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Abstract

The combination of cyclopropanes and carbohydrdtextionality within a single
molecule gives the synthetic chemist an interestmmbination of reactivity and chirality
to expand further upon. However, until recentliatigely little work has been done in this
field. Following the report of methodology to camvcyclopropanated carbohydrates into
oxepines in high yields, this investigation set a@atimprove the selectivity of the

rearrangement and also investigate the furthatyudif the subsequent products.

Focused investigation of the starting substrated r@action conditions led to a minor
adaptation of the previously successful methodoldgy the ring expansion of
cyclopropanated glycals. This resulted in a sulistaincrease in the selectivity of the
reaction to generate oxepine rings in good to ésweyields with a range of nucleophiles.
One of the oxepines was subsequently chosen fbordaon into a range of synthons for
further investigations. These yielded a varietyoakpanes in good yields with well

defined stereo- and regioselective outcomes.

In the course of these reactions several unexpguteducts were isolated. These were
further investigated with labelling experiments andnechanism for their formation was

proposed.

Finally the methodology was applied to the totaltegsis of a naturally occurring oxepine
containing compound. Despite the apparent simpliaf the target, the effort was

ultimately unsuccessful.
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Chapter 1: Introduction

The author has been both praised and abused fogusarbohydrate derivatives “to do
organic chemistry”. One friend allowed that theneaspects of sugar chemistry which
deserve the attention of competent chemists, \ahiteher expressed amazement that
we know how to use a drybox since sugars are veatieible. A Nobel Laureate known
to the author declared that the stabilisation o #gnomeric cation by the ring oxygen
constitutes half of sugar chemistry. A graduatelshd (from another area) was amazed
to find that many of the fabled mysteries of theokes garnered during that fateful two
weeks of Org. Chem. Il disappeared once he drevsttinetures properly. An eminent

chemist wants to use sugars; but he finds the namesying'

These views, expressed by Bert Fraser—Reid in 19%4 sum up the position that
carbohydrate chemistry held 40 years ago (arouadinie the author of this thesis was
born). Since then carbohydrate chemistry has mdr@d a fringe area of organic
chemistry investigated by a few dedicated reseaschie one of the central fields of
current chemical investigation due to the vital ahderse biological importance of

carbohydrates and their increasing utility in cheahsynthesis and industry.

1.1 An introduction to carbohydrates

Historically, the name carbohydrate comes fromftinemula of this class of compounds
which is G(H20),, quite literally a hydrate of carbon. This gendarm covers a large
well-defined group of organic compounds, which amestly aliphatic polyhydroxy

aldehydes and ketones. It is also used to coverpoands obtained from their

reduction and oxidation, as well as replacemertref or more hydroxyl groups with



either a hydrogen atom, a heteroatom or other imakt group. Carbohydrates are

synthesised in green plants by a variety of biogbahpathways collectively known as

photosynthesis. This process uses solar enerdixt@arbon dioxide in a form that

can then be metabolised by plants to generate yneitp O, as a reaction by-product

(Figure 1.1¥® Without this process life on earth as we knowdtld not be possible.
XCO, +yH,0 —Ym  H,O)y + %O,

Figure 1.1 Generalised equation for photosynthesis.

Carbohydrates are an abundant and renewable saidrdeedstocks for modern
chemical research and industry. They are far dreamd in many cases have
advantages over petroleum-based products, providimgh source of functionality,
chirality and structural variey. To give an impression of how important this maike

in 2005 the United States used 70% of its oil mtitansportation field. This had a pre-
tax value of $385 billion dollars. In contrast pi¥.4% was used in the petrochemical
industry (plastics, cosmetics, detergents and patt). However this had a pre-tax
value of $375 billion dollar3. With the price of oil only set to rise as theem®s
slowly and inexorably run out the stage is setafwother source of feedstocks to replace

it.

The cornerstone of the chemistry of carbohydratas Vaid in the 1880s by Emil
Fischer, one of the true giants of organic chemfstin a series of experiments over a
seven year period he elucidated the structuressser@ochemistry of all the basic
carbohydrates, or monosaccharides as they are momectly known. This
monumental achievement saw him awarded the secarlmINorize in chemistry in
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Despite these major advances, subsequent progre® ifield was slow. Fischer

himself alluded to these problems in a letter torhentor Baeyer in January 1889.

“Unfortunately, the experimental difficulties inishgroup are so great, that a single
experiment takes more time in weeks than othesetasf compounds take in hours, so

only very rarely a student is found who can be dsethis work.”

Many of the problems with working with these compdsi were caused in large part by
their abundance of hydrophilic groups. Characiins was mostly by derivatisation,
which made further use of the compounds ratheicdiff Nonetheless a small group of
dedicated researchers persisted in working in ibld.f These workers laid a solid
foundation for those who would come after them.thwthe development of NMRand
improved chromatography techniques, the charaatesis of carbohydrate compounds
became greatly simplified. NMR in particular beeam very important technique as
carbohydrates by their nature give spectra thailewdomplex, are extremely well
resolved. Indeed, carbohydrate chemists were &moos in the field of 1D and 2D
NMR, adopting and applying new pulse sequenceseapeériment types long before
they became popular in more mainstream organic istgnfields. In the 1970s came
the discovery that sugars played a central rolecamplex biological interactions
particularly those at the cell surfate? Interest in the field has grown exponentially

since this time.



1.2 Conventions for the description of carbohydratestructure and

conformers®

The simplest monosaccharide possessing a chiraterceis the compound
glyceraldehyde, which contains three carbon atomasig also known as a triose. This

can exist as two enatiomers (Figure 1.2).

CHO CHO
H=—=OH HO=—H
CH,OH CH,OH
(R)-glyceraldehyde (S)-glyceraldehyde

Figure 1.2 Enantiomers of glyceraldehyde.

However, before the absolute configurations of chylrates were known, Fisher
proposed that the enantiomers should be clasdsifietheir optical rotationsp- for
dextrorotatory or- for levorotatory. Thus the enantiomers of glytdehyde were
drawn and named by Fischer as shown in Figure TRis was further extended by

Rosanoff to cover a great many other compoundsgusie glyceraldehydes as the

baset**®

CHO CHO
H+OH HO+H
CH,OH CH,OH
D-glyceraldehyde L-glyceraldehyde

Figure 1.3 Fischer projections of enantiomers of glycerajaksh

The Fischer projection is drawn with the aldehyttha top of the carbon backbone and
the primary hydroxyl at the bottom. Tl and L- terms are used to refer to the

orientation of the alcohol on the chiral carborheTarbohydrates with four carbons are



called tetroses and have two chiral centers. giviss two enantiomeric pairs as shown

in Figure 1.4.

CHO CHO CHO CHO
H——OH HO——H HO——H H——OH
H——OH HO——H H——OH HO——H

CH,OH CH,OH CH,OH CH,OH
D-erythrose L-erythrose D-threose L-threose

Figure 1.4. Fischer projections of the tetroses.

In this case the®- andL- conventions refer to the chiral carbon furtherfesin the
aldehyde. Continuing the series there are pentwgbghree chiral centers giving four
pairs of enantiomers and hexoses with four chirahteérs giving eight pairs of
enantiomers. Carbohydrates with larger numbersaobon atoms are also known.
These are septanoses (seven carbons), octoses aigbns), nonoses (nine carbons)
and decoses (ten carbons). Pentoses and hexastesagurally as cyclic systems. This
occurs when the carbonyl reacts with one of thedwys in the molecule and forms a
cyclic hemiacetal that is more stable than the agexin form. The cyclic form of the
pentoses are called furanoses (with a five-membengg. The hexoses can exist as
furanoses or pyranoses (with a six membered riegedding on whether the ring is

formed with the C-4 or C-5 hydroxyl (Figure 1.5).

CH,OH
OHp
CHO H OH
Hlon ~— OH
HO——H
H——OH
HoH =T CH,OH
CH,OH o
OH OH
0
OH

Scheme 1.1Furanose and pyranose form®eflucose.



The 3D structures of the cyclic forms are represghiere in Haworth projections.

Carbohydrates with more than six carbons form pysanrings with an exocyclic
carbon chain and are known as extended chain cgilbaties. Furanose and pyranose
rings exist as two different isomers, known as agrsm The carbon at this new center
is known as the anomeric center. This dependsherotientation of the hemiacetal
formed between the hydroxyl and the aldehyde cerifeahe new OH is formed on the
same side in the Fischer projection as the the exxygvolved in the hemiacetal link
then it is then anomer. If it is on the opposite side then this3 anomer. For the-
carbohydrates, this translates to a Haworth priogjeatvhere the anomeric hydroxyl is

down for thea and up for thgg anomer (Scheme 1.2). It is common for the loweefa

of a carbohydrate to be refered to asdHace, and the upper face fhd¢ace.

CH,OH
HO— O, OH
H OH —_— OH
HO——H o]
H——OH OH
CHO H——0 [-D-glucose
N CH,OH
HO——H 2
H——OH
—OH CH,OH
CH,OH o)
OH
o OH
OH
a-D-glucose

CH,OH

Scheme 1.2Hemiacetal formation leading toand3 anomeric forms.

1.3 Glycosidic linkages

Naturally occurring monosaccharides are the simhglegars consisting of just one base
saccharide unit of between three and six carbomd,age not hydrolysed to simpler

compounds under acid hydrolysis. Common examplegylcosel.l (grape sugar),
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galactosel.2 and fructosel.3 (fruit sugar) shown in Figure 1.5. These sugaes a

broken down by enzymes through various biochenmatiiways and used as energy.

OH OH OH
HO OH
0 o HO
OH
OH OH OH
OH OH
o-D-Glucose 1.1 a-D-Galactose 1.2 o-D-Fructose 1.3

Figure 1.5 Examples of monosaccharides.

When two monosaccharide units are linked togetlhiem®-glycosidic linkage they are
called a disaccharide. Common examples are sudrdgeane sugar) and lactoed

(milk sugar) illustrated in Figure 1.6.

OH
OH

Q OH OH

HO
HO OH 0
O~ HO o O
OH HO HO OH
o
OH OH
OH OH

Sucrcse 1.4 Lactose 1.5

Figure 1.6. Examples of disaccharides.

Three or more monosaccharide’s connected by glgmosinkages are termed
oligosaccharides. The role of these in cells isgemerally as a form of energy storage.
They are commonly found on the surface of celleesE generally consist of fewer than
20 monosaccharide units, and are used in a vast afrbiological signalling systems.
A simple example of these oligosaccharides is foun@lobo-H1.6.° This is a cell-
surface glycosphingolipid, which occurs in a numieértumours including breast,

prostate and ovary (Figure 1.7).



OH_-OH

OH_-OH OH_-OH
-D- a-D-Gal
B-D-Gal o o o
HO (e} O

¢} AcHN HO o OH
OH
M o B-D-GalNAc o B-D-Glc
e
a-L-Fuc OH HO ) 0
oH o} OR
OH
OH OH
B-D-Gal
1.6

Figure 1.7. The oligosaccharide component of Globd:-18.

Cyclic oligosaccharides are also known, more conmiynoalled cyclodextrins. These
consist of most commonly 6-8 glucose residues tinke a (:»4) fashion, but can
contain upwards of 30 glucose residues. These congs are used as energy storage
by some bacteria that have an enzyme that can daheerings back into glucose. This
process is essential as bacteria lacking the enayeeot viable in the environment and

die out.

Finally, there are the polysaccharides; these latg@saccharides consist of upwards
of 500 monosaccharides. They exist in structurdg. (eellulose and chitin) and energy
storage (e.g. starch) forms. In all these polysacdes the constituent
monosaccharides are linked to each other by glgitosionds. The most prevalent in
nature ard-, S, andN- linkages. These are formed between any two namubsiride
functional groups. This makes polysaccharides thestmstructurally complex
biopolymer. For example, only one dipeptide carfidsmed from two identical amino
acids. However with two identical hexoses the nemlof different possible
disaccharides is 11 wit®-linked glycosides’ This is because not only can there be
glycosidic bonds formed between any of the differearbon atoms, but also these
linkages can ber or 3. Figure 1.8 shows examples of two different dibacides,

maltose and lactose.



OH OH oH
HO OH
G (0]
OH O
o (o] HO HO
HO
OH oH
OH

OH
OH

Maltose Lactose
a-(1-4) linkage -(1-4) linkage

Figure 1.8 Linkages of two example disaccharides.

The major structural difference between these tisaatharides is the orientation of the
glycosidic linkage. Maltose with ita (1-4) glycosidic linkage can be processed by
the yeastSaccharomyces cerevisidbrewers yeast) to ethanol and £OHowever,

S. cerevisiagannot not process lactose in the same way asks ithe enzyme to break
the 3 (1—4) glycosidic linkage. This can be used to theMarés advantage as lactose
can be added into the wort to increase the levdinafl sweetness. The biological
importance of anomerism is also illustrated in geictures of cellulose and starch.
Cellulose is made up of repeatifd1—>4)-D-glucose units. It makes up the cell walls
of green plants. Starch is made up of repeatiit~>4)-D-glucose units and is used by

plant cells to store glucose in an easily retriéxdtrm (Figure 1.9).

OH
OH OH
o} o Q
HO O HO
HO o HO 0
OH oH (o]
HO
HoO

Cellulose Starch

Figure 1.9 The structures of cellulose and starch.

Again, while starch can be broken down by enzynresgnt in higher animals, only



bacteria have enzymes to break down cellulose. iRants that can digest cellulose do

so by having the relevant bacteria present in tpgtiflora.

A major problem with biologically-derived oligosdm@arides is that they are extremely
difficult to extract from natural systems in adegugields and purity. Thus much
research has gone into the selective formatiohefifferent types of glycosidic bonds
and the subsequent formation of the target oligdsmides. There are several
commonly used methods to form these glycosides fif$teanvolves the activation of a

leaving group on a glycosyl donor by an electraplpromoter. This is followed by

nucleophilic attack of the glycosyl acceptor on tmemeric carbon of the glycosyl

donor (Scheme 1.3).

RO RO + RO
( |L”0 ( |ﬁ0 ( |\)/nO
Y/\ — .
Activation + Substitution Nu

Scheme 1.3Glycosylation by a glycosyl donor.

This reaction tolerates a wide variety of acceptiagending on the reaction conditions
used. With these tools it has been possible tathsgise a wide variety of

oligosaccharides. As well as the naturally ocogyriargets it is also possible to
synthesise non-natural oligosaccharides in ordprdbe biological functions or attempt

to synthesise vaccines against various infectionstseases.

These glycosylations are limited @, N- andS- linked glycosides. Another class of
naturally occurring glycosides are those where lihieer to the anomeric carbon is
another carbon atom. These are unsurprisingly knasC-glycosides. It is only in the

last 40 years that there has been increased ihiardss type of glycoside. This has

been due to the discovery of biologically activelecales containing this linkage.
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Another driver has been the increased use of csdvates in organic synthesis as
chiral building blocks and related development @fvrsynthetic methodologies to better
employ these chirons. A more recent field of ieg¢has been use of these compounds
as analogs of cell surface glycans and as inhgabcarbohydrate processing enzymes.
The major difference betweed and other glycosides is their inherent stabildya
wide range of reaction conditions, including cellunetabolism, at the anomeric center

due to the presence of the C-C bond.

As with the previously mentioned glycosid€sglycosides can be formed by attack of a
nucleophile on a glycosyl donor with a suitablevieg group. It is possible to perform
any chemistry that results in the formation of a&€@ond. This includes the use of
organometalic reagents such as Grignard reagedtstannane chemistry. It has even
proved possible to do Wittig type reactions at @mgomeric centre. The most
synthetically useful group of glycosyl donors anesaturated monosaccharides that
contain an alkene bond in the molecule. Of padicunote are the unsaturated
compounds commonly known as glycals. These congmuwre characterised by
having an alkene present between C-1 and C-2 whatkes these compounds analogs
of vinyl ethers (Figure 1.10). Reactions with ta@®mpounds can generate products

with excellent control over regio- and stereo-skhdy.
0
HO © | HO |
HO™ HO
OH OH
Glucal Galactal

Figure 1.1Q Examples of glycals.
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The use of glycals as glycosyl donors is well knowks seen in Scheme 1.3, the glycal
donor is also activated by an electrophilic promofellowed by coupling with a

nucleophilic glycosyl acceptor. However, in theaction it is also possible to introduce
another group Z at the C-2 position at the same &s1the formation of the anomeric

bond (Scheme 1.4). These Z groups are most comyrexities, acids, amines or

alcohols.
E+
(R?)n (R(l))no . ) Nu—H (R|O)no
— — i) Nu— —
R . CHEULTUNE
Activation Es i) Z z “Nu
Substitution

Scheme 1.4Glycosylation involving a glycal donor.

