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Abstract

Pavettamine, a plant toxin isolated frofavetta harboriiwaspreviouslyidentified as a polyamine

with G2 symmetry and a 1;8yndiol moiety on a €0 carbon backbone (one of very few to be
isolated from nature). Biological studies have shown thds toxin is responsible foit Ij dzA O
RAaASIFASE 032dzaAST0S0 Ay NHzZYAYylLyld FyYAYlFfa 6K
cardiovascular organsthe uniqueness of pavettamineoupled withits toxicological effects
prompted this study, whichaims to contribute towards the complete study of the structure
activity relationships associated witks toxicity. To this end,the first total synthesis of the
enantiomer of pavettamine was achieved tdlger with the development of a suitable method

for the synthesis of reduced functionality analogues.

The symmetrical structure of the molecule allows for the synthesis of two individfi@dinents

to be coupled at a later stag®etrosynthetic analysisiéntified commercially availablg&malic
acid as a suitable starting material for synthesis of the two individudt&ments. Thighiral
hydroxyl acid frornatureQ a LJ2 2 & shybédxy kefiodelig®dp. Several transformations
of Smalic acidallowed for the addition ofhe R-methylp-tolyl sulfoxidechiral auxiliary, facilitating
stereoselective reduatn of the ketone, andaffording the desired 1;38yndiol functionality. A
protecting group strategy was also developed for the oghoal protetion of the alcohol and
amine functional groupss they were unveiled. From this poiahwards the terminal carbon
atoms of the separatesGragments were functionalisedollowed by coupling of the fragments
via reductive amination revealing thelD cabon backbone. Deprotection of the alcohols and
amines successfully provided the enantiomer of pavettamine as a TFA salt. Application of a similar
synthetic protocol afforded acetonide protected pavettamidemethod wasalsodeveloped for

the synthesis ofhe reduced functionality analoguéacking certain hydroxyl groups
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Polyamines

Research to date has uncoveraglethoraof compoundghat arevital for growth, development

and sustenance of living organisms. Amontss$ diverse group of compoundsis a class of
moleculesnamed polyamines(PAs) Polyamines aralescribed asliphatic organic compounds
with two or more primary amine substituents, connected by one or more methylene linkages
within their structurel-2 Theywere initially discovered ithe 17" centuryalthough the elucidation

of their chemical structure knowledge of their biosynthesiand functionswas not well
understooduntil the 20" century2 Polyaminesare ubiquitous; presentin both eukaryotic and
prokaryotic cellsindicating the pivotal role they play in naturdhe biogenic polyamines,

putrescine, spermidine angpermine are the mostfundamental moleales in this class of

compoundgFigurel).
NH H,N H
HZN/\/\H/\/\/ 2 AN N\~ W\H/\/\NHZ
spermidine spermine
putrescine

Figurel: Structure of basic polyamines

PAsalso belong to an exclusive club of small organic compounds that are capable of interacting
with the three natural biopolymers namely, polypeptides and proteins, nucleic acids and
oligosaccharidesT'he obseved interactions arise because of the amifiesl protonationunder
physiological conditionsTheresultingcationic factorenablesthese molecules to play different
molecular roles in living organisms as showfigure2, whilst allowing them to ionically bind to
several anions in the cells including DNA, RNA, proteins and phospholipids, consdhuenti

maintaining the structure bthese macranolecules*

1
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Metabolic regulators Secondnessengers

Antioxidants Nutrients

Stabilisers of DNA, RN/

Growth factors membranes

Figure2: Biological functions of polyamines

1.1.1 Biological functions of polyamines

Comprehensivetudies have showthat polyamines playn instrumentalrole in the promotion
of cell growth, maintenance of chromatin conformation, regulation of specific gene expression,
ion-channel regulation, maintenance of membrane stabdityl free radical scavenging:” 8 PAs
arealsoinvolved in protein syritesis andn the differentiation of mammalian celfdnterestingly
spermdineis alsoutilised as a precursor in the synthesis of the eukaryotic translatioratiib
factor 5A, the onlyprotein knownto contain the unusual amino acid prysine® Normal growth
regulationis attributed to PAsand high concentratios of PAs aresvident in fast multiplying
animal tissuesElevatedlevels of PAs are therefore required during development or tumo
growth and this makeshe biosynthesis of pgahmines an important taget for chemotherapeutic
intervention. The charged nature of PAfmcilitates interaction with various receptors e.g\-
methylD-aspartate receptor§NMDA) and ion channel§hemultiple studiesof biogenic PABave
also revealed that interruption of thenetabolic pathwaysrovides targets for the design of
therapeutic agentsThese and othecharacteristics of PAsparked an interesn their mechanism

of action andthe potential therapeutic uses of PA conjugates ayhtheticanalogues.

The ability of endogenous polyamines to play diverse functions within the biological systems
resulted in studies being undertaken to understand their biosynthesis, metabolism and catabolism
with the research spanning decad®sThe synthetic pathway for polyamines in mammals, plants,
fungi and many bacteria begins with the decarboxylation of the amino koichithine by
ornithine decarboxylase (ODC) enzyteafford putrescineas shown irFigure3. ODC enzyme is
therefore crucial in maintainig the levels bpolyamines and it is highly regulated. Spermidine and
spermine aresynthesised from putrescine by the action of spermidine synthase and spermine
synthase enzymegespectively.The inherent feedback systems within the cells trigger the

catabolic reactios when there is a higher demand or low concentration of either of the
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polyaminest? Spermine can either undergo direct dation by spermine oxidase (SMO) or be
acetylated by spermidine/spermine N! acetyltransferase (SSAT), followed by subsequent
oxidation byacetylpolyamine oxidasgAPAQO) back to spermidine. Synthesis of putrescine follows
the same pathway; whereby spermiéirundergoes acetylation and oxidation using SSAT and
APAO.Knowledge of the biosynthesis mechaniss useful in providingnew targes for

therapeutic treatmentbecause several disorders arise as a result of a deficiency of the three

polyamines
L-Ornithine
oDC
dcAdoMet HoN N,
AdoMetD(/( putrescine \QPAO
AdoMet Spermidine N'-acetyl spermidine
synthase

AdoMetDCx‘ MTA SoAT

H

decAdoMet NS AN A
spermidine
‘&PAO
Spermine
P SMO ] _
synthase N'-acetyl spermine
MT

H
H2N\/\/N\/\/\N/\/\NH2
H

SSAT

spermine

Figure3: Biosynthesis ad interconversion of polyaminesobcg omithine decarboxylase, AdoMetDCS:

adenosylmethionine decarboxylase, SMOspermine oxidase, SSAT spermidine/spermineN! acetyltransferase, APAQ

acetylpolyamine oxidase)

1.1.2 The polyamine transporter (PAT)

Whilst the homeostasis and adjustment of intzallular concentrations of A is regulated by
synthetic and catabolic reactions,elidvery of PAs around the bodyand cellular entryis
accomplished by a specifi@nsportsystem known athe polyamine trarsporter (PAT§ 34 The
transport systems energy and temperature dependieand saturable meaning it is carrier
mediated. The recognition site of the transporter contains at leaseahnegatively charged
groups ata distance correspondirtg the distance between the positively charged nitrogen atoms
of spermidine'® This charadaristic of the PAT implies thapecific molecular recognition elements

are required in order for mlecules to utilise the PADespite this, the polyamine has a surprisingly
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broad structural tolerance. Current datdti@butes this to the fact thait is probable that there
are multiple PAT systems in mammalian cells with differing specificaikswving for the

transportationof both naturalcompoundsand a significant range of analogués.

The mlyamine transporér also serves as an adaptational response of cells to changes in
polyamine requirements whereby enhanced growth rates are not only accompanied by
accelerated rates of intracellulate novosynthesis but also by increased uptake of exogenous
polyamines. Degtion of intracellular polyamines enhances their uptake sefgd and this was
proven by introducing ODC inactivators. This observation means that in principle the biosynthesis
of PAs can be substituted by polyamine uptake from the environmémntaddition to thissince

PAs are associatedvith proliferative responses antlimour promotion, researchhas identified
polyamine regulation as an attractive target for a number of different anticancer

chemotherapeutic strategie¥: 1>

1.2 Polyamine conjugates

Apart from the three freelyoccurring biogenic PAdready mentioneda multitude of PAswith
different structural featurediave been isolated from varioumtural souces and their biological
propertiesare under continual investigatioh!” 18 ThesePAs areeither linear orconjugated to
variousother moieties includingbut not limited toaryl groupsamino acids, sugaedguanidine

A huge library of synthetic fpygamine conjugates haalsobeen devebped and their biological
effect assessed.hese compounds are under ongoimyestigationfor their potential therapeutic
activity againstdiseasessuch as cancef 1° malarig?® inflammaion?! sleeping sicknes?

I £ T K S2Ravidablamtiproliferatived® This list is by no means exhaustive but merely serves as
an indicator of how widely varied the apgdition of polyaminessi Thesources of thenaturally

occurring polyamines are also varied andresgentative classes whe discussed idetail.

1.2.1 Polyamine conjugates from spiders and wasps

Venoms isolated froninsects and amphibiarsontainpolyaminetoxins of extraordinary potency

and selectivityTheinterest in these toxia emanates from theiusefulness in the discrimination

of pharmacologically distinct receptor and ion channels in the nerves and muscles. Polyamine
toxins isolated from spider andvasp venom act as potent antagonists of mammalian
neuroexcitatoryionotropicglutamic acid receptor@GluRsandtheyinhibit nicotinic acetylcholine

receptors?* Glutamate is the major excitatory amino acid neurotransmitter in the mammalian

4
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central nervous system and acts through two classes of receptors, the ionotropic and
metabotropic receptors.The polyamine toxinstherefore act as pharmacdogical tools for
examining the iGIuRslue to their ability to distinguish between €a-permeable andc
impermeable iGIUR subtypé3The distinction is necessary during diagnosis of neurodegenerative

diseases.

