyl 3-iodobut-2-enoate (1415°

A solution of ethyl 3-butynoat&39 (2.24 g, 20 mmol, 1 eq.) and Lil (2.95 g, 22
mmol, 1.1 eq.) in AcOH (3 ml) was heated to 70 €5 hours then allowed to cool to 20
°C. Water (10 ml) and EtOAc (15 ml) were added #m organic layer separated then
washed with water (10 ml), sat. NaH&(@O ml), and brine (10 ml). The organic layer
was concentrateth vacuoand flushed through a silica plug (5% EtOAc in dmees) then
concentratedh vacuoto afford a red oil (4.14 g, 86%).

'H-NMR (400 MHz,CDCL): 6.26 (s, 1H, éH), 4.21 (q,J = 7.1 Hz, 2H, CHy) , 2.71 (s,
3H, C'Hs), 1.28 (t,J = 7.1 Hz, 3H, CH3); *C-NMR (100 MHz, CDCly): 164.3, 125.5,
113.2, 60.2, 21.0, 14.MS (ESI)m/z(rel.%): 262 [MN4] (100), 135 (8).

Ethyl penta-2,3-dienoate (1445’

o /;fH
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To a stirred solution of ethyl (triphenylphosphoriiaene) acetaté43(3.48 g, 10 mmol, 1
eg.) in DCM (35 ml) at 22 °C was added TEA (1.113mmol, 1.1 eq.) and the solution
stirred for 10 minutes. Propionyl chloride (925, mmol, 1 eq.) was added carefully
over 15 minutes and the reaction stirred at 220118 h. The solvent was removied
vacuoand the residue taken up in ether (20 ml) theéerét. The filtrate was concentrated
in vacuoand purified by column chromatography (0-5% EtGébexanes).
'"H-NMR (400 MHz,CDCly): 5.60 — 5.48 (m, 2H, &1/C?H), 4.15 (qJ = 7.1 Hz, 2H,
C®H,), 1.74 (ddJ) = 7.2, 3.3 Hz, 3H, &3), 1.24 (t,J = 7.1 Hz, 3H, CH3); *C-NMR (100
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MHz, CDCly): 212.8, 168.9, 90.1, 87.6, 60.7, 25.9, 1MS5 (ESI)m/z(rel.%): 127 [MH]
(100).

Pentafluorophenyl 3-(6-methyl-2-pyronyl-4-oxy)-acryate (147)
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2-pyrone 9 (54.5 mg, 430umol, 1 eq.), TEA (43.4 mg, 43@umol, 1 eqg.) and
pentafluorophenyl propiolate46 (204 mg, 86Qumol, 2 eq.) were stirred in DCM (1 ml) at
45 °C for 16 hours. The solvent was then remawedacuoand the product purifiedia
flash column chromatography (20% EtOAc in hexartespfford a yellow crystalline
powder (102 mg, 82%).

Mpt: 102-105 °CH-NMR (400 MHz,CDCly): 7.93 (d,J = 12.0 Hz, 1H, éH), 6.05 (d,J

= 12.0 Hz, 1H, €H), 5.96 (dgJ = 2.2, 0.9 Hz, 1H, B), 5.74 (d,J = 2.2 Hz, 1H, éH),
2.29 (t,J = 0.9 Hz, 3H, €Hs); *C-NMR (101 MHz,CDCL): 166.7, 164.7, 163.1, 161.5,
155.9, 104.3, 98.9, 92.9, 209F-NMR (376 MHz,CDCl): -152.30 — -152.41 (m, 2F), -
157.31 (t,J = 21.7, 1F), -161.82 — -161.99 (m, 2®)S (ESI) m/z (rel.%): 380 [MN4]
(52), 363 [MH] (100), 301 (14), 279 (26HRMS (ESI) calculated for GHgFsO0s [MH]:
363.0286, found: 363.0299R (neat, crit): 3106, 2916, 2160, 1731, 1641, 1577, 1516,
1280, 1227, 1185, 997.

Pentafluorophenyl 3-(6-(6-triisopropylsilyl-hex-5-ynyl)-2-pyronyl-4-oxy)-acrylate
(148)

2-pyrone 44 (105 mg, 301umol, 1 eq.), TEA (30 mg, 30umol, 1 eq.) and
pentafluorophenyl propiolat®46 (71.2 mg, 30lumol, 1 eq.) were stirred in DCM (1 ml)
for at 45 °C for 16 hours. The solvent was thanaeedin vacuoand the product purified
via flash column chromatography (20% EtOAc in hexarteshfford a waxy yellow
powder (65.7 mg, 37%).
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'"H-NMR (400 MHz,CDCl): 7.94 (d,J = 12.0 Hz, 1H, €H), 6.06 (d,J = 12.0 Hz, 1H,
C™H), 5.97 (d,J = 2.3 Hz, 1H, éH), 5.75 (d,J = 2.3 Hz, 1H, €H), 2.57 (t,J = 7.6 Hz,
2H, C'Hy), 2.32 (t,J = 6.9 Hz, 2H, &H,), 1.79 — 1.89 (m, 2H, T&l,), 1.55 — 1.66 (m, 2H,
C°H,), 1.01 — 1.09 (m, 21H, H/C**Hs); *C-NMR (101 MHz, CDCL): 168.1, 166.8,
163.2, 161.5, 155.8, 107.8, 104.3, 98.3, 93.0,,83313, 27.8, 25.5, 19.4, 18.6, 11 %-
NMR (376 MHz,CDCl): -152.22 — -152.50 (m, 2F), -157.29Jt 21.7, 1F), -161.75 — -
162.06 (m, 2F)MS (ESI) m/z (rel.%): 607 [MN4] (79), 471 (53), 284 (74), 247 (100),
225 (20); HRMS (ESI) calculated for &HssFsNaGsSi [MNa']: 607.1910, found:
607.1925JR (neat, cri): 3093, 2946, 2865, 2167, 1717, 1637, 1571, 1518], 1005.

tert-Butyl 3-(6-methyl-2-pyronyl-4-oxy)-acrylate (150)

O
14 3
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2-pyrone9 (100 mg, 0.79 mmol, 1.25 eq.), TEA (101 mg, 1 mniob eq.) andert-butyl
propiolate149 (80 mg, 0.63 mmol, 1 eq.) were stirred in DCM (J) fiok at 45 °C for 16
hours. The solvent was then remowed/acuoand the product purifiedia flash column
chromatography (20% EtOAc in hexanes) to affordeow crystalline powder (98 mg,
61%).

Mpt: 60-62 °C;'H-NMR (400 MHz,CDCL): 7.54 (d,J = 12.0 Hz, 1H), 5.90 (d] = 2.2
Hz, 1H), 5.74 (dJ = 12.0 Hz, 1H), 5.63 (d] = 2.2 Hz, 1H), 2.25 (s, 3H), 1.48 (s, 9H);
3C.NMR (101 MHz,CDCly): 167.3, 164.7, 164.0, 163.6, 151.5, 110.0, 99138, 81.3,
28.1, 20.1;MS (ESI) m/z (rel.%): 275 [MN4] (34), 253 [MH] (100), 197 (8);HRMS
(ESI) calculated for GH170s: 253.1071, found: 253.1068R (neat, crif): 3082, 2980,
2160, 1720, 1696, 1658, 1623, 1561, 1235, 11491 ,184b.
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3-(6-Methyl-2-pyronyl-4-oxy)-acrylic acid (151)
(0]

|
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A solution of150 (46 mg, 0.18 mmol, 1 eq.) in THF (1 ml) and TFAn{) was stirred at
22 °C for 30 minutes. The solution was filteredi d@ime solid washed with DCM (3 ml) to
afford the desired product as a white powder (30 86§0).

Mpt: degrades > 142 °GH-NMR (500 MHz,CDCl3/MeQD): 7.63 (d,J = 12.0 Hz, 1H),
5.91 (d,J = 2.2 Hz, 1H), 5.74 (d] = 12.0 Hz, 1H), 5.62 (d] = 2.2 Hz, 1H), 2.21 (s, 3H);
MS (ESI) m/z (rel.%): 219 [MN4] (33), 197 [MH] (100), 141 (15), 102 (13XRMS
(ESI) calculated for §HqOs: 197.0444, found: 197.0449R (neat, crit): 3093, 2161,
2025, 1977, 1722, 1644, 1575, 1324, 1236, 11916,11642, 1096, 982, 832.

4-(1,2-Dibromoethoxy)-6-methyl-2-pyrone (152)

Br
To a solution 0ft13 (1.52 g, 10 mmol, 1 eq.) in DCM (10 ml) under ogen at -78 °C,

was added Br(1.6 g, 10 mmol, 1 eq.) in DCM (5 ml) over 15 ntest The solution was
allowed to warm to 20 °C over 3 hours, the solvand unreacted bromine was
subsequently removed vacuoto afford the crude product as a light brown pow@:96

g, 95%). The crude material was used without Rrrghurification due to degradation upon
silica.

'H-NMR (400 MHz,CDCl): 5.88 (m, 1H, €H), 5.72 (d,J = 2.0 Hz, 1H, CH), 4.07-
4.01 (m, 1H, éH), 3.93-4.00 (m, 2H, W), 2.26 (s, 3H, (Hs); MS (ESI)m/z(rel.%): 315
[BBr/#'Br-MH™] (41), 313 f'Br/"*Br-MH*] (92), 311 [°Br/"*Br-MH"] (45); HRMS (ESI)
calculated for @Hs °Br,OsNa: 332.87, found: 332.9R (DCM, cm’): 3103, 3059, 2926,
1726, 1650, 1631, 1542, 1444, 1388, 1231, 11729.106
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(2)-4-(1-bromovinyloxy)-6-methyl-2-pyrone g-153)

Br
A solution 0f152 (3.12 g, 10 mmol, 1 eq.) and DBU (1.68 g, 20 mr2adg.) in THF (40

ml) was refluxed under argon for 16 hours. Thetiea allowed to cool then quenched by
addition of water (80 ml) and the product extradtedn ether (3 x 80 ml). The combined
organic extracts were dried over MgSQ@oncentratedn vacuoand purifiedvia flash
column chromatography (20-40 % Ether in pet ethe@gfford a brown powder (401 mag,
17.4%).

Rf = 0.3 (40% Ether)*H-NMR (400 MHz, CDCly): (400 MHz,CDCls): 7.03 (d,J = 4.4
Hz, 1H, GH), 5.97 (m, 1H, éH), 5.91 (d,J = 4.4Hz, 1H, CH), 5.72 (d,J = 2.0Hz, 1H,
C%H), 2.26 (s, 3H, @H3); *C-NMR (100 MHz,CDCL): 167.5, 163.8, 163.7, 139.9, 99.5,
95.1, 90.7, 20.0MS (ESI) m/z(rel.%): 231 [MH] (63), 233 (61)HRMS (ESI) calculated
for CgH,"°BrOsNa [MNa']: 252.9471, found: 252.9472R (DCM, cml): 2960, 2928,
1717, 1640, 1572, 1447, 1408, 1317, 1234, 113%.105

(2)-6-Methyl-4-(styrenyloxy)-2-pyrone (154)

13

A solution of Pddba (22.9 mg, 0.025 mmol, 5 mol%) and triphenylphosph({13.1 mg,
0.05 mmol, 10 mol%) in dry THF(1.2ml) was stirred4@ °C under argon for 20 minutes.
A solution of phenylboronic acid (122 mg, 1 mmole@d.) and organohalidg-153 (116
mg, 0.5 mmol, 1 eq.) in THF (0.4ml) was then addad the mixture heated to 70 °C for
15 minutes. 2M N#£Os (0.8 ml) was then added and the mixture stirredCatC for 2
hours. The reaction was allowed to cool then ddutith ether (3ml) and the organic
layer removed. The aqueous layer was then washi#d ether (2 x 3 ml) and the
combined organic extracts dried over MgS@itered and concentrateid vacuo The
crude material was then purifieda flash column chromatography (20% EtOAc in

heptane) to afford an orange crystalline solidr(@8 59.6%).
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Rf = 0.12 (20% EtOAc in heptanél-NMR (400 MHz,CDCl): 7.53 (d,J = 7.6 Hz, 2H,
C™H), 7.35 (t,J = 7.6 Hz, 2H, G?H), 7.30 (d,J = 7.6 Hz, 1H, ¢*H), 6.54 (d,J = 6.8 Hz,
1H, CH), 5.99 (m, 1H, €éH), 5.89 (dJ = 6.8Hz, 1H, CH), 5.64 (dJ = 1.7Hz, 1H, CH),
2.23 (s, 3H, (Hs); *C-NMR (100 MHz, CDCls): 168.1, 164.1, 163.4, 136.6, 133.1,
129.1, 128.5, 127.9, 115.7, 99.7, 90.5, 204% (ESI) m/z (rel.%): 229 [MH] (100);
HRMS (ESI) calculated for GH1,0sNa [MNa']: 251.0679, found: 251.0685 (DCM,
cmi): 3064, 3027, 2926, 2854, 1718, 1648, 1571, 14881, 1320, 1235, 1174, 1140,
1050.

(2)-6-Methyl-4-(penta-Z-1,4-dienyloxy)-2-pyrone (15)

a1 p
A solution of allylboronic acid pinacol ester (168, 1.0 mmol, 2 eq.), organohalide
153 (116 mg, 0.5 mmol, 1 eq.) and palladium com@®&x20 mg, 0.025 mmol, 5 mol %)
were stirred in THF (1.6 ml) under nitrogen at 70 for 10 minutes. To this solution
aqueous 2M N#LOs (0.8 ml) was added and the reaction stirred fotoup hours at 70 °C.
The solution was allowed to cool to 20 °C diluteithvether (3 ml), and the organic layer
separated. The aqueous layer was then extractbdethier (3 x 3 ml) and the combined
organic extracts washed with brine, dried over MgSiliered and then concentratéd
vacuo The product was then purifiada flash column chromatography (20% EtOAc in
hexanes) to afford an orange oil (53.8 mg, 56%).

'H-NMR (400 MHz,CDCls): 6.37 (dt,J = 6.8, 1.4Hz, 1H, CH), 5.88 (m, 1H, €H), 5.80
(ddt,J = 17.0, 10.2, 6.2 Hz, 1H,%H), 5.50 (d,J = 1.9 Hz, 1H, ¢H), 5.15 (td,J = 7.5,
6.0Hz, 1H, CH), 5.07 (dgJ = 17.0, 1.6Hz, 1H, G?H"), 5.02 (ddJ = 10.2, 1.6 Hz, 1H,
C™H?), 2.92-2.87 (m, 2H, €H,), 2.24 (s, 3H, (H3); *C-NMR (100 MHz,CDCl): 168.

6, 164.4, 163.1, 137.1, 135.2, 115.6, 115.6, 9BOD, 28.2, 19.9MS (ESI) m/z (rel.%):
193 [MH'] (100); HRMS (ESI) calculated for GH:-OsNa [MNa']: 215.0679, found:
215.0680;IR (neat, le): 3082, 2962, 2925, 1699, 1645, 1566, 1450, 143824, 1254,
1146, 1054, 998.



2-(6-Methyl-2-pyron-4-yloxy)-butyraldehyde (165)
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To a solution of oxalyl chloride (826 mg, 6.5 mmbl3 eq.) in DCM (15 ml) at -78 °C was
added DMSO (1.01 g, 13 mmol, 2.6 eq.) in DCM (15 aarefully over 15 minutes. The
reaction was stirred for 30 minutes at -78 °C thesolution of170 (990 mg, 5 mmol, 1
eq.) in DCM (15 ml) was added carefully over 20 at@s and the reaction stirred for a
further 30 minutes at -78 °C. Triethylamine (188 mmol, 3.6 eq.) was added over 15
minutes and the reaction stirred for 1 h at -78th€n allowed to warm to ambient
temperature. The solvent was remowved/acuoand the residue taken up in ether then
passed through a silica plug, eluting with ethEne solvent was then removiadvacuoto
afford the desired product as a colourless oil (968 >99%).

'H-NMR (400 MHz, CDC}): 9.57 (d,J = 1.2 Hz, 1H, C'H), 5.88 (d,J= 2.1 Hz, 1H,
C°H), 5.23 (d,J = 2.1 Hz, 1H, GH), 4.47 (dddJ = 7.0, 5.4, 1.Hz, 1H, C°H), 2.22 (s,
3H, C'Hs), 1.85-2.00 (m, 2H, &1,), 1.03 (t,J = 7.4 Hz, 3H, CHs); *C-NMR (100 MHz,
CDCly); 198.4, 169.4, 164.4, 163.0, 100.3, 89.1, 8230,220.0, 9.1JR (DCM, cm?):
3608, 3376, 3061, 2965, 1710, 1650, 1566, 14508,14322, 1244, 1146, 1093.

6-Methyl-4-(pent-1-en-3-yloxy)-2-pyrone (167)

a7 12> b
4-hydroxy-6-methyl-2-pyron8 (504 mg, 4 mmol, 1 eq.), 3-hydroxypent-1-ene (51f &
mmol, 1.5 eq.) and triphenylphosphine (1.57 g, 6alrh.5 eq.) were dissolved in THF (8
ml) under nitrogen at 0 °C. DIAD (1.21 g, 6 mmbl5 eq.) was then added carefully over
15 minutes. The reaction was stirred for 16 h@&fQ and then the solvent removied
vacuo The crude product was purifiedh flash column chromatography (10-40% EtOAc
in hexanes) to afford a pale yellow oil (130 mgyd)7

'"H-NMR (400 MHz,CDCl): 5.77 (m, 1H, éH), 5.70 (dddJ = 17.3, 10.7, 6.5z, 1H,
C™H), 5.35 (d,J = 2.2Hz, 1H, CH), 5.26 (dtJ = 10.7, 1.0Hz, 1H, G?H?), 5.22 (dtJ =
17.4, 1.0Hz, 1H, ¢?H"), 4.50 (q,J = 6.5Hz, 1H, C°%H), 2.17 (s, 3H, tH3), 1.72 (m, 2H,
C°Hy), 0.93 (t,J = 7.44 Hz, 3H, éHs); *C-NMR (100 MHz,CDCl): 169.9, 165.3, 162.2,
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135.3, 118.3, 101.1, 89.4, 81.3, 28.1, 20.0, BI8;(ESI) m/z(rel.%): 217 [MN4] (100),
157 (4), 122 (2);HRMS (ESI) calculated for GH;4OsNa [MNa']: 217.0835, found:
217.08444R (neat, crit): 3086, 2971, 2936, 2879, 1731, 1650, 1563, 14309, 1243.

1-(tert-Butyl-dimethyl-silanyloxy)-butan-2-ol (168)

G/LG
2
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° OH
A solution oftert-butyl-dimethylsilyl chloride (3.01 g, 20 mmol, 11§, TEA (4.04 g, 40
mmol, 2 eq.) and butane-1,2-diol (2.70 g, 30 mmd, eq.) under nitrogen in DCM (25
ml), was stirred at 20 °C for 16 h. The reacticaswhen quenched with ice cold water (15
ml) and the aqueous layer removed. The organar lasas then washed with brine (15 ml)
and dried over MgSPthen concentrateth vacuoto afford the crude material. The
product was purifiedia flash column chromatography (40% EtOAc in toluetoedfford a
colourless oil (3.43 g, 84.1%).
'H-NMR (400 MHz, CDC}): 3.63 (ddJ = 9.7, 3.3Hz, 1H, CH), 3.55 (ddtJ = 10.5, 7.2,
3.3 Hz, 1H, ¢H), 3.39 (ddJ = 9.7, 7.2 Hz, 1H, ¢H), 1.40-1.48 (m, 2H, &), 0.95 (t,J
= 7.5 Hz, 3H, CHs), 0.89 (s, 9H, €Hs), 0.07 (s, 6H, €Hs); *C-NMR (100 MHz,
CDCL); 73.3, 67.0, 26.0, 21.7, 18.4, 10.0, -5.3, -3/ (ESI) m/z (rel.%): 205 [MH]
(100);IR (neat, cnif): 3406, 2955, 2929, 2858, 1462, 1253, 1092, 834, 7

4-[1-(tert-Butyl-dimethyl-silanyloxymethyl)-propoxy]-6-methyl-2-pyrone (169)

4-Hydroxy-6-methyl-2-pyrone (504 mg, 4 mmol, 1 e@lrohol168(1.22 g, 6 mmol, 1.5
eg.) and triphenylphosphine (1.57 g, 6 mmol, 1.5 egre dissolved in DCM (8 ml) under
nitrogen at 0 °C. DIAD (1.21 g, 6 mmol, 1.5 eqg.asmvthen added carefully over 15
minutes. The reaction was stirred for 16 h atQ@fd then the solvent removedvacuo
The crude product was purifieta flash column chromatography (20% EtOAc in hexanes)
to afford a colourless oil (1.23 g, 98.4%).



Rf = 0.56 (20% EtOAc)'H-NMR (400 MHz, CDCL): 5.71 (dg,J= 1.9, 0.8Hz, 1H,

C°H), 5.36 (d,J = 1.9 Hz, 1H, CH), 4.17 (p,J = 5.4Hz, 1H, C°H), 3.66 (s, 1H, EH),

3.64 (d,J = 1.3 Hz, 1H, G'H), 2.11-2.15 (m, 3H, &3), 1.53-1.69 (m, 2H, ), 0.87 (t,
J =7.5Hz, 3H, &Hs), 0.79 (s, 9H, €Hs), -0.03 (s, 3H, EH5), -0.04 (s, 3H, EH5); *C-

NMR (100 MHz, CDCL): 170.5, 165.3, 162.1, 100.9, 88.4, 80.9, 63.83283.4, 19.8,
18.2, 9.5, -5.4, -5.4MS (ESI) m/z (rel.%): 335 [MN4] (100), 313 [MH] (2); HRMS

(ESI) calculated for GH.s04NaSi [M']: 335.1649, found: 335.1640R (neat, cr‘r'11):

2929, 2883, 2857, 1736, 1651, 1563, 1450, 1414),18249, 1139, 1036, 1001.

4-(1-Hydroxymethyl-propoxy)-6-methyl-2-pyrone (170)

11 0 7

OH
A solution 0f169(11.0 g, 35.3 mmol, 1 eq.) in THF (20 ml), wat2@ (nl) and acetic acid

(60 ml) was stirred for 16 hours at 20 °C. Theausoh was concentrated vacuoand the
resulting product was purifieda flash column chromatography (2-4% MeOH in DCM) to
afford a pale yellow oil (6.98 g, >99%).

Rf = 0.21 (5% MeOH in DCM)!H-NMR (400 MHz,CDCly): 5.80 (dq,J = 2.2, 0.8 Hz,
1H, CH), 5.46 (d,J = 2.2 Hz, 1H, CH), 4.28 (tddJ = 5.9, 5.9, 4.1Hz, 1H, C°H), 3.81
(dd,J = 12.1, 4.1Hz, 1H, C'H), 3.68 (ddJ = 12.1, 5.9Hz, 1H, C'H), 2.18 (q,J = 0.8
Hz, 3H, CHs), 2.07 (s, 1H, OH), 1.66-1.74 (m, 2H°H), 0.93 (t.J = 7.5Hz, 3H, CHy);
13C-NMR (100 MHz,CDCls) 170.5, 165.6, 162.5, 101.2, 88.7, 81.2, 63.42,2%0.0, 9.6;
MS (ESI)m/z(rel.%): 221 [MN4] (100), 199 [MH] (6), 133;HRMS (ESI) calculated for
CioH1404Na [M*]: 221.0784, found: 221.0790;

4-(2-Hydroxy-butoxy)-6-methyl-2-pyrone (171)

To a solution ofl69 (936 mg, 3 mmol, 1 eq.) in THF (10 ml) was add&iAF (1M in
THF) (3 ml, 3 mmol, 1 eq.) at 20 °C. The solutiwas stirred for 2 hours then quenched
with 2M HCI (3 ml) and the product extracted witther (3 x 10 ml). The combined

organic extracts were then concentratedaouoand the resulting product was purifieid
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flash column chromatography (5% MeOH in DCM) tooadf a colourless oil (392 mg,
66%).

Rf = 0.35 (5% MeOH in DCM)!H-NMR (400 MHz, CDCls): 5.80 (d,J = 2.2 Hz, 1H,
C°H), 5.39 (d,J = 2.2 Hz, 1H, CH), 3.82-3.93 (m, 2H, ), 3.71-3.74 (m, 1H, &),
2.19 (s, 3H, ®Hs), 1.53-1.61 (m, 2H, €H,), 1.00 (t,J = 7.5 Hz, 3H, C'H3); *C-NMR
(100 MHz,CDCly): 170.5, 165.1, 162.4, 100.5, 88.2, 72.5, 70.82,282.0, 19.9, 9.8MS
(ESI) m/z (rel.%): 221 [MN4] (100), 199 [MH] (6), 133;HRMS (ESI) calculated for
CioH1404Na [MNa']: 221.0784, found: 221.079(R (neat, crit): 3325, 2928, 2884, 2857,
1705, 1651, 1565, 1463, 1361, 1253, 1049, 835, cm

6-Methyl-4-(2-oxo-butoxy)-2-pyrone (172)

A solution 0of171 (99 mmg, 0.5 mmol, 1 eq.) and Dess-Martin periaden (212 mg, 0.5
mmol, 1 eq.) in DCM (1 ml) was stirred at 20 °C anditrogen for 2 hours. The reaction
was quenched by addition of sat. NaH&0lution (10 ml) and sodium thiosulfate (120
mg) and stirred until the precipitate had disappedra. 10 mins). The organic layer was
separated and the aqueous layer extracted with &NMhl). The combined organic
extracts were washed with brine (5 ml) and drieerdvgSQ, then concentrateid vacuo
The crude product was then flushed through a silag eluting with 5% MeOH in DCM
to afford a yellow oil (34 mg, 34.7%).

Rf = 0.61 (5% MeOH in DCM);*H-NMR (400 MHz, CDCL): 5.87 (d,J = 2.2 Hz, 1H,
C°H), 5.24 (d,J = 2.2Hz, 1H, CH), 4.55 (s, 2H, &H), 2.49 (q,J = 7.3 Hz, 1H, C°H),
2.20 (s, 3H, CH3), 1.10 (t,J = 7.3 Hz, 3H, C'Hs); *C-NMR (100 MHz,CDCls): 204.0,
169.5, 164.5, 162.8, 100.1, 88.4, 71.8, 32.4, IB@MS (ESI) m/z(rel.%): 219 [MN4]
(100), 197 [MH] (5), 172 (3); HRMS (ESI) calculated for GH;,04Na [MNa':
219.0628, found: 219.0636R (DCM, cmi'): 3666, 2956, 2930, 2856, 1713, 1650, 1570,
1453, 1411, 1321, 1250, 1096.
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4-(1-Dibromomethyl-propoxy)-6-methyl-2-pyrone (175
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S
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To a stirred solution of triphenyl phosphite (748,r2.4 mmol, 1.1 eq.) in DCM (10 ml)
under argon at -60 °C, was added B¥t05 mg, 2.53 mmol, 1.15 eq.) carefully over 10
minutes. Anhydrous TEA (267 mg, 2.64 mmol, 1.2 ees then added carefully over 10
minutes, followed by the carefully addition aldebytb5 (430 mg, 2.2 mmol, 1 eq.) in
DCM (1 ml) over 5 minutes. The reaction was mairgd at -60 °C for 30 minutes then
allowed to warm slowly to ambient temperature o%8rhours, followed by heating to
reflux for a further 2 hours. The solvent was regewin vacuoand the reaction mixture
purified via flash column chromatography (20% EtOAc in pet ether) fford a white
crystalline solid (265 mg, 36%).
Rf = 0.16 (20% EtOAc in pet ether); Mpt: 99-100 °@4-NMR (500 MHz,CDCl): 5.86
(dg,J = 2.3, 0.8 Hz, 1H, &), 5.83 (d,J = 4.1 Hz, 1H, ¢°H), 5.43 (d,J = 2.3, 1H, CH),
4.45 (td,J = 8.0, 4.1 Hz, 1H, EH), 2.22 (app. s, 3H, ©3), 2.07 — 1.86 (m, 2H, i),
1.01 (t,J = 7.5 Hz, 3H, €H); *C-NMR (126 MHz,CDCly): 169.5, 164.5, 163.0, 100.4,
88.8, 82.4, 71.2, 22.9, 19.9, 9SS (ESI) m/z (rel.%): 343 P'Br/**Br -MH"] (44), 341
[Br/**Br -MH'] (100), 339 [*Br/"Br -MH'] (45); HRMS (ESI) calculated for
Ci1oH15"°Br,05: 338.9226, found: 338.922BR (neat, crit): 3079, 3017, 2976, 2942, 2159,
1703, 1646, 1558, 1443, 1409, 1248, 1230, 1145, 82&.

4-(1-Dichloromethyl-propoxy)-6-methyl-2-pyrone (17B)
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To a stirred solution of triphenyl phosphite (748,r2.4 mmol, 1.1 eq.) in DCM (10 ml)
under argon at -20 °C, was bubbled, @htil the solution turned yellow. Additional
triphenyl phosphite (~10 mg) was then added cdsefuhtil the yellow colouration
disappeared. Anhydrous TEA (267 mg, 2.64 mmol,et2 was then added carefully over
10 minutes, followed by the carefully addition digide 165 (430 mg, 2.2 mmol, 1 eq.)

over 5 minutes. The reaction was maintained at°@@dor 30 minutes then allowed to

warm slowly to ambient temperature over 18 housHipdved by heating to reflux for a

14z



further 2 hours. The solvent was remowedacuoand the reaction mixture purifiada
flash column chromatography (20% EtOAc in pet ether)ftord a white crystalline solid
(228 mg, 41%).