One of the more chemical useful reactions involvigtycals is the Ferrier
rearrangemeri£®! This adds a nucleophile to a glycal with a motéeta high stereo-
and regioselectivity at the C-1 position, promolbgdoss of a leaving group from C-3

and the subsequent migration of the alkene to let\z2 and C-3 (Scheme 1.5).

o) O_ +Nu
) ——
ROY ROV N

L

Scheme 1.5Ferrier glycal rearrangement.

It is most commonly proposed that this reactioncpeals through an oxonium

intermediate; although results suggest that otreghanisms may also contribute to the
transformation or compete to provide alternate pot&l These mechanisms are
summarised in Scheme 1.6. With acetate as thenlggvoup at the C-3 position, there
exists the possibility of A) attack by a nucleophdt C-1, or B) rearrangement of the

leaving group to C-1 followed by nucleophilic attaat C-3.
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+
oY o) O_ ,Nu
A)  AcO | AcO N -/ 5 AcO
N ( A % \ %
AcO' AcO' AcO'

COAC

0 0 0
B) AcO (| ACOU AcO |
AcO™ AcO™ F AcO™
C o\fo ( Nu

Scheme 1.@Possible mechanisms involved in Ferrier rearramgegs

Depending on the conditions and nucleophile invib)\tbe result of the reaction can be
tuned to afford either C-1 or C-3 attack. Theetehemical outcome of reaction path
A can also be controlled depending on nucleophild @nditions. Regioselectivity is
mixed in reactions involving heteronucleophilestthan generate either C-1 or C-3
substituted glycals. Carbon nucleophiles demotestragioselectivity for the C-1

position. All nucleophilic attack at the C-1 pamit favoursa over[3 stereoselectivity.

Danishefsky and co-workers reported investigatiango Ferrier-type reactions
generating C-1 carbon-substituted pyranose deviestirom glycal starting materias.
Treatment of triacetyl glucdl.7 with TMSallyl and TiC} gave the allylated produtt8

in 85% vyield and 16:&/[3 stereoselectivity (Scheme 1.7).

TiCl, leqv OAc
TMSallyl 1.5eqv O w~rF
- = . 16:1 a:f
CH,Cl, AcO"
OAcl.7 1.8

Scheme 1.7Ferrier rearrangement of @-acetylb-glucal with TMS allyl.
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Results were also reported comparing the selaesviof glucal, galactal and allal
species in the Ferrier rearrangenfént.Reaction ofb-galactal triacetatel.9 with
TMSallyl and TiCl, in CH,CI, at —78°C gavel.8 as a 30:1:B mix of epimers in 93%
yield. D-Allal triacetatel.10 gavel.8 in a 95% vyield but only in 6:&: mix. The
starting materials and product ratios are showfigure 1.11. No comment was made

on the reaction times for these rearrangements.

AcO © | AcO © | AcO/\|;OJ
AcO™ AcO AcO™ Y

OAGC OAc OAC
1.7 1.9 1.10

16:1 a: 30:1a:B 6:1a:3

Figure 1.11 Danishefsky’s Ferrier rearrangement starting malri

The authors propose that the high selectivity is ttua combination of axial attack by
the carbon nucleophile and an{ZSdisplacement of the acetate leaving group. The
allal selectivity is lower due to theyn orientation of the leaving group to the

approaching nucleophile.

More recently Hanna and Wlodyka reported the sialidylation of tri-O-acetylb-
galactal using BEEtO and TMSallyl at -56C which gave thet isomer exclusively in

97% yield®®

Das and coworkers reported on the microwave adsiBggrier rearrangement on
triacetyl glucal and triacetyl galactal using I1p@k the catalyst. Their results were an
improvement on Danishefsky’s in terms of both yialtd selectivity. Reaction af-

galactal triacetat&.9 with TMSallyl and InC{ in MeCN under microwave irradiation

gavel1l.8 as a 99:1a: mix of epimers in 90% vyield in only 40 seconds-glucal

14



triacetatel.7 gavel.8in a 95% vyield as a 19d:3 mix of epimers in 30 seconds. More
interesting was the result with 3,4-@tacetyl-ribal 1.11 which gave a selectivity of
19:1 a:p in 89% vyield. This result reveals the effect bé tC-5 substituent on the

selectivity of the rearrangement. The startingamals and product ratios are shown in

Figure 1.12.
0] 0] o]
AcO | AcO | |
AcO™ AcO AcO
OAc OAc OAc
1.7 1.9 1.11
19:1 a: 99:1a:f 19:1a:B

Figure 1.12 Das and co-worker’s Ingtatalysed rearrangements under microwave irradiati

Hoberg reported that reaction with TMSOTf and TM@ah CH,CI, usingl.12as the

substrate gavé.13in 91% vyield with an 88:1 ratio @f: epimers (Scheme 1.8).

TMSOTH, o
C,) (@] | TMSallyl Q/\O,\\\\/
t—BUZSI\O\\\ CH,Cl, t-BUZSI\O\\\ =
OAc 1.12 1.13

Scheme 1.8Reaction of diert-butylsilyl-glucal with TMSallyl and TMSOTH.

This and similar reactions extend the carbon cbéthe base carbohydrate. Thus these
reactions are useful to produce chiral synthondddher use in the total synthesis of
naturally occurring compounds or their analogu€kat the absolute stereochemistry of
carbohydrates is known enables their use in asyrmorstnthesis without the use of
expensive chiral reagents. They are the largagtesgroup in what is known as chiral

pool reagent§®
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The earliest total synthesis of a complex naturatipct was Emil Fischer’s synthesis of

glucose fronb-mannonic acid lactone in 1890 (Scheme 1.9).

OH
HO

HO — o
OH OH HO
© > OH
—~ o} » HO
OH
D-mannonic acid lactone D-glucose

Scheme 1.9Fischer’s total synthesis of glucose.

At the time this was a monumental achievement gienanalytical tools of the day.
More recently, Nicolaou has used carbohydrates tagirgy materials for many
syntheses of complex natural products. For ingt&amd 981 Nicolaou’s group reported
the synthesis of leucomycingA.14and carbomycin 8?2 usingd-glucose as a starting

material, as it possessed three of the requirestemeocenters (Scheme 1.10).

1.14

Scheme 1.10L eucomycin A31.14showing stereocenters derived froaglucose starting material.

Nicolaou has also reported the synthesis of ampikiteB*® and swinholide A’ using

carbohydrates as base building blocks for the nmioreplex structures. Carbohydrates
were also used as the starting point for severdietyclic ether rings in the brevetoxin
series of syntheses reported from the same resgesap>>® Other researchers have

also made extensive use of carbohydrates in totahesis®*
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1.4 Cyclopropanation of carbohydrates

To further extend the utility of glycals in orgarsgnthesis, much work has been done
to functionalise the alkene moiety. One of the svayadd further functionality is via
cyclopropanation. There are three main methodstHer cyclopropanation of 1,2-
glycals. These are the Simmons-Smith reactiorcticmawith a diazo ester and reaction
with a dihalocarbene. The Simmons-Smith reacti@@sudiiodomethane and a
zinc/copper couple to convert alkenes into unstiisti cyclopropane$. This occurs
through transfer of a methylene group from an oogaetallic intermediate to the
double bond. In the presence of an allylic alcotiolether substituent this reaction
becomes very stereoselective as shown in Schenie WHere the cyclopropanated

glucals were generated in high yield as one isomer.

o CHaly, Zn, CuCl o
BnO | BnO
BnO" AcCl, ether 89% BnO"
OBn OBn
o CHaly, Zn, CuCl o
BnO | BnO
BnO AcCl, ether 80% BnO
OBn OBn
w, 0O CHyl,, Zn, CuCl WO
0 o
BnO Y AcCl, ether 87% BnO Y
OBn OBn

Scheme 1.11Simmons-Smith cyclopropanations.

The cyclopropane addynto the allylic alcohol. This is because the zioeordinates
to the allylic alcohol in a so-called ‘butterflyhtermediate and delivers the methylene
to thesynface of the glycal producing cyclopropanes withstiereoselectivities as high

as 300:1 (Figure 1.135.
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Figure 1.13 Allylic direction of Simmons-Smith cyclopropanati showing the ‘butterfly’ intermediate.

Nagarajan etal reported an example of this readtid®95%’ Several benzyl protected
glycals were cyclopropanated in high yield with ellent selectivity using acetyl
chloride as an activatdf. It is postulated that the acetyl chloride readith any water
present to “super dry” the reaction, and any H@idpiced serves to remove the oxide
layer from the zinc surface. In these systemsQHg substituent controls the facial
selectivity of the cyclopropanation and overrides steric effects from the C-4 and C-6

substituents.

An improved method for the Simmons-Smith is theukawa modification using
diethylzinc instead of the metallic coupfe.This modification is now used extensively,
as it is less harsh and more reproducible thanirtiiel method. A wide range of
protected glycals have been synthesised usingmbitiodology with excellent yields

and stereoselectivities reported (Table 1°1).

The table shows that this reaction is compatibléhvai range of protecting groups,
giving excellent selectivity and yield. Howevdretauthors suggest that yield decreases
as steric effects increase (entry five), eventuakading to failure of the
cyclopropanation in extreme cases (entry six).sTes not account for the high yield

shown in entry four. The low yield observed inrgrfive could be attributed to the
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instability of the protecting group affecting theveoall yield rather than steric

influences.

Table 1.1 Cyclopropanations of protected glucals using”hrikawa modification of the Simmons-

Smith reaction cyclopropanation.

RO o | CHaly, EtyZn RO o
R,0" R,0"
OR; OR;

Entry R1 R, Rs Yield (%) a:p
1 Bn Bn Bn 92 B only
2 Me Me Me 94 B only
3 TBS H H 88 B only
4 -SitBu), H 96 250:F
5 -C(Me), H 33 80:1
6 TBS TBS TBS 0 -

% measured by GC
An unexpected result with this methodology was reggbby Lorica et al who isolated
cyclopropanel.15 as the major product from their cyclopropanatidngtucal 1.7

(Scheme 1.12%*

(@) CHsl5, Zn/Cu O
AcO | 272 AcO o
AcO™ 38% AcO™

OAc OAc
1.7 1.15

Scheme 1.12Loricas synthesis of cyclopropafels

The authors suggest that the observed stereochgnsistue to the steric hindrance of
the upper face by the acetate groups, which impiet careful selection of the

protecting groups is required for optimal stereeswlity. Hoberg etal have since
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reported a method to reverse the stereoselectagociated with acetate protecting
groups’® Cyclopropanation of the diol.16 followed by quenching with A©
generates the diacetyl protected cycloprodaa&in 85% yield and 8::a selectivity

(Scheme 1.13).

,, (@) 1) CH2|2, EtZZn ///,,. (@)
| — K
HO 2) Ac,0 AcO
OH OAc
1.16 1.17

Scheme 1.13Hobergs modified reaction scheme.

The Simmons-Smith methodology has also been apphigdore complex systems as
shown in Figure 1.14. Synthesis of cyclopropahé&8 (Figure 1.14) occurred

stereoselectivity in 93% vyield, while that Df19with no allylic alcohol gave a 1:1 mix
of the cyclopropanes. More complex unsaturated oteirates have also been
cyclopropanated. Danishefsky and co workers swmibd cyclopropané.18 as an

early stage intermediate towards epothilones A Bfid while Boeckmann and co-
workers synthesised cyclopropahd 9 during the formation of (-)-calcimycin ( Figure

1.14)%

BnO OTBDPS

OTBS

1.19
Figure 1.14 Complex carbohydrate-derived cyclopropanes syrghdsiising Simmons-Smith

methodology.

The second method is the reaction of glycals wifzal compounds. This approach is
not as common as the Simmons-Smith method dueet@tbblems associated with

diazo compounds. The reaction occurs by metalyssd decomposition of the diazo
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compound to nitrogen and a carbene, which then addsss the alkene forming the
cyclopropane. The major advantage of this metisothat the reaction is commonly
done with a-diazo-esters, giving products that are doublyvattid donor-acceptor
cyclopropanes, with the ester group providing a $ir future elaboration. Initial
studies of this cyclopropanation gave low vyieldsl goor stereoselectivity. More
recent studies have improved both. Henry and FRegl found that cyclopropanation
of tri-O-tert-butyldimethylsilylD-glucal with copper powder as the catalyst gave
exclusively B cyclopropanel.20in 92% yield (Scheme 1.14j. However the trio-

benzyl analog gave only 34% yield with no steremelity.

N,CHCO,Et,
0 0
RO cu’ RO
L — | 11ICO,Et
RO" A, 92% RO"
OR OR
1.20
R=TBDMS

Scheme 1.14Synthesis of cycloproparie2Q

Hoberg and Claffey found that by using a rhodiunalyat, cyclopropanation was
achieved in good to excellent yields with a wideiety of protecting groups (Table

1.2)%

In these examples tlediastereomer was predominantly obtained. It westytated by

the authors that this is due to a steric controtess, particularly in the case of larger
protecting groups. It is also interesting to castrthe first entry in this table with entry
six in Table 1.1 where with identical protectinggps no cyclopropanated product was

observed.
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Table 1.2 Results of cyclopropation of glycals with ethyl iimcetate.

/\K‘) &—=CO,Et + /\(‘/\DHCOzEt
0 N,CHCO,Et R,0' R,0O'
R.0 | catalyst OR3 A
R,0" o
ORs KnCOEt + RiO CO,Et
2o\‘ R,0O"

OR3 ¢ OR; p
Product Ratio

R R, R3 Catalyst® | Yield A B C D
TBS TBS TBS CuO 92 0 100 0 0
TBS TBS TBS | RKOAC), 81 97 3 0 0
TBS Ac Ac RR(OAC)4 93 94 2 2 3
TIPS TIPS TIPS | RIOAC), 66 91 3 3 3

Bn Bn Bn RR(OAC), 44 76 8 8 8

Ac Ac Ac Rh(OAC), 73 81 6 4 9

2 All catalysts 1Mol% loading

The third method is the addition of a dihalocarbenéhe glycal. This reaction is also
sterically directed and is carried out most commaonlthe appropriate haloform in the
presence of a strong base. The resulting dihalopsapane can be isolated or reduced
by lithium aluminium hydride to the non halogenatgdlopropane. While the reaction
has been known for 40 ye&ti is only recently that Nagarajan has developeérzeral

synthetic sequence that has been applied to sqwetatted glycals (Table 1.%).

The addition is directed by the C-3 substituent sehcsteric bulk directs the

cyclopropane to the opposite face to that derigdtisy the Simmons-Smith reaction.
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Thus it is possible to control the stereochemisfrihe cyclopropane formed during the

reaction by varying the reagents and conditions.

Table 1.3 Results of cyclopropanations using Nagarajan’s otkth

RO HCCl; Ry O cl LiAH, Ri O
| e T
R, NaOH Cl Ry
RS R3 RS
Entry R, R> R3 Yield % | Cyclopropane

1 gluco- | MeOCH(B) | MeO() MeO(@B) 82 a
2 gluco- | BnOCHy(B) BnO(@) BnO@) 84 a
3 galacto- | BhOCHy(B) BnO@) BnO@®) 92 a
4 galacto- Me(a) BnO@) BnO@) 95 B
5 gluco- H BnO(a) BnO@) 55 a

1.5 Reactions of cyclopropanated carbohydrates

The synthetic exploitation of 1,2-cyclopropanateatbohydrates revolves around the
control of the cyclopropane ring opening procesd Hre generation of predictable
reaction products. Two main strategies have besmd by several research groups.
These are the electrophilic ring opening at theGZ1position (pathway A) or a Lewis

acid assisted pyran ring expansion via a Ferrker-learrangement (pathway B), as

shown in Scheme 1.15.
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R,0
R4
pathway A R,0O pathway B
OR3
E
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R,0 /ﬂ R,0
R4 ( R4
R,0 R20
ORj3 OR3
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Rlo O\D‘j Rlo O\D/
R,0 E R:OTN__/ R4
OR3 Ry

(@] Nu RO (@] Nu
E
Rzo RZO - R4
OR3 Ry

Scheme 1.15Possible paths for opening of the cyclopropang. ri

Pathway A leads to C-2 substituted glycosides. @actrophile activates the
cyclopropane methylene giving an oxonium ion intedmate, which is quenched by a
nucleophile. These reactions were initially parfed with mercury (ll) salt activation
of the ring opening. More recently, Danishefsky hsed NIS in the cyclopropane
opening to access thgemdimethyl system present in epothilone A and B ol
1.16)* This eliminates the need for use of toxic meraais.

Transition metals have also been used to mediaserithg opening. Madsen has
demonstrated that reaction of the cyclopropane thighplatinum species Zeise’s dimer
leads to C-2 branched glycosideg1 (Scheme 1.17¥ This proceeds via an oxidative
insertion of platinum (ll) into the cyclopropane tgenerate a metallocyclobutane

intermediatel.22
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l NG NIS (excess)
W MeOH

Epothilone B

Scheme 1.16Installation of ggemdimethyl moiety on the road to the epothilones.