Philanthus tiangulum 433 (PhTX4.3.3 is a polyamindhat wasisolated from the venom of
Philanthus trianguluma solitary parasitic wagfigure4).?® Investigatims revealed thithe toxin
was an antagonist of €gpermeable iGIUR subtypes and kainate receptarsharacteristic that
is usefulfor the determination of the subunit composition of these receptét$iodification of
the polyamine portion gave rise to philanthotoxins such as Ph#8 with enhanced potency
and selectivity at receptor® Theanalogues wergotent cationchannel blockers with usess
selective receptor probes for nicotinic acetlybline and glutamate receptor®r sodiumand

calcium channel&®30

H H H
5 N/\/\/N\/\/N\/\/NHZ
N oH
HO VH
PhTX4.3.3

H H

g N/\/\N/\/\/N\/\/NH2
N_OH H

N_O
HO VH

Figure4: Structures of PhTX.3.3found in waspsand its analogue

PhTX3.4.3

Compound MG30 (Figure 5) was isolated as the major componemnt the venom of the
Hexathelidae spideMacrothele gigas! Preliminary toxicologicanalysis oMG30showed that

it acted as an ion channel blockéx.huge library ofoxinsduly named acylpolyamingbecause

they share a common structure of an aromatic moiety at one end and either a primary amino or
guandine goup at the other endhavebeen isolated from different species of spiders. These
acylpolyamines exhibit neamodulatory activity within the mammalian central nervous system

hence their application in investigating diseases such as sttoke] K S anY &iepxsie2
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Figureb: Structures of PAs found in spiders

Another library of acylpolyamines isolated from different types of spiders, belonging to the
argiotoxin class, are shownkigure5. ToxinsArgTX636, ArgTX659andArgTX673were isolated
from the venom of the spideArgiope aurantiaAGE452was isolated from the American funnel
web spiderAgelenopsis apert& Over fifty related polyamine toxins have been isolated and
characterised from other species of spiders, and many of them have been synthEsseldgical
evaluation of these toxins and their analogues confirmed biological activity was thiogking
neuromuscular junctions by primarily targeting the ionotropic glutamate receptorghe
interesting point to note about these polyane toxins is that they contain methylene linkers

having three or four carbon atoms without any substitution on the carbon chain backbone.
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1.2.2 Macrocyclic and linear alkaloid polyamines from plants

A plethora of poyamine conjugates havalso beenisolated from plants andcharacterised
revealing both themacracyclic and linear propertig’s ° with representative macracyclic
compourds shown inFigure6. Oncinotine belongs to a gup of alkaloid PAs isolated frothe
stem bark ofO. nitida, a tree belonging to the genudncinotis(Apocynaceag® Several other
polyamine alkaloids were also isolatadd characterisedR Loesenerine was amongstgaoup of
alkaloidsisolated fromMaytenus loesenercontainng a 13membered lactam ringand total
synthesis of the compoundonfirmed the stereochemistry® SVerbasitrine belong to the
protoverbine class of spermine alkaloidsntaining a 1#membered ring. This compound also

contains a phenylpropionate unhich iscontained in the antibacterial and cytotoxic spermine

alkaloidst
H H H
5 Phy_N._~_N
OMe
N N 0
~ N OMe
o) HN
Y
NH, o
oncinotine R-loesenerine Sverbasitrine

Figure6: Macracyclic polyamines from plants

Biologicalanalysisof the macrocyclic polyamine compounds revealed that pinesence of the

lone pairs of electrons on nitrogen enablihe moleculesto exhibit strong coordination ability
towards different metal cationforming coordination complexe¥.Macrocyclic polyamines are
tunable, allowing the creation of smart molecules with specific physical and chemical properties.
These properties includdut are not limited tg chemical sensors and anion binders to a variety
of conpounds such as antibodig&They caralsocrosslink with DNAand therefore act as anti
tumour agents and ardprotozoal agents? Cyclic polyamingare used to prepare silica particles

of controllable and uniform size in@ocedureduly named theStber process? A significant
library of macrocyclic polyamines has been developed for studying their abifiyrtostrong ion
pairing complexes with phosphat®ntaining metabolites and to catalyse the dephosphorylation

of ATP* The polyamine complexes alsodiapplications as chiral catalgsor organic reactions.

Other than the macrocyclic polyamines, plants also contain a variety of linear polyairigee(

7). Meytenineis an example of a linear PA that was isolated from the reproductive organs of many
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higher plants as a conjugated spermidii€enuilobine was isolated from the same souaoe is
the first PA alkaloid containing bogpermineand spermidine crossconjugated through a long
aliphatic chair®® These toxins are known to act on invertebrates by antagonisinegabed

channel proteins in the muscle mbrane??

O
meytenine
NH
HZN/\/\N/\/\/ 2
0]
@)

7
HZN\/\/N\/\/\N/\/\NH2
H
tenuilobine

Figure7: Linear polyamines from plants

1.2.3 Polyamine alkaloids from marine organisms

The ocean is a diverse ecosystem that has provided the human race with not only food and energy
but chemotherapeutic agents as welNarine sponges are known to be prolific producers of a
wealth of diverse secondary metabolitexluding PA The wide array o$tructurally different
polyamines that have been uncoveré&m these spongesequire their ownreview because
marine organismgrovide an interesting and useful agraf potentially therapeutic PAlkaloids.

The structurally unique PA stellettadine (Rigure8) was isolated from a marine spon§eelleta

sp. in 1996and it was the first example of a polyamine alkaloid with the arcaine backbone (1,4
diguanidinobutane), which is connected to a norsdtgpene moiety*® The canpound was
describedas a metamorphosis inducer in ascidiat@&ambescidin 826 belongingto the
crambrescidin familywas isolated from the spongdonanchorasp?* ThisPA alkaloideaturesa
polycyclic guanidine core coupled to modified spermidBielogical studies showedI\+1 fusion
inhibition properties, andthus this molecule represened an interesting lead structure for

potentially new antiHIV therapeutics
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Figure8: Polyaminealkaloids from marine organisms

Pseudokeratidinga halogenated PA&onjugate wasisolated from marine sponges auwlisplayed
antifouling and arnmicrobial activities making ibf considerable interest as a component of
antifouling paints® Didemnidine B was isolated froBidemnumsp. together with several other
similar As which containan indole3-glyoxylamide moiety linked to the\! position of
spermidine® This PA was found to be mildly active against the mdlpdsasite Plasmodium

falciparumwith an 1Go value of 8.4uM.

1.3 Synthetic polyamine analogues

The positive results from biological assays of the naturally occurring polyamine conjugates
provided the platform for a new research area of synthetic analoglresal studies involwng
synthesis of unnatural polyamines wéargeted at understanding the influence of charge, length
and flexibility of the polyamine backbone structure on biological actiBtgce the polyamine
biosynthetic pathway of mammalian organisms had been studidnsively, it had been shown

that some pathogenic organisms possess enzymes involved in polyamine metabolism that were
not present in the host. This knowledge provided need to design specific therapeutic agents
targeting the PA in thpathogens Researchasalready highlightedhe importance of Pan living

organisms and the continuous discovery ¢1As from various natural sources withfférent
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structural featuresprovidedthe launch pad for research on polyamin&keinitial working theory

was thatthe terminal nitrogens of the linear polyamines are most importantiiofogical activity

The first synthetic polyamines involved simple modifications of the natural polyamines i.e they
possessed terminal primary or secondary amine groups with smygllsalkstituents and differed

only in the length of the central carbon chaftCompoundd ¢ 3 (Figure9), with an eight carbon
spacer generally showed significant antitour activity. These results supported the theory that
analogues with altered pKvalues at the terminal nitrogens, comparison of compouhdo
compound?2 and 3, could disrupt polyamine metabolism and potentially provitterapeutic
benefit. Of the initial benzyl analogues, compousdvas the only one to act as an active
antiproliferative agent, exhibiting an 4€value of 50 um againdt1210 leukemia. Subsequently,
the compound was shown to possess excellent antimalarial aciivityitro and in vivo but

unfortunately no further investigations were performed on similar sets of analotfues.

H
N NH
HzN/\/\H/\/\/\/\/ ~ 2

Figure9: Early polyamine analogues

The early findings of the effects of synthetic polyamine analogues led to the design of symmetrical,
terminally substituted bis(alkyl) polyamineBhe analogues featured terminal secondary amines

to explore the relationship between altered pKa and cell@uaction andthe utilisation of the PA
transporter by the modified polyamineBrom arepresentative libraryFigure10shows synthetic
analoguess ¢ 8 which were shown to slowdown the synthesis of biogenic polyamines through

downregulation of constitutive biosynthetic enzymedthoughthey did notsupport the cellular
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functions of the endogenous polyamines® Treatment of tumar cells with micromolar
concentrations of the analogues initiated cell death via apopto3isese symmetrically
substituted analogues are amongst the most successful as they have been shown to possess a

wide variety of therapeutic effects

FigurelO: Structures of bis(ethyland isopropylpolyamines

The synthesis othese symmetrical polyamines wasraightforward and easily scalable which
favoured further investigations. BEHS@nwas provento be auseful antidiarrloeal agent
although phase 2linical trials wee halted due to neuretoxicity and hepatotoxicity issue's. 4

The observed toxicity issues were reduced by the introduction of hydroxyl groups into the
intermediate chain giving rise to compoun®. The reduction in toxicitpf the hydroxylated
analogue was probably due to the fact that the analogues were cleared through phase 2

metabolism*?