Mpt: 84-85 °C;'H-NMR (400 MHz,CDClk): 5.87 (qdJ = 2.2, 0.8 Hz, 1H, &), 5.79 (d,
J = 3.8 Hz, 1H, &'H), 5.41 (d,J = 2.2 Hz, 1H, éH), 4.40 (dtJ = 7.8, 3.8 Hz, 1H, &H),
2.23 (d,J = 0.8 Hz, 3H, CH3), 1.89 — 2.10 (m, 2H, El,), 1.01 (t,J = 7.5 Hz, 3H, éH2):
13C-NMR (101 MHz,CDCly): 169.4, 164.6, 163.0, 100.5, 88.8, 82.6, 43.74,249.9, 9.5;
MS (ESI) m/z(rel.%): 255 $'CI/*"CI-MH™] (10), 253 f’CI/**CI-MH*] (65), 251 £'CI*CI-
MH™] (100); HRMS (ESI) calculated for GH13°ClL,05: 251.0236, found: 251.0238R
(DCM, cm®): 2978, 2883, 1714, 1652, 1568, 1448, 1411, 13287, 1241, 1181, 1145,
1037, 1004.

4-(E-1-Bromomethylene-propoxy)-6-methyl-2-pyrone [E-176a)

(0]
8

9 3 | o
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A solution of dibromidel75a(340 mg, 1 mmol, 1 eq.) and DBU (304 mg, 2 mmaq?)
in THF (3 ml) was stirred at 70 °C for 24 hoursheTsolvent was then removatdvacuo
and the reaction mixture purifieda flash column chromatography (20% EtOAc in pet
ether) to afford a pale yellow oil (94 mg, 36%).

'H-NMR (500 MHz,CDCl): 6.00 (s, 1H, &H), 5.87 (dgJ = 2.2, 0.9 Hz, 1H, &), 5.49
(d,J = 2.2 Hz, 1H, éH), 2.48 (g,J = 7.5 Hz, 2H, €H,), 2.25 (d,J = 0.8 Hz, 3H, CH3),
1.08 (t,J = 7.6 Hz, 3H, éHs); *C-NMR (126 MHz,CDCl): 169.9, 168.5, 163.6, 163.5,
100.1, 99.8, 89.9, 24.4, 20.0, 7S (ESI) m/z(rel.%): 283 {'Br-MNa'] (42), 281 [*Br-
MNa'] (42), 261 F*Br-MH"] (98), 259 [*Br-MH"] (100); HRMS (ESI) calculated for
CioH12"°BrOs: 258.9964, found: 258.9964R (CHCl, cni'): 2916, 2848, 2158, 1732,
1716, 1652, 1568, 1456, 1226, 1172, 1128, 996, BIS,

14:



4-(Z-1-Bromomethylene-propoxy)-6-methyl-2-pyrone Z-176a)

. (0]

Br
A solution of dibromidel75a(340 mg, 1 mmol, 1 eq.) and DBU (304 mg, 2 mmag?
in THF (3 ml) was stirred at 70 °C for 24 hoursheTsolvent was then removadvacuo
and the reaction mixture purifieda flash column chromatography (20% EtOAc in pet
ether) to afford a pale yellow oil (167 mg, 65%).
'"H-NMR (500 MHz,CDCly): 5.95 (t,J = 1.3 Hz, 1H, ¢'H), 5.92 (dgJ = 2.2, 0.8 Hz, 1H,
C°H), 5.40 (dgJ = 2.2, 0.5 Hz, 1H, ), 2.29 (qdJ = 7.5, 1.3 Hz, 2H, &), 2.25 (ddJ
= 0.8, 0.5 Hz, 3H, G43), 1.11 (t,J = 7.5 Hz, 3H, €Hs); *C-NMR (126 MHz, CDCL):
169.0, 164.3, 163.5, 155.0, 99.5, 97.9, 91.0, 2X03), 10.4MS (ESI) m/z(rel.%): 283
[#Br-MNa'] (42), 281 [*Br-MNa'] (42), 261 $'Br-MH™] (98), 259 [*Br-MH"] (100);
HRMS (ESI) calculated for GH1,""BrOs: 258.9964, found: 258.9964R (neat, crif):
3089, 2975, 2939, 1712, 1642, 1565, 1446, 14051,1PP74, 1138, 998, 819.

4-(E-1-Chloromethylene-propoxy)-6-methyl-2-pyrone E-176b)
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A solution of dichloridel75b (187 mg, 0.75 mmol, 1 eq.), Nal (337 mg, 2.25 mricq.)
and DBU (227 mg, 1.5 mmol, 2 eq.) in DME (5 ml) vetisred at 90 °C for 24 hours. The
solvent was then removead vacuoand the reaction mixture purifieda flash column
chromatography (20% EtOAc in pet ether) to affoyghée yellow oil (6 mg, 4%).

'H-NMR (500 MHz,CDCl): 5.98 (s, 1H, €H), 5.88 (dgJ = 2.2, 0.9 Hz, 1H, &), 5.48
(dg,J = 2.2, 0.5 Hz, 1H, ), 2.46 (q,J = 7.5 Hz, 2H, CH,), 2.24 — 2.25 (m, 3H, ©i5),
1.08 (t,J = 7.5 Hz, 3H, €Hs); *C-NMR (126 MHz,CDCl): 169.3, 164.3, 163.5, 154.2,
110.6, 99.5, 90.8, 21.6, 20.0, 10MS (ESI) m/z(rel.%): 217 $’CI-MH"] (33), 215 f°CI-
MH*] (100); HRMS (ESI) calculated for GH1,>°ClOs: 215.0469, found: 215.0477.
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4-(Z-1-Chloromethylene-propoxy)-6-methyl-2-pyrone Z-176b)

. (0]

o
A solution of dichloridel75b (187 mg, 0.75 mmol, 1 eq.), Nal (337 mg, 2.25 mratq.)
and DBU (227 mg, 1.5 mmol, 2 eq.) in DME (5 ml) vetisred at 90 °C for 24 hours. The
solvent was then removdad vacuoand the reaction mixture purifieda flash column
chromatography (20% EtOAc in pet ether) to affoyghée yellow oil (8 mg, 5%).
H-NMR (400 MHz,CDCL): 5.91 (dgJ = 2.1, 0.8 Hz, 1H, B), 5.86 (t,J = 1.4 Hz, 1H,
CH), 5.40 (dJ = 2.1 Hz, 1H, €H), 2.27 (qdJ = 7.4, 1.4 Hz, 2H, T,), 2.25 (dJ = 0.8
Hz, 3H, CHs), 1.10 (tJ = 7.4 Hz, 3H, €H3); **C-NMR (126 MHz,CDCL): 169.3, 164.3,
163.5, 154.2, 110.6, 99.5, 90.8, 21.6, 20.0, 1B18; (ESI) m/z (rel.%): 217 {’CI-MH"]

(33), 215 F°CI-MH™] (100); HRMS (ESI) calculated for GH15°°ClOs: 215.0469, found:
215.04774R (CHCl;, cm®): 2979, 2362, 1712, 1651, 1570, 1405, 1227, 1908, 732.

4-[1-(Z-4-Methoxy-benzylidene)-propoxy]-6-methyl-2-pyrongZ-178)

Prepared according to General Procedure A ugith@6a(20 mg, 77umol, 1 eq.)177 (24
mg, 158umol, 2 eq.) andCatCat (27) (1.2 mg, 1.5umol, 2 mol%) to afford the title
compound as a pale yellow oil (15 mg, 68%).

'H-NMR (400 MHz,CDCly): 7.23 — 7.27 (m, 2H, €H), 6.77 — 6.82 (m, 2H, ¥H), 5.97
(t, J = 1.0 Hz, 1H, &'H), 5.93 (dg,J = 2.1, 0.9 Hz, 1H, &), 5.46 (dqJ = 2.1, 0.5 Hz,
1H, CH), 3.77 (s, 3H, €H3), 2.31 (qdJ = 7.4, 1.0 Hz, 2H, &), 2.23 (ddJ = 0.9, 0.5
Hz, 3H, CHa), 1.14 (tJ = 7.4 Hz, 3H, €Hs); *C-NMR (101 MHz,CDCL): 168.0, 164.7,
163.3, 158.8, 149.6, 129.6, 126.0, 115.7, 113.97,990.4, 55.2, 26.4, 20.1, 11.BtS
(ESI) m/z (rel.%): 287 [MH] (100); HRMS (ESI) calculated for GH1404: 287.1278,
found: 287.1274|R (neat, Crf11): 2967, 2935, 2838, 1721, 1647, 1606, 1564, 13440,
1405, 1252, 1224, 1175, 1135, 1031, 820.
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4-[E-1-(4-Methoxy-benzylidene)-propoxy]-6-methyl-2-pyrome (E-178)

14 = =
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Prepared according to General Procedure A usiig6a(20 mg, 77umol, 1 eq.)177 (24
mg, 158umol, 2 eq.) an€atCat(27) (1.2 mg, 1.5umol, 2 mol%) to afford the title
compound as a pale yellow oil (21.5 mg, 98%).

H-NMR (400 MHz,CDCly): 7.15 — 7.19 (m, 2H, ¥H), 6.88 — 6.92 (m, 2H, ¥H), 6.20
(s, 1H, G'H), 5.93 (dgJ = 2.2, 0.9 Hz, 1H, &), 5.60 (d,J = 2.2 Hz, 1H, €H), 3.82 (s,
3H, C'™H3), 2.48 (qJ = 7.5 Hz, 2H, €Hy), 2.25 (dJ = 0.9 Hz, 3H, (H3), 1.12 (tJ=7.5
Hz, 3H, CHs); *C-NMR (101 MHz,CDCl): 167.0, 164.9, 163.1, 158.9, 152.3, 129.6,
126.3, 118.9, 114.0, 100.1, 90.3, 55.3, 22.6, 20L.(B;MS (ESI) m/z(rel.%): 287 [MH]
(100); HRMS (ESI) calculated for GH140,: 287.1278, found: 287.127®R (neat, crit):
2973, 2934, 2838, 1723, 1645, 1607, 1563, 15116,1¥404, 1249, 1227, 1174, 1133,
821.

4-[E-1-benzylidene-propoxy]-6-methyl-2-pyrone E-179)

y . (0]

T
Prepared according to General Procedure A uBkig6a (15 mg, 57.7umol, 1 eq.),57
(19 mg, 158umol, 2.7 eq.) an€atCat(27) (1.2 mg, 1.5umol, 3 mol%) to afford the title
compound as a pale yellow oil (15 mg, 68%).
'H-NMR (400 MHz, CDCly): 7.37 (t,J = 7.2 Hz, 2H, &H), 7.30 (t,J = 7.2 Hz, 1H,
C™H), 7.24 (dJ = 7.2 Hz, 2H, &H), 6.27 (s, 1H, &H), 5.94 (m, 1H, €H), 5.62 (d,J =
2.2 Hz, 1H, CH), 2.49 (q,J = 7.5, 2H, CH,), 2.26 (s, 3H, (H3), 1.13 (t,J = 7.5, 3H,
C8H3); ¥C-NMR (101 MHz, CDCl): 169.8, 164.9, 163.2, 153.6, 134.0, 129.6, 128.6,
128.4, 127.4, 124.6, 120.2, 120.2, 119.3, 100.15,992.6, 20.0, 11.5MS (ESI) m/z
(rel.%): 257 [MH] (100); HRMS (ESI) calculated for @H:/0s: 257.1172, found:
257.1180;IR (neat, Cn'11): 3060, 2976, 2937, 1721, 1645, 1563, 1489, 14406, 1227,
1190, 1133, 924, 692.
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4-(1-Ethyl-penta-£-1,4-dienyloxy)-6-methyl-2-pyrone E-180)
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A solution ofE-176a(23 mg, 89umol, 1 eq.),152 (30 mg, 178mol, 2 eq.), C&LO; (87
mg, 266umol, 3 eq.) andCatCat(35) (1.4 mg, 1.8umol, 2 mol%) in THF (1 ml) was
stirred under nitrogen at 70 °C for 18 h, then qhexd by the addition of water (1 ml) and
EtOAc (1 ml). The organic layer was separated #ra organic layer extracted with
EtOAc (3 x 1 ml), then the combined organic exsaeere dried over N8O, filtered and
concentratedn vacuo Flash column chromatography (20% EtOAc in péeetof the
crude material afforded the title compound as a gallow oil (8 mg, 41%).

H-NMR (400 MHz,CDCl): 5.87 (dgJ = 2.2, 0.8 Hz, 1H, &), 5.79 (ddtJ = 17.0,

10.3, 6.0 Hz, 1H, &H), 5.48 (dJ = 2.2 Hz, 1H, €H), 5.20 (tJ = 7.8 Hz, 1H, &'H), 5.07
(app. dgJ = 17.0, 1.6 Hz, 1H, €H%, 5.03 (app. dg] = 10.3, 1.6 Hz, 1H, €H"), 2.81

(m, 2H, G?H,), 2.26 (q,J = 7.5 Hz, 2H, €H,), 2.23 (d,J = 0.8 Hz, 3H, CH3), 1.04 (tJ =

7.5 Hz, 3H, €H3); *C-NMR (101 MHz,CDCl): 168.8, 164.9, 163.1, 151.3, 135.3, 114.1,
99.8, 95.6, 89.5, 29.4, 25.3, 20.0, 1MSB (ESI)m/z(rel.%): 243 [MN4] (28), 221[MH]
(100), 201 (6), 179 (28), 127 (4)RMS (ESI) calculated for GH1,03: 221.1172, found:
221.1175.

4-[1-(tert-Butyl-dimethyl-silanyloxymethyl)-propoxy]-6-(6-tri isopropylsilyl-hex-5-
ynyl)-2-pyrone (182)

2-pyrone44 (550 mg, 1.58 mmol, 1 eq.), alcoht®8 (484 mg, 2.37 mmol, 1.5 eq.) and
triphenylphosphine (621 mg, 2.37 mmol, 1.5 eq.)emdissolved in DCM (5 ml) under
nitrogen at 0 °C. DIAD (479 mg, 2.37 mmol, 1.5)eqas then added carefully over 15
minutes. The reaction was stirred for 16 h atQ@fd then the solvent removedvacuo
The crude product was purifieta flash column chromatography (20% EtOAc in hexanes)

to afford a colourless oil (628 mg, 75%).



'H-NMR (500 MHz,CDCL): 5.77 (d,J = 2.3 Hz, 1H, €H), 5.44 (dJ = 2.3 Hz, 1H, éH),
4.23 (p,d = 5.5 Hz, 1H, ¢H), 3.68-3.74 (m, 2H, €H,), 2.47 (t,J = 7.5 Hz, 2H, CH,),
2.29 (t,J = 6.9 Hz, 2H, €H,), 1.76-1.83 (m, 2H, &,), 1.62-1.75 (m, 2H, €H,), 1.54-
1.61 (m, 2H, GHy), 0.97-1.08 (m, 21H, ¥H/ C'*H,), 0.94 (t,J = 7.5 Hz, 3H, ¢°*H), 0.86

(s, 9H, G*Hs), 0.03 (s, 3H, &Hs), 0.02 (s, 3H, &Hs); *C-NMR (126 MHz, CDCL):
170.4, 165.4, 165.4, 108.4, 100.3, 88.5, 80.8, B3, 32.9, 27.9, 25.7, 25.6, 23.3, 19.5,
18.6, 18.2, 11.2, 9.4, -5.4, -5/8S (ESI) m/z(rel.%): 557 [MN4] (19), 535 [MH] (100),
413 (11), 391 (39)HRMS (ESI) calculated for §Hss04Si, [MH]: 535.3633, found:
535.3648.

4-(1-Hydroxymethyl-propoxy)-6-(6-triisopropylsilyl- hex-5-ynyl)-2-pyrone (183)

A solution 0f182 (584 mg, 1.09 mmol, 1 eq.) in THF (2 ml), watem{l) and acetic acid
(3 ml) was stirred for 16 hours at 20 °C. The B8oluwas concentrateid vacuoand the
resulting product was purifieda flash column chromatography (2-4% MeOH in DCM) to
afford a pale yellow oil (343 mg, 75%).

'H-NMR (500 MHz,CDCl): 5.79 (d,J = 2.0 Hz, 1H, €H), 5.44 (dJ = 2.0 Hz, 1H, GH),
4.28 (app.qdd = 6.0, 3.5 Hz, 1H, &H), 3.81 (ddJ = 12.0, 3.5 Hz, 1H, ¥H,), 3.76 (dd,

J =120, 6.0 Hz, 1H, €H,), 2.48 (t,J = 7.5 Hz, 2H, CHy), 2.29 (t,J = 6.9 Hz, 2H,
C™H,), 1.77-1.84 (m, 2H, &), 1.70-1.76 (m, 2H, €H,), 1.55-1.63 (m, 2H, &1,), 0.99

— 1.09 (m, 21H, EH/ C*®Hs), 0.96 (t,J = 7.5 Hz, 3H, ¢Hs): *C-NMR (126 MHz,
CDCls): 169.9, 165.7, 165.0, 108.1, 100.1, 88.7, 80(08,863.3, 33.0, 27.9, 25.6, 22.8,
19.5, 18.6, 11.3, 9.M11S (ESI) m/z (rel.%): 443 [MN4] (15), 535 [MH] (100); HRMS
(ESI) calculated for &H.104Si [MH']: 421.2769, found: 421.277IR (neat, crif): 3405,
2941, 2864, 2171, 1696, 1645, 1560, 1462, 14264,1P¥40, 1061, 995, 882, 818.
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2-(6-(6-triisopropylsilanyl-hex-5-ynyl)-2-pyron-4-yloxy)-butyraldehyde (184)

515

To a solution of oxalyl chloride (826 mg, 6.5 mmbI3 eé.) in DCM (15 ml) at -78 °C was
added DMSO (1.01 g, 13 mmol, 2.6 eq.) in DCM (15 carefully over 15 minutes. The
reaction was stirred for 30 minutes at -78 °C thesolution 0f183 (990 mg, 5 mmol, 1
eg.) in DCM (15 ml) was added carefully over 20 utés and the reaction stirred for a
further 30 minutes at -78 °C. TEA (1.80 g, 18 mn®6 eq.) was added over 15 minutes
and the reaction stirred for 1 h at -78 °C theovadld to warm to ambient temperature.
The solvent was removed vacuoand the residue taken up in ether then passedghra
silica plug, eluting with ether. The solvent wéern removedn vacuoto afford the
desired product as a colourless oil (978 mg, >99%)

H-NMR (400 MHz,D,-DCM): 9.57 (d,J = 1.4 Hz, 1H, ¢*H), 5.89 (dtJ = 2.3, 0.7 Hz,
1H, CH), 5.19 (d,J = 2.2 Hz, 1H, éH), 4.51 (dddJ = 6.9, 5.4, 1.3 Hz, 1H, €H), 2.50
(td,J = 7.4, 0.7 Hz, 2H, &4,), 2.30 (t.J = 6.9 Hz, 2H, °H,), 2.00 — 1.85 (m, 2H, T&1,),
1.84 — 1.75 (m, 2H, TH,), 1.64 — 1.56 (m, 2H, E€l,), 1.27 — 1.22 (m, 3H, ¢H), 1.11 -
0.99 (m, 21H, &°Hy/ C*H3); *C-NMR (101 MHz,D,-DCM): 199.0, 169.8, 166.8, 164.4,
108.9, 99.9, 89.5, 83.4, 81.2, 41.6, 33.6, 28.52,283.4, 19.9, 18.9, 11.8, 9.8IS (ESI)
m/z (rel.%): 419 [MH] (100): HRMS (ESI) calculated for &Hs90,4Si: 419.2612, found:
419.2618.

4-[1-(tert-Butyl-dimethyl-silanyloxymethyl)-propoxy]-6-(non-8-en-5-ynyl)-2-pyrone
(187)

24 Hb

2-pyrone95 (105 mg, 0.45 mmol, 1 eq.), alcoht®8 (212 mg, 0.68 mmol, 1.5 eq.) and
triphenylphosphine (178 mg, 0.68 mmol, 1.5 eq.)emdissolved in DCM (2 ml) under
nitrogen at 0 °C. DIAD (137 mg, 0.68 mmol, 1.5)agas then added carefully over 15

minutes. The reaction was stirred for 16 h atQ@&Ad then the solvent removiedvacuo



The crude product was purifietih flash column chromatography (20% EtOAc in hexanes)
to afford a colourless oil (93 mg, 49.5%).

'H-NMR (500 MHz,CDCls): 5.81 (ddtJ = 16.9, 10.0, 5.3 Hz, 1H,"®H), 5.76 (d,J = 2.2

Hz, 1H, CH), 5.42 (d,J = 2.2 Hz, 1H, éH), 5.28 (ddtJ = 16.9, 1.8, 1.8 Hz, 1H, "),
5.08 (ddtJ = 10.0, 1.8, 1.8 Hz, 1H,%8H?), 4.22 (pJ = 5.5 Hz, 1H, ¢®H), 3.69-3.72 (m,
2H, C°H,), 2.90-2.94 (m, 2H, €H,), 2.45 (t,J = 5.5 Hz, 2H, CH,), 2.22 (t,J = 7.0, 2.4
Hz, 2H, C°H,), 1.72-1.80 (m, 2H, ¥,), 1.62-1.71 (m, 2H, €H,), 1.51-1.58 (m, 2H,
C°H.), 0.94 (t,J = 7.5 Hz, 3H, Hs), 0.86 (s, 9H, €'Hs), 0.03 (s, 3H, €Hs), 0.02 (s,
3H, C?Hs); *C-NMR (126 MHz,CDCls): 170.3, 165.3, 165.2, 133.2, 115.6, 100.3, 88.6,
81.8, 80.8, 63.7, 33.1, 28.1, 25.7, 23.4, 23.19,220.4, 18.5, 18.2, 9.4, -5.4, -518S
(ESI)m/z(rel.%): 441 [MN4] (60), 419 [MH] (100), 391 (9)HRMS (ESI) calculated for
C24H3904Si [MH™]: 419.2612, found: 419.2620R (neat, cml): 2930, 2857, 1733, 1652,
1559, 1472, 1419, 1241, 1107, 1005, 837.

4-(1-Hydroxymethyl-propoxy)-6-(non-8-en-5-ynyl)-2-yrone (188)
0

b

H
A solution 0f187 (30 mg, 7lumol, 1 eq.) in THF (1 ml), water (0.5 ml) and aceitid (2

ml) was stirred for 16 hours at 20 °C. The solutiwwas concentrateith vacuoand the
resulting product was purifieda flash column chromatography (2-4% MeOH in DCM) to
afford a pale yellow oil (15 mg, 69%).

'H-NMR (500 MHz, CDCL): 5.77-5.85 (m, 2H, &H/ C°H), 5.46 (d,J = 2.2 Hz, 1H,
C3H), 5.28 (ddtJ = 16.9, 1.8, 1.8 Hz, 1H,*€H"), 5.08 (ddtJ = 10.0, 1.8, 1.8 Hz, 1H,
C™H?), 4.22 (tddJ = 6.0, 6.0, 3.7 Hz, 1H,€H), 3.80 (ddJ = 12.1, 3.7 Hz, 1H, €H,),
3.75 (dd,J = 12.1, 6.0 Hz, 1H, BH,), 2.91-2.95 (m, 2H, EH,), 2.46 (t,J = 7.6 Hz, 2H,
C'Hy), 2.23 (tt,J = 7.0, 2.4 Hz, 2H, €H,), 2.08 (s, 1H, OH), 1.70-1.80 (m, 4H3&/
C'H,), 1.52-1.59 (m, 2H, &1,), 0.96 (t,J = 7.5 Hz, 3H, ¢Hs); *C-NMR (126 MHz,
CDCls): 170.2, 165.8, 165.4, 133.4, 115.8, 100.5, 8820, 81.1, 63.4, 33.3, 28.3, 25.9,
23.3, 23.1, 18.7, 9.6, 1.MS (ESI)m/z(rel.%): 305[MHT (100), 293 (8), 279 (5), 247 (8),
101 (7); HRMS (ESI) calculated for GH.s04 [MH']: 305.1747, found: 305.1733R
(neat, crit): 3419, 2937, 2880, 1700, 1645, 1560, 1433, 13286, 1143, 1061, 1020,
916, 818, 668.
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2-(6-(non-8-en-5-ynyl)-2-pyron-4-yloxy)-butyraldehyle (189)
(0]
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To a solution of oxalyl chloride (16.3 mg, 1g&ol, 1.3 eq.) in DCM (1 ml) at -78 °C was

added DMSO (20.1 mg, 258nol, 2.6 eq.) in DCM (1 ml) carefully over 15 miest The
reaction was stirred for 30 minutes at -78 °C thesolution 0f188 (30.0 mg, 9%umol, 1
eq.) in DCM (1 ml) was added carefully over 20 m@suand the reaction stirred for a
further 30 minutes at -78 °C. TEA (36 mg, 3&7ol, 3.6 eq.) was added over 15 minutes
and the reaction stirred for 1 h at -78 °C theovedld to warm to ambient temperature.
The solvent was removed vacuoand the residue taken up in ether then passedghra
silica plug, eluting with ether. The solvent wden removedn vacuoto afford the
desired product as a colourless oil (29.2 mg, 98%).

H-NMR (400 MHz,CDCl): 9.59 (d,J = 1.5 Hz, 1H, ¢°H), 5.90 (d,J = 2.3 Hz, 1H,
C°H), 5.82 (ddtJ = 17.0, 10.0, 5.4 Hz, 1H,H), 5.30 (ddtJ = 17.0, 1.8, 1.8 Hz, 1H,
C™H"), 5.23 (d,J = 2.3 Hz, 1H, éH), 5.10 (ddtJ = 10.0, 1.8, 1.8 Hz, 1H,eH?), 4.48
(ddd,J = 7.1, 5.4, 1.5 Hz, 1H,€H), 2.96 — 2.93 (m, 2H, €H,), 2.50 (t,J = 7.5 Hz, 2H,
C'Hy), 2.30 — 2.20 (m, 2H, H,), 2.00 — 1.89 (m, 2H,1CH,), 1.84 — 1.71 (m, 2H, T&1y),
1.61 — 1.53 (m, 2H, ), 1.05 (t,J = 7.4 Hz, 3H, &Hs); MS (ESI) m/z (rel.%): 303
[MH™] (100); HRMS (ESI) calculated for GH2304: 303.1591, found: 303.1585.

6-(Non-8-en-5-ynyl)-4-(oct-7-enyloxy)-2-pyrone (192

A solution of 2-pyron®5 (11.0 mg, 4fumol, 1 eq.), 8-bromo-1-octene (18.1 mg, @6o0l,
2 eq.) and DBU (14.4 mg, 95mol, 2 eq.) in MeCN (1 ml), was stirred at 80 °C i
hours. The reaction mixture was cooled and theeswlremovedn vacug and the crude
product purifiedvia flash column chromatography (40% ether in pet rettee afford the
titte compound as a pale yellow oil (11.8 mg, 72)8%

'H-NMR (500 MHz,CDCl): 5.75 — 5.86 (m, 3H), 5.37 (d,= 2.2 Hz, 1H), 5.29 (dd =
17.0, 1.9, 1.9 Hz, 1H), 5.09 (ddt= 10.0, 1.7, 1.7 Hz, 1H), 5.00 (ddts 17.1, 2.1, 1.6 Hz,
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1H), 4.94 (ddtJ = 10.2, 2.1, 1.2 Hz, 1H), 3.92 @t,= 6.5 Hz, 2H), 2.91 — 2.95 (m, 2H),
2.46 (t,J = 7.5 Hz, 2H), 2.23 (1) = 7.0, 2.4 Hz, 2H), 2.02 — 2.09 (m, 2H), 1.72 801(m,
4H), 1.51 — 1.59 (m, 2H), 1.33 — 1.45 (m, 6HE-NMR (126 MHz,CDCly): 170.6, 165.2,
165.1, 138.8, 133.2, 115.7, 114.4, 100.0, 87.9,817.2, 68.8, 33.6, 33.1, 28.7, 28.6, 28.4,
28.1, 25.7, 25.7, 23.1, 18 IS (ESI) m/z(rel.%): 365 [MN4] (50), 343 [MH] (60), 301
(17), 259 (100), 237 (75)HRMS (ESI) calculated for ©HsOs 343.2268, found:
343.2272jR (DCM, cni®): 2930, 1717, 1700, 1652, 1559, 1245, 810.

HexacarbonyKp,-[6-(non-8-en-5-ynyl)-4-(oct-7-enyloxy)-2-pyrong dicobalt (0) (194)

(0]
<
AN Co,(CO)g
=

A solution 0f192 (9.0 mg, 26.3umol, 1 eq.) and CECO) (9.9 mg, 28.9umol, 1.1 eq.) in
THF (1 ml) was stirred under argon at 20 °C fora2its. The reaction mixture was then

purified via flash column chromatography (30% ether in pet rethe afford the title
compound as a red/brown oil (9.0 mg, 57%).