A restriction on this reaction is the inability directly form C-1 branched glycosides,
as literature examples have only used Bronstedenpbiles (mostly alcohols) as the

glycosyl acceptors.

cl. C N\
t Pt

P
/ A N A
0 XX CI Cl O. ,OR
BnO N _ BnO
BnO" ROH, CH,Cl, BnO"
OBn OBn
cl_cl N\ 1.2l
Pt Pt
\/ cl cl
o)
BnO PtCl, BnO O~ OR
BnO"" BnO"
OBn 192 OBn PtCI,H

BnO

BnO" ROH

OBn

Scheme 1.17Madsen’s platinium catalysed opening of cycloamgted glucal.
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The second pathway (pathway B from Scheme 1.1fren to oxepine ring expansion,
which is also driven by a release of ring strairtha cyclopropane. The Lewis acid
activates the leaving group at the C-3 positiond dhe elimination opens the
cyclopropane across the C-1-C-2 bond, generatingxanium ion. This intermediate
can then be converted into any of 3 oxepide®3 1.24 or 1.25 depending on

protecting groups and reaction conditions (Scherh@) 1’

o 1 +
RO RO Ox, +
( — _
R%0 c RO\ __

Nu” R
l H
R
LA
R

o 0]
RZO/Z . i
1.23
o O_-Nu
1.24
10 @)
1.25
Scheme 1.18 Formation of oxepines from expansion of cycloprasan

Sugita and co-workers have investigated ring expassof structurally similar
compounds? Their cyclopropapyranonds26 contain both donor and acceptor groups
as part of the ring. Treatment of this system withewis acid leads to the formation of
a 1,3-zwitterionic intermediate that could thenirtercepted with a nucleophile to yield
an oxepanone on workup. The oxonium ion internmedi&7 was intercepted with a
variety of silyl enol ethers to give the correspogdd-oxepanone$.28 (Scheme 1.19).
Yields ranged from 24-88 % and stereoselectivitiesh 2:1 to 25:1. This depended on
the solvent and Lewis acid chosen. The authois\e that the selectivity was due to
an anomeric effect from the ring oxygen in the mvibnic intermediate but did not

elaborate further on this hypothesis.
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OBn OoBn

o Lewis acid O=
—_—
Solvent ——
o) OLA
1.26 1.27

Scheme 1.19Sugita’s expansion of cyclopropapyranones.

1.6 Oxepine rings in naturally occurring compounds

A wide range of natural products isolated from hietinestrial and marine sources
contain a seven-membered oxacycle as part of ti@icular backbone as shown in

Figure 1.15.

Sample structures range from the monocyclic rogigpanel.29* and isolaurepinnacin
1.30°%, through the bi-cyclic lobatrienetridl31°>* and fused ring structures of janoxepin
1.32°* oxepinamidel.33°° and spirocyclic crambescidin acdd34° to the large ladder
polyethers brevitoxinl.35°" gambierol 1.36® and ciguatoxin1.37>° Biochemical
studies have revealed a wide range of biologicaictions for such compounds
including ion channel blocking, antiviral and auatifjal activities. All these compounds
share a common structural feature in that the sevembered oxacycles all contain at
least one carbon-carbon double bond. IUPAC noraéun@ describes saturated seven-
membered oxacycles as oxepanes, and the similgoletaty unsaturated oxacycles as
oxepines. Structures with one double bond hava beferred to by a variety of names,
but Peczuf? has suggested that these compounds also be teferas oxepines, and

this term shall be used in this thesis.
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(+)-Rogioloxepane 1.29

Janoxepin 1.32

Brevitoxin B 1.35

HO

O RO RO

Gambierol 1.36

Ciguatoxin 1.37

Figure 1.15 Examples of naturally occurring compounds coimgiiseven-membered oxacycles.

Most of the research on these oxacycles has besndry the development of methods
leading to the synthesis of natural products, nyaimlthe formation of the polycyclic

ethersl.35-1.37

28



1.7 Methods of formation of seven-membered rings

There are two main approaches taken to the systloésseven-membered oxacycles:

cyclisation via formation of a C-O bond or formatiof a C-C bond°

1.7.1 Seven-membered oxacycle formation via C-O bdiormation

This type of approach takes advantage of the imhamacleophilicity of oxygen in

attacking an electrophilic carbon species.

Lewis acids have been used to construct oxacygfesokordinating to an epoxide
species. This is a particularly attractive strgtes the epoxide can be formed

enantioselectively and cyclisation gives rise tthimal hydroxyl group.

This is demonstrated with the following exampleshswn in Scheme 1.20 as part of
total syntheses of the natural products isolaureggim A and rogioloxepane %
which have very similar core structures and onlffediin the disposition of the

substituents across the oxepine ring oxy@gmys anti).

OMEM
OMEM (BuzSn),0, PhCHg; cH g
H Zn(0Th, z 0 OBn
WOBn > ——— Isolaurepinnacin
OH o (97%) —
oBn OH
OBn (BU3Sn)20, PhCH3, ? H H =

B Zn(OTf), 0~ OMPM
WOMPM - Rogioloxepane
OH ¢ (75%) —

Scheme 1.20.Suzuki’'s syntheses of isolaurepinnacin A and ragiepane A.
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In this scheme the epoxy-alcohols are treated {@thSn)O which forms an alkyltin
ether that increases the nucleophilicity of therbysgll oxygen, followed by addition of
zinc triflate as a Lewis acid to activate the cgation step. While the yields are high in
these transformations, attempts to apply this nulogy to more complex systems
were not as successful and the authors put thismdownefficient formation of the

alkyltin ether intermediates.

1.7.2 Seven-membered oxacycle formation via C-C bdriormation

Nicolaou was among the first to employ this metihodhe synthesis of polyethers as
part of the synthetic effort towards the total $wsis of large polycyclic ladder
compound$® An olefinic esterl.38 was methylenated using Tebbe’s reaffetd
produce the corresponding vinyl ether which was thather transformed with an
additional equivalent of Tebbe’s reagent to prowuige corresponding oxepirie39 in
moderate yield (Scheme 1.21). A variety of six aaden membered cyclic enol ethers
were constructed using this methodology (more Betafi Tebbe’'s reagent will be

provided in Section 2.5).

1.38 1.39

Scheme 1.210xepine formation involving Tebbe’s metathasis.

While useful, the Tebbe’s reaction suffers fromesal/problems. The generation of the
initial reactive species generates stoichiometu@angities of methane, which may
preclude its use on a large scale. The reactsmif itequires excess amounts of the

reagent to complete the methylenation. Finallys iifficult to remove the titanocene
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byproduct from the reaction product. This tendgrieclude it from any form of large-

scale application.

A general method for the preparation of cyclic esheas been applied to the synthesis
of oxepane rings as part of the total synthestb@large ladder polycyclic ethers of the
ciguatoxin series. Yamamoto and co-workers appiesl method, which involves an
intramolecular attack of an allylstannane on anel®de, to the synthesis of
hemibrevetoxin B> In Scheme 1.24.40 was converted td.41 in 94% yield and

produced only one diastereoisomer.

SnBuj

o
RO SN BF3.0Et, —
—_—
e ‘ CHCl,
H Me
TIPSO o) -78°C
1.40

H H S H H -

oA BFs.0Et, R. O 0 , i-

R o) /:\> —_— NS lljl’eer\?iltoxil’] B
| '/,HO SnBus CH,Cl, | =0y

Vo -78°C

TIPSO TIPSO
1.42 1.43

Th
Zi
(¢)

Scheme 1.22Formation of oxepane rings leading to synthekemibrevetoxin B.

Subsequent formation of another allylstannane araldehyde group in several steps is
followed by conversion ofl.42 to 1.43 in 98% vyield, again with only one
diastereoisomer formed. Other researchers haw wa@tions of this method in the
synthesis of similar molecules. However, the pmeseof tin, which is extremely
environmentally toxic, in these reactions also juges their use in a scaled up

synthesis.
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Carbon-carbon bond formation to generate oxepiasscbme to be dominated by ring
closing methasis (RCM), due to the ongoing develpnof organometallic catalysts
for this type of reaction. These advances hawgelgroccurred since the start of this
project. RCM has many advantages in the formatiomedium-sized rings in general
and oxepines in particular. The disconnections aéicularly simple, have no
stereochemical complications as a result of thg faxmation, and the alkene can be
formed at any position on the ring as a precursdutther elaboration. The catalysts
are compatible with a wide variety of complex fuontlities, so can be used as a late

stage synthetic step in a total synthesis strategy.

Grubbs’ catalysts have been applied to the formatianedium sized cyclic enol ethers
(including oxepines) as part of a sequence to cacistarge polycyclic ethers of type

1.34-1.36 Rainer and co-workers developed a strategyrmalin Scheme 1.25.

Grubbs' catalyst
EE——

BnO BnO

BnO" ! 78% BnO"
OBn

1.44 1.45

Scheme 1.23Formation of oxepine ring with Grubbs’ catalyst.

Epoxidation of triO-benzyl glucal followed by addition of allyl magmes chloride
generates a mixture of C-glycosides. Acetylatibthe free hydroxyl group followed
by methylenation formed the metathesis precutsé4 Ring closing metathesis using
Grubbs’ second generation catalyst gawb in a 78% yield and the bicyclic oxepine
was now set up for subsequent iterations of epdigida nucleophilic attack and

cyclisation to continue the growth of the fusedypgtlic ether.
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Similarly, Jenkins and Ghost used a chiron startivajerial to synthesize polycyclic
ethers (Scheme 1.2%). 1.46 was treated with NaH and allyl bromide to givel7.
Treatment with Grubbs’ second generation catalgsted.48 in 87% yieldwith the

oxepine positioned for further elaboration to gaseess to more complex structures.

H H

O._nOCHj Grubbs'
Catalyst o
— =K
@)

)(70/\7 Ph"

@)

Ph

1.46 1.47 1.48

Scheme 1.24Jenkins and Ghost’s oxepine formation.

Clark and co-workers have also used Grubbs' seaqmmeration catalyst to form
oxepines using an ene-yne system in a synthetartefbwards gamberic acid and
gambierol1.36 (Scheme 1.25¥ The authors also note that the success of thermme
metathesis depends on the size of the terminalpgoouhe alkyne. Smaller groups (H
or Me) give good yields (70%) while the larger TNg®oup returned only starting

materials.

I

Grubbs' PMP__O
catalyst Y

Scheme 1.25Formation of oxepine ring with Grubbs’ catalyst.

Another common method for oxepine formation that haen applied to the synthesis
of several natural products is intramolecular &ttan an acetal. Overman and co-
workers utilised a Prins cyclisation of mixed atets part of a synthetic route to (+)-

isolaurepinnacin (Scheme 1.28).
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TMS

BCly @
o/i\‘/\/\onps 84% SO OTIPS
BN T

Br

1.49 1.50

Scheme 1.26Formation of oxepine ring by Prins cyclisation.

Treatment ofL..49with BCl; selectively cleaves the methoxy acetal to giverarloro
enolether. Upon warming to room temperature annioxo intermediate is formed
which then undergoes cyclisation and olefin foromatio give oxepind..50in a 90%
yield. Only one isomer is generated in this reacti

Nicolaou and co-workers have developed a photoat@ntioupling of thiocarbonyl
compounds to prepare oxepine intermediates as gfathe effort to synthesize

brevitoxin B (Scheme 1.27}.

Lawesson's
reagent
R —
47%
1.51 1.52
1.53
-
63%
1.55 1.54

Scheme 1.27Nicolaou’s photochemical generation of oxepine sing

The ester-keto starting materidl51 was thionated using Lawesson’s reagent to
generate the dithiono systehnb2 which upon exposure to UV light generates a bis-

diradical specie4.53 which couples to form a 1,2-dithietahéb4d S is then expelled
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to give the oxepind.55in 63% vyield. This strategy could also possibéyused in a
late stage connection of two complex fragmentsha formation of a natural product.
Hirama and co-workers have also used a photochémgaaarangement as part of an
investigation into the synthesis of parts of thguetoxin structure (Scheme 1.28).
Photoelectrocyclic reaction of the diedes6 forms cyclobutenel.57 which upon
ozonolysis followed by reduction by PPiives oxepanedion&.58 which can be
furthur transformed into oxepire59 This methodology can also be used to construct

eight- and nine-membered rings.

OTBS OTBS OTBS OTBS Ozonolysis, OTBS OTBS OTBS OTBS
o hv O —_—
then PPh (e} (0]
_— 8 -
(0] ¢} HO™ N\ __ /"OH
1.56 1.57 1.58 1.59

Scheme 1.28Hirama’s photochemical generation of oxepine rings.

1.8 Ring expansion of cyclopropanated carbohydrates

Hoberg and co-workers have reported the utilisabbrthe Ferrier rearrangement in
combination with a cyclopropanated carbohydratgemerate oxepines in high yiefy.
Initial work lead to by-products with oxepines &t@d as a [4.2.1] bicyclic systeh60.
With labile protecting groups (Ac, Bn, or smalldylsderivatives) the C-6 alcohol was
deprotected under the reaction conditions and ctedpevith the external TMS
nucleophile (Scheme 1.29). In cases where thesaphile had low reactivit§.60 was
formed in up to 78% yield. With a more robust Isfiyotecting group at C-6 eg {BR?
=tBu,Si, 1.61) oxepines of typ&.62were formed with a wide variety of nucleophiles.
While yields were quite high there was only moderkicial selectivity (at best 1:2

a:B). Inall reactions elimination to the dieh&2competed with nucleophilic attack.
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1.62

Scheme 1.29Formation of [4.1.0] bicyclic system.

The results are summarised in Table 1.4.

Of interest in this series of expansions was thedtereoselectivity in attachment of the
anomeric substituent. In fact the predomirfaustereoselectivity is the opposite to that
normally observed in the Ferrier rearrangementsis Suggested there were differences
in the application of this particular reaction he tdifferent sized ring systems, and that
there needed to be more research done on the apphof this rearrangement to the

formation of oxepine systems.
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Table 1.4.Cyclopropane expansions using TMSOTH.

nucleophile Product Yield (%) | Diastereoselectivity:

TMSN; 93 1:2
TMSallyl 92 1:1
TMSSPh 93 1:2
TMSCN 82 1:2

TESH 73 .
TMSpropargyl 67 1:1
OTMS 85 1:2

OEt
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1.9 Aims and objectives

The aim of this project was to investigate furthiee Ferrier-type rearrangement of
cyclopropanated carbohydrates with an eventual w@wmards making a synthetically

useful route to chiral oxepines.

Objectives were:

1) To optimise the synthesis of various protectgdals and the subsequent
cyclopropanation of the glycal;

2) Explore the Ferrier-type ring expansion whileyuag parts of the molecule and
reaction conditions. The main areas of interesewe
a) The examination of different protecting groupgha C-4 and C-6 positions;
b) The variation of the base sugar structure;

c) The examination of a wider variety of nucleophjl

d) The investigation of different leaving groupsteg C-3 position;

These areas were to be examined with the underigtegtion of increasing the
stereoselectivity of the rearrangement;

3) Gain an increased understanding of the undeylggaction mechanisms
involved in the Ferrier rearrangement as applietthéocyclopropanated glycals.
This would be achieved by:

a) Exhaustive NMR analysis of reaction by-products;
b) Utilisation (where possible) of isotopic labedistudies;

4) Further functionalisation of the oxepine prodyatoviding a range of synthons

for use in a bioactive analogue synthesis series;

5) Extend the methodology to the synthesis of amady occurring compound.
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1.10 A note about NMR assignments in this thesis.

The oxepins synthesised in the course of this shea® of two types: mono- and bicyclic
ring systems. As such they have different IUPAC bharmg conventions. The
numbering also can alter depending on the substgueHowever, during the course of
this thesis the ring systems will be compared tcheather. Therefore, to simplify
comparison of data and structures, all NMR assigiisndave used the numbering

scheme shown in Figure 1.16.

Figure 1.16 Numbering conventions used in this thesis forpthigoses of NMR assignments.

This numbering scheme highlights the similaritietween the oxepine rings,with the
carbon that would be considered the ‘anomeric’ @eim the starting carbohydrates
numbered C-1 and then subsequent assignments arthendring as usual in

carbohydrate structures. This numbering systerhalgb be used in the discussion of

positions on the ring in the text.

The IUPAC numbering convention will be applied teethames that appear in the

experimental section of the thesis. The authorekdpat this will not cause confusion

to the reader.
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Chapter 2: Initial studies on the Ring Expansion ofCyclopropanated

Glycals

In order to build on Hoberg's successful methodpidgliscussed in Section 1.7
(Scheme 2.1), it was decided to make some altesatmthe previous initial substrate in
the choice of main protecting group in an atteroghtrease the stereoselectivity of the

reaction.

o 0] TMSOTf, TMSNu /O O Nu
ol —— > 'Bu,Si
Bu28|\o\\‘ MeCN 2 \O\\‘ L
LG

Scheme 2.1Hoberg’s ring expansion methodology.