The positive results from the biological studies of the analogues of the natucaltyrring
polyamines prompted studies into conjugates of these PAs with other biologically active motifs.
Applications of synthetic PAonjugatesare as diverse as the sources of the naturally occurring
ones,from beingused as drug vectors where they are attached taherapeutic drugsor cell
delivery, or new drugs against neglected tropical diseases and chemotherapy against different
types of cancer, the applications are endlédsesimilaiity in structureof the synthetic Péto the
endogenousPAs enablesthem to efficiently utilise the PATor uptake bycells, whilst they are

metabolically stable.
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The sequencing of the human genome availed the possibility of the treatment of hereditary
diseases and cancers through gene therapy. Successful application of geney tissslapendent

on the efficient transfer of DNA to specific ceélls/ivoto silence a bad gen®,turn on a needed
geneé®or install a new gene to address particular cellular d&fé® Traditionally viral vectors were
employed for this function but the method suffered from several setbacks such as immunogenicity
and only a limited size of theNA could be transferreef Continual improvement in new vector
design coupled with the knowledge of PAs led Behr to inm@e polyamines into liposomes
after realizing that naturally occurring polyamines could efficiently compact ®Niis led to the
successful synthesis of the first transfection vector DA®&fsife11) by incorporating a branched
polyamine> Since then, the polyamine vectors have been showheasuperior as compared to

the traditional vectors because of their low toxicity and immunogenicity, and they possess the
ability to transfer large strands of DNA, accompanied by simple synthetic prepataGomrently
DOSPA and DOTMAdurell) are commera@lly available PA vectors sold as a 3:1 mixture known

as Lipofectaminé?

el N~ _NH,
DOGS
o @) \ / o)
O\/l\/u\/\N)H/\/\KI/\/\NE
H H,
HN
L/N+H3
DOSPA
o @)
\ /
oA
DOTMA

Figurell: Syrthetic polyamine vectors

Cancer targeting using synthetic PAs is also an active research field because many cancer cells are
unable to produce enough PAs to sustain their growth rate and therefore rely heavily upon
polyamine import to grow. The enhanced cellular need for the tHyasic polyamines coupled

with the structural tolerance of the PAT allows for the importation of imaive polyamines in

order to meet the high demand. Considering the heavy reliance of rapidly dividing cancer cells on

12



Chapter 1: Introduction

PA import it was shown that drygolyamine conjugates have enhanced cytotoxicity to cancer
cells® PA analogues can mimic some of the self regulatory functions of biogenic polyamines but

are unable to substitute natural polyamines in their grovgitomoting role.

Chlorambucil Figure 12) is a chemotherapeutic drug used for the treatment of chronic
lymphocytic leukemia, lowgrade noal 2 RIT Ay Qa f &8YLIK2YIlF X |1 2R3ITAY
cancer. Kauret al. reported good results in targeting tumour cellstlwthe chlorambuci
spermidine conjugat®, with a 10 000 fold increase in activity when compared with chlorambucil
because of the ability of the corgate to form crosdinks with naked DNAS N-Anthracene
substituted polyamines lik&0were shown to be 150 times more toxic to Chinese hamster ovary

(CHO) cells when compared to a mutant Rigficient CHO cell line (CHNG)>®

OH

chlorambucil
Cl

H
N\/\/\N/\/\NH2
Cla~y 0 L~ NH,

§ (]
‘O N/\/\/N\/\/\N O
H H

10
Figurel2: Polyaminedrug conjugates

The continual search fantimalarial drugsilso lal to the development of polyamine conjugate
based lead compounda an attempt to discover new targets in the pathogéstillarin Figure
13), isolated from thefungusR. subaurantiacavas shown to inhibit the growth of a drug sensitive
P. falciparuniine (3D7) with an Kgvalue of 1.9uM and displayed no cytoxicity against NFF cells
at 100uM.>" A library of several modéi pistillarin analogues showed significant activity against

P. falciparumn the micranolar rangeln a separate investigatiowwo analoguescompoundll1
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and 12, were synthesised based on diamide orthidinad showed potent antimalarial activity.
Nanomolar activity was reported foompound11and compound.2, with values of 19.0 nM and

8.6 nM respectivelyagainst theP. falciparumK1 line?°

HO ©
pistillarin
HO
o) N/\/\N/\/\/N\/\/N o
| H H o)
OH
diamide orthidine
O/
~
0 H H o)
N/\/\N/\/\/N\/\/N
o " 3 0
/O
11
0 H H OH
N/\/\N/\/\/NM\/N
OH H H o)
12

Figurel3: Lead antimalarial polyamine structures

Different syntheticpolyamineanaloguesare beingsynthesisedas potential therapeutic agents
based on differentypes of naturdly occurring Rs because of their promising activityhe need
for continual drug development meanall promising leads are explored until every possible
outcome is exhausted. Given this fatlte examplesliscussecdhere so farare by no meanan
exhaustivelist of the findings and work that hasreadybeen published, but merely serve to

highlight the impetance of this class of compounds as therapeutic agents.

1.4 Hydroxylated natural polyamines
Theclass of polyaminesf interest to this Phare those with a hydroxylated methylene backbone.
For dl the naturallyoccurringPAsshown thusfar, there havenot been manynaturally occurring

polyamineexamples in which the methylene backbone itself is substitulidde only available
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exampleswere for the synthetic analogueshown in Figure 10, where hydroxylation of the
methylene backbone wastroduced asa way of reducing the toxic effects of a potentially
therapeuticsynthetic polyamineThe absence of methylene linkage substitun is attributed to
the sensitivity ofPAT to substitution of the methylene linkagebkeTiscovery ofan exception to
rules innature always attracts much attentioand generates interest irsynthesis and possible
biological effect&pplications To dae onlya fewmethylenesubstitutedpolyaminecompounds
have been isolated from various natural sourcEse first to be isolated werthe triaminesS6-
and S7-hydroxyspermidine Kigure 14).58 S2-hydroxyspermidineis a component of several
alkaloids isolated from marine microorgams whilst S7-hydroxyspermidineoccurs free in

Pseudomonaspecies.

OH H
H HoN N
~
HZN\/\/N\/'\/\NHZ \/\(‘)?\NHz
S6-hydroxyspermidine S7-hydroxyspermidine
O OH OH , OH OH
HZNWJ\N NH HZN\/'\)\/N\/\/\/NHZ
NH, OH H o
13 pavettamine

Figurel4: Methylene substituted polyamines

Compoundl3was recently isolatefrom Streptomycesp. and fully characterisedut biological
assaygevealed no significant inhibitory activiggainst a few cancer cell lingsTo the best of
our knowledge the total synthesis of this compound has nget been reported.The compound
of interest for this workis pavettaming another naturally occurrindnydroxylatedpolyamine

which was isolatedrom Rubiacae species

1.4.1 Pavettamine

The toxic properties of plants of the Rubiaceae species have been known for over a century.
5dzNA Yy 3 GKS S| MISéuth midicdost@@nsiderabie¥iveditik and they noticed that
death occurred after the animalbad consumed plants from the Rubiaceae family namely
Vangueria (syn. Pachystigm) pygmaeum V. thamnus V. latifolium Pavetta harborii P.
schumannianaand Fadogiahomblei®® The resulting plant toxicoses nam&busiekte otV lj dzA O]

RA &S| 4 aderiskdiby BeKsuiddén death of animalithout warning due to cardiac failure,
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usually after a physical activith number ofcardio dynamichanges coupkwith myocardial
lesions consisting of myofilaments, replacement of myocytes with collagenous,tissgthening
of sarcomeres and cardiac dilation have been repoftgdanimals after consuming the plarfts
Dedicated research by Fourgt al. led to the first isolation of the causal toxin which wasly

named pavettaminé?

It is noteworthy that pavettamine is the only natural polyamine to be iogied in livestock
poisonings.This polyaminestimulated ourinterest because of its uniqueness in thelyamine
class of compoundsoupled with itsoccurrencein plantsindigenous to Southern Africahe
importance of livestocko this part of the worldcannot be overstated because they arevital
source of wealthcombinedwith social statusand hencethe effects of poisonous plantare
detrimental to thiscritical part of theeconony. Plant poisoning of livestock caussonsiderable
losses annuallgnd authorities estimate that during certain yeanp to 25% of stock lossescur

as a result of plant poisonings

Bodeet al. identified and publisted the structure of pavettaminafter performingthe first and
only total synthesis of this unusual polyamisigown inFigure14.93 It is the only polyamine with

a fivecarbon linker having a 1;8y/ndiol functionalityto be isolated from nature.Pavettamine
also possessesCG2 symmetry The synthetic toxin was found to be more potent than the isolated
natural product probably due to the difference in purity levels of the isolatedaterial in
comparison to thesynthessed compouml. Toxicological studiesf the naturally occurring toxin
revealedthat pavettamine inhibits protein synthesis in the cardiac muscle of katsit had no
effect on other tissue§! This observation was in agreement with results published earlier which

stated thatdried leaves of the toxic plants induced heart failure in sheep and rats.

Given what has been discussed so far regarding the role of polyamines inoligargsmsit is
evidentthat pavettamine is responsible for eptosisin the cellsof cardiovascular organsence

the cardiac syndrome that is observed in the animdlee toxin islikely to be selectively
transportedby the cardiovascular organs usithg PAT into the cellshere it disrupts the normal
functions of the endogenous polyamingfus initiating cell deathFurther investigations still
need to be performed to establish the actual mechanisimaction because the observed
selectivity is intriging. In general, the stereochemistry of a molecule has significant implications

on its biological activityThus,synthesis of the enantiomer of pavettamine and the reduced
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functional analoguewith different stereochemical conformatiorisrms the basis fthis research

work.

1.5 Synthetic methods for 1,3 -diols

One of the most potent class of biologicalcompounds known to man the polyketide class
which possesses broad structural diversity and many of these compa@omdgin a 1,3diol unit.
Due to theimportance of the 1,3liol subunit, the synthetic accessthis active moiety has been
of interest to organic chemistfor decades therefore a variety ofsynthetic methodologies
targeting this moietyhave been developetf: 6565 67 Thus, because of the presence of a-di@l
system in compounds of interest to this projesynthetic methods targetinthe synthesis othe

1,3-diol motif are going to be discussed in greater detail.