H-NMR (400 MHz,CDCly): 5.92 (ddt,J = 17.0, 10.0, 7.1 Hz, 1H), 5.81 (ddt= 17.0,
10.1, 6.7 Hz, 1H), 5.77 (d,= 2.2 Hz, 1H), 5.38 (d] = 2.2 Hz, 1H), 5.20 (ddt] = 17.0,
1.2, 1.2 Hz, 1H), 5.14 (ddi,= 10.0, 1.2, 1.2 Hz, 1H), 5.00 (ddtz= 17.0, 1.8, 1.8 Hz, 1H),
4.95 (ddtJ = 10.1, 1.8, 1.8 Hz, 1H), 3.92 &= 6.5 Hz, 2H), 3.56 (d] = 7.1 Hz, 2H), 2.84
(dd,J = 8.0, 7.5 Hz, 2H), 2.51 (§,= 7.5 Hz, 2H), 2.06 (q] = 7.0 Hz, 2H), 1.79 — 1.86 (m,
2H), 1.73 — 1.79 (m, 2H), 1.64 — 1.72 (m, 2H), 1-38.46 (m, 6H)*C-NMR (101 MHz,
CDCls): 170.6, 165.0, 164.8, 138.8, 135.4, 117.3, 11214.0, 100.2, 98.4, 88.0, 68.9,
38.2, 33.6, 33.4, 30.8, 29.7, 28.7, 28.6, 28.45,285.6;MS (ESI)m/z(rel.%): 651 [MN4]
(60), 629 [MH] (55), 580 (17), 545 (100), 517 (47), 489 (19)14@0), 413 (56), 391
(54), 365 (56), 343 (98)HRMS (ESI) calculated for &H3:C0,00: 629.0627, found:
629.0628.
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HexacarbonyKp,-[2,19-Dioxa-bicyclo[16.3.1]docosa-1(21),9,18(22)en-12-yn-20-
one]} dicobalt (0) (195)

Co,(CO)g

A solution 0f194 (4.0 mg, 8.0umol, 1 eq.) and Grubbs'(2Gen.) catalyst (1.4 mg, 1.6
umol, 20 mol%) in DCM (5 ml) were stirred under ogen at 40 °C for 24 hours. The
excess solvent was removed vacuoand the crude material purifieda flash column
chromatography (DCM) to afford the title compourslaared/brown oil (3.8 mg, 79.6%)
with a 70:30 mixture of isomers.

'H-NMR (500 MHz,CDCly): 5.83 (d,J = 1.7 Hz, 0.7H), 5.79 (dl = 1.6 Hz, 0.3H), 5.55
(dt,J=15.0, 7.0 Hz, 1H), 5.44 (d,= 1.7 Hz, 0.7H), 5.43 (d, = 1.6 Hz, 0.3H), 5.40 (d§,

= 15.0, 7.5 Hz, 1H), 4.09 — 4.03 (m, 2H), 3.55J¢ 7.5 Hz, 1.4H), 3.52 (d] = 5.8 Hz,
0.6H), 2.91 (ddJ = 16.6, 9.2 Hz, 2H), 2.63 — 2.51 (m, 2H), 1.98Xg,6.1 Hz, 2H), 1.89 —
1.81 (m, 2H), 1.78 — 1.71 (m, 2H), 1.65 — 1.60 2H), 1.51 — 1.38 (m, 4H)*C-NMR
(126 MHz,CDCl): 170.5, 170.3, 165.2, 132.9, 128.2, 100.9, 108839, 88.2, 88.1, 38.6,
35.3, 33.0, 31.1, 30.5, 29.9, 27.5, 26.5, 24.59;28S (ESI) m/z(rel.%): 601 [MH] (12),
491 (8), 413 (36), 391 (45), 297 (100), 281 (XHRMS (ESI) calculated for ggH»7,C0,0q:
601.0314, found: 601.0318R (DCM, cm’): 2916, 2849, 2086, 2043, 2012, 1734, 1559,
1243, 1132.

Octa-Z-4,7-dien-1-ol (199)°®

W/\/\OH
To a 100 ml flask containing PdQ|14 mg, 0.08 mmol, 8 mol%) and NaBkB04 mg, 8
mmol, 8 eq.) under argon, was added PEG-200 (19d¥er 15 minutes. DCM (12 ml)
was added followed b203 (124 mg, 1 mmol, 1 eq.) in one portion. The dolutwas
subsequently cooled to -10 °C and allowed to warrambient temperature over 2 hours.
The reaction was quenched by the addition of w&Bé ml) and the organic layer
separated. The aqueous layer was then extracted@M (3 x 12 ml) and the combined
organic extracts concentratéa vacuq then purifiedvia flash column chromatography

(15% EtOAc in pet ether) to afford the title compduas a colourless oil (66 mg, 52.3%).
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'H-NMR (500 MHz,CDCL): 5.81 (ddtJ = 17.1, 10.1, 6.2 Hz, 1H), 5.49 — 5.36 (m, 2H),
5.03 (dddJ = 17.1, 3.6, 1.7 Hz, 1H), 4.97 (ddbi= 10.1, 3.4, 1.7 Hz, 1H), 3.63 (t= 6.5
Hz, 2H), 2.81 (ddJ = 13.0, 7.2 Hz, 2H), 2.16 — 2.08 (m, 2H), 1.67.581(m, 2H);**C-
NMR (126 MHz,CDCL): 136.9, 130.2, 127.4, 114.6, 62.4, 32.4, 31.4, 2d2(ESI) m/z
(rel.%): 127 [MH] (40), 109 (29), 101 (62), 79 (100HRMS (ESI) calculated for
CgH1s0: 127.1117, found: 127.1118 (neat, crif): 3342, 2931, 2870, 1434, 1347, 1057,
909.

6-(Non-8-en-5-ynyl)-4-(octaZ-4,7-dienyloxy)-2-pyrone (200)

2-pyrone 92 (33 mg, 142umol, 1 eq.), alcoholl99 (27 mg, 213umol, 1.5 eq.) and
triphenylphosphine (56 mg, 248mol, 1.5 eq.) were dissolved in DCM (1 ml) under
nitrogen at 0 °C. DIAD (43 mg, 213mol, 1.5 eq.) was then added carefully over 15
minutes. The reaction was stirred for 16 h atQ@hd then the solvent removiedvacuo
The crude product was purifieta flash column chromatography (20% EtOAc in hexanes)
to afford a colourless oil (25 mg, 52%).

'H-NMR (500 MHz,CDCly): 5.94 (d,J = 2.1 Hz, 1H), 5.74 — 5.86 (m, 2H), 5.52 — 5.41
(m, 2H), 5.40 (dJ = 2.1 Hz, 1H), 5.29 (ddd = 17.0, 1.7, 1.7 Hz, 1H), 5.09 (ddt= 10.0,
1.7, 1.7 Hz, 1H), 5.02 (ddi,= 17.1, 3.4, 1.7 Hz, 1H), 4.98 (ddt= 10.2, 3.4, 1.6 Hz, 1H),
3.94 (t,J = 6.4 Hz, 2H), 2.91 — 2.96 (m, 2H), 2.74 — 2.83 @H), 2.15 — 2.27 (m, 4H),
1.89 — 2.06 (m, 2H), 1.80 — 1.88 (m, 2H), 1.56 #11(m, 4H);*C-NMR (126 MHz,
CDCls): 170.2, 166.1, 164.2, 136.6, 128.9, 128.8, 1281%.7, 114.9, 100.1, 88.7, 81.6,
77.5, 68.2, 48.0, 33.1, 31.4, 31.1, 28.2, 23.21,2B4.4;MS (ESI) m/z(rel.%): 363 [MN4]
(23), 341 [MH] (36), 329 (69), 307 (100)HRMS (ESI) calculated for &H,¢Oa:
341.2111, found: 341.2114.
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Hexacarbonykp,-[6-(non-8-en-5-ynyl)-4-(octaZ-4,7-dienyloxy)-2-pyrone]} dicobalt

(0) (201)
E:/\
R /\COZ(CO)B

=
A solution 0f200 (10.0 mg, 29umol, 1 eq.) and G¢CO) (15 mg, 44umol, 1.5 eq.) in

THF (1 ml) was stirred under argon at 20 °C fora2its. The reaction mixture was then

purified via flash column chromatography (30% ether in pet gtherafford the title
compound as a red/brown oil (5.0 mg, 27.8%).

'"H-NMR (500 MHz,CDCly): 5.97 (d,J = 2.1 Hz, 1H), 5.96 — 5.87 (m, 1H), 5.83 — 5.74
(m, 1H), 5.53 — 5.42 (m, 2H), 5.40 = 2.2 Hz, 1H), 5.20 (d] = 16.9 Hz, 1H), 5.14 (d]

= 9.9 Hz, 1H), 5.06 — 5.00 (m, 1H), 5.00 — 4.96 (), 3.96 — 3.90 (m, 4H), 3.55 (@~
7.1 Hz, 2H), 2.84 () = 8.0 Hz, 2H), 2.79 (t) = 5.7 Hz, 1H), 2.25 — 2.15 (m, 4H), 1.87 —
1.81 (m, 4H);MS (ESI) m/z(rel.%): 627 [MH] (3), 589 (12), 533 (6), 505 (5), 409 (19),
387 (23), 329 (53), 307 (100), 282 (41), 235 (4BRMS (ESI) calculated for
CogH20C0,00: 627.0470, found: 627.04683 (DCM, cmi’): 2930, 2087, 2046, 2014, 1733,
1717, 1700, 1652, 1559.

Oct-7-en-4-yn-1-ol (203Y*°

a 7 / 2 OH
8/ /
6
b

H

In a 3 L round bottom flask wag added pent-4-yn-{14.97 g, 178 mmol, 1 eq.), allyl
bromide (25.9 g, 214 mmol, 1.2 eq.), Nal (53.4 §6 3nmol, 2 eq.), Cul (34.0 g, 178
mmol, 1 eq.) and ¥CO; (49.1 g, 356 mmol, 2 eq.) in acetone (700 ml).e Tlask was
flushed with nitrogen and the mixture stirred f@& Hours at 20 °C, then filtered through
celite and further quenched by the addition of 161 K200 ml). Ether (200 ml) was added
and the phases separated. The aqueous phaseaemasxttacted using ether (4 x 200 ml)
and the combined organic extracts washed withtsate solution (400 ml), dried over
MgSQ, and concentrateid vacuo This afforded a dark orange oil and a whiteds@al).
These were separated via filtration with pet ethereluent, and the solution once again
concentratedn vacuoto afford the crude product which was purifieid flash column
chromatography (20% EtOAc in Heptane) to give @adéss oil (15.1 g, 68.5%).
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'H- NMR (400 MHz, CDCl): 5.81 (ddt,J = 16.9,10.0, 5.3Hz, 1H, ¢H), 5.29 (ddt,J
=16.9,1.7, 1.7 Hz, 1H, &49), 5.09 (ddtJ =10.0, 1.7, 1.Hz, 1H, CH"), 3.76 (tJ = 6.4
Hz, 2H, CHy), 2.93 (m, 2H, €H,), 2.32 (tt,J = 6.4, 2.4 Hz, 2H, &4,), 1.76 (p,J = 6.4
Hz, 2H, CH,); **C- NMR (100 MHz,CDCly): 133.2, 115.7, 96.4, 81.8, 62.0, 31.6, 23.1,
15.4; MS (ESI) m/z (rel.%): 125 [MH] (100); IR (neat, crit): 3359, 2946, 1641, 1421,
1056, 991, 915.

6-(Non-8-en-5-ynyl)-4-(oct-7-en-4-ynyloxy)-2-pyroné204)
0

=
> o
/\/\/\

2-pyrone9d5s (55 mg, 237mol, 1 eq.), alcoha203(44 mg, 355umol, 1.5 eq.) and
triphenylphosphine (93 mg, 35%&nol, 1.5 eq.) were dissolved in DCM (1 ml) under
nitrogen at 0 °C. DIAD (72 mg, 358nol, 1.5 eq.) was then added carefully over 15
minutes. The reaction was stirred for 16 h atQ@fd then the solvent removiedvacuo
The crude product was purifieth flash column chromatography (20% EtOAc in hexanes)
to afford a colourless oil (59.3 mg, 61%).

'H-NMR (500 MHz,CDCly): 5.76 — 5.87 (m, 3H), 5.41 (d,= 2.2 Hz, 1H), 5.29 (ddfl =
16.9, 1.8, 1.8 Hz, 1H), 5.28 (ddt= 16.9, 1.8, 1.8 Hz, 1H), 5.09 (app. dp 10.0, 1.8 Hz,
2H), 4.05 (tJ = 6.2 Hz, 2H), 2.91 — 2.95 (m, 4H), 2.46)t 7.5 Hz, 2H), 2.37 (tt) = 6.8,
2.4 Hz, 2H), 2.23 (1) = 7.0, 2.4 Hz, 2H), 1.96 (3,= 6.6 Hz, 2H), 1.72 — 1.80 (m, 2H),
1.51 — 1.59 (m, 2H)*C-NMR (126 MHz,CDCly): 170.5, 165.3, 165.1, 133.2, 133.0,
115.8, 115.77, 100.0, 88.1, 81.9, 80.5, 78.0, 623, 33.1, 28.1, 27.8, 25.7, 23.1, 23.0,
18.5, 15.3MS (ESI)m/z(rel.%): 339 [MH] (48), 333 (69), 313 (100}RMS (ESI)
calculated for GH,705: 339.1955, found: 339.194R (neat, crit): 2939, 1700, 1642,
1564, 1436, 1249, 914, 733.
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Bis[hexacarbonylp,-[6-(non-8-en-5-ynyl)-4-(oct-7-en-4-ynyloxy)-2-pyroe]}
dicobalt(0)] (205)

o)
|

P
N\C
0,(CO)sg e
N oncon

A solution 0f204 (15.0 mg, 44imol, 1 eq.) and GOCO) (33.4 mg, 97umol, 2.2 eq.) in
THF (1 ml) was stirred under argon at 20 °C fora2its. The reaction mixture was then
purified via flash column chromatography (20% EtOAc in pet etherafford the title
compound as a red/brown oil (38.0 mg, 95%).

H-NMR (400 MHz,CDCl): 5.93 (br. s, 2H), 5.81 (s, 1H), 5.41 (s, IHL(br. s, 4H),
4.07 (br. s, 2H), 3.57 (br. s, 4H), 2.96 (br. s),2H84 (br. s, 2H), 2.53 (br. s, 2H), 2.12 (br.
s, 2H), 1.83 (br. s, 2H), 1.68 (br. s, 2HJC-NMR (101 MHz, CDCl): 170.5, 165.2,
165.0, 135.6, 135.4, 117.6, 117.5, 106.8, 100.3%,987.4, 97.3, 88.3, 68.1, 38.3, 38.3,
33.5, 33.5, 30.9, 30.6, 30.3, 26MS (ESI) m/z (rel.%): 933 [MN4] (100), 911 [MH]
(12); HRMS (ESI) calculated for &H2sCosNaOys: 932.8492, found: 932.848{R (neat,
cm®): 2933, 2088, 2044, 2013, 1734, 1700, 1653, 15697, 1248.



Chapter 5: Intramolecular arylation characterisation

5.1 General Detalils

Reagents were purchased from either Sigma AldrichAlfa Aesar and used
directly unless otherwise stated. Solvents wereddaccording to standard procedures
prior to use and stored under nitrogen. Nitrogers ge&as oxygen free and dried
immediately before use via passage through sodiyanokide pellets and silica. Argon
and hydrogen were administered directly via ballobme substructur@H-pyran-2-one is
henceforth referred to in the text as 2-pyrone.

Where commercially unavailable, 2-bromophenols wsyathesised from the
reaction of the corresponding phenol with.B

All TLC analysis was performed using Merck 5554nailoium backed silica plates
and visualised using UV light (254 nm), an aquesaisition of potassium permanganate,
or an ethanol based solution pfanisaldehydeH NMR and **C NMR spectra were
recorded on a Jeol ECX400 spectrometer operatidp@tand 100 MHz respectively, a
Bruker 500 spectrometer operating at 500 and 126 Méspectively, or a Bruker 700
MHz spectrometer operating at 700 and 176 MHz wmsmdy. All column
chromatography was performed using flash silicawgéh the solvent systems specified

within the text.

5.2 General procedures

5.2.1 Synthesis of 4-(2-haloaryloxy)-2-pyrones (Geral Procedure A)

A solution of 4-Bromo-6-methyl-2-pyrone (1 eq.)halophenol (1.1 eq.), and,®O; (1.5
eg.) in acetone (4 ml/mmol) was stirred at 60 °€1f#® hours. The reaction was quenched
by addition of water and ethyl acetate, and thensyseparated. The aqueous layer was
extracted 3 times using ethyl acetate and the awedbdrganic extracts dried over MgsO
concentratedn vacuoand purified by flash column chromatography (1098CEtOAc in
hexanes).
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5.2.2 Intramolecular C-H arylation (General Procedire B)

A solution of aryl halide (1 eq.), g50; (3 eq.), PPh(4 mol%) and Pgdba-4,40Me);

(2 mol%) in THF (4 ml/mmol) was stirred under ngem at 70 °C for 18 hours. The

reaction was allowed to cool to ambient temperaturé@ quenched by addition of water

and ethyl acetate, and the layers separated. Tlepag layer was extracted 3 times using
ethyl acetate and the combined organic extraceldsver MgS@, concentratedh vacuo

and purified by flash column chromatography (1®8@&tOAc in hexanes).

5.3 Characterisation data

4-Bromo-6-methyl-2-pyrone (106J%*

| (0]
Br Z

A 2 L 3 neck flask containing (14.9 g, 119 mmol, 1 eq.).®s (40.4 g, 284 mmol, 2.4
eq.) and TBAB (42.0 g, 130 mmol, 1.1 eq.) in toleéh L) was equipped with a condenser
and a mechanical stirrer. The reaction mixture thias heated to reflux for 8 hours whilst
stirring then allowed to cool to ambient temperatdrhe toluene was decanted off, and the
viscous black residue was extracted with toluene< (800 ml). The combined organic
fractions were concentrateid vacuo and recrystallisation (toluene) afforded the title
compound as pale orange crystals (15.9 g, 70.7%).

Mpt: 73-74 °C (lit. 73-74 °Cf"; *H-NMR (400 MHz, CDC}): 6.43 (dq,J = 1.7, 0.8 Hz,
1H), 6.18 (dgJ = 1.7, 0.8 Hz, 1H), 2.23 (§,= 0.8 Hz, 1H)®*C-NMR (101 MHz, CDC)):
162.0, 160.6, 141.1, 114.6, 108.4, 1B (ESI) m/z(rel.%): 191 $*Br-MH™] (100), 189
["Br-MH"] (98).

4-{[(12)-1-Ethyl-1,4-pentadienyl]oxy}-6-methyl-2-pyrone (BO)

O
ﬁi
7o) =
AN

A solution of 4-{[(2)-2-Bromo-1-ethyl-1-ethenyl]oxy}-6-methyl-2-pyrong&176a (20 mg,
0.077 mmol, 1 eq.), G80; (75.3 mg, 0.231 mmol, 3 eq.), Allyl boronic acitgcol ester
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(25.9 mg, 0.154 mmol, 2 eq.) a@d (1.2 mg, 0.0015 mmol, 2 mol%) in THF (1 ml) was
stirred under nitrogen at 70 °C for 18 hours. Témction was allowed to cool to ambient
temperature and quenched by addition of water (Lamél ethyl acetate (2 ml), and the
layers separated. The aqueous layer was extrasted athyl acetate (3 x 2 ml) and the
combined organic extracts dried over MgS€bncentrated inacuoand purified by flash
column chromatography (10-20 % EtOAc in hexanesfford the product as a colourless
oil (6.8 mg, 40.0%).

Rf = 0.42 (20% EtOAc in hexanesH-NMR (500 MHz, CDCY): 5.87 (s, 1H), 5.73 (ddt,
J=17.0, 10.1, 6.3 Hz, 1H), 5.40 (s, 1H), 5.14)(% 7.3 Hz, 1H), 5.01 (dd] = 17.0, 1.2
Hz, 1H), 4.99 (ddJ = 10.1, 1.2 Hz, 1H), 2.66 (dd,= 6.3, 7.3 Hz, 2H), 2.23 (s, 3H), 2.18
(9, J = 7.3 Hz, 2H), 1.06 (&) = 7.3 Hz, 3H);*C-NMR (126 MHz, CDC}): 168.8, 164.9,
163.1, 151.3, 135.3, 114.1, 99.8, 95.6, 89.5, 28643, 20.0, 11.1MS (ESI) m/z (rel.%):
243 [MNaT] (28), 221[MHT] (100), 201 (6), 179 (28), 127 (HRMS (ESI) calculated for
CisH1703: 221.1172, found: 221.1175R (neat): 3084, 2975, 2938, 1700, 1643, 1560,
1448, 1407, 1225, 1177, 1139, 1037, 994, 917, &22 ¢

4-Ethyl-7-methyl-furo[3,2-c]-2-pyrone (213)
0

7T 9

0~
The title compound was prepared according to Géren@cedure B, on a 0.108 mmol
scale, to afford the product as a yellow oil (9.¢, #7.9%).
Rf = 0.42 (20% EtOAc in hexanesH-NMR (500 MHz, CDCY): 6.43 (g,J = 0.9 Hz,
1H), 6.36 (tJ = 1.1 Hz, 1H), 2.72 (ddl = 7.5, 1.1 Hz, 2H), 2.32 (d,= 0.9 Hz, 3H), 1.28
(t, J = 7.5 Hz, 3H);13C-NMR (126 MHz, CDC}): 161.0, 160.1, 159.6, 158.8, 115.6,
109.2, 101.3, 21.3, 20.1, 1118S (ESI) m/z(rel.%): 201 [MN4] (22), 179 [MH] (100);
HRMS (ESI) calculated for ¢H1105: 179.0703, found: 179.070(R (neat): 3099, 2976,
2922, 1734, 1622, 1593, 1574, 1459, 1381, 12587,1986, 918, 814, 764 ¢
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9-Methyl-benzofuro[3,2-c]-2-pyrone (216}
(0]

| (0]

0P
The title compound was prepared according to GéReczedure B, on a 0.25 mmol scale,
to afford the product as a yellow solid (39.6 m@.,2%56).
Mpt: 188-190 °C (lit. 226-228°C}* 'H-NMR (400 MHz, CDC}): 8.01 — 8.06 (m, 1H),
7.52 — 7.58 (m, 1H), 7.39 — 7.44 (m, 2H), 6.54X¢; 0.9 Hz, 1H), 2.43 (d) = 0.9 Hz,
3H); *C-NMR (101 MHz, CDC}): 164.5, 162.9, 159.5, 154.9, 126.1, 124.9, 122.9,412
111.5, 103.7, 95.9, 20.84S (ESI) m/z (rel.%): 223 [MN4] (16), 201 [MH] (100);
HRMS (ESI) calculated for GHyOs: 201.0546, found: 201.054%R (neat): 3101, 2919,
1719, 1614, 1572, 1445, 1251, 1187, 971, 934, BB cm"

4-(2-lodophenoxy)-6-methyl-2-pyrone (218)
(0]

Cr

o0 NF

The title compound was prepared according to Géeocedure A, on a 10 mmol scale,
to afford the product as a white solid (2.77g, 84.5

Mpt: 71-73 °C;'H-NMR (400 MHz, CDC}): 7.86 (dd,J = 7.9, 1.5 Hz, 1H), 7.40 (td,=
7.9, 1.5 Hz, 1H), 7.09 (dd,= 7.9, 1.5 Hz, 1H), 7.03 (td,= 7.9, 1.5 Hz, 1H), 6.02 (dqd,=
2.3, 1.0 Hz, €H, 1H), 5.05 (dJ = 2.3, CH, 1H), 2.26 (dJ = 1.0 Hz, CHs, 3H); **C-
NMR (101 MHz, CDCJ): 169.5, 164.3, 163.6, 152.2, 140.3, 130.1, 12822.3, 99.7,
91.2, 89.6, 20.1MS (ESI) m/z(rel.%): 351 [MN4] (100), 329 [MH] (97); HRMS (ESI)
calculated for GHgINaOs: 350.9489, found: 350.948R (neat): 3806, 1697, 1636, 1559,
1437, 1398, 1223, 820, 764 ¢m

4-(2-Allyl-phenoxy)-6-methyl-2-pyrone

A solution of 4-(2-iodophenoxy)-6-methyl-2-pyron@2 mg, 0.25 mmol, 1 eq.), €303
(244 mg, 0.75 mmol, 3 eq.), Allyl boronic acid paohester (84 mg, 0.5 mmol, 2 eq.) and
(E)-PdBr(PPB)2(N-succ) (4 mg, 0.005 mmol, 2 mol%) in THF (2 mlasvstirred under
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nitrogen at 70 °C for 18 hours. The reaction wdswad to cool to ambient temperature
and quenched by addition of water (1 ml) and effcgtate (2 ml), and the layers separated.
The aqueous layer was extracted using ethyl ac&axe2 ml) and the combined organic
extracts dried over MgSQ concentrated invacuo and purified by flash column
chromatography (10-20 % EtOAc in hexanes) to affibvel product as a colourless oil
(25.6mg, 42.3%).

'H-NMR (400 MHz, CDC}): 7.14 — 7.25 (m, 3H), 6.93 (m, 1H), 5.92 (d, B2, 1H),
5.79 (ddtJ = 16.8, 10.1, 6.6 Hz, 1H), 5.04 @z= 2.2 Hz, 1H), 4.93 — 5.02 (m, 2H), 3.19
(d, J = 6.6 Hz, 2H), 2.20 (s, 3H}’C-NMR (101 MHz, CDC)): 170.5, 164.6, 163.4,
150.2, 135.4, 132.2, 131.1, 128.1, 126.8, 121.6,71109.7, 90.6, 33.9, 20.MmS (ESI)m/z
(rel.%): 265 [MN4] (14), 243 [MH] (100); HRMS (ESI) calculated for GH1s0s:
243.1016, found: 243.1014R (neat): 3078, 2921, 1725, 1641, 1565, 1487, 1448621
1320, 1227, 1178, 1134, 982, 820, 768'cm

3-Bromo-6-methyl-4-phenoxy-2-pyrone (219)
0

sue
o NF

A solution 0f106 (189 mg, 1 mmol, 1 eq.), PhOH (103 mg, 1.1 mmdl,€lq) and KCO;
(207 mg, 1.5 mmol, 1.5 eq.) in acetone (3 ml) weatéd to 60 °C for 16 h. The reaction
was quenched by addition of water (2 ml) and ethggtate (3 ml), and the layers
separated. The aqueous layer was extracted wighathtate (3 x 3 ml) and the combined
organic extracts dried over Mggdiltered and concentrated vacuao The residue was
taken up in CHGI (10 ml) and Bf (160 mg, 1 mmol, 1 eq.) was added carefully. The
solution was stirred at 20 °C for 2 h then quendbethe addition of sat. N8Oy aq) (5 ml)
and the solution stirred for a further 10 minut€se organic layer was separated, dried
over NaSQ, then filtered and concentratesh vacuo Purification via column
chromatography (20% EtOAc in pet ether) affordeé title compound as a white
crystalline solid (166 mg, 59%).

Mpt: 122-123 °CH-NMR (400 MHz, CDCJ): 7.47 — 7.41 (m, 2H), 7.33 — 7.28 (m, 1H),
7.10 — 7.05 (m, 2H), 5.60 (d,= 0.9 Hz, 1H), 2.15 (dJ = 0.9 Hz, 3H);*C-NMR (101
MHz, CDCk): 165.5, 162.3, 160.9, 152.8, 130.3, 126.5, 120.§,%90.8, 20.0MS (ESI)
m/z (rel.%): 283 f'Br-MH*] (100), 281 [°Br-MH*] (96), 182 (5), 180 (5)HRMS (ESI)
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calculated for GHio °BrOs; 280.9808, found: 280.9809R (neat): 3051, 2159, 1725,
1640, 1534, 1487, 1379, 1315, 1228, 993, 927 766 cm

4,6-Dichloro-2-pyrone (220§°

| o
Cl Z Cl

A 3-neck flask (100 ml) was fitted with a magnedtarer, a condenser with bubbler, gas
inlet adapter and a funnel. B46.44 g, 30.9 mmol, 1.03 eq.) was added followgd b
dimethyl 1,3-acetonedicarboxylate (5.22 g, 30 mmokq.). Nitrogen gas was bubbled
through the solution and the solution heated tGdor 30 minutes. The reaction was
guenched by pouring the cooled reaction mixture ace (30 g). The flask was rinsed with
a DCM/Water mix (30 ml, 1:1) and the combined Solut separated. The aqueous layer
was extracted with DCM (3 x 10 ml) and the combimeganic extracts concentratad
vacuo An aqueous solution of 20% HCI (31 ml) was thdded and the reaction heated to
reflux for 2.5 h. The water was removiedvacuoand the residue taken up in ether (30 ml)
then dried over calcium chloride. Filtration of tha@lution and concentration vacuogave

a dark orange solid. A round bottom flask was chdngith PG} (6.44 g, 30.9 mmol, 1.03
eg.) and the orange solid added in one portion.filxture was maintainerd at 0 °C until
the solid mixture liquefied. The red solution waen stirred at ambient temperature (20
°C) for 1 hour and a further 15 minutes at 100 T@e solution was allowed to cool to
ambient temperature and DCM (30 ml) added. Thetisoluvas subsequently washed with
water (2 x 30 ml) and organic portion filtered thgh celite. The filtrate was neutralised
by slow addition of sat. NaHC{J,,)(~10 ml) with vigorous stirring. The organic layeas
separated and dried over J$&, then filtered and concentratedvacuo Purificationvia
column chromatography (DCM) afforded the title cauapd as a white crystalline solid
(0.99 g, 20%).

Mpt: 43-44 °C (lit. 43-45 °C§% 'H-NMR (400 MHz, CDCJ): 6.30 (d,J = 1.7 Hz, 1H),
6.30 (d,J = 1.7 Hz, 1H);*C-NMR (101 MHz, CDC}): 158.4, 152.1, 150.3, 111.1, 106.6;
MS (ESI) m/z(rel.%): 169 f'CI/*"CI-MH™] (11), 167 £’CI/*°CI-MH*] (66), 165 F°CI/*°CI-
MH™] (100).
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4-(2-iodophenoxy)-2-pyrone (221yia 4-Chloro-2-pyrone 2

o,
o N

To a solution 0219 (330 mg, 2 mmol, 1 eq.) in AcOH (2 ml) was addeddist (156 mg,
2.4 mmol, 1.2 eq.) and the reaction stirred foh4& 20°C. The solution was filtered and
the excess AcOH remove vacuo The residue was taken up in DCM (10 ml) and water
(3 ml), then neutralised by the addition of solidCQ; (100 mg). The layers were
separated and the aqueous layer extracted with &K 3 ml). The combined organic
extracts were dried over B8Oy, then filtered and concentratedvacuoto afford the title
compound as an off white powder (145 mg, 56%).