The ditert-butylsilyl protecting group, while stable to theaction conditions, leaves a
1,3-diol moiety following deprotection. To improvwke general applicability, of this
methodology it would be preferable to selectivalyaal these groups independently.
Therefore, the initial plan was to use a stabld&ypkotecting group at the C-6 position
to determine whether this would alter the outcorhthe ring expansion reaction. Das
and co-workers have demonstrated the effect a gabupis C-6 position has on the
Ferrier rearrangemeft. They showed that by making one face of the motedess
favourable to the approach of a nucleophile leadsntincrease in the stereoselectivity
of the ring expansion. Previous work with a ramgenon-silyl protecting groups
(acetate, dimethylacetonide and benzyl) had shdwah during the ring expansion the
protecting group was cleaved from the primary atédby the presence of a Lewis
acid’® This then acted as an intramolecular nucleopHilet ttompeted with the

intermolecular nucleophile during the ring expans{®&cheme 2.2). In some cases,
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where the external nucleophile was particularlyeawtive, the bicyclic oxepine was the

major product isolated.

Scheme 2.2Ring expansion with interception of oxonium imediate by internal nucleophile.

The triisopropylsilyl ether protecting group wasoshn for its expected stability under
the reaction conditions and its steric b(fik.It was also decided to change the ring
system from glucal to galactal as Danishefsky'skAad shown that using t@-acetyl-
galactal instead of ti®-acetyl-glucal in the Ferrier rearrangement resliea two-fold

increase in the stereoselectivity.
2.1 Investigations of 60-TIPS protected cyclopropanated galactal

Synthesis of the desired cyclopropanated galactaiegeded smoothly in good yields in

three steps frorn-galactal (Scheme 2.3).

OTIPS OTIPS OTIPS

S

2.2 2.3 2.4

a) TIPS-CI, TEA, DMF, rt, 66%.) CHl,, EtZn, E4O, reflux, 72%.
¢) Ac,0, py, CHCl,, DMAP, 99%

Scheme 2.3Formation of cyclopropar24.
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To this end, galactdl.1’® was silylated giving silyl ethe2.2in 66% yield. Compound
2.2 was then subjected to cyclopropanation by the Kawa modification of the
Simmons-Smith cyclopropanatitiio give diol2.3in 72% vyield. Acetylation of both
hydroxyl groups oR.3 proved to be problematic. It was relatively etsycetylate the
C-3 hydroxyl, but the C-4 hydroxyl proved resistémiacetylation. This is potentially
due to its location adjacent to the TIPS grouphvsteric hindrance the most likely

reason for the lack of success of this reaction.

With the cyclopropan&.4 in hand, some initial reactions were performedotobe

possible conditions conducive to the ring expansion

OTIPS OTIPS
> TMSN3, TMSOTf o. Na
HO MeCN HO
OAc

Scheme 2.4Initial attempts towards a general method fog expansion.

In an initial attempt (Scheme 2.4), cycloprop@é was treated with TMS} using
TMSOTf as the Lewis acid catalyst in MeCN at -4D. The temperature was
subsequently raised to —20 followed by stirring for six hours, however tlgave no
reaction by TLC. Repeating the reaction at@and stirring for eight hours while
warming to ambient temperature resulted in deptate®f the C-6 hydroxyl through
removal of the TIPS protecting group. A final atf@ at heating the mixture to reflux
for two hours resulted in decomposition of the tstgr material to unknown low R

products that could not be isolated.

Experiences at later stages of the investigatioe navealed that having an unprotected
alcohol in the cyclopropane molecule provides agrreource. This decomposes the
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catalytic TMS triflate to triflic acid, which theoatalyses the deprotection of the silyl

protecting group leading to the generation of iasaple reaction products.

2.2 Investigation of alternative leaving groups

From this work it was then postulated that a bé&aving group than acetate was
required to facilitate the initiation of the desineaction at a temperature low enough to
ensure the survival of the attached TIPS groupe [€aving groups chosen for this

investigation were carbonate, triflate and mesylate

2.2.1 Carbonate as the leaving group

Treatment of diol2.3 with carbonyldiimidazole in dry THF for two hourgave

carbonate.5in 54% vyield (Scheme 2.5).

OTIPS PPN, OTIPS
o) = o)
—_—
HO e
OH >//o
2.3 0 2.5

Scheme 2.5Formation of cyclopropanated galac2ab.

Treatment of this substrate with TMSBind TMSOTf in MeCN at 6C only returned
starting material. The reaction was then repeatitid AgOTf as the Lewis acid. No
products could definitively be identified from thmomplex mixture that resulted,
although some signals consistent with oxepine ftiomavere observed in thél NMR
spectrum. Despite the presence of some promistagin théH NMR spectrum, the
decision was made to investigate the effectivenégsflate as an alternative leaving

group in the reaction.
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2.2.2 Triflate as the leaving group

Diol 2.3 was treated with triflic anhydride (Z®) in a 1:1 mixture of pyridine (py) and
CH.Cl, at ambient temperature in an attempt to genenat®©t f protected galactal6

(Scheme 2.6).

OTIPS Tf,0, OTIPS
0 CH,Cly:py 1:1 0
HO HO
OH OTf

Scheme 2.6Attempted formation of triflate protected cyclopane2.6.

Although none of the expected product was obserednteresting compound was
isolated from the reaction mixture. THe¢ NMR spectrum revealed the presence of a
methylene, indicated by a pair of multipletsdat2.54, and 2.08, with & of 34.2.
From previous work it is known thatl NMR signals in this region are consistant with
the presence of an oxepiffe.Further analysis of the 1D and 2D NMR data inttida
the presence of an oxepine with the general strei@td. The HSQC-DEPT spectrum
revealed the presence of a methylene, one oxynagtbylthree oxymethine and two
alkenyl carbons which COSY correlations confirmeetevall part of the sané! spin
system. The connectivity of tHel spin system was then established from a series of
COSY correlations from the C-2 methylend, (2.54 and 2.085c 34.2) to an
oxymethine (C-1dy 5.56,0¢ 100.7) and to an alkenic methine (C83:5.71,0¢c 124.2).
The proton at C-3 couple to a second alkenic metf@+4:dy 6.10,0c 129.1) to an
oxymethine (C-5dy 4.58,0¢ 71.6) to a second oxymethine (Cé5:4.19,4c 84.8) and
finally to an oxymethylene (C-&y 3.51 and 3.61)c 63.5). This gave an oxepine ring

structure2.7 as shown in Scheme 2.7, where R was an as yetaindeed group.
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OTIPS 1720, OTIPS
CH,Cly:py 1:1

© 0 OR
HO RO™\__
OH
2.7
2.3

Scheme 2.7General structure of oxepie7 formed from attempted triflate formation.

Initially, it was thought that this compound couidve a hydroxyl group at the C-1
position, which could have been formed during theemus work up. However, if this
were a hemiacetal we would expect to see both arsopnesent in the NMR spectra, as
the ring system could open and close to reachibquiin between the- and- forms.

In this case, only one isomer was observed. Masstsal data revealed a [M+Hpeak
at ~299 that indicated the presence of an oxepigewith an attached TIPS group.
This led us to propose a bicyclic structure for einknown produc®.7. If the triflate is
formed and spontaneously ring expands, the reguttkonium could be intercepted by
an intramolecular nucleophile. The logical souotehis nucleophile is the hydroxyl
group on the opposite side of the molecule. Thepme ring is more flexible than the
equivalent six-membered ring and so it is possib& the C-5 hydroxyl could reach
across the ring and intercept the oxonium ion, fogra bicyclic structure2.7a as

shown in Scheme 2.8.

OTIPS OTIPS OTIPS

0 go o)

C D e o

HO HCO . _
(OTf 2.7a

Scheme 2.8Bicyclic ring formation oR.7a

The chemical shifts of the methylene protons in dRepine ring at C-2 indicate that

this could be the correct structure as the two gm®tare in different chemical
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environments&; 2.54 and 2.08), thus indicating a structure thahflexible on theH

NMR time-scale.

The low yield in this reaction could be due to saieprotection of the TIPS group from
the C-6 hydroxyl. The low molecular weight alcolioimed would probably have a

low boiling point and could be lost during the wopkstep.

Some of the spectral data from compouhd indicated the possible presence of a
second TIPS group on the molecule. For instaheeintegration of th&H resonance at
oy 1.09 ppm was twice that expected. It is possibé the molecule has a second
OTIPS group present attached at the anomeric posieading to a structur27b as
shown in Figure 2.2. The mass spectral data alggested that a heavier compound
could be present. However, this information wasontlusive because the masses
observed did not seem to correspond to likely gsotifat could be attached to the

oxepine.

TIPSO 0. OTIPS
L)

Figure 2.1 Possible structure of produfZb from triflation of2.3.

It is currently considered that the more likelytbese two structures is the bicyclic
compound2.7a The formation oR.7bwould require an OTIPS moiety to be generated
and act as a nucleophile, which seems highly ulylikeNevertheless the alternative

structure2.7b does fit with some of the data obtained from thpound.
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2.2.3 Mesylate as the leaving group

An attempt was made to form a mesyl leaving grou@-8. It was thought that it
would be possible to isolate the desired cyclopmepproduct, as the mesyl group
should be less labile than triflate during workupiol 2.3 was treated with MsCl in a
1:1 mixture of CHCI, and pyridine at ambient temperature overnightofedd by an
aqueous workup. ThtH NMR spectrum of the crude reaction mixture regdahe
presence of the previously isolated oxepi@ along with starting material, and this

was not pursued further.

2.2.4 One pot generation of the triflate leaving grup and ring expansion

The previous reaction had demonstrated that it wdsed possible to generate the
triflate leaving group in solution. Subsequentiadd of a nucleophile could lead to

the ring expansion and generation of the targepioee

Initially, cyclopropane?2.3 was treated with 5O in CH,CI, with an excess of pyridine
at 0°C. After stirring for one hour to form the triflatetermediate, TMSBlwas added
drop-wise and the reaction stirred for 12 hourarabient temperature. Workup of the
mixture returned only starting material plus a $raatount of oxepin€.7. Changing
the solvent to MeCN under similar conditions agesnealed starting material and
oxepine2.7. Similarly, the employment of TMSallyl as the feaphile source under
identical conditions gave no indication of the fation of the target oxepine and
resulted again in the formation of small amountsxadpine2.7. An equivalent reaction

employing MeCN as the solvent also failed to geteeitze desired products.
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At this point it was decided to discontinue the afethese leaving groups. There
appeared to be no control over the products of rdaetions, and it had proved
impossible to introduce an external nucleophilectiga enough to out-compete the

internal nucleophile present as a hydroxyl in thedarule at C-5.

2.3 In situ generation of the leaving group

The above reactions, despite being technically eoessful in generating the protected
and activated cyclopropanated galactal, demonsdtréte possibility of generating a
good leaving group and ring expanding the cyclopnapin situ (Scheme 2.9). This
would be a useful modification of the ring expansioethod requiring fewer synthetic
steps. However, the reaction conditions would Havee optimised so that the external

nucleophile would react faster with the oxoniumemtediate than the C-5 hydroxyl

group.
OTIPS OTIPS OTIPS \
o) LG 0 Nu O s
e e
HO HO HO™ \—
OH OLG

Scheme 2.9General proposed route to oxepines by in sitegdion of a leaving group.

2.3.1 In situ generation of leaving group under Misunobu conditions

As the initial investigations had revealed that thaction conditions involving Lewis
acid species were too harsh for the TIPS protegiogp, conditions were required that
would be more conducive to its retention during tkaction. Examination of the

literature revealed that the Mitsunobu reaction ld¢dopossibly be adapted to this
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purpose’® The Mitsunobu reaction is normally used to atéveecondary alcohols to
attack by nucleophiles so as to introduce othectfanal groups in a stereoselective
manner (Scheme 2.16) This makes the Mitsunobu reaction an extremeljuliseol in

natural product synthesfs.

/'O\H NuR" ?Nu
—_— ;
R™OR PPh, R™OR
DEAD

Scheme 2.10Mitsunobu reaction for conversion of an alcolwatdifferent functional group.

In the mechanism, PRlsombines with DEAD to generate a phosphonium méstiate
that subsequently is transferred to the alcohobery activating it as a leaving group
(Scheme 2.11). Substitution of the triphenylphaspiim alkoxide by a suitable

nucleophile completes the reaction with inversibstereochemistry.

r\
H-OR
o) o) o]
e J ‘. R
EtO” "N=N__OEt —> EtO” "N-N__OEt —— > FEt0” ¢N-N__OEt
T g . T
o PhsPt O PhsPy O
PPhg >
"OR
o o
—_— Eto)k_NNTOEt —_— EtoANNTOEt + R-Nu
( o H o5 + O=PPhg
I\DH
R@\erphs

Scheme 2.11Proposed mechanism of the Mitsunobu reaction.

The intention was to investigate the possibilityusing a modification of this reaction
to generate a good leaving group that could in tead to ring expansion and

interception by a nucleophile (Scheme 2.12).
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o)

B _ Path A
OTIPS PPh, OTIPS / HO™ ™y
O DEAD O Nu

—_— + Nu-
HO HO \ OTIPS
OH O+ o. sNu
PPhs
— = Path B
HO

Scheme 2.12Possible products from Mitsunobu reaction.

There is another product possible from this reactidhe standard Mitsunobu product
would be formed if the nucleophile attacks in a2 r Sy2’-type reaction with direct
displacement of the triphenylphosphine oxide grdayp the incoming nucleophile
instead of ring expansion. It was thought thabifiditions conducive to ary® reaction
mechanism could be generated, this would lead ® dbsired opening of the
cyclopropane upon departure of the leaving grodjne oxonium ion formed in this
expansion could then be intercepted by the nucleofh generate the desired oxepine.
This would require a solvent that could stabilise bxonium intermediate in solution.

Hoberg’s work suggested that MeCN was an idealesulfor this task (Section 1.7¥.

The first reaction undertaken was to check thatTtheS protecting group at C-6 on
cyclopropane2.3 was stable under the reaction conditions that wele employed, as
this was considered to have been a problem in theiqus section’s work. Thus
cyclopropane2.3in THF was treated with PRRTMSN; and DEAD at G°C. This was
allowed to stir for 12 hours warming to ambient pemature. Work up of the reaction
mixture followed by purification gave pyr&h9 as one isomer in an 82% yield (Scheme

2.13).
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OTIPS OTIPS

DEAD, PPh,
0 TMSN; o
—_—
HO THF,0°C o7 ™
OH Ns 82%
2.3 2.9

Scheme 2.13Mitsunobu reaction in THF o&.3 with TMSN; as the nucleophile to generat®.

This result (entry 1, Table 2.1) demonstrated loéhstability of the TIPS group under
the reaction conditions, and that the nucleophge &unctioned given the constraints of

the reactior®’®

For the next reaction the solvent was altered te thrat was intended to favour the
desired ring expansion. MeCN was chosen for theams listed previously, and as it is
known to assist the stereo- and regio-selectiveoglylation of carbohydrates by
forming an ion pair with the ring oxygen and difegtthe incoming nucleophil@.
Thus cyclopropan€.3in MeCN was treated with PRRTMSN; and DEAD at (°C.
Workup generated the non-rearranged produ@twith azide substitution at the C-3
position in a 10% yield in a 1:1 yield of epimesdpng with return of the starting
material (Scheme 2.14). A subsequent literatuegckerevealed that MeCN has also

been used as a solvent in the Mitsunobu reaéfion.

OTIPS OTIPS

DEAD, PPhs
_ TMSN; 0o
O
MeCN, 0°C o
N  10% 1:1 DS

Scheme 2.14Mitsunobu reaction in MeCN with TMSMNs the nucleophile.

This result will be discussed later (entry 2, Tablg). It was then decided to alter the
nucleophile to TMSallyl for the next reaction toaexne the effect of using a

C-nucleophile verses an N-nucleophile. The solvesd altered to C¥Cl, as MeCN
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had not yielded the desired ring expansion. Cydpane2.3 in CHCl, was treated
with PPh, TMSallyl and DEAD at ®C. The'H NMR spectrum of the crude reaction
mixture revealed that some oxepine had been fornidds was purified and assigned
using 1 and 2D NMR. An examination of thé NMR spectrum revealed that there
were two epimers present as a 1:1 mixture. Noadsgndicative of an allyl group were
observed. However tht#H NMR spectrum indicated that the TIPS group wal$ st
present on the molecule. An HSQC-DEPT revealedpitesence of two epimeric
hemiacetatH signals 8 5.41 and 5.10 ppm) and the corresponding anorhgdroxyl
signals §y 3.38 and 3.00 ppm). COSY NMR confirmed the oxeping connectivity

and indicated thaP.10 was the reaction product, obtained in a 17% yi&dhéme

2.15).
PPh,, DEAD
OTIPS TMSallyl
o) CH,Cl,
HO
OH
2.3
OTIPS
o. OH
HO™\ __
2.10

Scheme 2.15Reaction oR.3 under Mitsunobu conditions with TMSallyl as nugiéde.