1.5.1 Carbon-carbon bond forming reaction s

Synthesis obyn and anti-1,3-diols can be achieved by carboarbon bond forming reactions,
anddepending on the substrates, reagents and conditiboth conformatiors of the diol can be
recovered One such reaction is the Prins reaction, involving an acid catalysed condensation of an
aldehyde with an alkene. The product of the reaction depends on the substrate and the reaction
conditions resulting in amixture of prodicts namely a 1;8liol, 1,3dioxane or an allylic alcohol
(Schemel). The reaction has very limited chemand regieselectivity, whichrestricts its
applications in organic synthesiBhe lack of steregontrol arises from the fact that nucleophilic
addition to the carbocation intermediate that is formed lacks any kind of selectivity. Even if chirally
pure compounds are used as startingterial, the newly formed carbenarbon bond always lacks
selectivity. As a result of this, the reaction was not popular in natural product synthesis until useful

modifications of the reactions were developed.
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Schemel: Prins reaction

Continuous investigations unearthed a useful modification of the Prins reactibithenabled

the synthesis of many chiral heterocyclic compourgistably named thePrinstype cyclisation
reaction In the modifiedPrinsreaction ahomo allylic alcohaleacts witha carbonyl compound,
mainly an aldehydeunder acidic conditiongs shownScheme2 giving rise to an intermediate
14.58 Appending thealkene or™ -nucleophile to the alcohol facilitates the cyclisation after the
addition step.Intramolecular proton transfer o014 gives rise to intermediat&5 which loses a
water molecule yielding aroxocarbenium ionl6. The oxocarbenium ion rearrangesa
intramolecular addition of a -nucleophile from an alkene to an oxocarbenium ion or related
species to generate a ring through carbcarbon bond formationThere are two possible chair
transition statesT: and T arigng from this intramolecular reactiohe most favourable state is

T1 because the substituents at thé®and 8" positions assume equatorial positions resulting in a
stable conformer. In contrast, th@; state is disfavoured because of the severe-digial
interactions that exist between groups at the92and 6" positions. Hence the nucleophilic attack

to form the favoured transition state will occur from the equatorial position formiigproducts

such asl7 as the main stereoisomewith 18 being formed as the minor productlthough
oxocarbenium ions undergo conformational changes, the energy barrier is sufficiently high that
free rotation does not occur at low temperatures, buthat the transformation occurs with
excellent and predictable stereocontrol. The high degree of stereocontrol arising from the
configurational predictability of oxocarbenium ions and cyclisation states, allows for multiple

applications in natural produdynthesis.
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Scheme2: Prins cyclisation

Yadawt al. successfully employed the Prins cyclisation when they developed a general route for
the synthesis of various polyketide precursors contairang-1,3-diols from a common pyran
system(Schemed).5” In one of their successful synthes&homoallylic alcohol9was subjected

to the Prins cyclisation with-Benzyloxypropan&0in the presencef TFA. Subsequent hydrolysis
afforded a trisubstituted tetrahydropyrandi@lin excellent @. Regiselective tosylation of the
primary alcohol yielded compour® followed by ring opening to furnish amti-diol 23. Further
transformation of thediol allowed for the successful synthesis of a major fragriaenbrporated

in the synthesis of the natural product attenoPB. They proved thinovelmethod to beversatile

for the synthesis odnanti-1,3-diol framework with high stereoselectivity.
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Scheme3: Synthesis of 1,&8liols using Prins cyclisation

In their quest to develop new methods for assembling polyol chains, Rychretvakygleveloped

a method for the convergent synthesis of polyol chains based on the generation and alkylation of
cis or trans-6-alkyt2,2-dimethyt4-litho-1,3-dioxanes®® In one example, treatment df-hydroxy
aldehyde25 with TMSCN and potassium cyani8-crown-6 complex, followed by treatment

with acetone, 2,2imethoxy propane and aacid catalyst converted aldehy@® to cyanohydrin

26 (Schemet). The resultant cyashydrin was produced in a 1:1 mixture of thgn andanti-1,3-
isomers.Recovery of a sing/nproduct27was reported after deprotonation of the cyanohydrin

with lithium diethylamide followed ¥ alkylation.

1. TMSCN R CN 1. LiINEt,, THF
R4 ! ' 2: ' Ri 2Ry
\‘AcHO KCN-18-crown-6 _ E/?)/ 78°C Y\r
OH

2. Acetone, CSA, x - 0 0
2.R,X,0 C
25 2,2-dimethoxypropane 26 2 Pl

Na, NH,,
-78°C

e
28

Schemed: Synthesis obyn1,3-diols acetonides by reductive decyanation of cyanohydrins
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The high sterechemical outcome of the protocol is as a result of the configurational control of
the intermediate generated from cyanohydrir26. The lithium reagent generates a radical
intermediate with a six membered ring. The ring adopts a much more stélalie conformation
where the axial radical is formed as opposed to an equatorial radiddlus, both isomers of
cyanohydrin26 form the same axial radicahtermediate. Aial radical formation isfavoured
because the oxygen lone pair of electrons overlap with the axial radical stabilisinbilié the
lone pair of electrons is not accessible to theuatprial radical. Consequeptl because both
isomers fdlow the same reaction pathwayhe same product isecovered. In this caselg3-syn

diol is recovered after alkylation yieldirgj/. Reductive cyanation proceeds witholdss of
stereochemistry at the secondary alcohol centres yielding compo28dThe 1,2dioxane
structure contributes towards the configurational rigidity of intermediates which in turn protects

the stereochemistry.

Chiral 1,2diols were prepared in high enantiomeric purity from the reactions of the chiral
silycarbanionformed from 29 with epoxides Aliphatic goxide addition to the carbanior30
furnished a crucial intermediat81, followed by oxidative cleavage of the carbsitican bond
with peroxideat low temperaturesyielding the dioB2 (Schemes).”® This approach proved to be
of high enantioselectivitand diastereosekctive when achiral aliphatic epoxides were employed.
However,poor diastereoselectivityvas deteced when epoxides with an existing chiral centre
were used Nevertheless, theesultingtwo diastereomers could be easily separated by column
chromatography. This sequence was used for phseaopktituted diolsbut it is applicable on
different types of sygms 1,3diols have also been reported to be synthesised from 2,3 epoxy
alcohols using a Ti(lll) mediated ring opening with excellent diastereosele#iSityilar methods
havebeenusedfor 1,3-diol synthesiseach with its own set of limitations, anth@osing the best

approach is best based on the type of target mole&le.
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l \
/SI/ i

s-Buli, -78 °C Li--_ o / W
N, = N S Re KF, H,0
MeO\/Q Et,0 MeO\/Q R 272
MeO_
29 30 O A )

R1
Ph\/\l/R2
OH OH
32
Schemes: Asymmetric synthesis of chiral 1;8iols using chiral organosilicon compounds

1.5.2 Biocatalytic methods

Due to the growingneed and demand for greener methottsorganic synthesifor researchand
industrial processe®iocatalysis has grown rapidhg amethodof choicefor synthesisn the past
decade’! 72 One of the main advantages for incorporatiagzymes in synthesis is their ability to
generate chirally pure compounds undeomtoxic conditions However because enzymes are
not versatile, a library of enzymesdways needs to bassayedobefore finding an enzyme best
suited for the desired transformationExamples of the enantioselective synthesis of-di8ls
using enzymes as isolated or-catalyst have been reportedn literature, but in most cases a

huge library of enzymes had be assayefirst.

Chemoenzymatianethods are currently beingsed as a conveentand environmentally friendly
way of synthesising a kol unit (Schemeo) for fragments of pharmaceutical importanddaer
et al. demonstrated the applicability afnzymes fothe synthess of 1,3diols with excellent e.”®
An aldol reaction between aldehyd&3 and acetone34, utilisingan organocatalys85, gaverise
to an ddol productwhich was diastereoselectively reductxthe diol 36 by using biocatalysts in
a modified one pot synthesisThisapproach also allowedor the synthesis of all possible
stereoisomers of the diol by changing the configuration ofdhgancacatalys 35. Thehigh ee and
the environmentally friendly conditions makes this approach very desirdldeever enzymes

tend to be substrate specific in terno$ both activity and selectivity.
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A

o (”)\ = OH OH
W “__OH :
i s
H + )K 1.r.t,20h, Hpr ph
cl 34 35 Cl >99% ee
33 d.r. (syn/anti) 1:10
2. SADH, buffer, NADH, 36

2-propanol 25% v/v
Schemes: Enzymatic kinetic resolution of an aldol product

1,3-Diols can als be recovered from the enzymatic reduction of -tiRetones although double
site reduction in a sigle operational step is seldoachieved.In generali -hydroxyketones are
commonly recovered as the primary products and reduction of the second keto ggsaither

very slow or does not occowing to stabilisation of the-hydroxyketone by hydrogen bondirig

A few notable examples offeto enzymatic reduction in a single step have besported. Patel

et al. reported that the stereoselective microbial reduction of 8lxo0-6-benz/loxyhexanoic acid
ethyl ester37, yieldeda key chiraintermediae, 3,5dihydroxy6-benzyloxyrexanoic acid ethyl
ester38(Scheme7).”> Excellent yield and optical purity of the desired product was achieved
though a significant library ahicrobial cultures had to bevaluated. The recovered diol was a
key intermediate in the chemical synthesis of an ahlesterol drug tat acts by inhibition of
hydroxyl methyl glutaryl coenzyme A (HMG CoA) reductisee thenvarious statins have been
approved by the FDA and due to the presence of thedigB motif in all of them various
biocatalyss have been developed to achietke requiredhigh yields and &6 Successfusyn
selective reduction of the chlorinated diketoest@® to dihydroxyesterd0 was also achieved by

whole cells otactobacillus kefiwith excellent enantioselecivit$#

O O O enzym_atic BnO R A
BnO OEt reduction o > 99% OEt
37 38
6 o0 0 micropial Clw
CIMOPBU _feduction,_ ee > 99% Ot-Bu
39 40

Scheme7: Asymmetric reduction of 1,&liketones

The desire for concomitant one pot preparations IgB-diols also led to the investigatioof

baker€yeast reductions after it had shown promising results for such transformatfombe
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motivation behind this investigation was the possibility of employing an enzymatic protocol for

obtaining synthons for the preparation of natural products.