'H-NMR (400 MHz, CDC}): 7.44 (dd,J = 5.6, 0.9 Hz, 1H), 6.40 (dd,= 2.0, 0.9 Hz,
1H), 6.28 (ddJ = 5.6, 2.0 Hz, 1H)**C-NMR (101 MHz, CDC}): 160.1, 151.3, 150.8,
114.7, 109.0MS (ESI) m/z (rel.%): 133 f’CI-MH"] (31), 131 f°CI-MH] (100); HRMS
(ESI) calculated for ¢H,%°Cl0,: 130.9894, found: 130.9894.

0
|
CLO
=
o)
A solution of 4-chloro-2-pyrone (125 mg, 0.96 mmbleq.), 2-iodophenol (253 mg, 1.15

mmol, 1.2 eq.), and ££0; (264 mg, 1.9 mmol, 2 eq.) in acetone (5 mL) wasest at 60
°C for 16 hours. The reaction was quenched by @hddf water (2 mL) and ethyl acetate

X

(5 mL), and the layers separated. The aqueous Vegerextracted using ethyl acetate (3
5 mL) and the combined organic extracts dried &gE0O,, filtered and concentrated
vacuo Purification by flash column chromatography (2B%Ac in hexanes) afforded the
titte compound as a white solid (260.2 mg, 86.5%).

Mpt: 92-93 °C;'H-NMR (400 MHz, CDC}): 7.89 (dd,J = 7.9, 1.5 Hz, 1H), 7.50 (dd,=
5.8, 0.7 Hz, 1H), 7.42 (ddd,= 8.1, 7.5, 1.5 Hz, 1H), 7.12 (dd#l= 8.1, 1.5, 1H), 7.05 (ddd,
J=7.9,75, 1.5 Hz, 1H), 6.27 (d#i= 5.8, 2.4 Hz, 1H), 5.20 (dd,= 2.4, 0.7 Hz, 1H)}*C-
NMR (101 MHz, CDCY): 168.4, 163.5, 152.5, 152.1, 140.4, 130.2, 12822.3, 102.8,
94.2, 89.5;MS (ESI) m/z (rel.%): 337 [MN4] (15), 315 [MH] (100); HRMS (ESI)
calculated for GHglO3: 314.9513, found: 314.9516R (neat): 3087, 1700, 1633, 1556,
1434, 1328, 1218, 1195, 1158, 1054, 881, 821, Wl ¢
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Benzofuro[3,2<]-2-pyrone (222)

%
o /

The title compound was prepared according to GéRecedure B, on a 0.25 mmol scale,
to afford the product as a white solid (34.6 mg4%4).

Rr = 0.33 (20% EtOAc in hexanes); Mpt: 149-150 ®8:NMR (400 MHz, CDC}): 8.09
(m, 1H), 7.65 (dJ = 5.7 Hz, 1H), 7.60 (m, 1H), 7.42 — 7.49 (m, 2611 (d,J = 5.7 Hz,
1H); *C-NMR (101 MHz, CDCY): 162.7, 159.1, 155.0, 151.5, 126.7, 125.1, 122.7,712
111.6, 106.5, 98.9MS (ESI) m/z (rel.%): 209 [MN4] (39), 187 [MH] (100); HRMS
(ESI) calculated for GH;Os: 187.0390, found: 187.038%R (neat): 3102, 1717, 1607,
1558, 1448, 1431, 1219, 1171, 1012, 926, 844, 783 cn'.

4-(2-iodophenoxy)-6-phenyl-2-pyrone (223J)ia 4-Chloro-6-phenyl-2-pyrone
(0]

Cl

To a solution of 4,6-dichloro-2-pyron220 (330 mg, 2 mmol, 1 eqg.) and NyPPh),
(21.7 mg, 0.04 mmol, 2 mol%) in THF (4 mL) undetrogen at 20 °C, was added 2.0 M
PhMgBr in THF (1 mL, 2 mmol, 1 eq.). The reactioasnthen stirred at 20 °C for 24 hours
then quenched by the addition of water (2 mL) at@A€ (5 mL). The organic layer was
separated and the aqueous layer extracted with €(@4A 5 mL). The combined organic
extracts were concentratéd vacuoand purified by flash column chromatography (10%
EtOAc in hexanes) to afford a white crystallineid@62.7 mg, 15.2%).

Mpt: 103-105 °C;'H-NMR (400 MHz, CDC}): 7.79 — 7.86 (m, 2H), 7.44 — 7.54 (m, 3H),
6.70 (d,J = 1.7 Hz, 1H), 6.35 (dJ = 1.7 Hz, 1H);"*C-NMR (101 MHz, CDC}): 160.6,
160.5, 151.9, 131.7, 130.2, 129.1, 125.9, 111.8,8MS (ESI) m/z(rel.%): 231 {'CI-
MNa'] (14), 229 f°CI-MNa'] (49), 209 f’CI-MH™] (31), 207 °CI-MH*] (100); HRMS
(ESI) calculated for GHg*>Cl0,:207.0207, found: 207.020@R (neat): 3079, 1721, 1706,
1612, 1537, 1494, 1451, 1364, 1328, 1235, 114%,10860, 859, 813, 776 ¢
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CL

A solution of 4-Chloro-6-phenyl-2-pyrone (50.0 ntg24 mmol, 1 eq.), 2-iodophenol (64
mg, 0.29 mmol, 1.2 eq.), andb®O; (50 mg, 0.36 mmol, 1.5 eq.) in acetone (1 mL) was
stirred at 60 °C for 16 hours. The reaction washghed by addition of water (1 mL) and
ethyl acetate (3 mL), and the layers separateda@oeous layer was extracted using ethyl
acetate (3 x 3 mL) and the combined organic exdrdcied over MgSQ filtered and
concentratedn vacua Purification by flash column chromatography (2@4OAc in
hexanes) afforded the title compound as a white $6¥.6 mg, 82.9%).

Mpt: 155-157 °C*H-NMR (400 MHz, CDC}): 7.91 (ddJ = 8.0, 1.5 Hz, 1H), 7.84 — 7.89
(m, 2H), 7.47 — 7.52 (m, 3H), 7.44 (ddb= 8.1, 7.4, 1.5 Hz, 1H), 7.17 (dd= 8.1, 1.5
Hz, 1H), 7.07 (dddj = 8.0, 7.4, 1.5 Hz, 1H), 6.70 (@= 2.1 Hz, 1H), 5.20 (d] = 2.1 Hz,
1H); *C-NMR (101 MHz, CDC}): 169.6, 163.7, 161.5, 152.4, 140.4, 131.3, 13189,2,
128.0, 128.4, 125.8, 122.4, 97.3, 92.2, 8B, (ESI) m/z(rel.%): 413 [MN4] (34), 391
[MH™] (100); HRMS (ESI) calculated for GH;,105:390.9826, found: 390.9820R
(neat): 3093, 2962, 1698, 1629, 1555, 1402, 1287811173, 1020, 808, 766 ¢m

9-Phenyl-benzofuro[3,2¢€]-2-pyrone (224)

The title compound was prepared according to GéReceedure B, on a 0.13 mmol scale,
to afford the product as a yellow solid (20.0 m@.,88%6).

H-NMR (400 MHz, CDC}): 8.09 (m, 1H), 7.93 — 7.98 (m, 2H), 7.60 (m, 1H}97- 7.53
(m, 3H), 7.43 — 7.47 (m, 2H), 7.18 (s, 1H¥C-NMR (101 MHz, CDCJ): 164.4, 160.8,
158.7, 155.3, 131.4, 131.1, 129.1, 126.4, 125.8,112122.9, 121.6, 111.5, 104.7, 93.2;
MS (ESI) m/z (rel.%): 263 [MH] (100), 251 (28), 159 (26), 149 (15HRMS (ESI)
calculated for &H1105:263.0703, found: 263.0706R (neat): 3090, 2161, 1721, 1560,
1537, 1446, 1382, 1021, 746, 687tm
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4-(2-iodophenoxy)-6-phenethyl-2-pyrone (225)ia 4-Bromo-6-phenethyl-2-pyrone
(0]

Br

To a solution of 4-hydroxy-6-phenethyl-2-pyro@@ (100 mg, 0.46 mmol, 1 eq.) in DMF
(2 ml) under nitrogen, was added carefully £B502 mg, 1.85 mmol, 4 eq.) over 10
minutes. The reaction was then stirred at 80 " &hours and allowed to cool to ambient
temperature, then DMF was removed under high vacanawater (2 ml) and & (5 ml)
added. The organic layer was separated and theas|l@yer extracted with £ (5 x 5
ml) then the combined organic extracts dried oveySK3, and concentrated imacuoto
give the crude product. Purification via flash eolu chromatography (10% EtOAc in
hexanes) gave the title compound as a yellowsil.3 mg, 39.2%).

'H-NMR (400 MHz, CDC}): 7.20 — 7.26 (m, 2H), 7.17 (m, 1H), 7.07 — 7.1, 2H), 6.39
(d,J = 1.6 Hz, 1H), 6.05 (d] = 1.6 Hz, 1H), 2.90 (1) =7.9 Hz, 2H), 2.70 (t) = 7.9 Hz,
2H); **C-NMR (101 MHz, CDC}): 164.3, 160.6, 141.0, 139.4, 128.6, 128.2, 12516,1,
108.2, 35.4, 32.8Y1S (ESI)m/z(rel.%): 303 {*Br-MNa'] (57), 301 [*Br-MNa'] (58), 281
[BBr-MH™] (96), 279 [*Br-MH"] (100); HRMS (ESI) calculated for GH:.°BrO.:

279.0015, found: 279.0010;
[
Cr s
pZ
o)

A solution of 4-Bromo-6-phenethyl-2-pyrone (45.0,n0gl6 mmol, 1 eq.), 2-iodophenol
(40 mg, 0.18 mmol, 1.1 eq.), and®0O; (33 mg, 0.24 mmol, 1.5 eq.) in acetone (1 mL)
was stirred at 60 °C for 16 hours. The reaction q@snched by addition of water (1 mL)
and ethyl acetate (3 mL), and the layers separdteel.agueous layer was extracted using
ethyl acetate (3 x 3 mL) and the combined orgaxiaets dried over MgSQfiltered and
concentratedn vacua Purification by flash column chromatography (2@4OAc in
hexanes) afforded the product as a yellow solid4(89y, 58.9%).

'H-NMR (400 MHz, CDC}): 7.87 (dd,J = 7.9, 1.5 Hz, 1H), 7.40 (ddd,= 8.1, 7.4, 1.5
Hz, 1H), 7.27— 7.34 (m, 2H), 7.23 (m, 1H), 7.17217(m, 2H), 7.08 (ddJ = 8.1, 1.5 Hz,
1H), 7.04 (tdJ = 1.5, 7.8, 1H), 5.95 (dl = 2.2 Hz, 1H), 5.08 (d] = 2.2 Hz, 1H), 2.98—
3.06 (m, 2H), 2.79- 2.88 (m, 2HY*C-NMR (101 MHz, CDC}): 169.3, 165.9, 164.3,



152.3, 140.3, 139.7, 130.1, 128.6, 128.3, 128.8,5,222.3, 99.7, 91.6, 89.6, 35.7, 32.9;
MS (ESI) m/z (rel.%): 441 [MN4] (16), 419 [MH] (100); HRMS (ESI) calculated for
CioH16103: 419.0139, found: 419.013(R (DCM): 3065, 3030, 2932, 1724, 1643, 1571,
1497, 1329, 1269, 1262, 1227, 1131, 1022 cm

9-Phenethyl-benzofuro[3,2€]-2-pyrone (226)

The title compound was prepared according to Géren@cedure B, on a 0.071 mmol
scale, to afford the product as a yellow solid 31g, 68.2%).

Rf = 0.58 (20% EtOAc in hexanes); Mpt: 130-132 *8:NMR (400 MHz, CDC}): 8.01
—8.08 (m, 1H), 7.51 — 7.58 (m, 1H), 7.38 — 7.45 2id), 7.27 — 7.33 (m, 2H), 7.25 - 7.18
(m, 3H), 6.46 (tJ = 0.7 Hz, 1H), 3.09 (ddl = 8.5, 6.4 Hz, 2H), 2.94 — 2.99 (m, 2Hc-
NMR (101 MHz, CDC§): 165.2, 164.2, 155.0, 139.7, 128.7, 128.3, 126.5,212125.0,
122.9, 121.4, 111.5, 104.0, 99.9, 95.9, 36.3, IAI;(ESI) m/z(rel.%): 313 [MN4] (44),
291 [MH'] (100); HRMS (ESI) calculated for ©H;s0s: 291.1016, found: 291.1011R

(neat): 3085, 3057, 2921, 1727, 1612, 1571, 1438611029, 970, 937, 817, 750, 701’ cm
1

4-(2-bromo-4-methyl-phenoxy)-6-methyl-2-pyrone (228)
(0]

Br
\©: | (0]
o =

The title compound was prepared according to GéReceedure A, on a 1 mmol scale, to
afford the product as a white solid (283.5 mg, 96.1

Mpt: 64-65 °C;*H-NMR (400 MHz, CDCY): 7.46 (d,J = 1.5 Hz, 1H), 7.15 (dd] = 1.5,
8.1 Hz, 1H), 7.00 (dJ = 8.1 Hz, 1H), 6.00 (dg]l = 2.2, 0.9 Hz, 1H), 5.08 (d,= 2.2, 1H),
2.36 (s, 3H), 2.26 (d] = 0.9 Hz, 3H);*C-NMR (101 MHz, CDC}): 169.8, 164.4, 163.5,
147.0, 138.3, 134.4, 129.7, 122.6, 115.4, 99.8,90.6, 20.0MS (ESI) m/z(rel.%): 297
[BBr-MH"] (98), 295 [*Br-MH"] (100); HRMS (ESI) calculated for GH:.°BrOs:
294.9964, found: 294.9972R (neat): 3072, 1726, 1648, 1561, 1488, 1449, 139561
1239, 1128, 850, 830 ¢n
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4-(2-bromo-4,6-dimethyl-phenoxy)-6-methyl-2-pyrong228b)
(0]

The title compound was prepared according to GéReaeedure A, on a 4 mmol scale, to
afford the product as a white solid (454 mg, 36.8%)

Mpt: 138-142 °CH-NMR (400 MHz, CDCJ): 7.27 (m, 1H), 7.00 (m, 1H), 6.02 (dj=
2.0, 0.9 Hz, 1H), 5.02 (d} = 2.0 Hz, 1H), 2.31 (app. d,= 0.7 Hz, 3H), 2.27 (d] = 0.9,
3H), 2.14 (app. tJ = 0.6 Hz, 3H);"*C-NMR (101 MHz, CDC}): 169.0, 164.6, 163.6,
145.3, 137.9, 132.0, 131.8, 131.4, 115.7, 99.41,990.6, 20.1, 16.4MS (ESI) m/z
(rel.%): 333 f'Br-MNa'] (17), 331 [*Br-MNa'] (18), 311 §'Br-MH*] (97), 309 [°Br-
MH*] (100); HRMS (ESI) calculated for GH14'°BrOs: 309.0121, found: 309.0119R
(neat): 3074, 2922, 1699, 1640, 1563, 1445, 14PP0]11203, 1134, 981, 828 &m

4-(2-bromo-4+tert-butyl-phenoxy)-6-methyl-2-pyrone (228c)

0]
Br
jW@El"
O/

The title compound was prepared according to GéReceedure A, on a 2 mmol scale, to
afford the product as a white solid (442 mg, 65.6%)

Mpt: 148-149 °C*H-NMR (400 MHz, CDC4): 7.60 (d,J = 2.2 Hz, 1H), 7.35 (dd] = 8.5,
2.2 Hz, 1H), 7.03 (dJ = 8.5 Hz, 1H), 6.00 (dJ = 2.0 Hz, 1H), 5.06 (dJ = 2.0 Hz, 1H),
2.25 (s, 3H), 1.30 (s, 9H)*C-NMR (101 MHz, CDC}): 169.8, 164.4, 163.4, 151.7, 146.8,
131.0, 126.2, 122.4, 115.3, 99.6, 90.7, 34.7, 3A01Q; MS (ESI) m/z (rel.%): 361 {'Br-
MNa'] (20), 359 [*Br-MNa'] (22), 339 f'Br-MH*] (96), 337 [*Br-MH"] (100); HRMS
(ESI) calculated for §H18798r03: 337.0434, found: 337.042%R (neat): 3089, 2955,
1707, 1644, 1567, 1491, 1440, 1403, 1225, 113271979, 858, 822 cth



4-(2-bromo-4,6-ditert-butyl-phenoxy)-6-methyl-2-pyrone (228d)
(0]

To a solution of 2-bromo-4,6-dert-butylphenol (285 mg, 1 mmol, 1 eq.) under nitrogen
in THF (2 ml) was added NaH (24 mg, 1 mmol, leq.pne portion. The solution was
stirred at 25 °C for 1 hour then 4-bromo-6-methyy2one (189 mg, 1 mmol, 1 eq.) was
added and the solution stirred at 60 °C for 16 iolihe reaction was allowed to cool to
ambient temperature and quenched by the additiomatér (1 ml). The solution was then
extracted by EtOAc (3 x 3 ml) and the combined bpigeaxtracts dried over MgSQ
concentrated in vacuo to afford the crude prodwrRdrification by flash column
chromatography (15% EtOAc in hexanes) affordedtithe compound as a white solid
(108.4mg, 27.6%).

Mpt: 108-110 °CH-NMR (400 MHz, CDC}): 7.45 (d,J = 2.3 Hz, 1H), 7.38 (d] = 2.3
Hz, 1H), 5.99 (s, 1H), 5.05 (s, 1H), 2.27 (s, 3HR1 (s, 9H), 1.30 (s, 9HJ*C-NMR (101
MHz, CDCk): 169.7, 164.6, 163.5, 150.5, 145.2, 143.5, 12921.3, 117.2, 99.7, 91.7,
35.6, 34.8, 31.2, 30.6, 20MS (ESI)m/z(rel.%): 417 $*Br-MNa'] (17), 415 [°Br-MNa']
(17), 395 {'Br-MH'] (100), 393 [*Br-MH™] (98); HRMS (ESI) calculated for
CooHa26 "BrOs: 393.1060, found: 393.1058 (neat): 2959, 1719, 1649, 1566, 1438, 1401,
1223, 1128, 979, 852, 826 ¢m

4-(2-bromo-4-phenyl-phenoxy)-6-methyl-2-pyrone (228

U i
Br
Cr
=
(0]
The title compound was prepared according to GéRecedure A, on a 2 mmol scale, to
afford the product as a white solid (646 mg, 90.4%)
Mpt: 125-127 °CH-NMR (400 MHz, CDC}): 7.86 (d,J = 2.2 Hz, 1H), 7.57 (dd} = 8.4,
2.2 Hz, 1H), 7.53 — 7.56 (m, 2H), 7.44 — 7.49 (#H),27.40 (m, 1H), 7.20 (d] = 8.4 Hz,
1H), 6.05 (dgJ = 2.2, 0.8 Hz, 1H), 5.17 (dd,= 2.2, 0.5 Hz, 1H), 2.29 (dd,= 0.8, 0.5
Hz, 3H); *C-NMR (101 MHz, CDC}): 169.6, 164.4, 163.6, 148.5, 141.6, 138.5, 132.6,

129.0, 128.2, 127.8, 127.1, 123.2, 116.2, 99.5,,PD.1;MS (ESI) m/z(rel.%): 381 {'Br-
MNa'] (14), 379 [°Br-MNa'] (14), 359 §*Br-MH*] (98), 357 [*Br-MH*] (100); HRMS
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(ESI) calculated for GH14"°BrOs: 357.0121, found: 357.011TR (neat): 3060, 1717,
1692, 1644, 1566, 1474, 1402, 1227, 1132, 1044, 882 817, 769, 738, 698 &m

4-(2-bromo-4-methoxy-phenoxy)-6-methyl-2-pyrone (23)
(0]

Sods
o =

The title compound was prepared according to GéRecedure A, on a 1 mmol scale, to
afford the product as a white solid (279.3 mg, 89.8

Mpt: 98-99 °C:*H-NMR (400 MHz, CDC}): 7.15 (d,J = 2.9 Hz, 1H), 7.04 (d] = 8.9 Hz,
1H), 6.88 (dd, = 8.9, 2.9 Hz, 1H), 6.00 (d,= 2.2 Hz, 1H), 5.08 (d] = 2.2 Hz, 1H), 3.81
(s, 3H), 2.26 (s, 3H)"*C-NMR (101 MHz, CDC}): 170.1, 164.5, 163.4, 158.2, 142.9,
123.3, 118.8, 116.1, 114.8, 99.5, 90.8, 55.9, 20.9;(ESI) m/z(rel.%): 335 ler—MNa+]
(99), 333 [*Br-MNa'] (100), 313 §'Br-MH™] (93), 311 [*Br-MH*] (311); HRMS (ESI)
calculated for @3H127gBrO4: 310.9913, found: 310.9909R (neat): 3193, 3087, 1726,
1647, 1569, 1491, 1446, 1403, 1211, 1133, 1018, 88D, 805, 779 cth

4-(2-bromo-5-methoxy-phenoxy)-6-methyl-2-pyrone (23g)
0

Br
JOUS
\O O/

The title compound was prepared according to GéReceedure A, on a 3 mmol scale, to
afford the product as a white solid (492 mg, 52.7%)

Mpt: 103-106 °C}H-NMR (400 MHz, CDC}): 7.15 (d,J = 2.9 Hz, 1H), 7.04 (d] = 8.9
Hz, 1H), 6.88 (ddJ = 8.9, 2.9 Hz, 1H), 6.00 (d,= 2.2 Hz, 1H), 5.08 (d] = 2.2 Hz, 1H),
3.81 (s, 3H), 2.26 (s, 3HJ*C-NMR (101 MHz, CDC}): 170.1, 164.5, 163.4, 158.2, 142.9,
123.3, 118.8, 116.1, 114.8, 99.5, 90.8, 55.9, 208;(ESI) m/z (rel.%): 335 §'Br-MNa']
(68), 333 [*Br-MNa'] (70), 313 f'Br-MH"] (100), 311 [*Br-MH] (100); HRMS (ESI)
calculated for GHi,""BrO,: 310.9913, found: 310.9909R (neat): 3066, 1709, 1645,
1566, 1483, 1441, 1399, 1314, 1236, 1199, 11373,1941, 858, 836 cth
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4-(6-bromo-2,3-dimethoxy-phenoxy)-6-methyl-2-pyrong228h)

The title compound was prepared according to GéReceedure A, on a 2 mmol scale, to
afford the product as a white solid (116 mg, 17.0%)

Mpt: 127-129 °C;}H-NMR (400 MHz, CDC}): 7.29 (d,J = 9.0 Hz, 1H), 6.78 (d] = 9.0
Hz, 1H), 6.01 (dgJ = 2.2, 0.9 Hz, 1H), 5.14 (dd,= 0.4, 2.2 Hz, 1H), 3.88 (s, 3H), 3.81 (s,
3H), 2.27 (ddJ = 0.9, 0.4 Hz, 3H)**C-NMR (101 MHz, CDC}): 169.2, 164.5, 163.5,
153.4, 143.2, 142.7, 127.3, 111.5, 107.1, 99.38,961.3, 56.3, 20.1MS (ESI) m/z
(rel.%): 365 ['Br-MNa'] (17), 363 [°Br-MNa'] (18), 343 f'Br-MH™] (97), 341 [*Br-
MH™] (100); HRMS (ESI) calculated for GH14°BrOs; 341.0019, found: 341.0012R
(neat): 3095, 2945, 1702, 1623, 1561, 1529, 1428911137, 1081, 983, 841, 818tm

1-Bromo-2,4-bis(6-methyl-2-pyronyl-4-oxy)-benzene2@8i)

(0] (0]
Br
ﬁi@ﬁ’
NN o o =

A solution of 4-Bromo-6-methyl-2-pyrone (756 mg,ndmol, 2 eq.), 2-bromoresorcinol
(378 mg, 2 mmol, 1 eq.), anth®Os (690 mg, 5 mmol, 2.5 eq.) in acetone (4 ml/mmol)
was stirred at 60 °C for 16 hours. The reaction wasnched by addition of water and
ethyl acetate, and the layers separated. The agl@ger was extracted 3 times using ethyl
acetate and the combined organic extracts dried MgSQ,, concentratedn vacuoand
purified by flash column chromatography (10-30 %OAt in hexanes) to afford the title
compound as a white crystalline solid (395 mg, 48.8

Mpt: 143-146 °C]H-NMR (400 MHz, CDC}): 7.72 (d,J = 8.7 Hz, 1H), 6.97 (dd} = 8.7,
2.7 Hz, 1H), 6.93 (d) = 2.7 Hz, 1H), 6.02 (dqg} = 2.2, 0.9 Hz, 1H), 5.95 (dd,= 2.2, 0.9
Hz, 1H), 5.27 (dJ = 2.2 Hz, 1H), 5.11 (d] = 2.2 Hz, 1H), 2.28 (d] = 0.9 Hz, 3H), 2.27
(d, J = 0.9 Hz, 3H);"*C-NMR (101 MHz, CDC}): 169.5, 168.9, 164.0, 164.0, 163.9,
152.4, 150.4, 135.3, 120.8, 116.4, 113.3, 99.43,91.7, 91.3, 30.9, 20.1, 20MIS (ESI)
m/z (rel.%): 429 §'Br-MNa'] (97), 427 [*Br-MNa'] (100), 407 {*Br-MH*] (90), 405
["Br-MH*] (90); HRMS (ESI) calculated for GHi3°BrNaOs: 426.9788, found:
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426.9794]R (neat): 3058, 1722, 1644, 1584, 1565, 1473, 1438911315, 1264, 1227,
1179, 1140, 982, 856, 812 ¢m

4-(2-Bromo-4-fluoro-phenoxy)-6-methyl-2-pyrone (22

The title compound was prepared according to GéRecedure A, on a 1 mmol scale, to
afford the product as a white solid (260 mg, 87.1%)

Mpt: 112-113 °C}H-NMR (400 MHz,CDCl): 7.41 (dddJ = 7.5, 2.5, 0.7 Hz, 1H), 7.15
—7.08 (m, 2H), 6.01 (dq),= 0.8, 2.1 Hz, 1H), 5.06 (d,= 2.1 Hz, 1H), 2.28 (d] = 0.8 Hz,
3H); *C-NMR (101 MHz, CDC}): 169.53, 163.75, 162.8 (d= 273.1 Hz), 158.97, 145.7
(d, J = 3.6 Hz), 123.9 (d] = 9.0 Hz), 121.3 (d] = 26.0 Hz), 116.5 (d] = 10.2 Hz), 116.1
(d, J = 23.3 Hz), 99.40, 90.98, 20.08F-NMR (376 MHz, CDC}): -112.45 (tdJ = 7.5,
5.4 Hz);MS (ESI)m/z(rel.%): 301 $*Br-MH"] (97), 299 [°Br-MH*] (100); HRMS (ESI)
calculated for GHo *BrFOs: 298.9714, found: 298.9714R (neat): 3065, 1731, 1651,
1568, 1480, 1443, 1402, 1246, 1182, 1134, 980, &1, 783 cril.