This result indicated that while the oxonium intediate had been formed, there was
no observable interception by the allyl nucleophil€he presence of the previously
observed®.7was not observed. It is thought that the formatbthe bridged species is
not facilitated by the C§Cl, and the hemiacet&.10 could be formed if the oxonium

ion is quenched during the aqueous workup.
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The next solvent selected to try the reaction irs \WRaMF. It was thought that the
presence of the oxygen and its associated lons péielectrons would stabilise the
oxonium cation in solution more effectively than G assisted by the lone pair of

electrons on the nitrogen (Scheme 2.16).

Me
OTIPS OTIPS .Oé\l\\l
O/\v O+ RY Me
DMF X
—_—
C
HO HO™ \ _
O_+
PPhs

Scheme 2.16Stabilisation of the oxonium intermediate by DMF.

Thus cyclopropang.3 was treated in DMF with TMS) PPh and DEAD at C and
the reaction stirred for two hours. Work up andiffpation of the reaction gave the
desired oxepin@.11 as the only compound recovered in a 27 % yielthéB8we 2.17).
The selectivity was determined by GC to be 4:1hwlte major epimer assumed to be

thea anomer based on precedence from the Ferrier regmaant with glycals.

OTIPS
QTIPS DEAD, PPh; Ns
o TMSN; o>
_
HO DMF, 0°C HO™ N\ __
0, .

OH 27% 4:1 ds
2.3 2.11

Scheme 2.17Modified Mitsunobu reaction in DMF at®@ with TMSN; as the nucleophile.

In an attempt to improve the selectivity and yiefdhe reaction, it was then decided to
lower the temperature to —2Q. This gave2.11 again as the only compound recovered

in a 45% vyield with a stereoselectivity by GC of R(Scheme 2.18).
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OTIPS
OTIPS DEAD, PPhs

N
o TMSN; o
—_—
HO DMF, -20°C HO™\ __
OH 45% 20:1 ds
2.3 2.11

Scheme 2.18Modified Mitsunobu reaction in DMF at -2€ with TMSN; as the nucleophile.

This increase in yield and selectivity promptedidifer experiment, lowering the
temperature of the reaction to -4D. Workup in this case revealed no oxepine. atbte
the major product isolated was the azZd@in 87% yield in a 2:1 ratio of epimers by

GC at C-3 (Scheme 2.19). These reactions are stisgdan Table 2.1.

OTIPS OTIPS

DEAD, PPh,
TMSN3
DMF, 4o°

N3  87% 2:1ds
2.9

Scheme 2.19Modified Mitsunobu reaction in DMF at -4C with TMSN; as the nucleophile.

The results suggest that the mechanism for thetioeats temperature and solvent
dependent. With the reactions run in DMF at@we see the formation of the
oxepine, but with a substantial amount (20%) of fproduct present (entry 3).
Decreasing the temperature to -ZD further decreases the amount of flaproduct
formed (~5%) and increases the yield (entry 4).-4&°C there appears to be sufficient

energy for the leaving group to depart but not tfog opening of the cyclopropane

(entry 5).

Thus a cation is formed at C-3 that is stabilised MMF at the lower reaction
temperature and this is then intercepted by thdeppbile (Scheme 2.20). The
moderatea-selectivity observed in entry 3 is possibly duethe stabilising DMF
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molecule weakly H-bonding to the adjacent hydroatyIC-4 slightly hindering attack
from the3-face. This stabilisation effect does not appeaodcur with MeCN as the

solvent (entry 2) for either the ring expansionha substitution at C-3.

OTIPS OTIPS OTIPS
O O O
e . —_—
HO HO HO
@& V) N3
PPh3 - N

Scheme 2.20Possible mechanism for formation of az&l@

Table 2.1 Reaction of cycloproparz3 under modified Mitsunobu conditions.

Entry Reaction Conditions Results Yields and selectivitya:3
OTIPS
1 TMSNs, THF, 0°C 0 82%
HO™ One product
N3
OTIPS
2 TMSNs, MeCN, 0°C 0 10% 1:1 ds
HO
N3
OTIPS
3 TMSNs, DMF, 0°C o_Ns 27% 4:1 ds
HO™\ __
OTIPS
4 TMSN3, DMF, -20°C 0_Ns 45% 20:1 ds
HO™\ __
OTIPS
5 TMSNz, DMF, -40°C 0o 87% 2:1 ds
HO
N3




At this point it was decided to halt this line @ivestigation utilising a monotethered
silyl protecting group due to its instability undeither the Lewis acid or Mitsunobu
expansion conditions. While some initially promgpiresults had been observed, the
yields were lower than desired, and the reactianidcaot easily be controlled. The

presence of unexpected by-products was also a once

2.4 Ring expansion of glucal 2.12 with generatiorf éeaving group in

situ

Investigations to be discussed in Chapter six sstgdethe possibility that the leaving
group at C-3 could be generated in situ. This prasiously investigated as described
in Section 2.3, but could not be successfully ailgd. Therefore a test reaction was
performed on cyclopropar2z12 (as previously synthesized by Hobef§without the
acetate present. Excess TMSOTf was used and itntexsded that trimethylsilylation
of the hydroxyl group at C-3 would generate a sidfitly good leaving group in situ
for the reaction to proceed. It was thought that ditert-butylsilyl protecting group
would be stable even under the acidic conditiomas$ #ould result from this reaction.
Thus cyclopropane2.12 was treated with 1.2 equivalents of TMSOTf andefiv

equivalents of TMSRHlin acetonitrile (Scheme 2.21).

TMSN3 (5 eqv)

O .
(,) TMSOTf (1.2 eqv) : SIO/\ o) Nj
t : }{ BU2 i
BUSI~ G MeCN o

OH

Scheme 2.21Attempted ring expansion @f12generating the leaving group in situ

This generated three products which were sepatayedolumn chromatography on

silica. They were characterized in order of eltiwvom the silica column. All
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structures were assigned Byl and *C NMR, COSY, HSQC-DEPT, and where

avaliable HMBC and®N experiment.

The compound with the highest Rad'H resonances that indicated the presence of the
di-tert-butylsilyl protecting group & 1.07, 9H anddy 1.01, 9H). Analysis of the
HSQC-DEPT data indicated the presence of an oxyieeth, two oxymethines, two
alkenic methines and a methylene group. Therealsasa quaternary carbon present.
The connectivity of the'H spin system was constructed from a series of COSY
correlations from the C-7 oxymethylen@y(3.83 anddy 3.99, &c 68.5) to an
oxymethine (C-6dy 3.53,0¢ 70.5) to a second oxymethine (Cép: 4.50,0¢ 75.1,) to
an alkenic methine (C-4& 5.67,0c 135.5) to a second alkenic methine (G335.60,

Oc 120.2) to a methylene (C-2y 3.33 anddy 3.26,0¢ 16.7). The quaternary carbon
was assumed to be at C-d: (18.1) as all other resonances had been identifidte
chemical shift indicated that C-1 was olefinic, bkely with a nitrogen from the
azide addition. The complexity of tHel splitting at the C-2 methylene indicated that
the oxepine ring was intact. A TMS group was pnésethe sampledj 0.12,0¢ 0.14),
which integrated for nine protons. ES HRMS data whtained for this compound,
with a strong peak in the spectrum occurring atZ¥01 Da. This suggested that the
structure of the compound could possibly be as shmwFigure 4.1. The calculated
mass for the proposed structl2el3 CygH3sO3NSi,+H matched that observed. This
information indicated that the TMS group observedhe 1D NMR spetra was indeed
part of the structure. As no other moieties haehbidentified that could be attached to
the sp hybridised nitrogen attached at C-1, the TMS wergatively placed at this
position.  Literature’®C chemical shift data for similar systems supporthib
assignment! Based on this information the structure of thimpound was tentatively

assigned as that shown in Figure 2.2.
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TMS

t .
Bu,Si
2 \O\\\.Q

Figure 2.2 Proposed structure of oxepiRe 3

Unfortunately no further information could be obd from this compound as by the
time more advanced NMR experiments had becomeadtil°N and**C HMBC, as

well as?Si) the stored sample had decomposed to an unfidéfeioil.

The compound with the middlecRalso had'H resonances indicative of the tei-
butylsilyl protecting group. Analysis of the HSQUEPT spectrum revealed the
presence of an oxymethylene, a methylene, threemettynes and two alkenic
methines. The connectivity of tHél spin system was constructed from a series of
COSY correlations from the C-7 oxymethylen® 4.15 and 3.86pc 67.8) to an
oxymethine (C-6dy 3.58,0¢ 69.7) to a second oxymethine (Cép:4.53,0¢ 74.5) to an
alkenic methine (C-4dy 5.67,0¢c 134.0) to a second alkenic methine ((&35.67,d¢c
126.1) to a methylene (C-&; 2.598¢ 33.1) and finally to an oxymethine (C&, 4.81,

Oc 77.3). This gave a base structure as shown ur&ia.3.

7 Y X

Figure 2.3 Substructure of middle /Rcompound generated from ring expansion with leagroup

generated in situ.

Fortunately this sample had not decomposed dutimrgge and it was possible to run
more advanced 2D NMR experimentSN HMBC experiments indicated the presence

of an azide, which was confirmed by a peak in Respectrum at 2099 ¢l The'*N
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shifts of the three nitrogens were successivgly -292, -136 and -302. Interestingly
there was also a fourth peak preserd\atl55. However, the fact that this was coupled
to a methine was initially rather confusinyC HMBC correlations indicated that there
was no C-6 to C-1 ether linkage and hence no oremg. This was backed up by the
resonance of the C-2 methylene in which both pteere chemically equivalent by
'H NMR. This had not been observed in any of thepine ring systems synthesised as
part of this project, or in Hoberg's previous wéfkand indicated that there was free
rotation around this centre on the NMR timescaléne chemical shift of the methine
suggested that there was more than one heteroatman at this centre. The presence
of a tetrazole was discounted, as the C-1 in thg viould give’*C NMR signals at
approximatelydc~140-170 according to literature souréesshereas a signal & 77.3
was observed for this centre. Another possibikigs the presence of a diazide at this
centre. Similar compounds have previously beeorteg in the literature, for example
Rydzewski and coworkers generated a diazide undeilas conditions (Scheme

2.22)8

OH
TIPSO O a) N 1
\||.,,©.\\\OT|PS [ k@n\OTIPS
N3

a)TMSOTF (1 eq), TMSN (2.2 eq), CHCl,, -78°C.

Scheme 2.22Rydzewski’s diazide synthesis.

The chemical shifts of the diazide methine in ttsnpound &4 4.78,0c 78.7) very
closely matched those of C-1 in the unknown sampliefortunately no ES HRMS data
could be obtained for our compound to confirm tttacgure. However, given the data
we possessed it was possible to propose the steuztid for this compound (Figure

2.4).
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Figure 2.4. Probable structure of diazi@el4

More evidence for diazid2.14was the presence of a fourth peak in‘fiespectrum at

Oy -155. This signal and the signaldt -136 correspond to the chemical shift range
expected for the second positively charged nitragethe azide chain*>N data on the
oxepine azide$.5 and 3.17 synthesised in chapter three agrees with thesmichke
shifts, but the second nitrogen occurd@t135.8. The presence of the extra peak at
On -155 ppm is thought to be due to a weak interadtietween this central N of one

azide group and one of the lone pairs on the alcatteched to C-2 (Figure 2.5)

Figure 2.5 Proposed structure of diazi@el4 showing interaction between positively chargedogién

and the free alcohol.

The last compound also appeared to have no oxepige Again ‘H resonances
confirmed the presence of the tdrt-butylsilyl protecting group. The HSQC-DEPT
spectrum revealed the presence of an oxymethylsve,oxymethines, two alkenic
methines, a methylene and a quaternary carbon.cdieectivity of théH spin system
was constructed from a series of COSY correlativos the C-7 oxymethylened
4.11 and 3.850c 68.0) to an oxymethine (C-&y 3.59, dc 69.6) to a second
oxymethine (C-2y 4.51,0c 74.7) to an alkenic methine (C-&; 5.76,0¢c 135.4) to a
second alkenic methine (C-8; 5.63,8¢ 120.8) to a methylene (C-8; 3.30,0¢ 16.8).

HMBC correlation revealed that C-2 correlatatedhe quaternary carbon at C-8c¢(
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118.0). HMBC correlations also revealed no ringeetlinkage. *H-">N HMBC
revealed the presence of one nitrogen in the mE@ecis C-1 was coupled to the C-2
methylene it was then assigned as a nitrile, winek in agreement with the observed
C-1 chemical shift dat¥. A broad singlet ali,; 2.35 was assigned as originating from a
hydroxyl connected to C-6 by HMBC. This data akalmhe proposal of the structure
2.15 (Figure 2.6). Final conformation was provided dypeak in the IR spectrum at

2254 cn* indicative of the presence of a nitrile group.

O/ “\_OH
t .
Bu,Si —N
2 \O\\“Q/ _/

Figure 2.6 Proposed structure for the nitri2els

In order to explain these products, it is postulateat the reaction proceeds through
initial ring expansion to form the azide-substitltexepine. However, in the presence
of excess TMSOTT it is then possible for subsequeattions to occur. It is postulated
that the observed produc&s13 2.14 and 2.15 are formed through two competing

pathways (Scheme 2.23).

In pathway A, it is proposed that a lone pair @ctlons on the oxepine ring oxygen
attacks the TMS group which allows tautomerisatbthe azide. This rearrangement
is reversible. A second azide nucleophile theaca# at C-1, breaking the C-O ether
bond and opening the oxepine ring, generating tiagidke 2.14 In pathway B,
elimination of N from the azide coupled with protonation at C-1sgbly aided by
triflate) generates a C-N double bond to give omei.13 Compound?.13 can then
react further through protonation of the oxepinggroxygen and ring opening with

elimination of the N bound TMS group to give nirl.15
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Scheme 2.23Rearrangement of oxepi@el2with TMSN; in TMSOTT to give observed reaction

products.

2.5 Investigation of intramolecular nucleophile davery

It had been observed in our previous work thatd@rnal nucleophile reacts faster than
an external nucleophile with the oxonium intermealiaTherefore it might be possible
to utilise a cyclopropanated glycal with an intémacleophilic moiety to intercept the

oxonium intermediate and form an oxepine. Thedeciwas also made to retain the
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use of the dtert-butylsilyl protecting group due to its stabilityder a wide range of

reaction conditions.
2.5.1 The tandem Tebbe-Claisen rearrangement
Fraser-Reid and co-workers have reported Claisga-tgarrangements of glycals in

which the enol ether at C-3 rearranges at high ¢zatpre to effectively become the

nucleophile at C*¥ (Scheme2.21).

(@] O_ o
o | PhCN, reflux Ok/\(j w
v 1, 75%  pp o N ©

PR SO

Ol

&

Scheme 2.24Fraser-Reid’s Claisen approachalkylation of glycals.

Fairbanks and co-workers expanded on this work withstituted enol ethers in the

synthesis o-glycosides using a tandem Tebbe-Claisen apprdaatiefne 2.25)°

RO O O Esterification g1 O
| + R)J\ o |
R'O R'O

OH OYO
R
Tebbe
reaction
Claisen
R-O/j/\o/\l/\H/R reaction RO o
5 e |
RO™ N R'O
(@]

\’%

R

Scheme 2.25Tebbe-Claisen approach to formatiorCefilycosides.
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This approach involves the esterification of a ahl# glycal ester. Tebbe
methylenation produces an enol ether that undergossereoselective sigmatropic
rearrangement to yield the desir€ejlycoside. The Tebbe reagent is formed by the
reaction of CprliCl, with AlMe; (Scheme 2.26). This produces an organometallic
species that can then react with a carbonyl groygraduce an olefin by the transfer of

a methylene grouf’

H>
@ AlMe, @\_/C\Al/

TiCl, > T

i
/
Toluene @ \CI

Tebbe's reagent

Scheme 2.26Formation of Tebbe’s reagent.

The Tebbe reaction is especially useful in reastiith ester carbonyl groups that are
unreactive under standard Wittig conditions. Thgamtages of Fairbanks’ approach
are the wide selection of acids that may be usatiennitial esterification (including
amino acid$) and the stereoselectivity of the C-C bond fornmatin which the anomer
produced depends on the initial glycal selectedur (terest was centred on the
application of this methodology to the cyclopropaimey expansion. By modifying
Fairbanks reaction it should prove possible to s&€ca range of ring expanded
compounds with3-substitution that our current strategy could naidpice with high
selectivity. It would also allow the use of a faider range of nucleophiles than had

been previously possible.

A long-term goal would be to create oxepane nudaliessanalogous to the HIV drug
AZT (Figure 2.7) in which an oxepane replaces tirarf ring.
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Figure 2.7. Structure of AZT.