Baker€yeast fermentation ofa representative library of -hydroxyketonesshownin Table 1
afforded products with high enantioselectivjigibeit in low yields! Fementation ofrac- 41 gave

rise to both thesynandanti products butanti- 42 was formed in exceswhilst forrac- 43 only a
single diastereomercompound44, was recoveredrac- 45 was the aly compound thathad a
slight excess of theyndiol 46 but in generalthe anti-diol was always in excess falt the tested
substrates. It is interesting to note that the enantioselectivity always gave rise to a new
stereogenic centre with aB-configuration. The diastereoenic excesses ranged from 48%9%%
depending on the substratdespite the promisingesults,the yields of the reactions werstill

quite low and dng reaction times were required he variability oknzymes iryeast also makes

its use problematic because it lacks repeatability.

Tablel: Baker€yeast reductions of -hydroxyketones to afford diols.

Substrate Yield (time) anti-diol syndiol anti/ syn
OH O 40% (48 h) OH OH OH OH 5.7/1
Ph Ph Ph
rac- 41 anti- 42 syn 42
ee=98% ee = 98%
OH O 23% (48 h) OH OH
Ph™ XX Ph™ XX
rac- 43 44
0.p > 99%
\/\)Oi/?K 44% (72 h) OH OH OH OH 1/1.2
rac- 45 anti- 46 syn 46
0.p > 99% 0.p > 99%

1.5.3 Synthesis of 1,3-diols using the a ldol reaction

The discovery of crodsf R2f NBIF OGA2ya oAGK airatet SGIKSNA
utility to the aldol reactiorn’® Traditionally aldol addition reactiortsad been used to gain access

to the 1,3diol moiety but the approach hauhsufficient stereoselectivityMukaiyamaconceived

that coordination of the carbonyl oxygen atom aif aldehyde to a Lewis acid would make the
carbonyl atom more electrophili&fter investigations of the effect of various Lewis acids, @&

was identified as the most effectiveConsequentially, theeffect of the Lewis acisl on
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stereoselectivity at theewly formed stereogenic centre wasso investigated’® The Mukaiyama

aldol reaction was further investigated to reveal various features such as diastereoselectivity and
competency of other Lewis acids. Evans later developedstateoselective aldol reactioby
introducing chiral auxilia@s8 The synthetic approach was théme subject of many variationsf

1,3-diol synthesesvith significant success.8?

Following hisaccomplishmentsin 1,3diol diastereoselective synthesis, Evans undertook an
extensive mechanistic study which explained the stetemmicabutcome of the aldol reaction®.
Initially, 1,3diol synthesis via aldol reactions ofalkoxy aldehydes werestablished to be
controlled by FelkinRAnh with low stereocontro{Scheme8). When an aldehyde with an alcohol

on thei -position47 isemployed the aldehyde face selectivifgr 1,3-induction involves internal
chelation to ai -heteroatom substituent. The resulting favoured transition sta@ favours
nucleophilic attack on the less hindered face of the conformationally locked and internally locked
intermediate. The preferred produel9is the 1,3anti diastereomer which is consistent with the
transition state. For meanirigl chelation control, the chelating metal centre must possess a
minimum of two open coordination sites to sittaneously complex botthe carbonyl and ether
oxygen. NMR spectroscopic experiments performed by Keck established that the oxygen
protecting group (PG) should also allow effective bidentate complexation of the chelating metal

betweenthe carbonyl and etheoxygent 85

OH OPG
O OPG O—\H :
- Nu: M R Nu: Nu R
H R — N B
47 O H chelation 1,3-anti
H 49

48
SchemeB: Chelation controlled 1,3asymmetric inductionmodel

Further work revealed that he BEOEt mediated Mukaiyama aldol eaction with R
unsubstituted, alkoxy aldehydes afforded good levels of-&8i induction in the absence of
internal aldehyde chelatiof® Several assumptions common to the Fellinh model were still
incorporated forexplanation othe observed outcome in this moddit the outsetf it was assumed
that torsional effects di@ted that the aldehyde adoptestaggered conformations between the
forming bonds and the aldehydesubstituents. The second assumption was that the principal
addtion product evolvedrom the reactantlike transition structure wherein thé-stereogenic

centre of the aldehyde is orienteahti, rather thangaucheto the forming bond. This geometry
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reduces norbonded interactions between the aldehyde-substituents ad the incoming

nucleophile.

After taking all the assumptions into account, the researchers concluded that the aldehyde face
selectivity is governed by steric and electrostatic effects in the aldehyde that originate from
interactions between thei -substituents and the carbonyl reaction centreS¢heme 9).
Accordinglythe incoming nucleophil®0 will approach the aldehyd&1 on the path that offers

the minimal electrostatic and steric repulsigrelding products2. Thepreferred transition state

is illustrated in two different perspectives3 and 54, which show that thepreferred resulting

product is al,3-anti diastereomer

The staggered confmation of theh-substituents with respect to the incoming nucleophiis
clearly illustratedn 53 whilst 54 depicts the favoured orientation of thie-stereocentre elative

to the coordinated carbonyl moietyCoordination of aldehyde to BFesults in a constrained
conformer in the transition state which contributes to the observed outco8teric interactions
are expected to be minimised when thealkyl substituenR is orientedanti to the G-C=0 bond.
Therefore, of all the possible conformations for the staggered arrangerb8is,the most stable
and it can alste stabilised by an attractive electrostatic interaction between itHgeteroatom

X and the polarised carbonyl carb®#h® The destabilised staggereghucheconforme one
example is represented IBp, leads to the 1,3yndiastereomer. However, the conformegarising
from this staggered arrangement ameot favoured because of the steric and electrostatic

A

repulsion emanating fromtheR / Eh - 1 /T h FyR (2 lintefadiégnd SNJ S

™S, o0 X O OH X
: BF5.OEt M A
R/& HJK/\RB 3—02> R4 Rp
1 +
50 51 52
Ha Hy Ha Ho Ha Hy
F;8—O0 H
H X H X
C\‘—Nu: ,C\ ‘)
H 9 X 0% 0
QB BF3 BF3
53 54 55

Scheme9: 1,3-Asymmetric induction polar model
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Armed wth this knowledgeMahler et al. establishedan improveddiastereoseletive method for
developing 1,3-syn and 1,3-anti-diols, and they successfully applied the proceduis the
synthesis of various substrate& They demonstrated thatvhen an emntiomerically purg -
alkoxy aldehydeb6 reacted with both enantiomers of the acetate enolate-r/droxy1,2,2
triphenylethyl acetate57 and 58, diastereofacial selectivity was observed. The acetate enolate
facilitated either a matched or mismatched pair effect by utilising the inherent selectivity of the
aldehydes. This gave riseaanismatched major produ&9when theR-enolate57 was used and

the matched pair major produ&0when theSenolate58 was used

56
HO Ph pn OH O
/Z( Ph)S’
Ph
(R)
57 58

740 OH 740 OH
O\/k/_\/R'I O\/'\/'\/Rz

anti:syn 87:13 syn:anti 92:8
yield 98% yield 95%
59 60
HO\ HO\
CPh, CPh,
R1 = E_C02‘< R2 = §_CO2JI/
Ph Ph

SchemelO: Reagenicontrolled aldol reaction of2-hydroxy-1,2,2triphenylethyl acetate with
chiral aldehydes

The presence of the 1;8olyol system structural motif in a plethora of biologically active natural
products means that nature already has an efficient way of achievingsthigoselectively
Polyketide synthases are harnessed in nature to enable efficient, iterative atlongof a
thioesteractivated @ unit through a decarboxylative Claisen condensation coupled with an
enzymatic stereoselective reductiom ketones to provide 1;polyolarrays. Iwataet al. reported

an efficient approach imitating thisatural enzymat approach for 1,8liol asymmetric induction

by employing a catalysed aldol reacti¢8cheme11).8° They demonstrad that a catalytic
asymmetricaldol reaction between aldehyd@l and thioacetamides2 yieldedan aldol product

63 with an ee of 94%. TBS protection and reduction of the thioamide functionality with the
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Schwartz reagent converte@3 to a chiral aldehyde 64 with a i -hydroxyl group lterative
installation of thioacetamid&2 under catalytic conditions yielded both tlsynproduct 65 and
the anti-product 66 by changing thdigand andcatalyst67 combinationwith both the recovered
products havingee > 99%. The approach was applicable to a variety of substrates»amtient

enantiomeric excesses were recovered

(CESH;?;)PEW oH 3 TBSOT, 2,6-lutidine,
DMF, -60 °C, 40 h | CpyZr(H)C, toluene, rt
63
X
N0

[Cu(CH3CN),]PF¢/ o)
(R,R)-Ph-BPE/ =
cat 10 mol %, 67 NMe,
2
o o 78% (synlanti = 95/5
\(T\)L syn: >99% ee
H
65
P
®
o OH s

\ Q
[Cu(CH3CN),PFg/ MNMeZ
(S,S)-Ph-BPE

10 mol % cat, 67 71% (syn/anti = 11/89,
anti>99% ee

66
LiO
)

catalyst

67
Schemell: Catalyst controlled direct catalytic asymmetric aldol reactitor the synthesis of 1,3
diols

After reporting the aldol reaction of aldehydes with TBDMS ketene acetals in the presence of a
chiral borane complex, Kanelkt al. disclosed a direct eantioselective synthesis afyn1,3-diols

under similar condition® A modification of the procedurecomposed of a chiral
oxazaboralinone-promoted aldol reaction of a-chiral aldehyde8 with a silyl ketene acetd9
(Schemel?2). The aldol reaction yigéd anti-product 70 diastereoselectivelyvhen the S chiral
borane auxiliary was used and tegnproduct71when theR-borane was usedvith excellent ee

after desulfurisatior®® The results of this procedure indicate that the chiral centre at ithe
position of the ester has no effect otihe stereoselection at the newdgenerated stereogenic
centre.
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OH O S OTMS
pho~ AN+ [ —
S  OFEt
68 69
1. 0o 1. 0o
\]\: BH BH
N N
\\ SO2Ar SOzAr
2. NiyB-H, 2. NiB-H,
OH OH O OH OH O
Ph\/\/'\/\)J\OEt Ph OEt
70 71

Schemel2: Oxazaborolidinongoromoted aldol reaction of silyl ketene acetal with ia-chiral
aldehyde

1.5.4 Synthesis of 1,3-diols via stereoselective reduction of ketones

The versatility of lsiral auxiliariesmeans they haw a wide range of applications iorganic
synthesis Their applicationin enantioselective synthesss already discussénl1.5.3 has enabled
the synthesis of chiral natural productiicorporation of chiral auxiliaries ihé 1,3asymmetric
reduction ofi -hydroxyketones ianother effective mehod thataddresses the diastereoselective
synthesis of the 1;8liol motif. The direct enantioselective synthesis from achiral starting
compounds is intrinsically more attractive because of substrate availaldility employing
optically activei -hydroxyketone synthors is more common.An added advantage ofthe
stereoselective reduction of acycliehydroxyketones ithat both syn andanti-diols can easily be

synthesised from the same starting material by change of reagents and reaction conditions.