4-(2-Bromo-5-fluoro-phenoxy)-6-methyl-2-pyrone (228)
0

The title compound was prepared according to GéRecedure A, on a 1 mmol scale, to
afford the product as a white solid (262 mg, 87.7%)

Mpt: 120-122 °CH-NMR (400 MHz,CDCL): 7.62 (ddJ = 8.9, 5.7 Hz, 1H), 6.97 (ddd,
J=8.9, 77,29, 1H), 6.92 (dd= 8.4, 2.9 Hz, 1H), 6.01 (dd,= 2.1, 0.8 Hz, 1H), 5.10 (d,
J = 2.1 Hz, 1H), 2.28 (dJ = 0.7 Hz, 3H);"*C-NMR (101 MHz, CDC}): 169.0, 164.1,
163.9,162.2 (dJ = 251.2 Hz), 150.0 (d] = 10.6 Hz), 134.8 (d] = 9.0 Hz), 115.5 (dJ =
22.2 Hz), 111.2 (dJ = 24.9 Hz), 110.59 (d] = 4.2 Hz), 99.3, 91.3, 20.1%F-NMR (376
MHz, CDCH): -110.01 (tdJ = 8.0, 5.7 Hz)MS (ESI) m/z(rel.%): 301 $Br-MH*] (97),
299 [°Br-MH'] (100); HRMS (ESI) calculated for GHoBrFOs; 298.9714, found:
298.9711)JR (neat): 3063, 2923, 2855, 1726, 1644, 1563, 1483111233, 1166, 1134,
995, 947, 851, 808 cMm
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4-(2-Bromo-4-chloro-phenoxy)-6-methyl-2-pyrone (228
(0]

Cl Br
JOUS:
O/

The title compound was prepared according to GéReceedure A, on a 2 mmol scale, to
afford the product as a white solid (611 mg, 96.8%)

Mpt: 114-115 °C}H-NMR (400 MHz, CDC4): 7.67 (d,J = 2.4 Hz, 1H), 7.36 (dd] = 8.6,
2.4 Hz, 1H), 7.09 (dJ = 8.6 Hz, 1H), 6.00 (d] = 2.2 Hz, 1H), 5.08 (d] = 2.2 Hz, 1H),
2.28 (s, 3H);"*C-NMR (101 MHz, CDC})): 169.2, 164.1, 163.8, 148.1, 133.8, 132.9,
129.3, 123.9, 116.7, 99.3, 91.1, 20MS (ESI) m/z (rel.%): 319 {'CI'Br -MH] (23),
317 F°Cl/®Br, 3'Cl/"Br-MH"] (100), 315 {°Cl/"*Br -MH"] (77); HRMS (ESI) calculated
for CysHe “Br¥°ClO;: 314.9418, found: 314.9411R (neat): 3091, 3063, 1726, 1647, 1564,
1470, 1446, 1401, 1234, 1131, 1090, 979, 849, &13 ¢

4-(2,4-Dibromo-phenoxy)-6-methyl-2-pyrone (228m)
(0]

Br Br
L
=

(0]

The title compound was prepared according to GéRecedure A, on a 2 mmol scale, to
afford the product as a white solid (514 mg, 71.4%)

Mpt: 114-115 °C!H-NMR (400 MHz, CDC}): 7.81 (d,J = 2.3 Hz, 1H), 7.51 (dd] = 8.6,
2.3 Hz, 1H), 7.03 (dJ = 8.6 Hz, 1H), 6.00 (dg] = 2.2, 0.9 Hz, 1H), 5.08 (d,= 2.2 Hz,
1H), 2.28 (d,J = 0.9 Hz, 3H);®*C-NMR (101 MHz, CDC}): 169.1, 164.1, 163.8, 148.6,
136.6, 132.3, 124.3, 120.33, 117.0, 99.3, 91.11;20S (ESI) m/z(rel.%): 363 f'Br /2'Br
-MH] (45), 361 [°Br /#'Br,] (100), 359 {°Br /"*Br-MH*] (46); HRMS (ESI) calculated
for CioHo °Br,Os: 358.8913, found: 358.8911R (neat): 3204, 1731, 1647, 1566, 1535,
1468, 1445, 1402, 1235, 1194, 1132, 982, 852, &i4 c

4-(2-Bromo-4-(trifluoromethyl)-phenoxy)-6-methyl-2pyrone (228n)
0

F3C\©:Br | o
o =

The title compound was prepared according to GéReoeedure A, on a 0.5 mmol scale,
to afford the product as a white solid (166.4 ntg3%).
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Mpt: 91-93 °C;'H-NMR (400 MHz, CDC}): 7.93 (dgJ = 2.2, 0.7 Hz, 1H), 7.65 (ddd,=
8.4, 2.2, 0.7 Hz, 1H), 7.26 (dd,=8.4, 0.8 Hz, 1H), 6.02 (dd,= 2.3, 0.9 Hz, 1H), 5.07
(dg,J = 2.3, 0.6 Hz, 1H), 2.27 (dd, = 0.9, 0.6 Hz, 3H)**C-NMR (101 MHz, CDC}):
168.8, 164.1, 163.9, 152.131.6 (q,J = 3.7 Hz), 130.3 (q) = 33.9 Hz), 127.7 (9] = 3.6
Hz), 126.4 (qJ = 3.5 Hz) 123.6, 116.6, 99.3, 91.4, 20#F-NMR (376 MHz, CDC}): -
62.38 (s);MS (ESI)m/z(rel.%): 351 $'Br-MH*] (96), 349 [°Br-MH*] (100), 282 (7), 271
(12); HRMS (ESI) calculated for GHo °BrFs;Os: 348.9682, found: 348.9685R (neat):
3086, 2960, 2159, 1721, 1646, 1607, 1568, 15116,12405, 1320, 1245, 1119, 1075,
982, 818 crit.

4,9-Dimethyl-benzofuro[3,2€]-2-pyrone (229a)

The title compound was prepared according to GéReogedure B, on a 0.25 mmol scale,
to afford the product as a yellow solid (38.4 mb.876).

'H-NMR (400 MHz, CDCY): 7.82 (dqg,J = 1.9, 0.7 Hz, 1H), 7.41 (d, = 8.4, 1H), 7.20
(ddg,Jd = 8.4, 1.9, 0.7 Hz, 1H), 6.51 (§= 0.9, 1H), 2.47 (app. §,= 0.7 Hz, 3H), 2.41 (d,

J = 0.9 Hz, 3H);®*C-NMR (101 MHz, CDC}): 164.6, 162.6, 159.7, 153.3, 134.8, 127.2,
122.8, 121.2, 110.9, 103.5, 96.0, 21.3, 206, (ESI) m/z(rel.%): 237 [MN4] (40), 215
[MH™] (100); HRMS (ESI) calculated for GH1105[MH*]: 215.0703, found: 215.0708R
(neat): 3088, 2921, 1727, 1615, 1571, 1450, 119871971, 941, 821, 795, 773 ¢m

4,6,9-Trimethyl-benzofuro[3,2<¢]-2-pyrone (229b)

The title compound was prepared according to GéReogedure B, on a 0.25 mmol scale,
to afford the product as a yellow solid (44.8 m@.6%6).

Rr = 0.43 (20% EtOAc in hexanes); Mpt: 149-150 ®8:NMR (400 MHz, CDC}): 7.65
(s, 1H), 7.02 (s, 1H), 6.52 (s, 1H), 2.50 (s, 3H%4 (s, 3H), 2.41 (s, 3HI’C-NMR (101
MHz, CDCk): 164.3, 162.4, 159.8, 152.4, 134.8, 128.5, 122.4,112118.6, 103.8, 96.0,
21.2, 20.6, 14.9MS (ESI) m/z(rel.%): 251 [MN4] (16), 229 [MH] (100); HRMS (ESI)
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calculated for GuH1303: 229.0859, found: 229.0858R (neat): 3097, 2924, 1731, 1621,
1572, 1446, 1287, 1222, 1180, 1033, 970, 939, B4R, 736 crit.

4-tert-Butyl-9-methyl-benzofuro[3,2-c]-2-pyrone (229c)

| o)
0

The title compound was prepared according to GéRecedure B, on a 0.25 mmol scale,

to afford the product as a yellow solid (44.9 m@.276).

Rr = 0.50 (20% EtOAc in hexanes); Mpt: 119-120 *8:NMR (400 MHz, CDC}): 8.03

(app. tJ = 1.3 Hz, 1H), 7.46 (app. d,= 1.3 Hz, 2H), 6.52 (g] = 0.8 Hz, 1H), 2.42 (d] =

0.8 Hz, 3H), 1.40 (s, 9H}?*C-NMR (101 MHz, CDC}): 164.7, 162.6, 159.7, 153.1, 148.4,

123.9, 122.6, 117.8, 110.7, 103.8, 96.0, 35.0,,32@6; MS (ESI) m/z (rel.%): 279

[MNa'] (6), 257 [MHT] (100); HRMS (ESI) calculated for gH;70s: 257.1172, found:

257.1176;IR (neat): 2964, 1732, 1626, 1570, 1459, 1192, 1088, 932, 889, 824, 787

cmt.

4,6-Di-tert-butyl-9-methyl-benzofuro[3,2]-2-pyrone (229d)

The title compound was prepared according to GéRecedure B, on a 0.16 mmol scale,
to afford the product as a yellow solid (35.4 m@.9%%6).

R = 0.64 (20% EtOAc in hexanes); Mpt: 144-147 Ye-NMR (400 MHz, CDC)): 7.90
(d,J = 2.0 Hz, 1H), 7.37 (d] = 2.0 Hz, 1H), 6.56 (q] = 0.9 Hz, 1H), 2.42 (d] = 0.9 Hz,
3H), 1.51 (s, 9H), 1.40 (s, 9H)'C-NMR (101 MHz, CDC})): 163.9, 162.1, 159.8, 151.5,
148.1, 134.1, 123.0, 120.8, 115.6, 103.7, 96.1,,381.5, 31.8, 29.9, 20.MS (ESI)m/z
(rel.%): 335 [MN4] (18), 313 [MH] (100); HRMS (ESI) calculated for gH303:

313.1798, found: 313.179IR (neat): 2954, 1737, 1619, 1569, 1365, 1243, 122641
971, 874, 815, 752 ¢
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4-Phenyl-9-methyl-benzofuro[3,2€]-2-pyrone (229e)

The title compound was prepared according to GéReceedure B, on a 0.25 mmol scale,
to afford recovered starting material (19.5 mg,824). and the product as a yellow solid
(30.0 mg, 43.5% [55.6% b.r.s.m]).

Rr = 0.36 (20% EtOAc in hexanes); Mpt: 211-213 *8:NMR (400 MHz, CDC}): 8.24
(dd,J =1.9, 0.7 Hz, 1H), 7.68 — 7.65 (m, 2H), 7.65 (dl¢;, 8.6, 1.9 Hz, 1H), 7.60 (dd,=
8.6, 0.7 Hz, 1H), 7.44 — 7.49 (m, 2H), 7.38 (m, 16156 (q,J = 0.8 Hz, 1H), 2.44 (d] =
0.8 Hz, 3H);"®*C-NMR (101 MHz, CDC}): 165.0, 163.1, 154.5, 140.6, 138.7, 128.8,
127.5, 127.4, 125.6, 123.5, 119.7, 111.6, 103.8),996.9, 20.7MS (ESI) m/z (rel.%):
299 [MNa] (8), 277 [MH] (100); HRMS (ESI) calculated for GH;30s 277.0859,
found: 277.0862IR (neat): 3055, 2921, 1733, 1625, 1575, 1443, 12496,11030, 968,
930, 887, 829, 805, 775, 762, 703, 682'cm

4-Methoxy-9-methyl-benzofuro[3,2¢€]-2-pyrone (229f)

—O0
(0]

| (0]

0~ F
The title compound was prepared according to GéReogedure B, on a 0.25 mmol scale,
to afford recovered starting material (24 mg, 30.8¥d the product as a yellow solid
(37.1 mg, 64.5% [93% b.r.s.m]).
Rf = 0.31 (20% EtOAc in hexanes); Mpt: 155-157 *B:NMR (400 MHz, CDC}): 7.48
(d,J=2.6 Hz, 1H), 7.43 (d] = 9.0 Hz, 1H), 6.98 (dd} = 9.0, 2.6 Hz, 1H), 6.51 (4,= 0.9
Hz, 1H), 3.90 (s, 3H), 2.42 (d, = 0.9 Hz, 3H);"*C-NMR (101 MHz, CDC}): 164.9,
162.6, 159.7, 157.5, 149.6, 123.6, 115.1, 112.3,9.0103.2, 96.0, 56.0, 20.MS (ESI)
m/z (rel.%): 253 [MN4d] (45), 231 [MH] (100); HRMS (ESI) calculated for GH110;4
[MH™]: 231.0652, found: 231.0651R (neat): 3095, 2958, 1728, 1631, 1619 1572, 1461,
1436, 1274, 1226, 1177, 1023, 965, 937, 848, 838, 771 crit.



5-Methoxy-9-methyl-benzofuro[3,2€]-2-pyrone (2299)
(0]

/O | o}
0~ F

The title compound was prepared according to Géeocedure B, on a 0.5 mmol scale,
to afford the product as a yellow solid (76.7 m@},78%6).
Rf = 0.29 (20% EtOAc in hexanes); Mpt: 172-173 ®8:NMR (400 MHz, CDC}): 7.88
(d,J = 8.6 Hz, 1H), 7.07 (d] = 2.2 Hz, 1H), 7.01 (dd] = 8.6, 2.2 Hz, 1H), 6.51 (d,=
0.9, 1H), 3.88 (s, 3H), 2.41 (d,= 0.9 Hz, 3H);"*C-NMR (101 MHz, CDC}): 164.0,
161.7, 159.7, 159.2, 156.1, 121.5, 115.9, 113.8,81®6.7, 95.9, 55.8, 20.6IS (ESI)m/z
(rel.%): 253 [MN4] (100), 231 [MH] (87); HRMS (ESI) calculated for GH;oNaQ,
[MNa']: 253.0471, found: 253.0468R (neat): 3095, 1715, 1569, 1496, 1270, 1137, 1110,

1036, 973, 939, 834, 801 &m

5,6-Dimethoxy-9-methyl-benzofuro[3,2¢]-2-pyrone (229h)

The title compound was prepared according to GéReogedure B, on a 0.25 mmol scale,
to afford the product as a yellow solid (20.5 m.,536).

Rr = 0.19 (20% EtOAc in hexanesH-NMR (400 MHz, CDCY): 7.61 (d,J = 8.5 Hz, 1H),
7.03 (d,J = 8.5 Hz, 1H), 6.53 (q] = 0.8 Hz, 1H), 4.15 (s, 3H), 3.95 (s, 3H), 2.41J&
0.8 Hz, 3H);"®*C-NMR (101 MHz, CDC})): 164.3, 162.2, 159.6, 150.5, 147.1, 147.0,
118.0, 114.7, 110.8, 103.8, 95.9, 61.3, 57.0, 2A8;(ESI) m/z(rel.%): 283 [MN4] (8),
261 [MH'] (100); HRMS (ESI) calculated for GH;30s: 261.0757, found: 261.0758R
(neat): 3104, 2947, 1731, 1623, 1574, 1504, 144d311269, 1229, 1074, 1001, 971, 950,
801 cni’.
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5-(6-methyl-2-pyronyl-4-oxy)-9-methyl-benzofuro[3,2c]-2-pyrone (229i)

(0]
o~ o _—

The title compound was prepared according to Géfemredure B, on a 0.5 mmol scale,
to afford the product as a yellow solid (26 mg, 36%

Mpt: degrades > 215 °CH-NMR (400 MHz, CDCJ): 8.05 (d,J = 8.4 Hz, 1H), 7.31 (d]

= 2.1 Hz, 1H), 7.16 (dd] = 8.4, 2.1 Hz, 1H), 6.57 (d,= 0.9 Hz, 1H), 6.00 (dd] = 2.2,
0.9 Hz, 1H), 5.23 (dJ = 2.2 Hz, 1H), 2.45 (d] = 0.9 Hz, 3H), 2.28 (d] = 0.9 Hz, 3H);
3C-NMR (101 MHz, CDC}): 170.7, 165.5, 163.6, 163.5, 159.1, 157.9, 155.@.615
122.3, 121.4, 118.5, 105.3, 103.4, 99.9, 99.7,, 98L&, 20.7, 20.1MS (ESI) m/z(rel.%):
347 [MNd] (98), 325 [MH] (100); HRMS (ESI) calculated for GH130s 325.0707,
found: 325.0701tR (neat): 3100, 1726, 1649, 1615, 1570, 1445, 1480911255, 1168,
1135, 1032, 982, 944, 819 ¢m

4-Fluoro -9-methyl-benzofuro[3,2€]-2-pyrone (229j)

The title compound was prepared according to GéReoedure B, on a 0.25 mmol scale
using 2.5 mol% Pgdba-4,40Me); and 10 mol% PRhto afford the product as a yellow
solid (22.5 mg, 41.3%).

Rf = 0.37 (20% EtOAc in hexanes); Mpt: 207-208 *8:NMR (400 MHz, CDC}): 7.70
(dd,J = 8.1, 2.7 Hz, 1H), 7.48 (dd,= 9.0, 3.9 Hz, 1H), 7.12 (app. tii= 9.0, 2.7 Hz, 1H),
6.53 (q,J = 0.8 Hz, 1H), 2.43 (d = 0.8 Hz, 3H);*C-NMR (101 MHz, CDC}): 165.71,
163.54, 160.3 (d) = 242.1 Hz), 159.08, 151.0 (d,= 1.3 Hz), 124.10 (d) = 11.6 Hz),
113.65 (dJ = 26.4 Hz), 112.27 (d} = 9.6 Hz), 107.49 (d] = 26.5 Hz), 103.76 (d} = 3.6
Hz), 95.85, 20.69*°F-NMR (376 MHz, CDC})): -117.03 (ddd, = 9.0, 8.1, 3.9 Hz)MS
(ESI) m/z (rel.%): 241 [MN4] (67), 219 [MH] (100); HRMS (ESI) calculated for
Ci12HgF05:219.0452, found: 241.044%R (neat): 3090, 2922, 1728, 1613, 1571, 1449,
1243, 1211, 1130, 1031, 972, 856, 797, 76%.cm



5-Fluoro -9-methyl-benzofuro[3,2€]-2-pyrone (229k)
(0]

F | °
0~ F

The title compound was prepared according to GéRecedure B, on a 0.25 mmol scale,
to afford recovered starting material (13.2 mg) tlproduct as a yellow solid (13.2 mg,
24.2%)
H-NMR (400 MHz, CDC}): 7.96 (dd,J = 8.6, 5.4 Hz, 1H), 7.28 (dd, = 8.5, 2.3 Hz,
1H), 7.17 (ddd)) = 9.4, 8.6, 2.3 Hz, 1H), 6.54 (§= 0.8 Hz, 1H), 2.43 (d] = 0.8 Hz, 3H);
13C-NMR (101 MHz, CDC}): 165.1, 163.87 (d] = 233.1 Hz), 162.8, 159.3, 154.93 {d,
= 13.5 Hz), 121.77 (dl = 10.0 Hz), 119.10 (d] = 2.0 Hz), 113.11 (d] = 23.8 Hz), 99.78
(d, J = 27.4 Hz)99.4, 95.8, 20.6'°F-NMR (376 MHz, CDC}): -113.48 (td,J = 9.0, 5.4
Hz); MS (ESI) m/z (rel.%): 241 [MN4] (77), 219 [MH] (100); HRMS (ESI) calculated
for CioHgFOs: 298.9714, found: 298.9711R (CHCl): 1731, 1615, 1573, 1496, 1276,
947, 651 crit.

4-Chloro-9-methyl-benzofuro[3,2€]-2-pyrone (229)

The title compound was prepared according to GéReceedure B, on a 0.25 mmol scale,
to afford the product as a yellow solid (19.5 m8,336).

Rf = 0.33 (20% EtOAc in hexanes); Mpt: 191-193 ®8:NMR (400 MHz, CDC}): 8.01
(dd,J = 2.2, 0.5 Hz, 1H), 7.47 (dd,= 8.8, 0.5 Hz, 1H), 7.36 (dd,= 8.8, 2.2 Hz, 1H),
6.53 (g,J = 0.8 Hz, 1H), 2.43 (dJ = 0.8 Hz, 3H);"*C-NMR (101 MHz, CDC}): 165.4,
163.7, 158.9, 153.2, 130.8, 126.3, 124.3, 121.@,411103.2, 95.8, 20. WS (ESI) m/z
(rel.%): 259 f'CI-MNa'] (10), 257 f°CI-MNa'] (38), 237 f'CI-MH*] (31), 235 f°CI-
MH™] (100); HRMS (ESI) calculated for GHg>°ClOs: 235.0156, found: 235.0156R
(neat): 3093, 2923, 1737, 1627, 1570, 1438, 1258411030, 967, 928, 811, 797 ¢tm
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4-(Trifluoromethyl)-9-methyl-benzofuro[3,2-c]-2-pyrone (229n)

FsC
(0]

| o
0~

The title compound was prepared according to GéReczedure B, on a 0.25 mmol scale,

to afford the product as a yellow solid (7.1 mg,620).

'"H-NMR (400 MHz, CDC})): 8.34 (dtJ = 1.5, 0.7 Hz, 1H), 7.70 — 7.63 (m, 2H), 6.59d,

= 0.8 Hz, 1H), 2.46 (d) = 0.8 Hz, 3H);**F-NMR (376 MHz, CDC}): -61.11 (d, J = 5.2

Hz); MS (ESI) m/z (rel.%): 269 [MH] (100), 249 (24), 215 (15), 126 (82), 84 (44);

HRMS (ESI) calculated for GHgF30s5: 269.0420, found: 269.043[R (neat): 2953, 2923,

2853, 1743, 1575, 1458, 1319, 1266, 1164, 1119190, 818 crh.

4-(2-Bromo-phenylsulfanyl)-6-methyl-2-pyrone (231)
0

Br
PPP:
S/

The title compound was prepared according to GéReceedure A, on a 1 mmol scale, to
afford the product as a yellow solid (296 mg, >99%)

Mpt: 75-79 °C;'H-NMR (400 MHz, CDC}): 7.76 (ddJ = 7.6, 1.7 Hz, 1H), 7.64 (dd,=
7.6, 2.0, 1H), 7.41 (td1 = 7.6, 1.7 Hz, 1H), 7.36 (td,= 7.6, 2.0 Hz, 1H), 5.86 (dd,= 1.6,
0.9 Hz, 1H), 5.36 (d) = 1.6, 1H), 2.21 (app. s, 3HYC-NMR (101 MHz, CDC}): 161.5,
160.9, 158.2, 137.9, 134.4, 132.3, 130.7, 128.8,3,2103.9, 102.6, 19.%S (ESI) m/z
(rel.%): 299 'Br-MH'] (100), 297 [°Br-MH'] (98); HRMS (ESI) calculated for
C12H10"BrO,S: 296.9579, found: 296.9588R (neat): 3096, 1702, 1623, 1529, 1442,
1313, 1218, 1027, 981, 822, 749'tm

2-Bromo-benzoic acid (6-methyl-2-pyron-4-yl) este(234)

O
"’ ﬁok
=
(0] (0]

To a solution 0B (252 mg, 2 mmol, 2 eq.), 2-Bromo-benzoic acid (&@f, 1 mmol, 1 eq.)
and DMAP (6.6 mg, 0.05 mmol, 5 mol%) in DCM (3 mal) 22 °C was added DIC (139

mg, 1.1 mmol, 1.1 eq.) carefully over 15 minutelse Teaction was stirred at 22 °C for 24
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h and the solvent removéd vacuo Purificationvia column chromatography (20% EtOAc
in pet ether) afforded the title compound as aevbitstalline solid (260 mg, 84.1%).

Mpt: 99-100 °C*H-NMR (400 MHz, CDCY): 7.95 (m, 1H), 7.75 (m, 1H), 7.43 — 7.48 (m,
2H), 6.18 (dJ = 2.0 Hz, 1H), 6.13 (dg] = 2.0, 0.8 Hz, 1H), 2.31 (d,= 0.8 Hz, 2H)C-
NMR (101 MHz, CDCGY): 163.5, 163.1, 161.9, 154.2, 135.0, 134.1, 132.9,512127.5,
122.8, 101.4, 101.2, 20.8S (ESI) m/z (rel.%): 311 $Br-MH*] (93), 309 [°Br-MH"]
(100); HRMS (ESI) calculated for GH1o'°BrO,S: 308.9757, found: 308.9758 (neat):
3093, 1726, 1638, 1565, 1432, 1234, 1208, 114311369, 1011, 962, 849, 732 ¢m

Benzofuro[3,2<cJcoumarin (Coumestan)(240}*°

The title compound was prepared according to GéReceedure B, on a 0.25 mmol scale,
to afford recovered starting material (19.6 mg,5524). and the product as a yellow solid
(26.0 mg, 44.1% [56% b.r.s.m]).

Mpt: 178-180 °C (lit. 179-180°C§* H-NMR (400 MHz, CDC}): 8.14 (m, 1H), 8.03
(ddd,J = 7.8, 1.6, 0.4 Hz, 1H), 7.67 (m, 1H), 7.60 (m))1A51 (m, 1H), 7.46 — 7.49 (m,
2H), 7.42 (m, 1H)**C-NMR (101 MHz, CDC}): 156.0, 158.1, 155.5, 153.7, 131.9, 126.8,
125.2, 124.6, 123.4, 121.9, 117.5, 112.6, 111.3,201S (ESI) m/z (rel.%): 237 [MH]
(100), 211 (24)HRMS (ESI) calculated for gHqO3: 237.0546, found: 237.0543;

4-(2-lodophenoxy)-coumarin (242)ia 4-Bromo-coumarin®®*
(6]

Br

A 250 ml 3 neck flask containing 4-hydroxycoumaziil (1.49 g, 9.2 mmol, 1 eq.)20s

(3.13 g, 22.1 mmol, 2.4 eqg.) and TBAB (3.26 g, 1&uhol, 1.1 eq.) in toluene (100 ml)
was equipped with a condenser and a mechanicedrstifrhe reaction mixture was then
heated to reflux for 8 hours whilst stirring thellowed to cool to ambient temperature.

The toluene was decanted off, and the viscous biesiklue was extracted with toluene (3
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x 40 ml). The combined organic fractions were comregedin vacuoand recrystallisation
(toluene) afforded the title compound as pale ceasrgstals (1.16 g, 56%).

Mpt; 92-93 °C (lit. 87-89 °C$% *H-NMR (400 MHz, CDC}): 7.83 (dd,J = 8.0, 1.5 Hz,
1H), 7.59 (ddd,) = 8.3, 7.4, 1.6 Hz, 1H), 7.38 — 7.30 (m, 2H), 6(851H);**C-NMR (101

MHz, CDCk): 158.6, 152.4, 141.4, 133.1, 128.0, 124.9, 119.8,99116.9MS (ESI) m/z

(rel.%): 227 $Br-MH'] (100), 225 [*Br-MH'] (98); HRMS (ESI) calculated for
CoHs"*BrO2: 224.9546, found: 224.9550.

CL,

A solution of 4-Bromo-coumarin (225 mg, 1 mmol,d.)e 2-iodophenol (220 mg, 1 mmol,
1 eq.), and KCO; (276 mg, 2 mmol, 2 eq.) in acetone (3 ml) wageddirat 60 °C for 16
hours. The reaction was allowed to cool to ambiemtperature and quenched by addition
of water (2 ml) and ethyl acetate (4 ml), and tngets separated. The agueous layer was
extracted using ethyl acetate (3 x 4 ml) and thel@ped organic extracts dried over
MgSQ,, concentrated ivacuoand purified by flash column chromatography (10920
EtOAc in hexanes) to afford the product as a wéitéd (310 mg, 85.1%).

Mpt: 154-155 °C}H-NMR (400 MHz, CDC}): 8.09 (d,J = 7.5 Hz, 1H), 7.94 (d] = 7.5
Hz, 1H), 7.64 (tJ = 7.5 Hz, 1H), 7.48 () = 7.5 Hz, 1H), 7.40 (d] = 7.5 Hz, 2H), 7.22 (d,

J = 7.5 Hz, 1H), 7.10 (t) = 7.5 Hz, 1H), 5.31 (s, 1H)?*C-NMR (126 MHz, CDC}):
164.9, 162.4, 153.7, 152.3, 140.5, 132.9, 130.351284.3, 123.3, 122.4, 116.9, 115.1,
93.8, 89.7;MS (ESI) m/z (rel.%): 387 [MN4] (16), 365 [MH] (100); HRMS (ESI)
calculated for @H10lO3: 364.9669, found: 364.9678& (neat): 3067, 1714, 1623, 1608,
1568, 1380, 1227, 1177, 1088, 929, 752'cm

trans-[Pd{CH40-2-(CsHsO2)}(PPhs),] (244)

o]
Ph3P—||3d'LPPh3
|

A solution of Pddba (30 mg, 33umol, 1eq.), and PRK{34 mg, 132umol, 4 eq.) in DCM
(20 ml) was stirred under nitrogen at ambient terajpee for 15 minutes, followed by the

addition of 4-(2-iodophenoxy)-6-methyl-2-pyrone @2ng, 99umol, 3 eq.). The solution
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was then allowed to stir for 1 hour at ambient terapure. The DCM was removeal
vacuoto afford an orange oil which was subsequentlemalyp in EfO (5 ml) and allowed
to crystallise for 16 hours. The solution was tFikered and the crystals washed with@&t
(5 ml), then dried under high vacuum to afford Hoye crystalline solid (63 mg, 65.6%).
H-NMR (700 MHz, CBQCL,): 7.52 (dd,J = 12.4, 5.5 Hz, 12H), 7.37 (,= 7.5 Hz, 6H),
7.28 (t,J = 7.5 Hz, 12H), 6.92 (ddd,= 7.5, 3.5, 1.9 Hz, 1H), 6.48 @t= 7.5 Hz, 1H), 6.32
(t, J = 7.5 Hz, 1H), 6.04 (ddd}, = 7.5, 2.4, 1.2 Hz, 1H), 5.65 (dii= 1.0, 2.0, 1H), 4.72 (d,
J=1.9, 1H), 2.26 (app. s, 3HFC-NMR (176 MHz, CBCl,): 169.1, 164.4, 163.3, 153.4,
149.9, 138.8, 135.5, 132.7, 130.6, 128.3, 125.8,212119.7, 100.4, 91.4, 208P-NMR
(283 MHz, CDCl,): 21.23;MS (LIFDI) m/z(rel.%): 958 [M] (100);

trans-[Pd{C¢H40-2-(CeHs02)}{P(C 6Ds)s}2] (244-ho)
(0]
| O
o =
(CGD5)3P_|IDd”'P(CsD5)3
[

A solution of Pddba (30 mg, 33umol, 1 eq.), and B- PPh (36 mg, 132umol, 4 eq.)

in CH,CI; (20 mL) was stirred under nitrogen at ambient terafure for 15 minutes,
followed by the addition of 4-(2-iodophenoxy)-6-rhgt-2-pyrone (32.8 mg, 98mol,

3 eq.). The solution was then allowed to stir fohdur at ambient temperature. The
CH,CI, was removedn vacuoto afford an orange oil which was subsequentlgtalp

in Et,O (5 mL) and allowed to crystallise for 16 hourfieTsolution was then filtered
and the crystals washed with,&t (5 mL), then dried under high vacuum to afford a
yellow crystalline solid (23 mg, 35.3%4-NMR (700 MHz, CDQCl,): 6.92 (ddd,J =
7.5, 3.5, 1.9 Hz, 1H), 6.48 (@,= 7.5 Hz, 1H), 6.32 (t) = 7.5 Hz, 1H), 6.04 (ddd] =
7.5, 2.4, 1.2 Hz, 1H), 5.65 (dd,= 1.0, 2.0, 1H), 4.72 (d] = 1.9, 1H), 2.26 (app. s,
3H); 3'P-NMR (283 MHz, CDCl,): 21.23;*'P-NMR (283 MHz, Q-THF): 22.44.