These oxepanes have very recently been reporteBdmyha and Sabatirtd. Ring
expansion of glucal 1.61 with a silylated nucleoside base (thymine or
N°-benzoyladenine) and TMSOTTf in refluxing MeCN gawe desired oxepine in
approximately 40% vyield as a 1:1 mixture of anomdise desired3-anomer was
separated from the remainder of the mixture andvexed to the desired oxepane by

treatment with TBAF, followed by hydrogenation oWat/C (Scheme 2.27).

o 0]

B
o @) a) p Oo.N "0 p HO\_ O N
¢ ! — tBuzsi\ —
BUZSI\ N O\“' HO\\\'
O j—
OAc

a) TMSthymine, TMSOTY, MeCNb)i) TBAF. ii) H,/Pd.

Scheme 2.27Damha and Sabatino’s formation of an oxepanecosale.

A perceived problem with the application of thipéyof reaction to our system was that
the cyclopropane was blocking access to [iHace of the C-1 carbon. With a true
Claisen pericyclic reaction less likely, there ip@ssibility that a @l type mechanism
could occur leading to a mixture of epimers. Homreit was felt that the potential

benefits if the reaction was successful made itlwvimvestigating.
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2.5.2 Ring expansion using modified Tebbe-Claisen

Using cyclopropanated glucal.61’® the acetate protecting group at C-3 was
methylenated with Tebbe’s reagent to give ol&fib5 This reaction was low yielding
and it proved difficult to purify the products dsete were problems removing the
titanocene oxide by-product. The Claisen rearrareyg was attempted in several
different solvents and various temperatures follmyvthe previously reported work.
Rearrangment products were isolated but provectta b:1 mixture of epimers @f16

as determined b{H and HSQC-DEPT NMR (Scheme 2.25) in a 45% yield.

7 5 10
t ! E— ! —> BuU,Si 5 e}
BUZSl\O\\‘ BUZSI\O\\* o . 2
4 3
O\’/

OAc

1.61 2.15 2.16

a) Tebbe’s reagent, py, THF, 4G. b) PhCN, reflux.

Scheme 2.28Rearrangement df.61by tandem Tebbe-Claisen rearrangement to fadfi

The mixture of isomer observed in the products mesylt from the high temperatures
leading to an QL type reaction where the group at C-3 leaves a&adrangement

occurs, which leads to the formation of the oxoniimermediate. The so-formed
acetone enolate then attacks from either face &t(Seheme 2.29). This had been

considered a possible outcome at the outset oéduson.

o

o

A&

0~ 02 ~oN0D o oNo

tBUZSi;@—’ Bu28|\o\\. B — BuSI O
D)

O

):

Scheme 2.29Possible reaction mechanism during modified Teblaésen leading to observed products.
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At this point, this line of research was terminatie@ to less than adequate yields and a
lack of control over the stereoselectivity of thregucts formed in this reaction.
Subsequent conversations with Fairbanks reveakddutiless the titanocene oxide was
rigorously excluded from the reaction, then proldearose during the Claisen re-
arrangement leading to a mixture of products. Tésdual titanocene could be
catalysing the @l mechanism described above by lowering the eneeguired for
activation of the leaving group. The oxonium intediate formed is then intercepted
by the free nucleophilic leaving group, leadingtihe observed results. Therefore it

remains possible that this approach could provhéedesired stereoselectivity.

2.6 Summary

The effects of using-galactal and a different O-6 protecting group unkeberg’s
ring expansion conditions were investigated. Téleded silyl protecting group was
found to be unsuitable under the conditions useBeveral alternative expansion
methods were also investigated. These were foute tunpredictable in terms of both
products and stereoselectivities and were alsoylelding. No firm conclusions could
be reached on the effects of the galactal on tigeaxpansion stereoselectivity.

The use of an intermolecular nucleophile was alsorgned. While the regioselectivity
of the ring expansion was excellent, no stereoseigccould be induced and the yields

were uninspiring.
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Chapter 3: Synthesis and ring expansions of cycloppanated galactal

and glucal derivatives

The work described in chapter two provided robusthodology for the synthesis of
protected glycals and their subsequent cycloprdmana However, further
development of the methodology was required to eaehi useful yields and
stereoselectivities. Results presented in Se@idrand ealier work by Hobéefgboth
pointed to the value of retaining thetdrt-butylsilyl protecting group, given its proven
stability under the required reaction conditionghe work in this chapter explores the
Ferrier rearrangement with a variety of nucleoghilét was thought that theyn C-4,
C-5 stereochemistry of the galactal system wowd k® better stereocontrol of the ring
expansion than was evident in the correspondiniy arrangement in the previously
explored glucals. It was proposed that the retastereochemistry in the galactal
system would force the silyl protecting group imtgosition where it would block the

[-face and direct the nucleophile to attack fromaHace.

Molecular mechanics modelling was used to teststhiendness of these propositions.
The structures of the cyclopropanatedtedi-butylsilyl derivatives of glucal (Figure
3.1) and galactal (Figure 3.2) were modelled. Triedecular modelling indicates that
the glucal system is held in a planar arrangemeattd the ditert-butylsilyl protecting

group which creates a bicyclic ring system witinaans-fused ring junction (Figure 3.1).
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Figure 3.1 Cyclopropanated glucal systen61

In the galactal system the wrt-butylsilyl protecting group combined with the
stereochemistry at C-4 creates a bicyclic ringesystvith acis-fused ring junction.
This forces the molecule to adopt a shape wherp fhee is sterically hindered (Figure
3.2). This proposed structure is supported by'theNMR of the cyclopropanated
galactal 3.4 The cyclopropane protons of this compound arenotably different
environments unlike those observed in glugal which indicate that one of the

protons is in a more congested environment.

Figure 3.2 Cyclopropanated galactal syst8r.

Possible structures for the corresponding oxonioms iwere also modelled. The
glucal-derived oxonium intermediate adopts a plastape with a slightly conve-

face (Figure 3.3). This explains the results oegiby Hoberg with this system where
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B-substitution predominated over.® The shape of the intermediateerrides the

normal direction of the Ferrier rearrangement rasgllin the opposite stereochemistry

to that expected.

Figure 3.3 Glucal derived oxonium intermediate.

In contrast, the molecular modelling of the galhoteonium intermediate suggests that
the cis-fused bicyclic ring has a convexface (figure 3.4). Th@ face is thus hindered

and the nucleophile should preferentially attackfithea face.

Figure 3.4. Galactal-derived oxonium intermediate.

The molecular modelling studies suggested thastita¢egy of using the dert-
butylsilyl protecting group in combination with gatal in order to improve the

stereoselectivities was sound.
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3.1 Synthesis and reactions of cyclopropanated tert-butylsilyl

galactal

Synthesis of the desired cyclopropanated gale®#alproceeded smoothly over four
steps from galactal using the same strategy asedppy Hoberg in the synthesis of the

corresponding cyclopropanated glucal (Scheme‘8.1).

OH
oy 9 o\ ° b) o N ° 9 o ~NP°
| > By S! | > B S! > !
HO 2 I\O Us |\O Bu28|\O
OH OH OH OAc
3.1 3.3 3.4

a) 'Bu,Si(OTf),, py, DMF, 65%.b) Et,Zn, CHil,, ELO. ¢) Ac,0, py, DMAP, 65% over 2 steps.

Scheme 3.1Reaction scheme for the formation of cyclopropaude

Silylation of galactal with dtert-butylsilyl ditriflate in DMF gave glycaB.1 in 65%
yield along with the 3,4 diert-butylsilyl galactal3.2 in 20% vyield (Figure 3.5). This

compound was consistently present as a by-produbtsoreaction.

OH

Q
tBUZSi’C)

3.2

Figure 3.5 By-product3.2 from formation of silyl ethe8.1

Cyclopropanation of galactal1 applying the Furukawa modification of the Simmons-
Smith cyclopropanatiofl using EsZn and CHI, followed by acetylation gave

cyclopropane3.4in 65% yield over the two steps.
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3.1.1 Ring expansions of cyclopropane 3.4

Ring expansion with TMSOTf and a variety of TMS-stituted nucleophiles were

explored yielding the corresponding oxepines (Sa&harf).

| — >t ‘
tBuzsi\o Bu28|\O B

OAc
3.4

a) TMSR, TMSOTf, MeCN.

Scheme 3.2General method for the expansion of cycloprofade

The nucleophiles chosen for this initial seriesr@fctions were TMS)N TMSSPh,
TMSallyl, trimethyl(propargyl)silane (TMSpropargyland TMSOallyl. The results of

these reactions are summarised in Table 3.1.

In the initial ring expansion in this series, cymopane3.4 was reacted with TMSNnN

MeCN at 0°C for four hours, forming oxepin@&5in a 69% yield with a 2.5:1 mix of
epimers as determined by GC analysis (entry onbleTa.1). It proved possible to
separate the epimers by flash chromatography ma gjel. A complete NMR analysis
of the structure of both epimers is provided ineppx A. NOE data for the minor

isomer showed enhancements from H-1 tocHahd H-6, assigning the azide group at

C-1 as thg3 epimer (Figure 3.6). This then assigns the nyajoduct as the epimer.
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Table 3.1 Results of initial ring expansions reaction8at

Entry | Nucleophile Product Yield | a:p ratid®
0 O_wN
1 TMSN; tBUZSi/ b\ 3 69% 251
AN
O"\—=~" 35
2 TMSSPh : _P/bx‘\s 85% 6:1
Bu,Si.
0" \= 3.6
O O o /
3 TMSallyl tBUZSi/ /D S 91% 80:1
AN
0" \= 3.7
4 | TMSpropargyl 0 O S 68% 7:1
'Bu,Si.
0" \= 3.8
5 TMSOallyl - 0% -

a: determined by GC

H H

O™\J-O-J N3

'Bu,Si. H
(@] 2

H

major isomer 3.5a

t J
Bu,Si H
Ne)

H H
0 0.2,N;

minor isomer3.5b

Figure 3.6. Selected NOE enhancements which were used tgnase stereochemistry of the majoba

and minor3.5bisomers.

The next nucleophile in the series was TMSSPh. ciReawith cyclopropané.4 in

MeCN with TMSOTTf at ambient temperature and stgrumtil complete by TLC (five

hours) gave oxepin®.6in 85% vyield (entry two, Table 3.1). GC analysidicated an

improvement in stereoselectivity to 6:1. While thiereochemistry of the addidtion

73



could not be determined, based on the previoustgumajor epimer was assumed to

bea.

The first of the carbon nucleophiles in the semess TMSallyl. Using the same
conditions as used for the TM$Neaction but initiating the reaction at -2G and
allowing to warm to C until complete by TLC (one hour) gave oxeptéin a 91%
yield (entry three, Table 3.1). GC analysis regda greater than 10-fold increase in
selectivity to 80:1.H NMR could not be used to determine the major epiend so
precedence from the other reactions was used ignatse major product as the

epimer.

The second carbon nucleophile was TMSpropargylacien with cyclopropand.4 at

0 °C until the reaction was complete by TLC (one hayaye oxepines.8in a 68%
yield (entry four, Table 3.1). GC analysis reveatedecrease in selectivity to 7:1. An
NOE enhancement was observed from the ring junctimymethine of the major
product aty3.95 to the proton on the ketenedgh.26 allowing the major epimer to be

assigned aa (Figure 3.7).

/7~ H

,O/\? O \

t .
Bu28|

3.8

Figure 3.7. NOE enhancement used to assign the stereochgmistre major epimer 3.8,

Last in the initial series of reactions was thathwan oxygen nucleophile, TMSOallyl
(entry five, Table 3.1). The equivalent reactioraswunsuccessful in Hoberg's
expansions 01.61°° and that also proved to be the case here withartirgy materials

or products isolated.
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These results compare quite favourably with thds®ioed with the cyclopropanated
glucal 1.61 The significant difference is that the galactgktem ring expansions
generate excesses of thesubstituted oxepines. This selectivity bias soabbserved

in Ferrier reactions on uncyclopropanated glycatswaill be discussed in Section 3.3.

The failure of the TMSOallyl nucleophile can beigatlized by examining the
mechanism of formation of the substituted oxepind$e reaction proceeds in two
stages. The first is the formation of the oxoniumerimediate. This occurs with a
concerted opening of the cyclopropane ring couplét the departure of the leaving

group (Figure 3.8).

AcO \y

Figure 3.8 Formation of oxonium intermediate widtf orbitals shown in red.

The oxonium ion is then intercepted by the TMS eaphile to generate the oxepine
product. The final outcome of the reaction depesriboth the Kand K equilibria as

shown in Scheme 3.3.

™S ™S ™S

+ >
0 o\f Ky o O oNut K; 0 O wNu
Bu,Si Bu,Si Bu,Si
2 \O o \O o \O o

Scheme 3.3Equilibria involved in the interception of theanium intermediate with a TMS nucleophile.
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The equilibrium constant Kdepends on the energy required to form the bohaldasn
C-1 and the incoming nucleophile. The equilibriuvomstant kK depends on the relative
energies of the breaking of the newly formed bomdl the breaking of the Nucleophile-
Si bond. Provided Kis not insignificantly small then the formationtbg final oxepine
product is determined by the value of KThus the outcome of these reactions could be
interpreted as informative on the relative valuethese two equilibrium constants. For
example, for the first four entries in table 3.1, iK large enough so that the reaction
proceeds to generate the desired oxepine in gabdisyi However when the nucleophile
is TMSOallyl (entry five, table 3.1) the energy veégd to break the bond between the
Nucleophile and C-1 is less than that requiredréak the Nu-TMS bond. This would
make K less than one. With Klikely to be much less than one, the outcome el
similar to the situation where no nucleophile i®gant. In this case no oxepine
products are isolated and the galactal startingenatdecomposes to unidentifiable
polymeric compounds. It should be noted here thatring expansion reaction with
only TMS triflate (no nucleophile) present in treaction also decomposes the starting

cyclopropanes.4to unidentifiable polymeric compounds.

3.1.2 Investigation of the role of sterics in theing expansion of

cyclopropane 3.4

To investigate the role that sterics could playha reaction, two carbon nucleophiles
with similar structures were chosen for trials. e$é were the 1-(trimethylsilyl)oxy-1-

ethoxyethene nucleophi&9 and its 2-methylpropene analog®i@0(Figure 3.9).
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H OTMS Me OTMS
H OEt Me OEt
3.9 3.10

Figure 3.9 TMS nucleophiles to investigate steric constsaoftthe reaction.

The results for these reactions are summarizecier3.2.

Table 3.2 Ring expansions of cyclopropaBel with nucleophile8.9 and3.10

Entry Nucleophile Product Yield a:p ratid®

OEt
1 3.9 tBUZSf\)b‘ \g 68% 31
O™\ = 3.11
\L«oa
2 3.10 0™\ O_ 77% 80:1
tBuzsi\/D 0
O™ \— 3.12

a: determined by GC

Reacting cyclopropar@4 with 3.9in MeCN as before but starting &0and warming
to room temperature until complete by TLC (four i)gave oxepind.11in a 68%
yield (entry one, Table 3.2). GC analysis revedted the selectivity was only 3:1 with

the major epimer assumed to be ¢hieom previous work.

The equivalent reaction witB.1Q stirring overnight at ambient temperature urtig t
reaction was complete by TLC resulted in oxepd&2 in a 77% yield (entry two,
Table 3.2). GC analysis indicated that the salggtihad improved by an order of

magnitude, to 80:1.

Again, it was possible to assign the major epimeexamination of the NOE data. In

oxepine3.12an NOE enhancement was observed from the H-6 atkyneeatdy 4.00
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to the H-2x methylene proton a, 2.51 which is in an axial position on tleface.
The H-Zx methylene proton then demonstrates an NOE enhamteto thegem

dimethyl system aby1.16 and 1.11, assigning the major epimen éSigure 3.10).

Figure 3.10 NOE enhancements assigning the structure of #errepimer3.12

3.2 Ring expansions of cyclopropanated TBDPS prottsx glucal

Following the favourable results from section 3the next logical step was to
reinvestigate the possibility that the results ddog replicated with a bulky silyl group
that was mono-tethered to the galactal frame. Téssits the line of investigation in
chapter two with several important differences Hasm experience gained with
cyclopropanated galact8l4. Firstly, thetert-butyldiphenylsilyl protecting group was
chosen as it had the desired bulk to direct thdeopbilic attack. It was also more
stable under acidic conditions than the previousWestigated TIPS group. Secondly,
the glucal frame was chosen in order to avoid ttablpms acetylating the did.3
described in Section 2.1. This should preventgéeeration of triflic acid from the
reaction of TMSOTf and the free alcohol leadingthe observed de-silylation and
decomposition during the ring expansion reactiohg@viously described. Possible
drawbacks are that the monodentate protecting grewguld not hold the
cyclopropanated glucal ring in a rigid conformatenmd that the bulky protecting group
would adopt a conformation well away from the ridge to the lack of structural

constraints. The synthetic approach is summairs&theme 3.4.
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OTBDPS OTBDPS

) © | ©
HO™ HO™

OH3 13 OH3 14 OH 3.15

OTBDPS OTBDPS
AcO™ ACO@

a) TBDPSCI, Imidazole, THF, RT, 65%b) Et,Zn, CHyl,, ELO reflux, 77%.c) Ac,O, Py, DMAP,
CH.Cl,, RT, 96%.d) 50 mol% TMSOTf, TMSNu, MeCN, 10-70% dependingNun

Scheme 3.4Formation of3.16and its ring expansion.