Dependingpn the type of reducing agent used, thati-diol is preferred when the reducing agent
possesses the capacity to bind to the hydroxyl functiotlowed by intramolecular transfer of the
hydride (Schemel3).°2 In contrast asyndiol is preferred when a chelating agestemployed to
preorganisethe sibstrate prior to the addition of the reducing agenrthus several reseeiers
have reported successsing different types of chiral auxiliaries f&elective reductio of ketones
to 1,3-diols5
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M
| _

Rl/'\)\Rz External H R1 R2 synl,&diol
L2I\|/I—H L\M/L

0] 0] - (O O]

Internal H -
B — e T
R)\/lkRz R/'\/\R o

1 1 2 anti-1,3-diol

Schemel3: Stereoselective reduction of -hydroxyketones via chelate control to yieldyn
products and intramolecular hydride transfer to yielanti products

For the total synthesis of the macrolide bryostatid2 a potent a antitumor agefit, Evanst al.
retrosynthetic analysis broke down the molecule into three main fragnféntshe three
fragments dl possessed the 1;8iol moiety (Schemel4), which meant that stereoselective
synthesis of the alcohols became a crucial part of the projebe presence of the irregular
arrangement of the alcohols served as the impetus for the dgraent of a fitting method for

the stereoselective reduction ofhydroxyketones.

PhO,S OR OH OR

CO,H

X 9y~ 12
Me Me

fragment 1

OH OR OH

16 R - 10 LG

OHC

fragment 2

PhO,S O OH OR

72 1 Ms,
Mé Me OR
fragment 3
Schemel4: Retrosynthetic analysis for bryostatin, 72

To achieve this,ldol based srategies were combined witheduction chemistry in the synthesis

of the three acyclic fragments, because of the convergent and flexible approach that these two
methods offeredSynthesis of fragmer&began with subjecting an epoxystyren&to a Sharpless
asymmetric epoxidatio®¥, followed by protection, Birch reduction and ozonolysis revealing the
hydroxyketone74 in 93% ee(Schemelb). By using an internally binding reducing agent, the
desired 1,3anti-diol 75was recovered in a diastereomeric ratio of 91:9. The alternative route for

synthesis of thé -hydroxyketongor fragment 3 began with an aldol reaction between aldehyde
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76 and the silyl enolat&7. Chiral induction of the reaction was progit by catalytic amounts of
the copper complex78, affording compound79 in an excellent ee of 99%The previously
described reduction protocol gave rise to thati-diol with a diastereomeric ratio of 94:6. Both
these fragments were furthetransformed into the desired compound and the established

chirality was used for chiral induction in some of the synthetic steps.

1. TIPSCI O O OH MeNHB(OAC),,
o, o Li NHq ; AcOH/MeCN,
MeO : 3. 05, DMS MeO -35°C
—_— OTIPS
73 OH 56% yield 24 83% yield
O OH OH
MeO
OTIPS
75
N
0 N }2
H)J\/osn o | .
N O O OH
76 N|—(|3u—'N\) Me4NHB(OAC)s,
+ 3 t-BuOW AcOH/MeCN,
Ph Ph .
TMSO  OTMS 78 . OBn -35°C
7
t-Bqu DCM. 90° > 84% yield
-7 C ,_-90 C
85% yield
O OH OH
t-BuO
OBn
80

Schemel5: Synthesis of the target fragments for total synthesis of bryostatin 1

Other examplesof the stereoselective reduction of 1.@iketones involve attaching chiral
auxiliaries to the ketongwhichin turn provides the chiral inductiowith moderate to excellent

de and ee being achievéd.?® The success dhe chiral auxiliaries is dependent on whether they
can be synthesised ithirally pureform and chiral sulfoxides form an importantubclass othis
category The past threelecades have seen an explosion in interest in the synthesis and utility of
moleculescontaining a stereogenic sulfur centér® °°, The sulfoxide auxiliary can be easily
prepared by what is generally referréd as the Anderson method, starting from the sodium salt
of p-toluenesulfinic aci@1 (Schemelo), although different starting sulfinates can be us€hce

treated with thionyl chloride, the salt is converted to intermedi@2followed by a nucleophilic

31



Chapter 1: Introduction

substitution with menthol to afforB3. Finallya Grgnard reaction leads to the chiral auxilie8¥
which is easily reacted with-hydroxyesters.Though this structural motif is typically represented
in Lewis structures as analogous to a carbomyiety, the sulfur atom of theulfoxide84 s in fact

a stereogenic center whemvo different groups apart from oxygen are attached

o)

O (0] <, 1 . 0
§. . _SOCh g mehe IS, CHMgl N
R "ONa R/ Cl pyridine 1 \ R CH;

menthyl
81 82 83 84

Schemel6: Synthesis of sulfoxide, Anderson method

The oxygerand sulfur do not share a typicptorbital pi bond which would enforce planar
conformation, but rathethe oxygen donates electron densitypm a lone pair into a-rbital of

sulfur. Thisd 0 2 Y R A yhasulfuf td a®sanie tetrahedral $pybridization, with a lone pair

2F StSOUNRYya TNRY REMBEIZNWYF &) KeHuiifie@aeIoksenpdizl R N.
chirality. Sulfoxides are conformationally stable at room temperature #émerefore can be
separated into pureliastereomers when a substituenlike menthol,with inherent chirality is
attached The barrier to inversion via a bipyramidatermediate for most sulfoxide compounds

is in the range of 381 kcal/mol.As such, wfoxides will onlyracemise under rather harsh
conditions, including temperatures in excess of 200irradiation to induc&S bond scission, and

radical transfer regents.

When the sulfoide chiral auxiliary is addet a molecule possessing either aor 1 - ketone it
transfers chirality to the newly formed stereogenic centtaring reduction of the carbonyl
groups The buky Rgroup attached to the sulir atom provdes steric hindrance coupled with
electronic effects during the reductionThe electronic effects arise from the electrostatic
repulsion betveen the incoming nucleophilend the substituent of the sulfoxideReduction of
substrate85 means that the hydride will only be delivered on tReface of the ketone because
the Siface is blocked by the-g&oup on tke sulfoxide group resulting iproduct 86 with an S
configuration at the newly formed stereogenic cenf{chemel?). Introduction of a Lewis acid
like ZnClresults in the cheldgon of the ketone and the sulf oxygen affording an intermediate
87. The locked confmation of the molecule blocks thReface meaning thdaydride can only be
delivered fromthe Siface yielding a substrat®8 with an R-configuration.By wsing the sulfoxide
auxiliary both enantiomers can be easily synthesised which is not easily achieved with other
methods.
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e LN Y
1 H \\O R1v_\/8\\o
Re-face attack
86
85
Cl._ _ClI
Zn
/ OH R

o o 3
I .
R1>)|\/§-.,,; o Rl Ay
R Siface attack

87
Schemel7: Slective reductionof sulfoxides

The sulfoxide protocol hdseen incorporated into theynthesis of various biologitalmportant
molecules with much succeds.general synthetic strategy for the antifungal natural produéts (
colletol and (+xolletodiol 92 was developd, and the method successfully incorporated a
sulfoxide auxiliary for chiral inductidf®® Synthesis of a crucial3-syndiol fragmentinvolved the
iterative stereacontrolled reductim of the sulfoxide89yieldingthe hydroxyketone90in a de of
100%(Schemel8). Successive reduction of thecarbonylusing the Narasak&rasad protocol
ensured the recovery of a X§/ndiol 91 in an excellent de of 98%° The simplicity othe
synthesis of the stdxide auxiliary and the high dax the recovered secondwg alcohols madéhis

an idea procedure forthe synthesis of thelesired compounds.

O OH O O DIBALH/ THF O O OH O Et,BOMe, NaBH,
\ows{”': 60% de = 100% \omﬁ""’ 99% de > 98%
p-tol p-tol
89 a0

0
O OH OH O R,
~ . - TN —
© b-tol . HO
91 w070
R = H: (-)-colletol
R = OH: (+)-colletodiol

92

Schemel8: Synthesis of-colletol and (+jcolletodiol

Macrolactin93is a potent antiviral and antitumour agent which was isolated from metabolites of
deep-sea bacterid® The unique structural architecture and the potential for broad therapeuti
application of the macrolactined to the development of a synthetic methodolodgr this

compound Of the four components identified by retrosynthetic analy8shemel9), fragment
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3 contained the 1,3&anti-diol synthon which wasracial in the synthesis of the target mpound.
For the synthesis @afnalogues of compoun@3they needdto employ a melhod which furnished
different 1,3-diol conformations. Thus, theulfoxideauxiliary was chosebecause it allowed for

the synthesis of the targeted diastereomers.