Attempted synthesis of a cationic derivative of 245

The neutral P complex244 (41.3 mg, 43umol, 1 eq.) was reacted with AgPEL0.9
mg, 43umol, 1 eq.) in CRCI; (1 mL) at ambient temperature in a dry box foralihin
the dark. The reaction was then filtered througtpaal of Celité", and NMR
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spectroscopy showed that a new cationic complexfamsed along with an additional
new species (presumed to B46). (Selected data)H NMR (700 MHz, CRQCly): 7.93
(t, J=7.9 Hz, 1H), 7.52 (td) = 7.4, 2.2 Hz, 1H), 7.38 (dd,= 8.1, 5.5 Hz, 1H), 7.33
(ddd,J =14.3, 7.9, 1.4 Hz, 1H), 5.20 (@~ 2.0 Hz, 1H), 4.92 (d] = 2.0 Hz, 1H), 1.98
(s, 3H);*'P NMR (162 MHz, CBCl,): 39.02 (br. sAv Y2 46 Hz), 22.09 (s), -143.88
(hept, J = 710 Hz). Layering the Ci€l, solution with EO and storing room
temperature in the dark for two weeks gave crystalgable for X-ray diffraction
study. Rather curiously, it was found that theslgO-2-(CsHs0,)” group from the
cationic Pd species had undergone -B& transfer forming [P{EH4O-2-
(CeHs02)}Phs]PFs (248), which was accompanied by significant Pd blaakrfation.

Reaction of 244 with CgCO; to give product 216

A solution of Pd (dba-4,4-OMe) (3.6 mg, 3.3umol, 1 eq.), and PBh3.4 mg, 13.2
umol, 4 eq.) in @-THF (1 mL) was stirred in a dry box at ambient parature for 15
minutes, followed by the addition of 4-(2-iodophagp6-methyl-2-pyrone218 (4.2
mg, 13.2umol, 4 eq.). The solution was then allowed to &ir 1 hour at ambient
temperature and the Péhtermediate confirmed by NMR. @30; (6.6 mg, 20umol, 6
eq.) was added and the solution heated to 70 °@ fayurs. The solution was cooled to
ambient temperature and filtered. TH&l NMR spectrum showed quantitative

formation of218a

Synthesis of trans-[Pd{CeH3-5-CF3-O-2-(CsHs02)}Br(PPh3),] (247) and attempted
reaction with Cs,CO3

From Pd(dba-H}: A solution of Pd(dba) (30 mg, 33umol, 1 eq.), and PRK34 mg,
132 umol, 4 eq.) in THF (20 mL) was stirred under a &tmosphere for 15 minutes,
giving an orange solution which is Rd{dba-H)(PP}).. 4-(2-Bromo-4-
(trifluoromethyl)-phenoxy)-6-methyl-2-pyron228n (46.0 mg, 132umol, 2 eq.) was
then added and the solution was allowed to stirifdmour at 70 °C. The THF was
removedin vacuoto afford an orange oil which was subsequentlyetalp in E£O (5
mL), and allowed to slowly crystallize over 16 hseurA mixture of purple, orange and
yellow crystals were formed. X-ray crystallograpranalysis identified the purple

crystals as Pddba-H)} (as disordered isomers). The orange and yellowtaly were
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not identified. From Pgdba-4,4-OMe): In a dry box, a solution of Rddba-4,4-
OMe); (3.6 mg, 3.3umol, 1 eq.), and PRNR3.4 mg, 13.2umol, 4 eq.) in @-THF (1
mL) was stirred at ambient temperature for 15 mesugiving an dark orange solution
which is Pdg?-dba-4,4-OMe)(PPh),. 4-(2-Bromo-4-(trifluoromethyl)-phenoxy)-6-
methyl-2-pyrone228n (2.3 mg, 6.6umol, 2 eq.) was then added. The solution was
then allowed to stir for 1 hour at 70 °C and thé' Bdmplex characterized by NMR
spectroscopy. Selected DatB:NMR (400 MHz, Q-THF): 7.59 — 7.54 (m, 12H), 7.35
— 7.30 (m, 6H), 7.26 — 7.22 (m, 12H), 6.67 Jd= 8.5 Hz, 1H), 6.15 (d) = 8.5 Hz,
1H), 6.03 (s, 1H), 5.69 (d}, = 2.2 Hz, 1H), 4.65 (dJ = 2.2 Hz, 1H), 2.24 (s, 3H}!P-
NMR (162 MHz, 3-THF): 24.46 (s). C£0Os (13.2 mg, 40umol, 12 eq.) was then
added to the yellow/orange solution, which was &éeédab 70 °C for 2 hours. The
solution was allowed to cool to ambient temperatmd filtered through Celif&'. 'H
NMR spectroscopic analysis of the filtrate showeda@rmation of the cyclised product
229n The®P NMR spectrum showed degradation of thd Bomplex ats 24.46 (s),
and a new species, identified as {@ddba-4-OMe)(PP¥,] 9. *'P-NMR (162 MHz,
Dg-THF): 26.8 (br. sAv¥2 42 Hz), 25.2 (br. $\v¥2 42 Hz).
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Chapter 6- Appendices

Appendix 1: Reaction optimisation tables

Appendix 1.1 Silylation of 4-hydroxy-6-methyl-2-pyroné&y
0 o}

Base

| -y |
o RMe,Si-Cl sicg, _
Entry R Base Temp (°C) Yield (%)
1 Me TEA 22 No Reaction
2 Me NaH 22 No Reaction
3 Me KoCOs 22 No Reaction
4 ‘Bu KoCOs 22 No Reaction
5 ‘Bu KoCOs 60 No Reaction
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Appendix 1.2: Cross metathesis reactiondf0and113

O
Ru Catalyst (1-6 mol%)
R o Eq. of bromopentene (1-2) R o
ANA T > PP
= = =
o Br o

Temperature  eq. Of Mol%  Yield
Entry R  Solvent Catalyst
(°C) alkene catalyst (%)"
1 Et DCM 30 1.5 Grubbs I 3 0
2 Et DCM 20 1 Grubbs I 1 0
3 Et DCM 20 2 Grubbs I 1 0
4 Et DCM 20 1 Grubbs 11 5 0
5 Et DCM 20 2 Grubbs Il 5 0
6 Et DCM 40 1 Grubbs I 1 0
7 Et DCM 40 2 Grubbs I 1 0
8 Et DCM 40 1 Grubbs I 5 0
9 Et DCM 40 2 Grubbs 11 5 0
10 H DCM 20 2 Grubbs I 6 0
11 H DCM 40 2 Grubbs I 6 0
12 H CHC} 55 2* Grubbs Il 6 Trace
13 Hoveyda-
H CHCh 55 2* 6 0
Grubbs
14 H  Toluene 80 2* Grubbs Il 6 0

" Alkene changed to 6-hydroxyhex-1-ene
" Recovered starting material observed in all cases
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Appendix 1.3 Screening of conditions for the synthesid 21.

o . . /// Base | °

Ho” N7 PN N
120 121
eqg. eg. Phenyl Temperature _
Entry Base Solvent Yield (%)
Base acetylene (°C)
1 DMAP 0.2 1.0 DCM 20 SM recovered
2 DMAP 0.2 11 DCM 40 SM recovered
3 KOH 2 11 DCM 40 SM recovered
4 DIPEA 2 11 DCM 40 SM recovered
5 TEA 2 11 DCM 40 SM recovered
6 KoCOs 2 11 DCM 40 SM recovered
7 DMAP 0.2 11 THF 75 SM recovered
8 KOH 2 11 THF 75 SM recovered
9 DIPEA 2 11 THF 75 SM recovered
10 TEA 2 11 THF 75 SM recovered
11 KoCOs 2 11 THF 75 SM recovered
12 TEA 2 2.2 DCM 100 (pwave) Degradation
of SM

13 TEA 2 2.2 DCM 140 (uwave) Degradation

of SM




Appendix 1.4 Substitution reactions &and141.

o]
¥ /U\)\
EtO [

i |
I
EtO (@)

O

HO Z Z
9 141 140
Entry Solvent  Base Eq.  Temperature Additive  Yield 139 (%)
Base (°C)

1 DCM TEA 1 20 - SM Recovered
2 DCM TEA 1 40 - SM Recovered
3 DCM TEA 15 40 - SM Recovered
4 DCM LiH 1 20 - SM Recovered
5 DCM LiH 1 40 - SM Recovered
6 THF NaH 1 25 - SM Recovered
7 THF NaH 1 70 - SM Recovered
8 Acetone  KCOs 1 25 - SM Recovered
9 Acetone  KCO; 1 45 - SM Recovered
10 THF NaH 1 70 AgN@ SM Recovered
11 DMF NaH 1 25 AgN@ SM Recovered
12 DMF NaH 1 50 AgNQ@ 25-43

" Pyrone-Sodium salt preformed in THF prior to stituain DMF
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Appendix 1.5 Michael addition reactions &and142

O (@]
o Me B
ase
T A" —— 9 B
_— EtO = % =
HO EtO (@)
142

9 144
Eq. of Temperature N _
Entry Solvent Base Additive Yield 144 (%)
Base (°C)
1 DCM  TEA 1 20 - SM Recovered
2 DCM TEA 1 40 - SM Recovered
3 DCM TEA 1 80 (wwave) - SM Recovered
4 DCM DBU 1 40 - SM Recovered
5 DCM DBU 1 80 wave) - SM Recovered
Yb(OTf)3
6 DCM DBU 1 40 SM Recovered
(10 mol%)
Yb(OTf)3
7 DCM DBU 1 80 iwave) SM Recovered
(20 mol%)

Appendix 1.6: Substitution reactions efhalobutyraldehydes wit.

O (@]
X Base
(6] (@]
| + OW |
= O o =
165

Entry X Base Solvent Yield (%)
1 Br TEA THF -
2 Br DBU THF -
3 Cl TEA THF -
4 Cl DBU THF -
5 Cl NaH THF -




Appendix 1.7 Ring Closing metathesis @b2

Ru Cat.
X
193
Entry Catalyst Solvent  Temperature Time Yield
1 Grubbs | DCM 40 °C 48h 0%
2 DCM 40 °C 48 h oy
3 Grubbs I Chloroform 60 °C 48h oy
4 Toluene 100 °C 48 h Qo
5 DCM 40 °C 48h oy
6 Hoveyda-Grubbs Il Chloroform 60 °C 48 h oy
7 Toluene 100 °C 48 h Qo

" Starting material recovered.

TReactions run at a concentration of 0.0016 M.
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Appendix 2: X-ray diffraction details for all compounds.

Compound reference ijf0925m ijf0934m ijf0930 ijf0931 ijf0936m ijf1002m
(216 (222 (229j) (229K) (244 (248

Chemical formula @Hgo:g C11H603 C12H7FO3 C12H7F03 C43H39|O3P2Pd C30H2403P°(F5P1)0.93°(|)0.02

Formula Mass 200.18 186.16 218.18 218.18 959.03 .4808

Crystal system Triclinic Monoclinic  Triclinic Trialic Monoclinic Triclinic

alA 7.1467(5)  11.1190(16) 3.7437(3) 3.7597(2)  10.2109(5 7.8107(8)

b/A 7.3546(5) 8.2091(12) 6.3700(7) 6.1644(4) 11.8937(6)13.2530(14)

c/A 9.3252(6) 18.856(3)  19.0219(19) 19.6660(11) 34.1BAR 14.2579(15)

al® 69.7600(10) 90.00 91.665(9) 92.543(5) 90.00 97 DAUO(

pl° 81.8920(10) 105.787(2) 90.858(7) 90.715(5)  93.0BdP( 104.389(2)

y/° 75.2200(10) 90.00 93.699(8) 90.125(5)  90.00 104332

Unit cell volume/R 443.91(5) 1656.2(4) 452.42(8) 455.30(5) 4139.5(4) 1353.6(2)

Temperature/K 120(2) 110(2) 120(2) 120(2) 110(2) 0(2)1

Space group P1 C2/c P1 P1 P2(1)/n P1

No. of formula units per unit celf, 2 8 2 2 4 2

No. of reflections measured 6084 8041 7806 4447 8959 13874

No. of independent reflections 2211 2057 1688 1706 10290 6661

Rint 0.0124 0.0175 0.0390 0.0286 0.0494 0.0235

Final Ry values [ > 25(1)) 0.0352 0.0373 0.0480 0.0477 0.0330 0.0490

Final WR(F?) values [ > 25(1)) 0.1005 0.0970 0.1249 0.1335 0.0684 0.1227

Final Ry values (all data) 0.0366 0.0443 0.0574 0.0514 9504 0.0719

Final wR(F?) values (all data) 0.1023 0.1024 0.1316 0.1382 7300 0.1367

CCDC number 764708 764709 773153 773154 764710 12647
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ABSTRACT

trans-PdBr(N-Succ)(PPh3),, 1 (1 mol %) ™ X
2M Na,COs3 / THF (1:2, v/v), |// | X

N B 60-80 °C

Y or z

Y// S
I//

z

B(OH),

trans- PdBr( N-Succ)(PPh ), (1) is a universally effective precatalyst for Suzuki

X
O (HO)B._X EZ;I/\TIQ?
Ty v z

", 63-99% yields

—Miyaura cross-couplings of benzylic halides with aryl- or

heteroarylboronic acids. Substituted aryl halides and halogenated cyclic enones can be cross-coupled with aryl- or vinylboronic acids in

excellent yields. Catalyst recycling is also demonstrated.

PdP-catalyzed G-C bond-forming processes have attracted unexplored potentid Their generic use in SuzukiMiyaura
considerable attention in many applied research fields, cross-couplings, to give diarylmethanes, is relatively rare,

including target-directed synthegid Significant effort has

particularly compared to aryl halides. In the 1990s, it was

been placed on the development of new catalyst systems forreported that successful benzylic halide couplings were reliant
a diverse array of coupling partners, particularly aryl on the use of excess organoboronic acid {R5%quiv)?
components. The majority of new catalysts possess anMolander and co-worket$recently developed a valuable

electron-rich donor ligand, e.g., X-Phbsr anN-heterocyclic
carbene ligand,including the excellent PEPPSI cataly3ts,
or utilize palladacycle&While such catalysts are extremely

synthetic protocol using potassium organotrifluoroborates as
the nucleophilic boron coupling partner. The precatalyst,
PdCL(dppf)-CH.Cl, (2 mol %), exhibited the highest cata-

versatile for many substrates, especially aryl/heteroaryl lytic performance (S-Phos and X-Phos, more activated

chlorides and alkyl halides, the coupling of benzylic halides

with organoboronic acids has been little studiesid has

(1) Metal-catalyzed Cross-coupling Reactip@sd ed.; de Meijere, A.,
Diederich, F., Eds.; Wiley-VCH: New York, 2004.

(2) Transition Metals for Organic Synthesidnd ed.; Beller, M., Bolm,
C., Eds.; Wiley-VCH: Weinheim, 2004; Vol. 1.

(3) Nguyen, H.; Huang, X.; Buchwald, S. 0. Am. Chem. SoQ003
125, 11818 and references cited therein.

(4) Zapf, A.; Beller, M.Chem. Commur2005 431.

(5) O'Brien, C. J.; Kantchev, E. A. B.; Hadei, N.; Valente, C.; Chass,
G. A.; Nasielski, J. C.; Lough, A.; Hopkinson, A. C.; Organ, M.Ghem--
Eur. J. 2006 12, 4743, and references cited therein.

(6) Bedford, R. B.Chem. Commur2003 1787.

10.1021/01702291r CCC: $37.00
Published on Web 11/30/2007

© 2007 American Chemical Society

(7) For use of palladacycles, withBus;NBr as a stoichiometric additive,
in reactions of benzylic halides and arylboronic acids, see: (a) Botella, L.;
N&jera, C.J. Organomet. Chen2002 663 46. (b) Alonso, D. A.; Ngera,

C.; Pacheco, M. CJ. Org. Chem2002 67, 5588.

(8) Two other approaches to diarylmethanes have been reported. See:
(a) Vanier, C.; LorgeF.; Wagner, A.; Mioskowski, CAngew. Chem., Int.
Ed.200Q 39, 1679. (b) Nakao, Y.; Ebata, S.; Chen, J.; Imanaka, H.; Hiyama,
T. Chem. Lett2007, 36, 606. For cross-coupling of an in situ generated
organoborane with a substituted benzyl chloride, see: Maddaford, S. P.;
Keay, B. A.J. Org. Chem1994 59, 6501.

(9) (a) Nobre, S. M.; Monteiro, A. LTetrahedron Lett2004 45, 8225.

(b) Chahen, L.; Doucet, H.; Santelli, MSynlett2003 11, 1668. (c)
Chodhury, S.; Georghiou, Aetrahedron Lett1999 40, 7599.
(10) Molander, G. A.; Elia, M. DJ. Org. Chem2006 71, 9198.



ligands, werenot as goodor this specific transformation);

a THF/H0 solvent mixture and GEO; (3 equiv) base were
preferred. Kuwano and Yokogi reported that benzylic
acetates can be used in Suzukiyaura cross-couplings
using a catalyst system composed of DPEpH&s(;3-
C3Hs)Cl)2.11 Given the considerable interest in diarylmethanes
in medicinal chemisti# and in view of the efficiency of
the Pd complex PdBi{-Succ)(PP¥). (1) (Sigma-Aldrich;
Cat. No. 643742) in Stille cross-couplings of allylic and

benzylic halides with organostannanes, we envisaged that

efficient Suzuki-Miyaura cross-couplings of benzylic sub-
strated® could be achieved using this simple Pd soufce.
PPh is a strong enough activating ligand for benzylic
substrates. The imidate aniéris also likely to play an
important role in the global catalyst efficacy. Our findings
using precatalyst'®in Suzuki-Miyaura cross-couplings of
benzylic halides with organoboronic acids are thus reported
herein. Other tricky cross-couplings are presented, in addition
to a valuable recycling protocol.

The initial benchmark was the reaction of substituted
benzylic halides with an equivalent amount of substituted
arylboronic acids using 1 mol % df, in a mixture of 2 M
NaCO; and THF (1:2, v/v) at 60°C (Scheme 1). Under
these simple conditions, a library of cross-coupled products
could be formed efficiently. For example, benzyl bromide
effectively reacted with phenylboronic acid to give diphe-
nylmethane? in 88% vyield after 2 h. The catalyst loading
may be lowered to 0.01 mol %, which after 20 h gave an
81% yield (turnover number of 8100). The incorporation of
substituents onto the aryl group of the boronic add=
4-OMe, 4-F, and 3,5-F) was also possible, giving high yields
of the corresponding cross-coupled produ&s§, respec-
tively). Where the yield dropped slightly fc; it could be
improved by heating to 80C. Benzyl chlorides can also be

(11) Kuwano, R.; Yokogi, MChem. Commur2005 5899.

(12) (a) McPhall, K. L.; Rivett, D. E. A,; Lack, D. E.; Davies-Coleman,
M. T. Tetrahedrorn200Q 56, 9391. (b) Long, Y.-Q.; Jiang, X.-H.; Dayam,
R.; Sachez, T.; Shoemaker, R.; Sei, S.; Neamati).NMed. Chem2004
47, 2561.

(13) Benzylic carbonates have been employed in SuzMkyaura cross-
couplings. See: Kuwano, R.; Yokogi, Mrg. Lett.2005 7, 945.

(14) (a) Crawforth, C. M.; Burling, S.; Fairlamb, I. J. S.; Taylor, R. J.
K.; Whitwood, A. C.Chem. Commur2003 2194. (b) Crawforth, C. M.;
Fairlamb, I. J. S.; Taylor, R. J. KTetrahedron Lett2004 45, 461. (c)
Burling, S.; Crawforth, C. M.; Fairlamb, I. J. S.; Kapdi, A. R.; Taylor, R.
J. K.; Whitwood, A. C.Tetrahedron2005 61, 9736. Note thatis-1 was
used in these studies. The commerical source of RéBr(cc)(PP)2 has
atrans-geometry. This material was used in all of the examples presented
in this paper.

(15) (a) Fairlamb, I. J. S.; Kapdi, A. R.; Lynam, J. M.; Taylor, R. J. K;;
Whitwood, A. C. Tetrahedron2004 60, 5711. (b) Chaignon, N. M.;
Fairlamb, I. J. S.; Kapdi, A. R.; Taylor, R. J. K.; Whitwood, A. €.Mol.
Catal. A: Chem.2004 219 191. (c) Serrano, J. L.; Fairlamb, I. J. S;
Sachez, G.; Gara, L.; Peez, J.; Vives, J.; Lpez, G.; Crawforth, C. M.;
Taylor, R. J. K.Eur. J. Inorg. Chem2004 2706. (d) Crawforth, C. M.;
Fairlamb, I. J. S.; Kapdi, A. R.; Serrano, J. L.; Taylor, R. J. K.; Sanchez,
G. Adv. Synth. Catal2006 348 405. (e) Young, G. L.; Smith, S. A.; Taylor,

R. J. K. Tetrahedron Lett2004 45, 3797. (f) Fairlamb, I. J. S.; Taylor, R.
J. K.; Serrano, J. L.; Sanchez, 8ew J. Chem2006 30, 1685.

(16) In ref 15a, we reported that P#Succy(PPh), is an effective
precatalyst for SuzukiMiyaura cross-couplings of aryl halides with
arylboronic acids. The coupling of 4-nitrobromobenzene with phenylboronic
acid was tested withis-1 as the precatalyst in this paper. For this specific
examplegcis-1 was less effective than RdSucch(PPh),. Since this report,
it has emerged that couplings of this aryl halide, and related compounds,
can be complicated by electron-transfer processes, making it a poor
benchmark substrate for screening catalysts/precatalysts.
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Scheme 1. Cross-Coupling of Benzyl Halides and Arylboronic
Acids (Isolated Yields GiveR)

1 (1 mol %),
2M Nay,CO3 / THF (1:2, ),

@ABr 60 °C (unless otherwise stated) | N | AN
[ o X
v (0.8 mmol) ‘ ~BOH) v e
Z/ Z (0.8 mmol)
2 II II OMe 3

88%, 2 h?
From BnCl: 93%, 2 h

77%, 3 h; 97%, 3 h, 80 °C
From BnCl: 90%, 3 h

F

:
d

4 E 5
91%, 2 h 69%, 5 h
From BnCl: 81%, 3 h From BnCl: 97%, 5 h
sael
NO, 6 NO,
97%, 1.5 h? Z=F,7:87%,15h

Z=0Me, 8:76%, 2.5 h

a Using 0.01 mol % ofl, 81% (20 h).> Using 0.01 mol % of
1, >99% (20 h).cAll BnClI couplings were run at 80C.

used (at 8C°C). 3-Nitrobenzyl bromide reacts with various
organoboronic acids to give cross-coupled products in very
good yields Z = H, 4-F, and 4-OMef—8). In a reaction
with PhB(OH), the catalyst loading was once again lowered
to 0.01 mol % &99% conversion in 20 h; TOK: ~10 000),
exemplifying the stability and longevity of the catalyst
systemt’

Heteroarylboronic acids are also coupled effectively with
benzylic halides (Scheme 2). For example, thiophene-2-
boronic acid couples with BnBr to giv@&in 91% yield. Other
thiopheneboronic acidZ (= 5-Cl, 5-acetyl) participate well
in these reactions affording0 and11 in ~80% vyields for
both BnBr and BnCl. For 5-formylthiophene-2-boronic acid,
a small amount of protodeborylation was observed o).
Thiophene-3-boronic acid reacts equally well with BnBr and
BnCl to give 13 in 93% and 91% yields, respectively.
Coupling of furan-2-boronic acl@with BnBr and 3-meth-
oxybenzyl bromide was possible, giving the coupled products
14and15in excellent yields (94% and 99%, respectively).
Organotrifluoroboraté8 can be used as replacements for the
organoboronic acid coupling components. However, under
our reaction conditions, there is no real advantage over
related organoboronic acids in terms of yields and reaction
times.

(17) For selected examples given in Schemes 1 and Ri-8d¢cy(PPh),
has been tested (see Supporting Information). Precathlymtnpares well
with Pd(N-Succ)(PPh)y; it is clear that both are useful precatalysts for
coupling benzylic halide components in this reaction.

(18) Commercial sources of furan-2-boronic acid and thiophene-2-boronic
acid were found to degrade at 26 in the presence of moisture.

(19) Molander, G. A.; Figueroa, Rldrichimica Acta2005 38, 49.
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Scheme 2. Heteroaryl Couplings (Isolated Yields Given)

Oﬁ

1 (1 mol %),
2M Na,CO5 / THF (1:2, vAv),
60 °C (unless otherwise stated)

[y E (X=0o0rS)
7 X
Y (0.8 mmol) JATIAN
”\//\ X \/Z
BOH), l 7
(0.8 mmol) L X
Y (X=9)
s s
9
91%, 4 h 79%, 4 h
98%, 3 h? From BnCl (80 °C): 83%, 4 h
OO
() m
11
79%, 4 h 60%, 4 h

From BnClI (80 °C): 82%, 4 h

A

93%, 4 h
From BnClI (80 °C): 91%, 5 h

From BnClI (80 °C): 54%, 4 h

Y- O,
AOAY;

Y = H, 14: 94%, 2 h?
Y = OMe, 15: >99%, 15 h?

13

a 1.5 equiv of the organoboronic acid required.

In contrast to benzylic halides, allylic halides do not react
so readily with organoboronic acids under the standard
reaction conditiong? Only where an activated arylboronic

acid is used was any coupled product detected (see Sup-

porting Information). Interestinghg-1,4-dibromo-but-2-ene

can be used as an oxidant in homocoupling reactions of the

organoboronic acids affording biaryls in high yield (Scheme
3). For example, PhB(OH)and 4-methoxyphenylboronic

Scheme 3. Facile Homocoupling Using
E-1,4-Dibromo-but-2-ene as the Oxidant (Isolated Yields Given)

1 (1 mol %),
2M Na,CO5 / THF (1:2, vv),
60°C, 16 h
Br
Br/\/\/

Z=H, 16:88%
Z=0Me, 17: 87%

s
4 2

>99%

as above

s
E/fa(om2 E——

acid gave homocoupled produdi§and17in 88% and 87%

In view of the versatility ofl with benzylic substrates, its
reactivity toward awkward aryl coupling partners was also
explored?” More demanding arylboron reagent®9@nd22),
susceptible to protodeborylation, effectively cross-couple
with aryl bromides (Scheme 4, reactions 1 and 2). For

Scheme 4. Other Cross-Coupling Reactions (Isolated Yields

Given)
1(1 mol%),
2M Na,CO5 /
THF (1:2, w¥),  TBDMSQ
60°C, 15 h
Ao e LA
TBDMSQ
o OTBDMS
/
MeO Bl Y = C(O)Me, 20: 84%
o Y = OMe, 21: 72%
19 OTBDMS

as above, 1 h

MeQ OMe 23 91%

OH
MeO B, (X-ray obtained)
OH
22 OMe
o] o}
( as above, 4 h, 80 °C (
T Do
MeO B(OH
n=torz ° <:> (OH), 4: 94%

as above, 6 h, 80 °C
B —
X

B(OH),

example, in eq 1, the sterically cumbersome arylboronic acid
19 couples well with two aryl bromides (¥ C(O)Me, 20
in 84% yield; Z= OMe, 21in 72% yield). The less-hindered,
but as electron-releasing, 2,4,5-trimethoxyphenylboronic acid
22 is also a useful nucleophilic coupling partner (eq 2),
revealing the highly oxygenated biaryl prod&3 (X-ray
structure determined). Furthermore, both 2-iodocyclopent-
2-enone and 2-iodocyclohex-2-enone react with 4-methox-
yphenylboronic acid to give4 and 25 in 94% and 87%
yields, respectively (eq 3). Finally;prop-1-enylboronic acid
reacts well with 2-iodocyclohex-2-enone to gi2&in 91%
yield, providing a useful synthon for further manipulation.
Catalyst recycling has been evaluated using a procedure
modified from that originally reported by Monteiro and co-
workers for Pd(OAgYPPh?® and used by our group with

yields, respectively. Thiophene-2-boronic acid homocouples palladacycled! using a poly(ethylene oxide) (PEO) solid

more effectively, affordingl8 in quantitative yield. The
product selectivity and yields compare favorably against
equivalent reactions using air as the oxid&nt.

(20) For Suzuki-Miyaura cross-couplings using allylic halides, see: (a)
Miyaura, N.; Suzuki, A.Chem. Re. 1995 95, 2457. (b) Suzuki, AJ.
Organomet. Cheml998 576, 147, and references cited therein.

Org. Lett, Vol. 9, No. 26, 2007

(21) For use of @(air) as an oxidant in homocoupling of organoboronic
acids, see: (a) Smith, C. A.; Campi, E. M.; Jackson, R.; Marcuccio, S.;
Naeslund, C. G. M.; Deacon, G. Bynlett1997 131. (b) Wong, M. S;
Zhang, X. L.Tetrahedron Lett2001, 42, 4087. (c) Adamo, C.; Amatore,

C.; Ciofini, I.; Jutand, A.; Lakmini, HJ. Am. Chem. So2006 128 6829.

(22) Many monosubstituted aryl bromides and arylboronic acids ef-

fectively cross couple in good yields using the generic reaction conditions.
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support®in methanol. At the end of the reaction, the product (to give 28, reaction 2). For BnBr and PhB(OHEross-
is extracted into a nonpolar phase, with the Pd catalyst coupling, to give2, recycling is possible, but the conversions
remaining in the polar phase. The polar phase is then slowly deteriorate over three runs (reaction 3). However, the
recharged with new reactants, allowing the Pd source to beyields are consistently higher usiighan for PdBs(PPh),

reused (Scheme 5). (reaction 4). The recycling study demonstrates that catalyst
stability and longevity are assisted by the succinimidate anion
in 1.
Scheme 5. Catalyst Recycling (Conversions by GC) In summary,1 is shown to be a universal prgcataly;t for
1 (1 mol %), PEO (M = 100,000), the Suzuki-Miyaura cross-coupling of benzylic bromides
MeOH, K3PO, (2 equiv), 60 °C with aryl and heteroarylboronic acids. For the examples
o) Ph—B(OH), (1.5 mmol R=Fn tested, catalyst loading can be significantly reduced (from 1

mol % to 0.01 mol %), allowing high TONSs to be attained.