Synthesis of cyclopropar216 proceeded smoothly over three steps. Silylatioth®
galactal3.13 with TBDPSCI and imidazole in THF formed silyleth@14 in a 65%
yield. Simmons-Smith cyclopropanation as beforgegayclopropane3.15in 77%
yield with >100:1 stereoselectivity for the expecfeisomer. In contrast t8.3 diol
3.15was easily acetylated in 96% yield to give thedustylated cyclopropar16in

48% overall yield.

The same nucleophiles chosen for the ring expassiboyclopropan&.5 were used in

this series of expansions. The results for thiese@re summarised in Table 3.3.

Reaction of cyclopropan 16 with TMSN; in MeCN at 0°C for 30 minutes followed
by warming to ambient temperature until completeTiyC (one hour) gave oxepine
3.17in a 62% yield as a 2.5:1 mix of epimers by GCQrfed, Table 3.3). This result
indicated that the TBDPS protecting group was stablder the reaction conditions and
the results were also remarkably similar in termisyield and selectivity to those
observed with oxeping.5.
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Table 3.3 Results of ring expansions of cycloprop8nta

Entry | Nucleophile product yield | a:B ratio®
OTBDPS
1 TMSN; O_wN3 62% 2.5:1
ACO"N—/ 3.17
OTBDPS
2 | TMSSPh O ~SPh 45% 31
ACO™ N— 3.18
3 TMSallyl Complex mixture including.3 0% -
OTBDPS
4 TMSpropargyl o ‘\,\\ 8% 71
ACO™ \— 3.19
5 TMSOallyl - 0% -

a: determined by GC

The next expansion was with TMSSPh. Reaction usieifar conditions as used with

this nucleophile an®.4, but stirring at ambient temperature until thectesm was

complete by TLC (five hours) gave oxepiBel8in a 45% vyield as a 3:1 mixture of

epimers by GC (entry two, table 3.3). This repnésgé a decrease in stereoselectivity

and also in yield compared to oxephé.

Reactions in the series continued with TMSallyleaBtion with this nucleophile at
—4@PC and subsequent warming to ambient temperatuiknmstarting material was

left by TLC (four hours) gave a complex mixturepybducts. Separation revealed an

unexpected product that will be further discussechiapter four.
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Reaction with TMS propargyl gave the expected axe3.19 as thea epimer
exclusively by'*H NMR. However, it was only isolated in an 8% wi¢éntry four, table
3.3). As no other products could be isolated fthma reaction, no further information

could be obtained as to the fate of the rest obthging material.

TMSOallyl was used to complete the set of initiatieophiles investigated. As before
no products could be isolated nor starting mategabvered from the reaction (entry
five, table 3.3). It is proposed that the producthis reaction suffers a similar fate to

that of the cyclopropanated galactal under theséitons.

From this set of results we can see that with tteegtion of entry one, the yields are
inferior to those obtained with the galacdad. From this it is possible to surmise that
while the TBDPS protecting group is more stablenttiee TIPS group under the ring
expansion conditions, it still undergoes deprotecto some extent. The yields appear
to decrease with increasing reaction time and asing initial temperature of the
addition. The higher yield observed in the TMSMample is most likely a function of
the short reaction time which means deprotectionthef TBDPS group has not yet
become a major factor. For several of the nucléephhowever, no appreciable

reaction occurred at lower temperatures or withteneeaction times.

3.2.1 Investigation of the role of sterics in theing expansion of cyclopropane 3.16

As in section 3.1.2 the two carbon nucleophBe&sand3.10 were used to examine the
effect of nucleophile bulk on the selectivity ofething expansion. In both of these
reactions the expected oxepines were not obsenvkiproducts. The characterisation

of the isolated products from these reactions béldiscussed in section 4.2.
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3.3 Effect of the leaving group stereochemistry othe ring expansion

Previous investigations by Danishefékynave shown that the stereoselectivity of the
Ferrier rearrangement is reduced when the leavingpgis in an axial conformation
(the allal ring system) compared to when the legngroup is equatorial (the glucal or
galactal ring systenff. This experiment was replicated in th& 8yclopropanated
glucal systeni.61 by inverting the stereochemistry of the leavinguyr at C-3 to give

the correspondingScyclopropane.22(Scheme 3.5).

o © a) o) © b) o} © c) o) ©
Bu,Si_ T Tay,si /\‘;} T Ty,si /\(} T Bu,SI
O\ 2 \O\ 2 \O\ . 2 \O\ S
o} OH
3.20

OH OAc
1.61 3.21 3.22

a) Oxalyl chloride, DMSO, TEA, CKCl,, 90%. b) NaBH,, EtOH, 24%c) Ac,0, Py, 89%.

Scheme 3.5Formation of ditert-butyl-silyl allal cyclopropane.

Oxidation of cyclopropané.61 using standard Swern conditions gave ket8:28 in
90% vyield. Ketone.20was then reduced with NaBHb give a mixture of the glucal
and allal cyclopropanes. The desired cyclopropahatlal 3.21 was isolated in 24%
yield along with a 50% return of gluchlél Cyclopropane.21was then acetylated to
give the desired cyclopropaBe22in 89% vyield. This substrate was then subjeated t
the standard ring opening conditions of TMSOTf ire®N using TMSallyl as the
nucleophile. This reaction was not complete by T@il 48 hours had elapsed. The
corresponding reaction with the glucal system wasgiete in two hours (Scheme
3.6)"° The vyields and mixture of epimers were very simih both cases ( 92%, 1.1

ds).
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TMSOTf, TMSNg,

o) o MeCN t O o _
t ! —_— BU2Si\
BquI\O\\\ 2 hI’S AN o
OAc
o TMSOTf, TMSN3;,
D U o
t ! Bu, Ny
B S At W
H22NoN N 48 hrs O\
OAc

Scheme 3.6Effect of the stereochemistry of the leaving gram the rate of reaction.

Analysis of the structures of the compourdd8l and3.22 indicates that in the glucal

1.61 the departure of the equatorial leaving group ided by the favourableyn

periplanar geometry of the* orbital associated with the leaving group bondhwi

respect to the cleaved cyclopropyl bond. Electrons from the breaking bond are

pushed into the C-@* orbital at C-3 forming a C-C double bond. Thssassisted by

the overlap of the ring oxygen lone pair with tbe orbital at C-1, leading to the

formation of thertbond of the oxonium intermediate (Figure 3.11).

Si
\O

(z\coﬁ &)

0

O

Figure 3.11 Mechanism for the formation of the oxonium intediate

from cyclopropanated glucal61 (o* orbitals shown in red).

In the allal3.22 theo* orbital of the axial leaving group is not alignieda

synperiplanar relationship with the breaking cyctggane bond. As a result, the

formation of the oxonium intermediate is kinetigalisfavoured, experimentally 20

times longer. This is illustrated in Figure 3.12.
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Figure 3.12 Mechanism for the formation of the oxonium interiiadel from cyclopropanated allal22

3.4 Comparison with glycal glycoside rearrangements

Finally the results obtained by the ring expansioinsyclopropanated glycak4 and

3.16were compared to results for Ferrier rearrangmieots the literature with glycals

lacking a cyclopropane group. These are summenisédble 3.4.

Table 3.4 Summary of ring expansions of cyclopropaBgsand3.16verses glycal rearrangements.

Base sugar Galactal 3.4 | Galactal lit. Glucal 3.16 IGcal lit.
Nucleophile ratio |yield | ratio yield | ratio yield | ratio yield
TMSN; 251 | 69%| 4% |94%| 251 | 6199 3% | 42%
TMSSPh 6:1 | 85% aonly’? | 96% | 6:1 | 45%| 9F | 80%
TMSallyl 80:1 | 91%| a only® | 97 = 2| 881 | 91%
TMSpropargyl 71 | 68% aonly® | 75% | aonly | 8% | aonly’® | 88%
3.9 31 | 68%| Bonly’* | 70% | 6:2 |81%| 124" | 81%
3.10 80:1 | 77%| 143 | 64% | aonly | 67%| 14" | 67%

a) generateg.3

All ratios area:p.

b) rearranges to give diedel
c) rearranges to give diede2
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It should be noted that in most of the literatueseas the reaction conditions were
similar in terms of the use of a Lewis acid to effthe Ferrier rearrangement and are

provided as comparative examples.

This table shows that the stereoselective outcowleghe ring expansions of
cyclopropanes3.4 and 3.16 are comparable with those obtained from Ferrier
rearrangements of glycal systems. The yields anergély lower or equivalent.

An interesting result is that observed in the aafsthe reactions with nucleophil@s9
and 3.10 This generates good to excellemtselectivities in the ring expansion
reactions o8.4 and3.16 However in the glycal Ferrier rearrangementgiredominant
product is the3 compound. This can be explained by looking at tthe possible
products in each of these reactions. In the rkgaesions, the methylene group at C-2
increases the flexibility of the product oxepinkhe substituent at C-1 is not forced into
an axial orientation in either isomer and there mwedestabilising interactions with
other axial groups present in the ring. In theragegement of the pyranyl system, the
product is destabilised by the diaxial interactmtween thegemdimethyl group and
the axial ring hydrogen (Figure 3.13). In tReproduct where thg@emdimethyl is
equatorial these interactions are not present, twed product formation is more

favourable.

Figure 3.13 Diaxial interactions in Ferrier rearrangemenglytals and nucleophiles9or 3.10
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3.5 Summary

Hoberg's work with the glucal system revealed iasexi3 selectivity of the ring
expansion compared to the standard Ferrier reazraegt’’ The bicyclic trans-fused
system forces the oxonium intermediate into a Hijgtonvex form making attack from
the 3 face more facile. This is the opposite stereodsieynto that observed for the
normal Ferrier rearrangement, which is predomiryant! The bicyclic cis fused
galactal system forces the oxonium intermediate ambowl-like structure that makes
nucleophilic attack more facile at tlieface. This improves the stereoselectivity of the
reaction. The yields for the oxepine formation aamhigh. The presence of the
methylene in the oxepine ring gives the structwme measure of flexibility that is
demonstrated by the reduced selectivities of sohtbeonucleophiles compared to the
analogous pyranyl ring systems. The results from monosilylated glucal system
demonstrate that with no rigidity in the ring, engar level of stereoselectivity to that of
the hexose ring rearrangement is observed. Tlgeesipansion results demonstrate that
this extension of the Ferrier rearrangement is @th&fically useful stereoselective

method for the formation of substituted seven mesibengs.
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Chapter 4: Unexpected rearrangements obtained froming expansions

and mechanistic rational

In the course of the ring expansion reactions efdyclopropane8.4 and3.16 several
unexpected results occurred (these are noted t8e@.1 and 3.2). In all cases it was
possible to separate and purify the products. dlkempounds were identified with the
assistance of 1D and 2D NMR, IR and in some cas&$IEMS. From the resulting

structures it was then possible to postulate mashento account for their formation.

4.1 Unexpected reaction products from ring expansits of

cyclopropanated glucal 3.16

4.1.1 Reaction with carbon nucleophiles 3.9 and 311

Treatment of cyclopropar® 16 with nucleophile3.9 at 0°C followed by warming to
room temperature and stirring until the reactiors wamplete by TLC gave a 6:1 ratio
of epimeric products. Analysis of tHél NMR spectrum revealed that neither the
methylene signals normally observed at approximpadgl 2-2.5 ppm nor the acetate
methyl resonance were present. In addition, fowr okefinic protons were identified in
the spectrum. The connectivity of the spin system for the major epimer was then
constructed from a series of COSY correlations fitte C-7 methylened| 3.75, d¢c
65.7) to an oxymethine (C-@ 4.26,0c 75.4) to a alkenic methine (C-8; 6.16,dc
136.2) to a second alkenic methine ((34:6.05,0c 126.7), to a third alkenic methine

(C-3: 0y 6.04,0c 126.8) to a forth alkenic methine (C-&; 5.98, ¢ 137.0) to an
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oxymethine (C-1dy 4.78,0c 72.7). This suggested that as well as the ringpesion

there had been an elimination leading to the foilonatf a diene species (Scheme 4.1).

OTBDPS OTBDPS
o TMSOTT, 3.9
\/
‘ A
ACO" MeCN
OAc
3.16 OTBDPS
O _\\\\\H/OEt
N / ©
OTMS
3.9=
OFt 4.1

Scheme 4.1Ring expansion of cyclopropaBel6with nucleophile3.9.

A possible mechanism is suggested in Scheme #Afler the ring expansion the
formation of the diene is facilitated by the preseof a second acetate group on the

ring. The departure of this leaving group leadghobserved rearrangement.

O~ _OEt

OTBDPS OTBDPS
o C :OAC O "\\\\H/OEt
H > o)
. \_/
4.1

Scheme 4.2Possible mechanism leading to the formation efpine4.1.

An analogous result is seen in the reaction witbhlapropane3.4 and the related
dimethylated nucleophil8.10 However, with the dimethylated specit® (Figure

4.1) the vyield was far lower which suggests thatréhwere other competing

mechanisms at work in the reaction.
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k(O)J\\\\g}/OEt

N\ 7/ ©

Figure 4.1 Product4.2 from the ring expansion of cyclopropaBd6with nucleophile3.10

However, as no other compounds could be isolatau the products of this reaction,

no further information could be obtained on thecoute of this reaction.
4.1.2 Reaction of cyclopropane 3.16 with allyltrimiaylsilane

When the nucleophile TMSallyl was used in the xgansion with cycloproparge16
under standard conditions (5 eq TMSallyl, 0.5 eqSIAf in MeCN), the reaction
resulted in a complex mixture of products. Aftepeated column chromatography on
silica gel the major compound present was isolatedtial analysis of théH NMR
spectrum suggested that the desired product had foemed. Closer examination of
the 2-D NMR data revealed several inconsistencidie HSQC-DEPT spectrum
suggested the possibility of a mixture of two iseenim a 1:1 ratio. ThéC spectra
revealed that there were only three signals in@®&80 ppm region, which is where
oxymethines appear fiC NMR. This was evidence that there was only areppund
present in the sample. The HSQC spectrum showadtibre was a methylene &
66.2 and an oxymethine & 69.9. The third signal & 81.5 was a quaternary centre.
A more detailed analysis of the compound’s speaedh was then undertaken. An
examination of the COSY data revealed the presehtiee separaté spin systems.
The connectivity of the largedH spin system was constructed from a series of COSY
correlations from a terminal alkenic methylene (G¥1 5.0, 8¢ 116.6) to an alkenic
methine (C-20y 5.82,6¢c 135.6) to a methylene (C-8y 2.10 and 2.25)¢ 41.7) to an

oxymethine (C-4dy 4.13,0c 69.9) to a methylene (C-5y; 2.05 anddy 2.28,0¢ 38.7)
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to an alkenic methine (C-@y 5.51,c 129.6) to a second alkenic methine (G34:
5.43,8¢ 124.5) to a methylene (C-8; 2.60 and 2.35)¢c 32.3) Interestingly this was

where this substructure ended (Figure 4.2).

Figure 4.2 Large substructure from product of TMSallyl réatwith cyclopropan&.16

The connectivity of the secorl#t spin system was constructed from a series of COSY
correlations from a terminal alkenic methylene (9 5.10,0c 117.5) to an alkenic
methine (C-100y 5.90, 8¢ 134.4) to a methylene (C-1&y 2.50 and 2.400c 40.4).

This was a second allyl group (Figure 4.3).

H5.90

Figure 4.3 Small substructure from product of TMSallyl réantwith cyclopropan&.16

The other substructure was a lone oxymethylene:@13.55 and 3.47%¢ 66.2).

The connectivity between these three substructuras established by HSQC and
HMBC correlations. Comparing the HSQC al@ spectra, a quaternary carbon was
observed adc 81.5 ppm. This carbon exhibited HMBC correlatiotm$wo methylenes

at C-11 and C-12 and also a weak correlation to Gh& oxymethine. This then
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assigned the structure as the diallyl compodrRlas shown in Figure 4.4 with the

identified substructures linked at the quaternampon numbered C-13.

OTBDPS

Figure 4.4. Structure of diallyl oxepind.3 numbered for the assignment in the text.

To gain more information on the possible mechardgercting this rearangement it was
decided to repeat the reaction, but limit the amadmucleophile present. This should
lead to the generation of stable reaction interatedj which could then be isolated and
characterised. Repeating the reaction with 1.2ivatgents of TMSallyl using an
identical work up followed by column chromatograpby silica gel generated the

products as shown in Figure 4.5. Interestinglyenof the dially¥.6 was isolated.