X
ML_XSnBus CO,H
fragment 1 fragment 2
OTBS
—
—
e —

fragment 3 fragment 4

Schemel9: Retrosynthesis for macrolactif3

The requisite fragment was prepared accordingStheme20. Thel -hydroxyester94 was TBS
protected yielding compoun®5 which was subsequently subjected to the addition of the
sulfoxide auxiliary. Thie-ketosulfoxide96 was recovered in a good yield of 72% with high de. In
order to recover thaanti-1,3-diol duringthe stereoselective reductigm chelating agent Znddvas
added prior to the introduction of the reducing agent. The desired pro@idetas recovered as a
single diastereomer after recrystallisation. Epox@®@avas easily recovered after treatment of the
diol with cesium(l) fluoride in THF. Afbur possiblediastereomers of this motif were successfully
synthessed using this protocoby varying the reaction conditionsSulsequent chemical

transformations allowed for the synthesis of the target fragmant

Q 2
OH TBSCI, OTBS P S0 % o o
- Ho p 1 - - I
Cl A _COEt IMdazoe ¢ A _coet H—_— P2 o A _N_s..
. THF, -78 °C N
94 92% 95 p-tolyl
72% o
Py
% oH o o 9
ZnCl,, DIBAL C CsF, THF 1~
02—> C|\/7\)\/§,,”. = V\/k/s\'"': —, fragment 3
78 °C, 84% : 86% b-tolyl
p-tolyl 98
97

Scheme20: Synthesis of macrolinQa FNJ IYSy il o
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Apart from thesyntheses of 1,3diolsalready describedthere are many more methodkat have
been developed that incorporate various synthetic strate§feBhe fact that the 1,3liol unit is
presentasa repeating unit irmolecules of biological importancereated the need foiterative
synthetic methodsuch ashomologationof boronic estersThis methochasbeen demonstrated
to be a useful procedure fahe iterative synthesis of chiral compoundigecause it presents full
stereocontro| exemplified by the application of the method in the synthesis of10Q-)

hydroxyphthioceranic acidScheme21).102

BN

Li I N
Q TIBO/k”’Me 6\@4 T
B H |
TIBO/k”'Me
H

R/ \O S & B

|
io/
TIBO‘)/k"H /i
Me o
|
boronate-complex R/H/H/H/H/H/ B\o

Scheme2l: Iterative homologation of esters for the synthesis of permethylated carbon chains

iterative growth phase

The homologation proceeds via atidn of a suitable boronic estéo a starting fragment followed

by a 1,2migration of the boronic ester to generate a new boronic edterfortunately application

of boronic esters to the sihesis of 1,3hydroxy groups wakindered by the formation of the
intermediate boronate complex shown 8theme22. The complex can either undergo thesired

1,2 migration or the undesired-elimination. In order to circumvent the problem, thealkoxy
group wasmasked with another boron atom because 1) théoronic ester does not undergo
elimination 2) oxygen functionality can be readily generated from the boron intermediate and 3)
the required 1,2bis(boronic esters) are readily available through Morken/Nishiyama catalytic

asymmetric diboration of alkenes
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1. Limitation of homologation obrganoboron compounds

R LNy L., L
/\/'\ L i i L>B/\/v . H B >
B~ 1,2 migration elimination /( —~ ¥
Y T D ——— X '/,H —_— X Y'H
L 4/ R R

Y = halogen, oxygenitrogen group

2. Regioselective homologation of 1,2 bis(boronic esters)

Morken or Bpin Li Bpin Bpin ’ l OH OH
RTX: Nishiyama Bpin X7\ /'\/'\@ O) /'\)\@

Diboration R/'\/ P H R R

e . o~

Scheme22: Homologation of organoboron compounds

The modified method was first successfully tested on several substrates for the ssglo
stereoselectivédhomologation of 1,2is(boronic esters)*3A diverse library of boteyn and anti-

1,3-diols was prepared in high selectivity which culminated in the preparation of gmBsted
derivative of the lipid lowering drug atorvastatin in good yields and excellent levels of
stereoselectivity. To further showcase the versatility of the methodology Favetedt applied

the homologation method in the concise total synthesis of thariginbered lactone Sch 725674
isolated fromAspergillussp. The lactone exhibits moderate antifufiga | OG A GAG& d | & A
conditions on the divinyl carbin@-silyl derivatived9 furnished a singleliboration product100

in 90% vyield with excellent stereoselectivity.

The 1,2boronic ester was converted to the TB®tected triol 101 and the diastereoselectivity

of the transformation was approximately 95:5 revealing the desireedigBmotif in the process
(Scheme23). Subjecting the protected triol to a few of the remaining steps afforded the desired
product102in anoverall yield of 27%/lhe chiral atalyst103plays a crucial role in controlling the
stereochemistry 0fL00. The homologation methodds been shown to be applicable for both the

stereoselective synthesis of gol systems and chiral secondary hydroxyl groups.
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Scheme23: Total synthesis of Sch 72567402)

Although the described methods for the synthesis ofdid@s are no close to the total number
of available methods, the list is representative and highlights how the moiety can be synthesised.
The described methods also highligittich starting materialsare compatible with the respective

methods.
1.6 Hydroxy acids from the chiral pool

The total synthesis dfiologicallyactive chiral molecules is characterised by the need for absolute
regio- and stereachemical control. A crucial aspect in the design of the synthetic route is the
decisionrelating to the stage at whichi is most economical to work with enantiomerically pure
compounds. Resolution of racemic mixtures at the final stage is undesirable because half of the
yield is sacrificed. Another option is starting the synthesis from chiral synthons which necessitates

stereacontrol at every subsequent stepspecially when new elements are introduced.

Given the fact that this work involves stereoselective synthesis involehigal hydroxy
compounds it is prudent tha chiral synthons selectedas the starting material. Qfal synthons

can either be synthesised or used from the lityrprovided by I G dzNBE Q& LJ2 2 il ¢ K S
synthons from nature bessuited forapplicationin this workare theh-hydroxy acidsnamely
mandelic acid, lactic aj malic acid and tartasi acid (Figure 15).1°* These four acids are

commonly used as precursors in enantioselective sysitbecause they assist in minimising the
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need for chiral resolution or asymmetric catalysi®orthe work under investigatiora chiral
synthon with 1) a chiral secondary alcohol 2) functiogedup which allowsfor the stereo
controlled introduction of aecond alcohol group at theposition and 3) terminal carbon atoms

possessing functional groups that could be modified into amine groupsld be the most ideal

OH 0 OH O OH O
OH H HO_ _~
\‘)\OH ONOH NOH
o OH o} O OH

mandelic acid lactic acid malic acid tartaric acid

Figurel5: Naturally occurring' -hydroxy acids

Of the four acids listed, malic acid is best suitedtf@ synthesis of the <fragment because of

the inherent chiral hydroxyl groupyith a carbonyl group to the alcohol and the terminal carbon
atomsare carboxylic acids which are easily manipuldtedfford other functional groupsMalic

acid has been widely used as a chinahtBon in the synthesis of medicinal agents, natural
products and agrochemicalDespite possessing two neadgntical carboxylic acid groups, there
are various techiques available tananipulate themndividually As a result of this differentiation

it will be possible to add the chiral sulfoxide auxiliary to malic acid which would then be used to

stereoselectively reduce the carborgroup using established method®.

Literature is awash witthe total synthesis of chiral molecules that integrated malic acid as alchira
synthon for preparation of chiral product$® Herein a few representative examples from

literature aregoing to be highlighted.

In their quest for finding chirally pure intermediates for the synthesis of pyrrolizidines,
Chamberlainet al. proved that employing both enantiomers of malic acid facilitated the
progression of the reactions vhithigh selectivity(Scheme24).1%7 Their initial attempts were
unsuccesll because they yielded complex rixture of products because the final ring closing
step lacked control. However, after choosing malic acid as the starting material, ring clasddg of
proceeded wih high selectivity to yield the desired intermedidt@5. The regioselectivity watue

to the steric effectsof the inherent chirality affoded by the acetyl groupfrom the hydroxyl
functionality of malic acidThey were able to synthesis the enantiomerl®b by usingR-malic

acid.
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Scheme24: Stereoselective synthesis of a pyrrolizidine intermedigt85from malic acid

Other researchers like Burtoret al, were only able to synthesi (+}laurencin in its
enantiomerically pure formafter using Rmalic acid as the starting materiai®® Rychnovsky
successfully designed a convergent method for the synthesis of polyol chains from malic acid after
using the inherent chirality for inducing chirality of new stereogenic cerfBeheme25).1%° The
method also required far fewer steps when compared to previously used methbdgecovered
decanehexol is a fragment of the antibacterial agent lienomyRiavious methods were longer

and resulted in a mixture of productslalic acid was incorporated the synthesis of many other

oxo-polyene macrolide antibiotics as highlighted in a review by Rychnd¥sky.

Q SPh TIPSO™ > Y
TIPSO > Y
HO)J\/\H/OH —_— /\_-/\g 0 OH
> Pl

-

TIPSO/\;/\‘/SHBU3 m

0O o) o_ _O

!

OH OH OH OH OH
decanehexol

X

HO

Scheme25: Synthesis of the polyol, decanehexol
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1.6.1 Malic acid carboxylic acid differentiation methods

One of theinitial steps when employingialic acid as a chiral starting matenabuld involve
differentiation of the two carboxylic acid groupSeveral methods are available for the selective
esterification of the carboxylic acitl to the hydroxyl group Most methods capitalise on
procedures lhat form intermediates with a preference for the formation efttembered rings as

opposed to six membered rings. The rings form via the chelation of the carbonyl and hydroxyl

group.