)
O O The synthetic protocol reported in this paper complements
15h) 05 2n en t.he report by Molander .and co-workéPdFor the examples.
' O O < listed here, lower palladium loadings may be employed using
27 O 28 O 2 &'.‘ éz*‘"’ the inexpensive base, B20;. Moreover, the ratio of benzyl
OMe O .sé O " halide to organoboronic acid is 1:1 (in the majority of cases),
100 - © g N improving substantially on previous protocols using excess

$ organoboronic acifl. Also, 1 is an effective butsimple

E % precatalyst for aryl cross-couplings and offers good catalyst
g %0 9 recyclability on a PEO solid support. Mechanistic studies
S 40- NE i on cross-coupling processes mediated Ihyand related
8 2 EE EEE precatalysts, will be reported in due course.
0 = = ‘
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For example, coupling of 4-methoxyphenyl bromide with
PhB(OHY) leads to good yields @7, in short reaction times,
over several runs (reaction 1). No appreciable loss of catalytic
activity is seen over four runs for an activated aryl substrate

Supporting Information Available: Full experimental
(23) Nobre, S. M.; Wolke, S. I.; da Rosa, R. G.; Monteiro, A. L. PP 9 . . . P .
Tetrahedron Lett2004 45, 6527. PEO with a molecular weight of 100 000 Procedures, characterization (including spectroscopic data),

wafzzgnlflq¥edgn IthiJs Sét“d%' AR Leo. A FSher G- L and literature references to novel and known compounds,
alrlamno, 1. J. 5.; Kapdl, A. R.; Lee, A. F.; ez, G,; Lpez, . . . . . .
G.; Serrano, J. L.; Gaiay L.; Peez, J.; Peez, E.Dalton Trans.2004 3970. respectively. This material is available free of charge via

(25) PEO acts as an organic stabilizer for in situ formed palladium the Internet at http://pubs.acs.org.
colloids/nanoparticles (formed by degradation of the palladium(ll) precata-
lyst), produced by aggregation of palladium(0). OL702291R
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A new synthetic methodology for the catalytic Cth€tionalisation of 2-pyrones is described
which proceeds regioselectively at the C3 positioiryoring the observed regioselectivity in-6
electocyclisation / oxidative aromatisation reanf®f related compounds. Insight into the

10 reaction mechanism is provided, with support foreaitral palladium(ll) pathway. Cationic
palladium(ll) complexes possessing 2-pyrones astabie and readily undergo 'PéP transfer at
ambient temperature resulting in phosphonium satnfition (and PY, species).

Introduction O/g Pd(Br)N-Succ(PPhy), (2 mol%), o
5 Cs,CO;3 (3 equiv), \
Functionalised 2-pyrones KRpyran-2-ones) have attracted fiﬁ r THF, 70 °C ﬁ /+ | N}
o]
4

1s considerable interest as medicinal agents, natpratiucts, He” 0™ o _~UR HaC” Y070 HyC o

fluorescent _denvanveg and synth_etlfzz|nt§rrr13e(sét@IaSS|c§I > 2a.b (1.5 equiv) 3
cross-coupling reactionse(g. Negishi; Stille® and Suzuki-

Miyaurd® and other§ provide convenient access to these R 31% 41%
targets. However, there is strict requirementtfar 2-pyrone Bpin (2a) | 40 25
0to be appropriately prefunctionalised, either ase th BF3K (2b)| O 47

organometallic ‘nucleophilic’ component or the
halide/pseudohalide ‘electrophilic’ component. hlas been
argued that a more efficient process would involve théoan _ o
of two reaction components possessing C-H and GoMdb, % As expected the reaction df with pinacol allylboronate2a

2s respectively. For several heteroaromatic compoutids, has ~ 9ave 3 in 40% yield. However, we were very surprised to
been possible, and indeed some very efficient nithuave observe the regioselective formation of cycliseddurct4 was
been developell. However, surprisingly there are no reported &S0 found to occur. An otherwise identical reatiof

Scheme 1 Suzuki-Miyaura cross-couplings bf

catalytic methods involving the C-H functionalisati of 2-  Potassium allyltrifluoroborat@b gave4 exclusively in 47%
pyroness We are engaged in the development of innovativeYield. The absence a3 in this reaction is attributed to a
w synthetic methods geared towards 2-pyrones and thetal slower transmetallation ste®g is more reactive tharb
complexes. We report herein the intramolecular Pd-catalysedUnder the anhydrous reaction conditions used). fFams-
C-H functionalisation of 2-pyrones, which is regitective. Pd(BrN-Succ(PPh), is likely acting as a precatalyst under
the reaction conditions (Pe>Pd mediated by2a-b and/or
Results and Discussion ss C5,CQ;).  Further support for a Pdnediated reaction was

gained by substitutingransPd(Br)N-Succ(PPk), with an
During synthetic studies toward phacelocarpus pgrat we active P§ catalyst system {Pddba-4-OMe)/PPh, (Pd:P =
s were interested in the Suzuki-Miyaura cross-coupliof 1 1:2)}, in the absence dfa-b, which gavet in 48% yield?
with allylborane reagentga-b to give3 usingtransPd(Br)N- Additional experiments on model substrateto give6a, a
Succ(PPE, as the catalytic Pd source (Scheme 1), @compoundwhich is of medicinal and synthetic interést,
precatalyst that has been previously developedusy@search  highlight that transd(Br)N-Succ(PPk), is a precatalyst,
groups for use in Stille and Suzuki cross-couplitigs requiring a sub-stoichiometric amount2if (relative to5a) to
40 facilitate Pd reduction (Table 1; compare entries 1-3). The
best yield for cyclised produ@a using allyIBRK was 69%
es yield (entry 3). Other additives such as AgRJ¥F pivalic acid
(PivOH) proved ineffective (entries 4 and 5). Fbe tatter, a
lower yield was obtainined with Pd(OAchs the catalytic
source of Pd (entry 6). Using Rdba}x/PPh as the catalyst
system with no additive gavga in 74% yield (entry 7).

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 1



Table 1 Other reaction conditions screened in the regiosiee C-H Therefore we have evaluated three different 2-pgsdn addition

functionalisation ofa* wto 5a (Table 1). Subjecting a 2-pyrone without a C6-ryeth
group bb) to the best conditions (entry 8, Table 1) gave
compound6b regioselectively (confirmed by X-ray studies, see
0 See Table 1. for o ESI) in 74% yield (entry 2), comparing well withetlyield for6a
Sl conditions N (entry 1). Other C6-substituted 2-pyroriesand5d gave6c and
| | 35 6d, respectively in 59% and 68% yields (entries 3 4nd
HsC™ "0 ~0 HC~ 0™ 0 _ _
Table 2 On the importance of the C6-substituent.
5a 6a
/@ Pd(dba-OMe), / 2 PPhg (2
o . (0) mol% Pd), Cs,CO3 (3 equiv), 0}
Entry Catalyst Additive Yield / % i THF, 76.5C, 18 h [
1 transPd(BrN-Succ(PP§: AllylBPin (2 eq.) 49 | |
2 " AllyIBEsK (Leq.) 57 R™ 070 R” 070
3 " ':('1'3’)'8':3*( 01 & R = Me (5a), H (5b) R = Me (6a), H (6b),
4 AgBFE; (1 eq.) 6t Ph (5¢), CH,CH,Ph (5d) Ph (6¢), CH,CH,Ph (6d)
5 " PivOH (0.3 eq.) 41
6 Pd(OAc) PivOH (0.3 eq.) 31
7 Pd(dbay PPh (4 mol%) 74 Entry R Yield / %
8 Pd(dba-4-OMe) " 79
9° " ) 7w 1 Me (6a) 79
10 PPI’}; (4 mol%)/ 45 2 H (6b) 74
PivOH (0.3 eq.) 3 Ph 60) 59
s 2Other reaction conditions: THF, 70 °C, 18 h (unltetber stated). 4 CHCH.Ph 6d) 68
b Isolated y|e|d fOIIOWing flash Chromatography olicsi gel 2 |solated yleld fO”OWing flash Chromatography adlica gel

°A 42% vyield of the Suzuki product is also observed. 40
These findings indicate that the C6-methyl could dffecting

these reactions, but it is not essential for thectien to take
€Using KsPQ; as base instead of £0;. place.

0 Having identified a mild set of reaction conditicaisd tested
With the {Pd(dba-4-OMeyPPh} system a 79% vyield was * different C6-substituents, we next sought to urtders how the
attained (entry 8). This same reaction can be cotedl using ~ "€action was affected by aromatic substituentse Synthesis of
KsPO, instead of C£COs, giving a 77% yield oba (entry 9).  the substrates for these reactions was generatig\sd in two
Finally, addition of pivalic acid to the best catstl system, Steps by a BCOymediated reaction of the appropriately

1s resulted in a lowering of the reaction yield&sf (entry 10). substituted 2-bromophenol with 4-bromo-6-methyly2eme to

The regioselectivity (for C3-H) for products and 6a was give 7a-j (see ESI for complete detaifS).Due to the availability
confirmed byH NMR spectroscopy (C5-H exhibiting of 2-halophenols, we found it more convenient tepare the
coupling with the C6 methyl group). However, carsive  Promides. Pleasingly, the direct C-H functionalma s feasible
evidence for the structure 66 was gained by a single crystal X- USing bromide-containing substratea{ — 8a-j, Table 3).

4 Reaction left for 72 h in the dark.

20 ray diffraction study (Fig. 1). Substrates possessing methoxy-, methyl- talpgtyl-substituents
Q » ss effectively participate well in these reactiorfa{f, entries 1-6).
) ./c(s) The yield is modest fd8g, possessing a 4-phenyl group (entry 7).
- ,/ Perhaps surprisingly, the presence of fluoro-stussits in7h-i
°g,,,4.\ ’CEO to give 8h-i, respectively, also leads to a lowering of thectiea
f \ yield (entries 8-9).1
| b
Cm& c(3) “f“’ 60 The most dramatic effect was seen with a 4-trituoethyl-
C(1u}‘./ ’cm substituent in7j (entry 10) where the vyield fo8j drops off
“_cm, S significantly. The following relative order is thedore
ol & g™ established based on the yiéfsf the reaction (H Me> t-Bu >
%c“z’ o 4- or 5-OMe > 4-Ph > 4-F 5-F > 4-Ck. The issue for the

es electron-withdrawing substituents appears to batedl to 2-
pyrone decomposition under the reaction conditiong.he
Figure 1 Structure oba (X-ray diffraction; arbitrary numbering used).  ‘arylalkoxide’ leaving group ability, from the inél oxidative
addition intermediatev{de infrg), could account for this outcome.
25 Control experiments confirm that catalytic Pd arsiGD; base is The low yield for8j is supported by a further example, where
required for C-H functionalisation. In principlthe C6-methyl 7 a substrate possessing an additional 2-pyrone yngie¢s a low
group could be playing a role, as previous stddlieave shown  product yield Tk—8k, Scheme 3). This 2-pyrone ‘substituent’ is
that the C6-methyl group and C3-H share similardities. electron-withdrawing and unlikely to interfere hetcyclisation.

2 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]



Table 3 Aromatic substituent effects.

R
%
“ | Pd(dba-OMe),/ 2 PPhy (2
0) mol% Pd), Cs,COj5 (3 equiv),
N Br THF, 70 °C
|
HsC™ "0~ ~O
7a§
Entry R
1 4-OMe B8a) 65
2 5-OMe 8b) 67
3 4-Me @80) 73
4 4,6-(Me} (8d) 79
5 41-Bu 8¢ 71
6 4,6-¢-Bu), (8f) 71
7 4-Ph 89) 44
8 4-F gh)° 3¢
9 5-F i)’ 24
10 4-CK (8j) 11

? Isolated yield following chromatography on siligal.
s ? Structures supported by X-ray diffraction analySise ESI).
¢ A 41% yield was obtained using 5 mol% Pd.

In a separate example, we were able to show tletuanarin-
derived substratél cyclised under the reaction conditions to give
10 benzofuro[3,2¢]coumarin 8, which is better known as as the

natural compound, coumestan (Schemt 2).

(0] Me

(o)

o}
/EiBr (16%) &
H,c” Y0 Yo
HiC” 070 5

OQ As above o O
@(il (44%; 56%*) O A
0" "0
o ° 7 8

o}

15 Scheme 2Other substrates evaluated under the generdloBac
conditions (* yield is based on recoverddafter chromatography on

silica gel).

Pd(dba-OMe), / 2 0
O  PPh; (2 mol% Pd), 0
Cs,COs (3 equiv), \ / Me
THF, 70 °C

Stoichiometric studies. To gain insight into the reaction
20 mechanism a series of stoichiometric experimentsrewe
conducted.  The complex, [Kd*dba-4-OMe)(PP), 9,
presumed to be the initial Pdpecies formed in the reaction, was
prepared and characterizedsitu by the reaction of R¢(dba-4-
OMe), with PPh (ratio of Pd:P = 1:2) indg-THF at 25 °C

25 (Scheme 3).

PPh3 (2 equiv)

Pdy(dba-4-OMe); ————= \0 9
dg-THF, P
220c,08n PhsP” PPhg

(Al’ = 4-MGOCGH4-)

5a (2 equiv) l dg-THF,

22°C, 0.5h
0._0._Me
o) |
NS
B Cs,CO3 (3 equiv),
| dg-THF, 70°C, 2 h o}
H,c” 07 Y0
.. PPh
6a (quant) "Pd”‘ °
. PhoP” I
[Pd/PPhs] 3 10

Scheme 3 Stoichiometric NMR spectroscopic experiments.

30 Two broad phosphorus signals corresponding to exgihg PPh
ligands in9 were observedd(26.18 (s) and 24.52 (s), 283
MHz).*® Addition of 2 equivalents dato 9 (in a dry box at 22
°C) resulted in quantitative conversion intans[Pd{CgH,0-2-
(CsHsO.)}I(PPhy),] 10 (the oxidative addition product). TH&

3s NMR spectrum ofLl0in dg-THF exhibits a singlet a 22.44. The

"H NMR spectrum (700 MHz) 010 exhibits significant upfield

chemical shifts for the 2-pyrone C3-H and C5-H pnst when

compared to5a (in both COQCIl, and dg-THF). By the same

method Y¢ide supra [Pd’(n>-dba-4-OMe)}{P(GDg)s}.] and 10-

40 {P(C¢Ds)3}, were prepared and these showed that the upfield
proton signals were associated with the 2-pyroneumr
(confirmed also by 2D'H-H COSY and H-3'P HMQC
experiments; see Supporting Information). Crystdl40 (from
CD,Cl,) were analysed by X-ray diffraction (Fig. 2). TKeray

4s data indicates that the complex exhibits a distbsguare planar
transgeometry (P1-Pd-P2 angle = 169.03(2)°; I-Pd-C engl
169.21(7)°). Whilst this type of distortion hassheobserved in
previously reported X-ray diffraction studies inviolg
Pd'(I)R(PPh), complexes? the angles P1-Pd-P2 (in the range

50 172.39-174.41°) and |-Pd-C (in the range 166.0380Pp are
significantly differen® The finding that the P1-Pd-P2 and I-Pd-
C angles irl0 are near identical is unique.

This journal is © The Royal Society of Chemistry [year]
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Scheme 4Decomposition o11; R = {C¢H40-2-(CGHs05)}.
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Figure 2 Structure otrans[Pd{CsH4O-2-(CHsO)}(PPhs),] 10 by X-
ray diffraction; arbitrary numbering used. Selddend lengths (A):

C(37)-Pd(1) 2.014(2), I(1)-Pd(1) 2.6641(3), P(1HR.3157(7), P(2)- . . . . )
5 (37)-Pd(1) @, 1( )Pd(l() )2.3258(7().) (1 0. P@) Figure 3 Structure ofl2 by X-ray diffraction; arbitrary numbering used.

45 Dotted lines show H-bonds between the;@Hd Pk groups.

Treatment ofLO with CsCGO; (3 equiv.) (with 1.5 equiv. of dba-
4-OMe ligand) indg-THF and heating to 70 °C for 2 h gave
product6a in quantitative conversion (Scheme 4). No oth#t P

o intermediates were observed by NMR spectroscopye(nihe
dba-OMe ligand was consumed under the reactionitons! —
the -CH=CH- motif was no longer visible byH NMR
spectroscopy, although the exact structure of #gratied dba-
OMe ligand remains unknown.

15 The presence of electron-withdrawing groups hasoéopnd
effect on the catalytic reaction. A further sta@rhetric reaction,
identical to that detailed above wifla, shows that the reaction
(oxidative addition) of7j and [Pd(n%-dba-4-OMe)(PP§),] 9 is a
reversible process (see experimental section), Haththe

20 presence and absence of@8,. Slow deposition of Pdblack is
observed. Catalyst and substrate decompositidmuis an issue
for substrates possessing electron-withdrawingtgubats.

We postulated cationic Pdspecies as potential reaction
intermediates. Thus, whilstO did not reactwith Ag,CO; in
2s CD,Cl,, the cationic Pt complex11 was formed quantitatively
(NMR) by reaction of10 with AgPF; in CD.,Cl, at ambient
temperature (Scheme 4)H NMR spectra show no evidence of a
2-pyrone secondary interaction (either a =@ C-H agostit?
or anagostit). Layering a CBCl, solution of11 with diethyl

30 ether (in the dark at 18 °C) gave crystals suitdbtean X-ray
diffraction study (Figure 3). Rather curiouslywas found that
the “CgH40-2-(CH50,)” group from 11 had undergone PdP
transfer forming [P{GH;0-2-(GHs0,)}Phs]PFs 12, which was
accompanied by Pd black formation. Phosphoniumt sal

ss formation has been observed previously by othestabty by
Heck in early studies on the alkenylation of arglities®*

Proposed mechanism.The facile decomposition everitl{~12)
obviates a reaction mechanism involving cationit Bpecies at
elevated reaction temperatures. Therefore basexiofindings,
so We propose that the mechanism involves neutrahBdmediates
(Scheme 6). There are two clear mechanistic pilisi — a
Concerted Metallation Deprotonation (CMD) mecharfismor
Heck-like mechanisrf® For both, the first committed step is
oxidative addition of the C-1 bond iBa (as a representative
ss substrate) to Pdl) to givell (complex10). It is important to
point out that initially formed complexd will be in an
endergonic/unfavourable equilibrium with the moreaative
PAP(S)(PPh), species, releasing free dba-4-OMe (not shown in
this scheme}® This ligand is almost certainly consumed slowly
eo under the reaction conditions, akin to the stoiofetric
experiments detailed above. Therefore, any cdimgoéffect of
dba-type ligand$ in this reaction is minimal {Pgdba-4-OMe)
was only marginally superior to Rdba-H)} in the catalytic
reaction of5a—6a}.
65 For the CMD mechanism (catalytic cycle on the I8ttheme
5), one needs to form intermedialé, setting up reductive
elimination to regenerate the Pehtalyst species and prodiéet
Whilst it is conceivable that the €305 can deprotonate the C3-
proton in10 intermolecularly, we show here an iodide/carbonate
70 metathesis followed by an intramolecular base-teskiCMD
process (vialll ). The formation oflV requires the loss of
CsO(CO)OH (solvent-assisted?). With 14-electron" Pd
intermediateV formed, reductive elimination to give bothand
product6a ought to be facile. Going against this mechansm
7s the result given in Table 1 (entry 10). If a CMEechanism is
operative, then we would anticipate that pivaliecd&®-2” would
accelerate the stdp —IV. This is not the case.

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Scheme SPossible reaction mechanisms for the C-H functisai@on reaction.

The preferred C3-H over C5-H regioselectivity cangdsimarily expected to play a key stabilizing role. Howevextensive
s explained by the significantly different acidities these two  decomposition is observed for these substrates,figo

positions. However, one also needs to considePidfrC bond 4 conclusions cannot be drawn.

strengths of both the C3- and C5-products befoesvithg firm Finally, a comment about the reaction solvent, THF

conclusions.  Of particular note is the finding tththe Whilst this solvent is sufficiently polar to staisié charged /

regiochemical outcome mirrorst@lectrocyclisation/oxidative  highly polar intermediates, previous studfeshich support a
10 aromatic reactions of phenylethenyl-2-pyrone denes to give =~ CMD mechanism involve highly polar solvents suchDadF

benzohlindeno[1,2flisochromene$® In  that chemistry, « or DMA. Furthermore, GEO; is only sparingly soluble in

unfavourable fi-electrocyclisation at C5-H results in ketene THF (0.023 mmols/L at 25 °C) and its concentrati®muasi-

generation and 2-pyrone ring-opening. constant and low® Finally, under the best conditions fba

In terms of the Heck-like mechanism (catalyticleyon the —6a (entry 8, Table 1) replacing THF with DMF resultsrio

isright, Scheme 5), loss of PPhfrom Il will generate  observable product formatich.

intermediateVl (which is similar tolll ). Migratory insertion

(carbopalladation) then generaféd . However, there is an s, Conclusions

apparent problem in the next step to give prodéatand

“(PPhg)Pd(X)H”. In the absence of other neighbourifig ¢ In_ sulr_nmgry, we hhaye devﬁl(;pefd tge firs% Ca:?lfid_"c
20 hydrogens, the anti-stereochemical relationship of the unctionalisation synthetic method for 2-pyrofiesvhich is

“Pd"(X)PPh" group and C3-H proton is a problem f@e completely regioselective for the C3 position. Tmesence of a
hydrogen eliminationgyn-elimination being preferredf. We C6-methfy|| group; CO_U|d anSISt reactlo?s%aﬂ. hHowek:/er, the
believe that it is more likely thatll isomerises to the-allyl ~* Successiul - cyclisation o 6b-d confirms that the C-H
speciesVIIl 2° Intermolecular base-assisted deprotonationfunCt'onal'sat'on process is not dependent orOur preliminary
25 can then take place at either C3-H or the C6-metrpup mechanistic studies show that cationic' Rpecies are unlikely
For the latter, as the 2-pyrone can be considerenhi-.s intermediates and that characterised neutrhldchplex10 gives
aromatic, tautomerisation is facile. Whilst othideck-like organic product6a quantitatively. Further studies (both
mechanisms may be consideredy.involving cationic P or experimental and theoretical) to determine the raeidm of this
PdY species!® we believe the.y are ruled out because C-H functionalisation reaction are ongoing in cafvdratories.

s phosphonium salt formation is facile from the cat® . .
complex derived fromba (11). An alternative mechanistic Experimental Section
possibility is the SEAr type reaction pathwd§. The General details:
pronounced aromatic substituent effects, partidylathe
deliterous effect of electron-withdrawing groups dhe

ss aromatic moieties in substrates, 4-F), 5-F (7i) and 4-Ckg
(7h), could indicate that positive charge is developedhe
transition state intermediate(s), where the 4-oryg®uld be

Reagents were purchased from either Sigma AldriciAléa
es Aesar and used directly unless otherwise stateldefts were

dried according to standard procedures prior toarsk stored

under nitrogen. Nitrogen gas was oxygen free anigddr

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5



immediately before use via passage through sodiyanaxide
pellets and silica. All TLC analysis was performeding
Merck 5554 aluminium backed silica plates and \isea
using UV light (254 nm), an aqueous solution of gssium
s permanganate, or an ethanol based solutignariisaldehyde.

yellow oil (9.2 mg, 47.9%). R= 0.42 (20% EtOAc in
hexanes)H-NMR (500 MHz, CDC}): 6.43 (q,J = 0.9 Hz,
1H), 6.36 (t,J = 1.1 Hz, 1H), 2.72 (dg] = 7.5, 1.1 Hz, 2H),

602.32 (d,J = 0.9 Hz, 3H), 1.28 (tJ = 7.5 Hz, 3H);"*C-NMR

(126 MHz, CDC}): 161.0, 160.1, 159.6, 158.8, 115.6, 109.2,

'H NMR and ®*C NMR spectra were recorded on a Jeol 101.3, 21.3, 20.1, 11.8; MS (ESt)/z (rel.%): 201 [MN4]
ECX400 spectrometer operating at 400 and 100 MHz(22), 179 [MH] (100); HRMS (ESI) calculated for,gH,,05:

respectively, or a Bruker 500 spectrometer opegatih 500
and 126 MHz, respectively. All column chromatographas

10 performed using flash silica gel eluting with anpegpriate
solvent system. Preparative details and charactéon data
for the starting materials detailed in this paperaddition to
representative NMR spectra of the cyclisation paiducan
be found in the E.S.1. file.

15 General procedure for the direct C-H functionalisaton of 2-
pyrones:

A solution of aryl halide (1 eq.), &0; (3 eq.), PPh (4
mol%) and Pgdba-4-OMe} (2 mol% Pd) in THF (4
mL/mmol) was stirred under nitrogen at 70 °C for 1.8The
20 reaction was allowed to cool to ambient temperatanel
quenched by water (8 mL per mmol) and ethyl acesaieed
(12 mL per mmol), and the layers separated. Thecagsl
layer was back-extracted with ethyl acetate (2x1pwenhd the
combined organic extracts dried over MgSQiltered and

179.0703, found: 179.0700; IR (neat): 3099, 297622

es 1734, 1622, 1593, 1574, 1459, 1381, 1258, 1027, 946,

814, 764 crit.
9-Methyl-benzofuro[3,2-c]-2-pyrone (6a)

The title compound was prepared according to theeGsd
Procedure, on a 0.25 mmol scale, to afford the pcocs a

nyellow solid (39.6 mg, 79.2%). M.p. 188-190 °&4-NMR

(400 MHz, CDC}): 8.01 — 8.06 (m, 1H), 7.52 — 7.58 (m, 1H),
7.39 — 7.44 (m, 2H), 6.54 (d,= 0.9 Hz, 1H), 2.43 (d] = 0.9
Hz, 3H); *C-NMR (101 MHz, CDCJ): 164.5, 162.9, 159.5,
154.9, 126.1, 124.9, 122.9, 121.4, 111.5, 103.79,980.6;

sMS (ESI) m/z (rel.%): 223 [MN4] (16), 201 [MH] (100);

HRMS (ESI) calculated for GHgOs: 201.0546, found:
201.0549; IR (neat): 3101, 2919, 1719, 1614, 151245,
1251, 1187, 971, 934, 816, 748 ¢m

Benzofuro[3,2¢]-2-pyrone (6b)

2s concentratedn vacua The crude products were purified bys The title compound was prepared according to theeGs

flash column chromatography on silica gel (10-3E#@Ac in
hexanes).

4-{[(12)-1-Ethyl-1,4-pentadienyl]oxy}-6-methyl-2-pyrone (3

o A solution of 4-{[(2)-2-bromo-1-ethyl-1-ethenyl]oxy}-6-
methyl-2-pyrone (20 mg, 0.077 mmol, 1 eq.),,€C8; (75.3
mg, 0.231 mmol, 3 eq.), allyl boronic acid pinaester (25.9
mg, 0.154 mmol, 2 eq.) andans-Pd(Br)N-succ(PPh), (1.2
mg, 0.0015 mmol, 2 mol%) in THF (1 mL) was stirredder

ss nitrogen at 70 °C for 18 hours. The reaction wdevedd to
cool to ambient temperature and quenched by additb

Procedure, on a 0.25 mmol scale, to afford the pcocs a
white solid (34.6 mg, 74.4%). {R= 0.33 (20% EtOAc in
hexanes). M.p. 149-150 °&4-NMR (400 MHz, CDC}): 8.09
(m, 1H), 7.65 (dJ = 5.7 Hz, 1H), 7.60 (m, 1H), 7.42 — 7.49

ss(m, 2H), 6.81 (d,J = 5.7 Hz, 1H);3C-NMR (101 MHz,

CDCl): 162.7, 159.1, 155.0, 151.5, 126.7, 125.1, 122.7,
121.7, 111.6, 106.5, 98.9; MS (EStyz (rel.%): 209 [MN4]
(39), 187 [MH] (100); HRMS (ESI) calculated for ,¢H;O3:
187.0390, found: 187.0389; IR (neat): 3102, 171807l

0 1558, 1448, 1431, 1219, 1171, 1012, 926, 844, 788,cm".