OTBDPS OTBDPS
@)
@) @)
Starting materila
N\ / _ 23%
41% 3% 13%
4.4 4.5 4.6 3.16

Figure 4.5 Products from the reaction of TMSallyl with Cyclopane3.16

The conjugated dierk.4 was the prevalent species isolated, along withlsanaounts
of the expected ring expanded oxepih& Also present was the bicyclic oxepih®.
This compound presumably results from deproteatibthe silyl ether at C-7 prior to
ring expansion as described in Chapter 2 (Sche@)e 2T'his particular bicylic ring
system had not been previously observed in theseoof the ring expansion reactions

discussed in this thesis although Hoberg and Bdwzeallpreviously reported them in the
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course of their work® However a similar bicyclic ethé.7 had been observed as seen
in Scheme 2.2.
It is possible to propose a mechanistic schemectoumt for these results. This is

illustrated in Scheme 4.3.

OTBDPS

Pathway A

.\\\\\/
\ Pathway B

OTBDPS OTBDPS

OTBDPS

Hy—
+ 4
OAcC
OTBDPS
/—\ CO-'- 3‘\\\/
=
TMS "N OTBDPS

I N
OTBDPS \_/
L o N 4.4
e

4.3

Scheme 4.3Possible reaction mechanism to account for thmdtion of oxepined.3and4.4from4.5.
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The ring expansion occurs as seen in chapter tlgeregrating the oxepingé5. The
acetate at C-5 is activated by the Lewis acid agplads generating a cation on the
oxepane ring. This can then further react in tvfbeeknt ways. In pathway A, a
deprotonation occurs at C-6 leading to the fornmatb a diene. This alkene is more
reactive as it is also an enol ether. The enolreththen protonated at C-5, forming an
oxonium ion in the process. A second TMSallyl tlattacks at C-6 forming the diallyl
oxepine4.3. In pathway B deprotonation at C-2, which is adj& to the allyl cation,

generates the observed diené

The distribution of the products from the two réac$ performed gives some idea as to
the kinetics of the reactions. Where there is aoegs of nucleophile, the diallyl
compound4.3is formed exclusively and pathway A is dominahtowever when there
is a limited amount of nucleophile present only poomds4.4 and4.5 are isolated and

so pathway B is dominant.

The mechanism illustrated in Scheme 4.3 shows ssiméarities to that known to
occur in the degradation of some naturally occgriinear polysaccharides such as
pectin®® Pectin is a polysaccharide that gives shapeait gells and regulates water
in the plant. It consists mostly of galactouroamds with a mixture of other sugar
moieties present as well. It is added extensieasya gelling or thickening agent to
foodstuffs (mostly fruit jams and jellies). Thislpsaccharide can be degraded under
both acidic and basic conditions to shorter oligobarides through the breaking of the
glycosidic linkages. This proceeds througf-alimination mechanism of which the

basic version is shown in Scheme 4.4.
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Scheme 4.4Degradation of pectin to galacturonic acid. Rnsoligosaccharide.

4.2 Unexpected reaction products from ring expansits of

cyclopropanated galactal 3.4

4.2.1 Reaction of TESH with cyclopropane 3.4

Hoberg had shown that treatment of cycloproph6d with TESH led to the expected

hydride substituted oxepine as shown in Schemé®4.5.

o (e} TESH, TMSOTf (0) o)
/
i B '
tBUzSi\ W Bl'IZSI\()\\\‘
o MeCN —
OAc
1.61

Scheme 4.5Ring expansion of.61with TESH.

However the reaction between cycloprop@& and TESH under the same reaction
conditions did not give the expected oxepine. plugluct had an unusually high &
TLC compared to the other oxepines synthesisedrth&unore, analysis of th&H
NMR integration ratios suggested that there wa&8& group present on the molecule.
Also present were two broad multiplets both intdgoafor two protons ady 2.2 and
2.5. The alkene protons were overlappingdb.85 suggesting that both protons were
in a similar chemical environment. HSQC spectahdevealed the presence of four

methylene groups and only one oxymethine. This datggested that there was an
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apparent deoxygenation, with the most likely lamatbeing at C-5 on the ring. The
structure was therefore assigned 4§ (Scheme 4.6). High-resolution mass
spectrometry confirmed the product had a mass 4280 Da consistent with this

theory.

0 TESO
0 TESH, TMSOTf - o
t . -
BUZS|\O MeCN
OAc —
3.4 4.7

Scheme 4.6Formation of oxepiné.7 from cyclopropan@.4.

It was postulated that the deoxygenation occurtt Hfe initial ring expansion where a
TES cation co-ordinates to the axial oxygen atGHe position. The actvated C-O bond
is then displaced by a hydride from tddace forming the observed product (Scheme

4.7).

Scheme 4.7Possible deoxygenation mechanism leading to orepv.

4.2.2 Investigation of the mechanism for the formabn of oxepine 4.7

To investigate further the mechanism for this r@agement a deuterium labelling study
was performed substituting TESD for TESH to provdaiteride as the nucleophile.
Deuteride was used to obtain two pieces of infoionat The first was the

stereoselectivity of the reaction as deuteriunxgeeted to react in the same fashion as

95



a hydride. The second is the regioselectivity hed teaction, which would confirm
whether the mechanism postulated was correct. ebiaot is not decoupled in the
standard*C NMR experiment; a carbon with a deuterium attdchepears as a triplet
with a coupling constant of ~20 Hz. TESD was pre@daaccording to the method of
Doyle and coworker¥’ The reaction with cyclopropan&4 generated a mixture of
compounds that made initial interpretation of theaation results difficult.
Unfortunately, the mixture was impossible to sefmiato single pure components.
Nonetheless, examination of the NMR data of theigemfied products established
that there were two different compounds presergsighiment of the major component
of the mixture was undertaken first. The presesfdeoth the TES and dert-butylsilyl
groups was confirmed bySi NMR @si 9.2 and -21.0). Th&C NMR data revealed
that the deuterium had initially intercepted themixm intermediate forming the ring
expanded product. This was established by theradisen of one-bond C-D coupling
of the carbons abc~70 ppm. Two such signals were identified indiogitthat both
epimers were present. The integration of the preignals associated with this carbon
revealed the presence of deuterium andighepimeric ratio of 1:1. Analysis of the
HSQC-DEPT spectrum proved the presence of methydemaps on either side of the
double bond with no evidence of C-D coupling in tf@ spectrum. There was also a
disconnection observed in both COSY and TOCSY 2DRN&kperiments between the
methylene at C-5 and the oxymethylene at C-7. &legamination of th&C spectrum
revealed the presence of a second deuterated catld@n80.2 superimposed with a
peak from the other compound in the sample. Tbisesponds to the C-6 position on
the non-deuterated oxepide/. Deuterium in this position instead of a proton Vdou
explain the lack of connectivity observed in the &Oand TOCSY data. The
connectivity of the'H spin system was then constructed from a serie€@SY

correlations from the C-2 methylen®(2.49 and 2.18) 35.6) to an oxymethine. This
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couples to two different proton resonances: amwthine (C-1:0y 4.02 and 3.419¢
69.2) and to an alkenic methine (C&3:5.81,8¢c 130.7). C-3 then couples to a second
alkenic methine (C-4d4 5.81,0c 129.4) to a methylene (C-By 2.49 and 2.16dc
35.6). There is also an oxymethyler®; 3.83 and 3.54pc 66.3) present that is
assumed to be at C-7. Examination of f}@ spectrum reveals a deuterated carlden (
80.2, t,J=20.5 Hz), at an appropriate chemical shift for C-Bhe HMBC spectrum
shows correlations from C-5 and C-7 into this eenthich confirmed this assignment.
From this information we deduced that the major poumd4.8 present was as depicted

in Figure 4.6.

O'Bu,SIOTES

L o D
L.

Figure 4.6. Deuterated compound oxepi#d from TESD reaction.

This suggests that the mechanism that was propos8&dheme 4.7 is incorrect, as it
predicted the presence of the second deuteriumdamibt C-5 rather than the observed

C-6.

The minor component in the mixture was then assigaegain more information about
a possible reaction mechanism. IntHeNMR of the mixture there was a single proton
multiplet atdy 6.0 that showed no COSY correlations to any metig/lsignals in the
'H spectra. However there were correlations frois photon into an ABX system &t
4.25, 3.95 and 3.72. Another correlation from atqm atdy~6 ppm could be observed
to a proton aty 4.42 that showed no corresponditi§ correlation on the HSQC.
There was a deuterium-coupled carbon present iff@hspectrum in the correct region

for a carbon attached to an ether oxygen. Analykthe integrations of th#H signals

97



suggested that there were four alkenic methinesp twxymethines and an
oxymethylene, one of the oxymethylenes had a demtercounected to it. The
connectivity of the'H spin system was then constructed from a serie€@S8Y
correlations from the C-®f 3.97 and 3.77%¢ 65.1) to an oxymethine (C-6j 4.25,0¢
80.4) to an alkenic methine (C-%; 6.01,dc 125.6) to a second alkenic methine (C-4:
Oy 5.94,0¢c 126.2) to a third alkenic methine (C-&; 5.98,8¢ 135.4) to a forth alkenic
methine (C-2:8y 5.93, & 135.3) to an oxymethine (Cé& 4.43). This had no
associated signal in the HSQC spectra. Howevethn*C NMR there was a
deuterated carbon &t 70.2 present as a triplet with a coupling constdr21.1 Hz).

This assignment indicated the structure of thispawmmd was as shown in Figure 4.7.

O'Bu,SiOTES
o. .D

N\ 7/

Figure 4.7. Minor product4.9 from ring expansion with TESD.

Retrospectively, a minor product of the ring expam®f cyclopropan&.4 with TESH
(Section 4.2.1) was identified as the analogousedieim free product usintH NMR
of the crude reaction material. Its production iiatasmaller ratio (approximately 6:1 vs
the 2:1 observed here) had previously provided litiee material for successful

identification.

This information suggested that the mechanism Wwasest identical to that observed in

Scheme 4.3. The expected oxepdnBlis formed in the initial steps (Scheme 4.8).
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Scheme 4.8Formation of deuterated oxepihd.Q

The mechanism then proceeds as illustrated in Selketh A TES cation coordinates
to the C-5 oxygen. Thus activated it can thenamcta leaving group. This again
generates a cation at C-5. As seen before thisttoam proceed down one of two
pathways. In Pathway A deprotonation at C-6 ldadke formation of an enol ether,
that can then protonate at C-5, and form an oxomtwmwhich is then intercepted by a
second deuteride to form the major product oxegiBe In pathway B, deprotonation
at the C-2 adjacent to the resonance form of thiercat C-3 forms the diene9. The

intermediate oxepiné.10was not observed in the reaction products.
This mechanism is analogous to that proposed iei8eht.3. We can then propose that

there is a unified mechanism for the reaction of tfppe of cyclopropanated glycal with

an excess of the TMS nucleophile which then leadke observed results.
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Scheme 4.9Possible reaction mechanism to account for thmdtion of oxepined.8and4.9,
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4.3 Summary

In the course of the ring expansions of cyclopr@s@¥ and3.16 several unexpected
reaction products were isolated. @ These were ssfidgs characterized and
mechanisms for their formation were postulatede Wechanisms were then tested by
conducting trial reactions, and the results usegitteer confirm or modify the proposed

mechanisms.

Ring expansion of cyclopropang16 with nucleophiles3.9 and 3.10 led to the
generation of a diene species through a ring regeraent initiated by the departure of

the acetate group at C-5.

It was proposed that the products of the reactietwéen3.16 and TMSallyl were
formed through one of two competing mechanistitwatys. A further reaction to trap
out possible reaction products indicated that thetydated mechanism was the correct
one as all the reaction products could be accouontedThe expansion of cyclopropane
3.4 with either hydride or deuteride also appears ocged through an analogous

mechanism.
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Chapter 5: Elaborations of oxepine 3.12

Having discovered a high-yielding series of reawithat generate oxepines with high
selectivity (Chapter 3), interest turned towardareiing their utility as synthons. A
series of simple transformations were initiated #mel stereochemical outcomes and
conformations of the products were investigate@czBh and co-workers have found
from modelling studies and experimental observatidhat the underlying forces
determining the preferred conformations of furanasd pyranose rings can generally
be extended to the septano¥esThe compounds synthesised in this chapter, while
more correctly oxepanes, are in effect septanoagmes of carbohydrate derivatives.
The conformational analysis of these compounds intasided to discover if Peczuh’s

extension was warranted to the oxepanes synthesiskid chapter.

NOE enhancements and vicindi-'H coupling constants were used to determine
relative stereochemistry and conformation on tlaetten products obtained. Based on
the Karplus relationship and typical values obsgrnvehexoses, large couplings (8-14
Hz) were assumed to be due to 1,2-diaxial arrangsmwehile axial-equatorial and
equatorial-equatorial arrangements give rise tollsmeouplings (1-7 Hz, with 2-3 Hz

being more typicalf?

Seven membered rings are known to exist in fourgipal conformer$ as shown in

Figure 5.1.
@) (0] (@]
N\o " —
Chair Boat Twist-Chair Skew

Figure 5.1 Known conformations of septanose rings.
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The predominant form in solution is the twist-chaithich accounts for ~80% of the

conformations of compounds with this type of staef®

Oxepine3.12 (Figure 5.2) was chosen as the substrate for rdresformations. This
compound was formed in the previous chapter’'s wan#@ was chosen as the starting
material for the following reasons: it was easijjnthesised in high yield from the
starting galactalB.4, was stereochemically pure, and had functionaluggsoon the
extended side-chains that would be unreactive dueactions of the alkene but would

provide handles for further manipulation.

Figure 5.2 Oxepine3.12for elaboration showing ring-numbering system usedNMR analysis

One potential use of this oxepine synthon is indaathesis of peloruside A analogues
in a project to investigate structure-activity telaships. Peloruside A (Figure 5.3) is a
novel secondary metabolite isolated from the Nevalai®d marine spong®lycale
hentschelt® It shows potent microtubule stabilisation acgivétrresting cells in the

G2-M phase of the cell cycle and inducing apoptt¥is

Figure 5.3 Structure of peloruside A.
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Its stereochemically challenging structure has libersubject of several total synthesis
efforts19%1% |t is also an ideal candidate for the synthe$iam@logue compounds to
improve its efficiency as an anticancer compoun@yverlaying the structure of a
potential oxepine target on the pyranose substreicfipeloruside A (Figure 5.4), it is
apparent that there are many structural similaritidnich warrant the inclusion of an

oxepane as a ring expanded analogue of the pyrgnrria synthesis program.

Figure 5.4 Oxepane derived fro@.12overlayed on peloruside A.

The reactions investigated in the following sectiomere bromination, bromohydrin
formation, epoxidation, dihydroxylation, hydrobocat and reduction of the side chain
ester group. These reactions were choosen aptbeied a simple established set of

transformations to probe the reactivity and elatongpotential of the oxepine ring.

5.1 Halogen addition to oxepine 3.12

5.1.1 Bromination

This simple reaction (Scheme 5.1) was performest fw check the reactivity of the
oxepine and also to gain some initial informatidnow@t the conformation of the

resulting oxepane ring in solution.
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Scheme 5.1Bromine addition to an alkene.

Addition of bromine to a solution of oxepidel2in CHCkL at ambient temperature for
30 minutes gave two products in 90% overall yielci2:1 ratio (entry one, table 5.1).
Both isomers could be separated and purified bgroatography. Mass spectrometry
of both revealed the presence of two bromine atevits,"H and**C NMR indicating
that the alkene was no longer present. However'HINMR of both compounds was
congested betweedy 4 and 5 and it was hard to distinguish individughals. The
spectral data set of the minor isomer showed begsaiution in théH NMR, enabling

its assignment.

The structure of the minor isomer, oxepar was assigned by, *C COSY, HSQC-
DEPT, HMBC, 1D TOCSY and NOE experiment§he presence of thgemdimethyl
ester group was confirmed B resonances consistent with two methyls .19 and
1.15) and an ethyl groupy 4.60 andd, 1.30). Similarly observed wetC resonances
consistant with a carbonyl functionalitg(176.0) and a quaternary carbon cender (
47.5). 'H resonances also confirmed the presence of therttutyl silyl protecting
group Oy 1.18, 18H). The HSQC-DEPT experiment, as welkesblishing direct
hydrogen-carbon connectivity, revealed the preseomethe main ring of three
oxymethines, two methines, an oxymethylene and &hyleme which COSY
correlations confirmed were all part of the sdidespin system. An HMBC correlation
from the gemdimethyl quaternary carbon was observed to the @aimethine &y

4.41,5c 78.8). The connectivity of thiH spin system was then constructed from a
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series of COSY and TOCSY correlations from the ©xlymethine proton to a
methylene (C-2dy 2.80 and 1.979¢ 28.0) to a methine (C-3y 4.70,0¢c 48.5) to a
second methine (C-&y