9-Phenyl-benzofuro[3,2€]-2-pyrone (6c)

water (1 mL) and ethyl acetate (2 mL), and the iaye The title compound was prepared according to theeGs

separated. The aqueous layer was extracted udiygatetate
(83 x 2 mL) and the combined organic extracts droadr

Procedure, on a 0.13 mmol scale, to afford the pcods a

yellow solid (20.0 mg, 58.8%)H-NMR (400 MHz, CDCY):

40 MgSQ,, concentrated irvacuo and purified by flash column ¢58.09 (m, 1H), 7.93 — 7.98 (m, 2H), 7.60 (m, 1HY¥F ~ 7.53

chromatography (10-20 % EtOAc in hexanes) to afftrd
product as a colourless oil (6.8 mg, 40.0%). Rf.420(20%
EtOAc in hexanes)!H-NMR (500 MHz, CDC}): 5.87 (s,

(m, 3H), 7.43 — 7.47 (m, 2H), 7.18 (s, 1HJC-NMR (101
MHz, CDCL): 164.4, 160.8, 158.7, 155.3, 131.4, 131.1, 129.1,
126.4, 125.9, 125.1, 122.9, 121.6, 111.5, 104.72:98S

1H), 5.73 (ddtJ = 17.0, 10.1, 6.3 Hz, 1H), 5.40 (s, 1H), 5.14 (ESI) m/z (rel.%): 263 [MH] (100), 251 (28), 159 (26), 149
4 (t,J=7.3 Hz, 1H), 5.01 (dd] = 17.0, 1.2 Hz, 1H), 4.99 (dd, 100 (15); HRMS (ESI) calculated for ;¢H,,05:263.0703, found:
=10.1, 1.2 Hz, 1H), 2.66 (dd, = 6.3, 7.3 Hz, 2H), 2.23 (s, 263.0706; IR (neat): 3090, 2161, 1721, 1560, 15B#46,
3H), 2.18 (q,J = 7.3 Hz, 2H), 1.06 (tJ = 7.3 Hz, 3H);*C- 1382, 1021, 746, 687 chn
NMR (126 MHz, CDC}): 168.8, 164.9, 163.1, 151.3, 135.3
114.1, 99.8, 95.6, 89.5, 29.4, 25.3, 20.0, 11.1; (&4Sl) m/z
so (rel.%): 243 [MN4] (28), 221[MH] (100), 201 (6), 179 (28), The title compound was prepared according to theeGs
127 (4); HRMS (ESI) calculated for 16H,,05 221.1172, 10s Procedure, on a 0.071 mmol scale, to afford thelpeco as a
found: 221.1175; IR (neat): 3084, 2975, 2938, 170643, yellow solid (16.3 mg, 68.2%). (R= 0.58 (20% EtOAc in
1560, 1448, 1407, 1225, 1177, 1139, 1037, 994,822 hexanes). M.p. 130-132 *B-NMR (400 MHz, CDC}): 8.01
—8.08 (m, 1H), 7.51 — 7.58 (m, 1H), 7.38 — 7.45 BH), 7.27
4-Ethyl-7-methyl-furo[3,2-c|-2-pyrone (4) —7.33 (m, 2H), 7.25 — 7.18 (m, 3H), 6.46 Jt= 0.7 Hz, 1H),
ss The title compound was prepared according to th@e@d 1103.09 (dd,J = 8.5, 6.4 Hz, 2H), 2.94 — 2.99 (m, 2HJC-NMR
Procedure, on a 0.108 mmol scale, to afford thelpcbas a (101 MHz, CDC}): 165.2, 164.2, 155.0, 139.7, 128.7, 128.3,

' 9-Phenethyl-benzofuro[3,2€]-2-pyrone (6d)
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126.5, 126.2, 125.0, 122.9, 121.4, 111.5, 104.09,995.9,
36.3, 33.3; MS (ESI)m/z (rel.%): 313 [MNd] (44), 291
[MH™] (100); HRMS (ESI) calculated for,gH;503: 291.1016,
found: 291.1011; IR (neat): 3085, 3057, 2921, 172612,
s 1571, 1447, 1186, 1029, 970, 937, 817, 750, 70t.cm

4-Methoxy-9-methyl-benzofuro[3,2€]-2-pyrone (8a)

The title compound was prepared according to theeGd
Procedure, on a 0.25 mmol scale, to afford recal/starting
material (24 mg, 30.8%) and the product as a yeltmkid
10(37.1 mg, 64.5% [93% based on recovery of halotistgr

21.2, 20.6, 14.9; MS (ES/z(rel.%): 251 [MN4d] (16), 229
[MH™] (100); HRMS (ESI) calculated for,gH;303: 229.0859,
found: 229.0858; IR (neat): 3097, 2924, 1731, 162372,
1446, 1287, 1222, 1180, 1033, 970, 939, 842, 796,chi™.

s0 4-tert-Butyl-9-methyl-benzofuro[3,2-c]-2-pyrone (8e)

The title compound was prepared according to theeGd
Procedure, on a 0.25 mmol scale, to afford the pcocs a
yellow solid (44.9 mg, 70.2%). {R= 0.50 (20% EtOAc in
hexanes); M.p. 119-120 °@4-NMR (400 MHz, CDC}): 8.03
es (app. t,J = 1.3 Hz, 1H), 7.46 (app. d,= 1.3 Hz, 2H), 6.52 (q,

material]). R = 0.31 (20% EtOAc in hexanes); M.p. 155-157 J = 0.8 Hz, 1H), 2.42 (dJ = 0.8 Hz, 3H), 1.40 (s, 9H)*C-

°C; 'H-NMR (400 MHz, CDC}): 7.48 (d,J = 2.6 Hz, 1H),

7.43 (d,J = 9.0 Hz, 1H), 6.98 (dd] = 9.0, 2.6 Hz, 1H), 6.51

(9, J = 0.9 Hz, 1H), 3.90 (s, 3H), 2.42 (d,= 0.9 Hz, 3H);

NMR (101 MHz, CDC}): 164.7, 162.6, 159.7, 153.1, 148.4,
123.9, 122.6, 117.8, 110.7, 103.8, 96.0, 35.0, ,32086; MS
(ESI) m/z (rel.%): 279 [MN4] (6), 257 [MH'] (100); HRMS

15 3C-NMR (101 MHz, CDCJ): 164.9, 162.6, 159.7, 157.5,% (ESI) calculated for GH;;05: 257.1172, found: 257.1176; IR

149.6, 123.6, 115.1, 112.1, 103.9, 103.2, 96.00,5%0.6; MS
(ESI) m/z(rel.%): 253 [MN4] (45), 231 [MH] (100); HRMS
(ESI) calculated for GH;,:0, [MH']: 231.0652, found:
231.0651; IR (neat): 3095, 2958, 1728, 1631, 165921

201461, 1436, 1274, 1226, 1177, 1023, 965, 937, 848, 786,
771 cm,

5-Methoxy-9-methyl-benzofuro[3,2€]-2-pyrone (8b)

The title compound was prepared according to theeGd
Procedure, on a 0.5 mmol scale, to afford the pcodis a
s yellow solid (76.7 mg, 66.7%). {R= 0.29 (20% EtOAc in
hexanes). M.p. 172-173 °4-NMR (400 MHz, CDC}): 7.88
(d,J=8.6 Hz, 1H), 7.07 (d] = 2.2 Hz, 1H), 7.01 (dd] = 8.6,
2.2 Hz, 1H), 6.51 (qJ = 0.9, 1H), 3.88 (s, 3H), 2.41 (d,=
0.9 Hz, 3H); ®°C-NMR (101 MHz, CDCJ): 164.0, 161.7,
30159.7, 159.2, 156.1, 121.5, 115.9, 113.0, 103.87,985.9,
55.8, 20.5; MS (ESIm/z (rel.%): 253 [MN4] (100), 231
[MH™] (87); HRMS (ESI) calculated for gH;(NaQ, [MNa™]:
253.0471, found: 253.0469; IR (neat): 3095, 171569

1496, 1270, 1137, 1110, 1036, 973, 939, 834, 801.cm

35 4,9-Dimethyl-benzofuro[3,2€]-2-pyrone (8c)

The title compound was prepared according to theeGd
Procedure, on a 0.25 mmol scale, to afford the pcocs a
yellow solid (38.4 mg, 71.8%)}H-NMR (400 MHz, CDC}):
7.82 (dg,J = 1.9, 0.7 Hz, 1H), 7.41 (d] = 8.4, 1H), 7.20
w(ddg, J = 8.4, 1.9, 0.7 Hz, 1H), 6.51 (d,= 0.9, 1H), 2.47
(app. t,J = 0.7 Hz, 3H), 2.41 (dJ = 0.9 Hz, 3H);"*C-NMR

(neat): 2964, 1732, 1626, 1570, 1459, 1192, 1088, 932,
889, 824, 787 ci

4,6-Di-tert-butyl-9-methyl-benzofuro[3,2-c]-2-pyrone (8f)

The title compound was prepared according to theeGd
75 Procedure, on a 0.16 mmol scale, to afford the pebdis a
yellow solid (35.4 mg, 70.9%). {R= 0.64 (20% EtOAc in
hexanes); M.p. 144-147 °@4-NMR (400 MHz, CDC}): 7.90
(d,J =2.0 Hz, 1H), 7.37 (d) = 2.0 Hz, 1H), 6.56 (¢ = 0.9
Hz, 1H), 2.42 (dJ = 0.9 Hz, 3H), 1.51 (s, 9H), 1.40 (s, 9H);
o0 C-NMR (101 MHz, CDCJ): 163.9, 162.1, 159.8, 151.5,
148.1, 134.1, 123.0, 120.8, 115.6, 103.7, 96.1,1,384.5,
31.8, 29.9, 20.6; MS (ES/z(rel.%): 335 [MN4d] (18), 313
[MH™] (100); HRMS (ESI) calculated for gH,305: 313.1798,
found: 313.1791; IR (neat): 2954, 1737, 1619, 156365,
s 1243, 1226, 1064, 971, 874, 815, 752%tm

4-Phenyl-9-methyl-benzofuro[3,2¢]-2-pyrone (8g)

The title compound was prepared according to theeGd
Procedure, on a 0.25 mmol scale, to afford recalstarting
material (19.5 mg, 21.8%) and the product as aoyelkolid

90 (30.0 mg, 43.5% [55.6% based on recovery of hadotisty
material]). R = 0.36 (20% EtOAc in hexanes); M.p. 211-213
°C; 'H-NMR (400 MHz, CDCJ): 8.24 (dd,J = 1.9, 0.7 Hz,
1H), 7.68 — 7.65 (m, 2H), 7.65 (dd= 8.6, 1.9 Hz, 1H), 7.60
(dd,J = 8.6, 0.7 Hz, 1H), 7.44 — 7.49 (m, 2H), 7.38 (H),

5 6.56 (q,J = 0.8 Hz, 1H), 2.44 (dJ = 0.8 Hz, 3H);"*C-NMR
(101 MHz, CDC}): 165.0, 163.1, 154.5, 140.6, 138.7, 128.8,

(101 MHz, CDC}): 164.6, 162.6, 159.7, 153.3, 134.8, 127.2, 127.5, 127.4, 125.6, 123.5, 119.7, 111.6, 103.89,995.9,

122.8, 121.2, 110.9, 103.5, 96.0, 21.3, 20.6; MSIJEn/z
(rel.%): 237 [MN4] (40), 215 [MH] (100); HRMS (ESI)

20.7; MS (ESI)m/z (rel.%): 299 [MN4] (8), 277 [MH]
(100); HRMS (ESI) calculated for,gH,305: 277.0859, found:

ss calculated for GH;,0; [MH]: 215.0703, found: 215.0706;100 277.0862;IR (neat): 3055, 2921, 1733, 1625, 1575, 1443,

IR (neat): 3088, 2921, 1727, 1615, 1571, 1450, 119387,
971, 941, 821, 795, 773 ¢

4,6,9-Trimethyl-benzofuro[3,2<]-2-pyrone (8d)

The title compound was prepared according to theeGd

1242, 1196, 1030, 968, 930, 887, 829, 805, 775, 763, 682
-1
cm-.

4-Fluoro-9-methyl-benzofuro[3,2€]-2-pyrone (8h)

The title compound was prepared according to theeGd

so Procedure, on a 0.25 mmol scale, to afford the pebds a s Procedure, on a 0.25 mmol scale using 2.5 mol%(dba-

yellow solid (44.8 mg, 78.6%). {R= 0.43 (20% EtOAc in
hexanes); M.p. 149-150 °@4-NMR (400 MHz, CDC}): 7.65
(s, 1H), 7.02 (s, 1H), 6.52 (s, 1H), 2.50 (s, 3BI}4 (s, 3H),
2.41 (s, 3H);®*C-NMR (101 MHz, CDC)): 164.3, 162.4,

4,4-OMe); and 10 mol% PRh to afford the product as a
yellow solid (22.5 mg, 41.3%). {R= 0.37 (20% EtOAc in
hexanes); M.p. 207-208 °&4-NMR (400 MHz, CDCY): 7.70

(dd,J = 8.1, 2.7 Hz, 1H), 7.48 (dd,= 9.0, 3.9 Hz, 1H), 7.12

55 159.8, 152.4, 134.8, 128.5, 122.4, 121.1, 118.6.8,096.0, w0 (app. td,J = 9.0, 2.7 Hz, 1H), 6.53 (¢} = 0.8 Hz, 1H), 2.43

This journal is © The Royal Society of Chemistry [year]
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(d, J = 0.8 Hz, 3H);**C-NMR (101 MHz, CDCJ): 165.71, (26.0 mg, 44.1% [56% b.r.s.m]). M.p. 178-180 *@;:NMR
163.54, 160.3 (dJ = 242.1 Hz), 159.08, 151.0 (d~= 1.3 Hz), (400 MHz, CDC}): 8.14 (m, 1H), 8.03 (ddd] = 7.8, 1.6, 0.4
124.10 (d,J = 11.6 Hz), 113.65 (d] = 26.4 Hz), 112.27 (dJ Hz, 1H), 7.67 (m, 1H), 7.60 (m, 1H), 7.51 (m, 1H)46 —
= 9.6 Hz), 107.49 (dJ = 26.5 Hz), 103.76 (dJ = 3.6 Hz), 7.49 (m, 2H), 7.42 (m, 1H)**C-NMR (101 MHz, CDC)):
5 95.85, 20.69°F-NMR (376 MHz, CDC})): -117.03 (ddd,) = & 156.0, 158.1, 155.5, 153.7, 131.9, 126.8, 125.2,6,2123.4,
9.0, 8.1, 3.9 Hz); MS (ESin/z(rel.%): 241 [MN4] (67), 219 121.9, 117.5, 112.6, 111.7, 105.9; MS (EBI)z (rel.%): 237
[MH™] (100); HRMS (ESI) calculated for,gHgF05:219.0452, [MH™] (100), 211 (24); HRMS (ESI) calculated for84O0s:
found: 241.0449]R (neat): 3090, 2922, 1728, 1613, 1571, 237.0546, found: 237.0543;
1449, 1243, 1211, 1130, 1031, 972, 856, 797, 769.cm trans [PA{C gH40-2-(CeHs0,)H(PPhy);] (10)

es A solution of Pddba (30 mg, 33umol, 1 eq.), and PRH34
The title compound was prepared according to theeGsd mg, 132umol, 4 eq.) in CHCIl, (20 mL) was stirred under
Procedure, on a 0.25 mmol scale, to afford recalstarting nitrogen at ambient temperature for 15 minutes ifgv
material (13.2 mg) and the product as a yellowds(li3.2 mg, complex9) followed by the addition of 4-(2-iodophenoxy)-6-
24.2%).'*H-NMR (400 MHz, CDC}): 7.96 (dd,J = 8.6, 5.4 methyl-2-pyrone (32.8 mg, 98mol, 3 eq.). The solution was
15 Hz, 1H), 7.28 (ddJ = 8.5, 2.3 Hz, 1H), 7.17 (ddd, = 9.4, wthen allowed to stir for 1 hour at ambient temperat The
8.6, 2.3 Hz, 1H), 6.54 (gl = 0.8 Hz, 1H), 2.43 (d] = 0.8 Hz, CH,CI, was removedn vacuoto afford an orange oil which
3H); ®C-NMR (101 MHz, CDCJ)): 165.1, 163.87 (d,]) = was subsequently dissolved in,@t(5 mL) and stored at room
233.1 Hz), 162.8, 159.3, 154.93 @+ 13.5 Hz), 121.77 (d] temperature for 16 hours, affording yellow crystalsThe
= 10.0 Hz), 119.10 (dJ = 2.0 Hz), 113.11 (dJ = 23.8 Hz), solution was then filtered and the crystals washéth Et,O
2099.78 (d,J = 27.4 Hz) 99.4, 95.8, 20.8%F-NMR (376 MHz, (5 mL), then dried under high vacuum to afford dlow
CDClg): -113.48 (td,J = 9.0, 5.4 Hz); MS (ESIn/z (rel.%): crystalline solid (63 mg, 65.6%)H-NMR (700 MHz,
241 [MN4&] (77), 219 [MH] (100); HRMS (ESI) calculated CD,Cl,): 7.52 (dd,J = 12.4, 5.5 Hz, 12H), 7.37 @,= 7.5 Hz,
for CioHgFOs: 298.9714, found: 298.9711; IR (CHEI1731, 6H), 7.28 (t,J = 7.5 Hz, 12H), 6.92 (ddd, = 7.5, 3.5, 1.9 Hz,
1615, 1573, 1496, 1276, 947, 651°tm 1H), 6.48 (t,J = 7.5 Hz, 1H), 6.32 (tJ = 7.5 Hz, 1H), 6.04
e (ddd,J = 7.5, 2.4, 1.2 Hz, 1H), 5.65 (dd,= 1.0, 2.0, 1H),
4,72 (d,J = 1.9, 1H), 2.26 (app. s, 3HYC-NMR (176 MHz,
The title compound was prepared according to theeGs CD,Cly): 169.1, 164.4, 163.3, 153.4, 149.9, 138.8, 135.5,
Procedure, on a 0.25 mmol scale, to afford the pebcs a  132.7, 130.6, 128.3, 125.5, 124.2, 119.7, 100.44,920.6;
yellow solid (7.1 mg, 10.6%)H-NMR (400 MHz, CDC}): *IP_.NMR (283 MHz, CDRCly): 21.23; MS (LIFDI) m/z
8.34 (dt,J = 1.5, 0.7 Hz, 1H), 7.70 — 7.63 (m, 2H), 6.59 {d, & (rel.%): 958 (100). Calculated for,g;l0sP,Pd: C = 60.11,
30 = 0.8 Hz, 1H), 2.46 (dJ = 0.8 Hz, 3H):!*F-NMR (376 MHz, H = 4.10, Found: C = 59.90, H = 4.07.
CDCI3): -61.11 (d,J = 5.2 Hz); MS (ESI)m/z (rel.%): 269
[MH*] (100), 249 (24), 215 (15), 126 (82), 84 (44); HaM U aNSIPHCEHAO-2-(CeHsOIHP(C eDs)a}]
(ESI) calculated for GHgF303: 269.0420, found: 269.0430; A solution of Pddba (30 mg, 33umol, 1 eq.), and B- PPh
IR (neat): 2953, 2923, 2853, 1743, 1575, 1458, 131%6, (36 mg, 132umol, 4 eq.) in CHCI, (20 mL) was stirred under
351164, 1119, 1050, 970, 818 ¢m % nitrogen at ambient temperature for 15 minutesioféd by
the addition of 4-(2-iodophenoxy)-6-methyl-2-pyror{g2.8
mg, 99umol, 3 eq.). The solution was then allowed to &iir
1 hour at ambient temperature. The L was removedn
The title compound was prepared according to thee®#  yacuoto afford an orange oil which was subsequentlyetak
Procedure, on a 0.5 mmol scale, to afford the peodis a 4 yp in E4O (5 mL) and allowed to crystallise for 16 hour&eT
wyellow solid (26 mg, 16%). M.p. >215 °C (decomptiNMR  gojution was then filtered and the crystals wasith Et,O
(400 MHz, CDC}): 8.05 (d,J = 8.4 Hz, 1H), 7.31 () =2.1 (5 mL), then dried under high vacuum to afford dlow
Hz, 1H), 7.16 (ddJ = 8.4, 2.1 Hz, 1H), 6.57 (& = 0.9 Hz,  ¢rystalline solid (23 mg, 35.3%)*H-NMR (700 MHz,
1H), 6.00 (ddJ = 2.2, 0.9 Hz, 1H), 5.23 (d, = 2.2 Hz, 1H),  cD,Cl,): 6.92 (ddd,J = 7.5, 3.5, 1.9 Hz, 1H), 6.48 3,= 7.5
2.45 (d,J = 0.9 Hz, 3H), 2.28 (d] = 0.9 Hz, 3H);"*C-NMR ,,,Hz, 1H), 6.32 (t,] = 7.5 Hz, 1H), 6.04 (ddd] = 7.5, 2.4, 1.2
45 (101 MHz, CDC}): 170.7, 165.5, 163.6, 163.5, 159.1, 157.9, Hz, 1H), 5.65 (ddJ = 1.0, 2.0, 1H), 4.72 (d} = 1.9, 1H), 2.26
155.0, 150.6, 122.3, 121.4, 118.5, 105.3, 103.49,999.7, (app. s, 3H)2'P-NMR (283 MHz, CBQCl,): 21.23;%'P-NMR
95.8, 91.3, 20.7, 20.1; MS (ESH/z (rel.%): 347 [MN4] (283 MHz, D-THF): 22.44.
(98), 325 [MH] (100); HRMS (ESI) calculated for,gH;30¢: ) o o
325.0707, found: 325.0701; IR (neat): 3100, 172649 Attempted synthesis of a cationic derivative of 10
s0 1615, 1570, 1445, 1400, 1319, 1255, 1168, 113521082, s The neutral Pd complex 10 (41.3 mg, 48mol, 1 eq.) was
944, 819 crit. reacted with AgPE (10.9 mg, 43umol, 1 eq.) in CRCl, (1
mL) at ambient temperature in a dry box for 1 hdurthe
dark. The reaction was then filtered through a pa@elite™,
The title compound was prepared according to thee®G®  5nd NMR spectroscopy showed that a new cationioptex

Procedure, on a 0.25 mmol scale, to afford recabstarting ,,,was formed along with an additional new speciee{pmed
ss material (19.6 mg, 21.5%) and the product as aoyelsolid

10 5-Fluoro-9-methyl-benzofuro[3,2€]-2-pyrone (8i)

25 4-(Trifluoromethyl)-9-methyl-benzofuro[3,2-c]-2-pyrone (8j)

5-(6-Methyl-2-pyronyl-4-oxy)-9-methyl-benzofuro[3,2c]-2-
pyrone (8k)

Benzofuro[3,2¢]Jcoumarin (Coumestan) (8l)

8 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]



to be12). (Selected datajH NMR (700 MHz, CDCl,): 7.93 showed no formation of the cyclised prodwjt The 3P
(t, J=7.9 Hz, 1H), 7.52 (td) = 7.4, 2.2 Hz, 1H), 7.38 (dd, NMR spectrum showed degradation of thée' Rodmplex até
=8.1, 5.5 Hz, 1H), 7.33 (ddd,= 14.3, 7.9, 1.4 Hz, 1H), 5.20 24.46 (s), and a new species, identified aso([d?etjba-4-
(d,J = 2.0 Hz, 1H), 4.92 (dJ = 2.0 Hz, 1H), 1.98 (s, 3H}*P &« OMe)(PPh),;] 9. *P-NMR (162 MHz, R-THF): 26.8 (br. s,
s NMR (162 MHz, CQCl,): 39.02 (br. sAv % 46 Hz), 22.09  Av% 42 Hz), 25.2 (br. s\v¥2 42 Hz).
(s), -143.88 (heptJ = 710 Hz). Layering the C}&I, solution
with Et,0 and storing room temperature in the dark for two Details of Crystallographic Analysis Diffraction t@awere
weeks gave crystals suitable for X-ray diffracti@tudy. collected at 110 K on a Bruker Smart Apex diffrantder
Rather curiously, it was found that the gH;0-2-(CHsO,)” e with Mo-Ka radiation A = 0.71073 A) using a SMART CCD
wgroup from the cationic Pdspecies had undergone -RP& camera. Diffractometer control, data collection amitial unit
transfer forming [P{@H4O-2-(GHs0,)}Phs]PFs (12), which cell determination was performed using “SMAR*"Frame
was accompanied by significant Pd black formation. integration and unit-cell refinement software wasried out
with “SAINT+".%" Absorption corrections were applied by
70 SADABS (v2.10, Sheldrick). Structures were solgddirect
A solution of Pd(dba-4,4-OMe); (3.6 mg, 3.3umol, 1 eq.), methods using SHELXS-§7and refined by full-matrix least
isand PPR (3.4 mg, 13.2umol, 4 eq.) in @-THF (1 mL) was  squares using SHELXL-97. All non-hydrogen atoms aver
stirred in a dry box at ambient temperature for iutes, refined anisotropically. Hydrogen atoms were pthasing a
followed by the addition of 4-(2-iodophenoxy)-6-mgt2-  “riding model” and included in the refinement atlmdated
pyrone (4.2 mg, 13.2imol, 4 eq.). The solution was then; positions. Important X-ray details are collected Tiable 4
allowed to stir for 1 hour at ambient temperatune she P8 (shown below), including CCDC numbers.
20 intermediate confirmed by NMR spectroscopy.,@8; (6.6
mg, 20umol, 6 eq.) was added and the solution heated to 70
°C for 2 hours. The solution was cooled to ambient
temperature and filtered. ThtH NMR spectrum showed g
guantitative formation ofa.

25 Synthesis of trans[Pd{CgH3-5-CF3-0-2-(CsHs0,)}1Br(PPhs),]
and attempted reaction with CsCO;

From Pd(dba-H): A solution of Pd(dba) (30 mg, 33umol,
1 eq.), and PRNh(34 mg, 132umol, 4 eq.) in THF (20 mL)
was stirred under a Natmosphere for 15 minutes, giving an

2 orange solution which is Pgf-dba-H)(PPk),. 4-(2-Bromo-4-
(trifluoromethyl)-phenoxy)-6-methyl-2-pyrone (46r@g, 132
umol, 2 eq.) was then added and the solution wasveld to
stir for 1 hour at 70 °C. The THF was removiadvacuo to
afford an orange oil which was subsequently takennuEtO

35 (5 mL), and allowed to slowly crystallize over 16urs. A
mixture of purple, orange and yellow crystals wéoemed.
X-ray crystallographic analysis identified the plererystals
as Pd(dba-H) (as disordered isomers). The orange and
yellow crystals were not identified. From fdba-4,4-OMe),:

2 In a dry box, a solution of Bddba-4,4-OMe); (3.6 mg, 3.3
umol, 1 eq.), and PRh3.4 mg, 13.2umol, 4 eq.) in @-THF
(1 mL) was stirred at ambient temperature for l%wtes,
giving an dark orange solution which is R#@ba-4,4-
OMe)(PPh),.  4-(2-Bromo-4-(trifluoromethyl)-phenoxy)-6-

4s methyl-2-pyrone j (2.3 mg, 6.6umol, 2 eq.) was then added.
The solution was then allowed to stir for 1 hour78t°C and
the Pd complex characterized by NMR spectroscopy,,
Selected DataH-NMR (400 MHz, Q-THF): 7.59 — 7.54 (m,
12H), 7.35 — 7.30 (m, 6H), 7.26 — 7.22 (m, 12H{7(d,J =

s 8.5 Hz, 1H), 6.15 (dJ = 8.5 Hz, 1H), 6.03 (s, 1H), 5.69 (d,
= 2.2 Hz, 1H), 4.65 (dJ) = 2.2 Hz, 1H), 2.24 (s, 3H}'P-
NMR (162 MHz, Q-THF): 24.46 (s). C£0; (13.2 mg, 40
umol, 12 eq.) was then added to the yellow/orandatism,
which was heated to 70 °C for 2 hours. The sotutizas

ss allowed to cool to ambient temperature and filtetkcbugh
Celite™. 'H NMR spectroscopic analysis of the filtrate

Reaction of 10 with CsCO; to give product 6a

85

920
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Table 4 X-ray diffraction details for all compounds.

Compound reference ijf0925r64d) ijf0934m (6b) ijf0930 (8h) ijf0931 8i) ijf0936m (L0) ijf1002m (12)
Formula Mass 200.18 186.16 218.18 218.18 959.03 .4808
Crystal system Triclinic Monoclinic  Triclinic Triolic Monoclinic Triclinic
alA 7.1467(5) 11.1190(16) 3.7437(3) 3.7597(2) 10.21P9(5 7.8107(8)
b/A 7.3546(5) 8.2091(12)  6.3700(7) 6.1644(4) 11.8937(6) 13.2530(14)
c/A 9.3252(6) 18.856(3) 19.0219(19) 19.6660(11) 34.(BBR  14.2579(15)
al® 69.7600(10) 90.00 91.665(9) 92.543(5) 90.00 97 DAO(
pI° 81.8920(10) 105.787(2) 90.858(7) 90.715(5) 93.0BdD( 104.389(2)
yl° 75.2200(10) 90.00 93.699(8) 90.125(5) 90.00 104332
Unit cell volume/& 443.91(5) 1656.2(4) 452.42(8) 455.30(5) 4139.5(4) 1353.6(2)
Temperature/K 120(2) 110(2) 120(2) 120(2) 110(2) 0o(2)
Space group PT C2/c PT PT P2(1)/n PT
No. of formula units per unit celf, 2 8 2 2 4 2
No. of reflections measured 6084 8041 7806 4447 8959 13874
No. of independent reflections 2211 2057 1688 1706 10290 6661
Rint 0.0124 0.0175 0.0390 0.0286 0.0494 0.0235
Final R, values [ > 25(1)) 0.0352 0.0373 0.0480 0.0477 0.0330 0.0490
Final wR(F?) values (> 25(1)) 0.1005 0.0970 0.1249 0.1335 0.0684 0.1227
Final R, values (all data) 0.0366 0.0443 0.0574 0.0514 5504 0.0719
Final wR(F?) values (all data) 0.1023 0.1024 0.1316 0.1382 7300 0.1367
CCDC number 764708 764709 773153 773154 764710 12647
45 174-238; d) T. Satoh and M. Miur&hem. Lett.2007,36, 200-205;
Notes and references i)zel_zi_c Campeau and K. FagnoGhem. Commun.2006, 1253-
3 Department of Chemistry, University of York, Heglon, York, YO10 7 Selected papers from the Pd catalysis field, @p&. A. Ohnmacht,

5 5DD, United Kingdom. Fax: (+) 44 (0)1904 432516rtail:
riktl@york.ac.ukijsfl@york.ac.uk

T Electronic Supplementary Information (ESI) isitalzle for this paper:

[Representative NMR spectra of the compounds eetdil this paper are
10 included in addition to the experimental details tioe starting material

syntheses]. See DOI: 10.1039/b000000x/

T Single crystal X-ray structures of ba@h and8i have been determined

(see E.S.I. file).
151 For leading reviews on 2-pyrone medicinal aggians and natural
products, see: a) J. M. Dickinsddat. Prod. Rep.1993,10, 71-98;
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Graphical Abstract
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The development of catalytic C-H functionalisatisaactions for 2-pyrones provides rapid and effitiemtry into fused
furanopyrone products, regioselectively.
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