Houstonet al. published a protocol for the selective esterificationhehydroxycarboxylic acids
without causing significant esterification of the other carboxylic acids in the presence of boric
acid!1! Between 10¢ 20% ofthe boric acid in the chosen alcohol was sufficient to effect the
desired transformation yielding a mono est&d6 (Scheme26). About 10% of the diester was
recovered when the malic acid concentration was greater than 0.25 M. Comgdchn also

be recovered by the treatment of malic acid with either 2 equivalents of TFAA or DCC to form an
anhydride!'2Quenching of the ensuing anhydride with the desired alcohol yields the monoester.
Enzymatic methods have also been successfully usdtidatifferentiation of the acid groups by

means ofCandida antarcticéipase esterificatior}!?

OH O OH O
HO
NOH . RONOH
o) o}
malic acid 106

Scheme26: Selective esterification of malic acid

Another method for differentiatn of the terminalcarbon atomsnvolves initially estenfing the
acid to recover the dister107, followed bythe selective reduction of the estérto the hydroxyl
group in the presere of BMSNaBH (Scheme27).114 There were three pssible products from
this reaction but only compounti08was recovered in a yield of 88%. Tiker possible products,

109and 110, were not recovered.

OH O OH O OH OH
BMS-NaBH,
M I M HO
eO OMe HO\/'\)J\OMe eOWOH \/'\/\OH
THF, r.t., 1h 88%
0] (0]
107 108 109 110

Scheme27: Selective reduction of esterified malic acid
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1.7 Aims of the project

In order to achieve a comprehensive study of the structure activity relationships of pavettamine
111, this study aimso synthesise the unnatural enantiomer of pavettamih&2 and analogues

with reduced functionalityl13¢ 116 (Figurel6). The interest in pavettamine arises from the fact

that it is a toxin which affects the livelihood of people in Southern Africa and establishing structure
activity relationships might help in the prevention oStt G YSy i 2F GKS alj dzA O
developing compounds with possible therapeutic and pharmaceutical applications. Comparison
of the toxicology test results of ouratget compounds with those thahave already been

synthesised will provide a broad ovesw in understanding of the activity of pavettamine.

The 1,3diol functionality unique to pavettamine is also present in the most potent biologically
active compounds, which makes this rare polyamine and its analogues potentially pokent
sheer interestand applications of polyamines and compounds with-di@ functionality means
there are a plethora of methods which can be usedtha synthesis of the target compounds.
The general approach to synthesising polyamines involves two main sipely thesynthesis

of the individual methylene linkers and combining the linkers, usually via reductive amination.

OH OH , OH OH OH OH ., OH OH
HZN\/k/k/N\/:\/T\/NH2 H2N\/:\/T\/N\/k/k/NH2
(S)>(R) (RI>(S) (RI(S) (S)>(R)

111 112
OH H OH OH OH H OH OH
HZN\/\/\/N\/'\/'\/NH2 H2N\/\/'\/N\/k/k/NH2
(R) (S)>(R) (R) (S)~"(R)

113 114
OH ’ OH OH ., OH
H N\/:\/\/N\/\/'\/NH H N\/\/'\/N\/:\/\/NH
ZINTR) (R) 2 2 (R) (R) 2
115 116

Figurel6: Pavettamine,enantiomer o pavettamine and its analogues

The proposal for this project te synthesise the compounds shownkigurel6 because to the
best of our knowledge, these compounds have not yet bggmhesizedwith the exception of
pavettamine Organic synthesis is a creative science that entails the design andtiereof
proposed synthetic routes for the preparation of compounds. In order to desigtaasiple

synthetic route for thearget compound a retrosynthetic analysis was performed.
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1.7.1 Retrosynthetic analysis

Retrosynthetic analysis is a problem solving tegha for transforming the structure of a
synthetic target molecule to a sequence of progressively simpler structures along a pathway that
ultimately leads to simple or commercially available starting matefdsettaminds amolecule

with G symmetry wih a central @ bond which can be disconnected after a series of functional
group transformations into a single Gnit (Figurel?). This approach allows the synthesis of the
target compound to be accomplished by the preparation of a comm@ukunitusing malic acid

as the starting materialThe presence of both hydrdxgnd primary amino groups presents a
challenge which requiresn orthogonal protection strategyaking into consideration the
subsequenteactionconditions.The synthesis of polyamines is generally plagued with problems
regarding the selective protectioor the directed reaction of the various primary and secondary
aminofunctionalities It is therefore of vitaimportancethat the protecting groups selected are
versatile, and nodabile under most reaction conditiong/hilst being easily cleavabk the end

of the reaction sequenceSelectivity can be achieved by use of protecting groups capable of

differentiating between primary and secondary amines and alcohols.

OH OH OH OH OPG OPG OPG OPG
= = H = = H

J

QPG OPG OPGOPG,, OPGOPG

NIPEAANPE < NHPG A AN L _NHPG
0
OH O

OPG OPG
= = > HON
OPG.__~_OPG OH

0]

Figurel7: Retrosyntheticanalysisthe enantiomer of pavettamine

To accomplish differentiatiotbetween amines and alcohols, a modular construction of the
polyamine backbone will be undertakeadlowing for the stepwise introduction of the alcohol and
amine groups. This strategy geally results in complex synthetic schemes and is limited by the

number of orthogonal amino/alcohol protection groups which are compatiaté this type of
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approach Workup and purification of both products and intermediates is generally tedious and
conmplicated because of high substrate polarities. Purification on silica gel requires large volumes
of polar solvents such as methanatlversely increasing the amount of impuritiesulting from

the solubilisatiorof the silica gel.

One way of circumventinthe abovementionedproblems is to immobilise the startirgybstrate
onresin because it eliminagghe need for excess reagents accompanied by simple washing steps.
However the method is not without its own set of problems. Usually more than 90% of the
reaction site is located inside the resin bead and only solvents that swell the bead can be applied.
The resin is also sensitive to mechanical stress and reaction conditions like high temperatures and
aggressive reagents destroy the matrix. Monitoring tteaction is more difficult because
techniques like thin layer chromatography are not directly accessible. Harsh conditions are
normally used for the removal of the resin which can potentially compromise the stereochemical

integrity of the desired product.

Given the prgand cons of the two different approaches for the synthesis of polyammedular
construction of the €methylene backbonewvould be the bestfor synthesising the desired
compounds The two €units can be coupled using reductive aminati@ivieeen a primary amine

and a carboxylic acid or aldehyde. The primary amines can be synthesised from the conversion of
the hydroxyl groups using already published methods. What remains after retrosynthetic analysis

is a Gunit with a 1,3hydroxyl functiomlity which can be derived from malic acid

1.7.2 Proposed synthetic approach

A key feature for the synthesis of pavettamine and the analogues is the sequential construction
of the hydroxyl stereogenic centres. Malic atitli7 wasidentified as the ideal starting material
because it already containgianantiomerically puré -hydroxyketone moietyHaving selected

the staring material combined with the alreadyiscussed methods of Ighiral induction part

of the proposed synthetic strategy is showrSicheme28. Protection of the alcohdb afford 118
coupled with addition of the sulfoxidehiral auxiliarywill yield compound119. The added
advantage of employing methgitolyl sulfoxideas a chiral auxiliang the elongation of the carbon
chain from & of malic acido the desired €. The G2 symmetry of thearget molecules allows

for the synthesis of one subunit followed by functionalisatiorinef terminal carbon atomsat a

later stage to facilitate the coupling step and introduce the amine groups.
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Scheme28: Proposedsynthetic strategyl

After several transformatiosmiof malic acid, the sulfoxide auxiliary present in compoaad will
enable the stereoselective reduction of the cargd group with the anticipated
diastereoselectivity yielding substrat0. In principle either theyn or 1,3-anti-diol for substrate
120can be prepared dependinon the reaction conditions of the reduction step. Once the second
hydroxyl functionalityis introduced careful considerationwill have to be given to which
protecting group sategy will be applied The sifoxide moiety is easily transformeaasing the
Pummerer rearrangement®and the ensuing product will be convertealan amine giving rise to
substratel21 From this pait, attention will be focused othe functiondisation of the terminal
carbon atomsat the ends wherecoupling of the two fragments will occur. For illustration
purposes, the peultimate crucial step for the synthesis of compoudd?2 would involve
converting the alcohol on substrafi?1to the aldehydel22for fragment 1 and to the amin&23

for fragment 2.

. %
%% on o %, % e @
I p— ¢ @ = H NHPG
o I N _sm: = —
G ope. I I _NHPG
Ar )
120 121 122
Q. O
% 7%
HN A I _NHPG
123

Scheme29: Proposed synthetic strategy

Once the two €fragments have been synthesised they can be coupled together using reductive
amination Scheme30), followed by the removal of the protecting groupsreveal the desired
product. The synthesis of all the other analogues will be based on this synthetic strategys The C
fragment for reduced functionality analogud43 ¢ 116 will be synthesised using the sulfoxide

protocol employing substrates such asHorobutyric acid an@-butyrolactone.
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Scheme30: Coupling of the two & fragments
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Chapter 2: Results and Discussion

2.1 Introduction

Using the naturally occurring malic acid as the starting material, synthesis of pavettamine and its
analogues was undertaken using a modular design approach. It was envisioned that using this
protocol would allow for a quick entry into the library of desircompounds in a reasonable
number of steps. As already discusse@mapter 1(retrosynthetic analysis), the major steps of

the synthetic route involve the synthesis of the chiral auxiliary and the steoetrolled
introduction of the alcohol functional by use of a sulfoxide chiral auxiliary. Thirdly, choosing the
right protecting groups for the amine and alcohol groups was critical as it would have a huge
influence on how the final compound would be isolated. Use of malic acid reduced the complexity
of the synthetic process for pavettamine and its enantiomer. For the first part of the synthesis,
the two carboxylic acids of malic acid were differentiatadd the 1,3diol functionality was

introduced and protected as shown 8theme31.

OH O OH O /
HO OH —_— HO\)\)J\O/ B —_ @ o —_—

—_—

7Looo OH OH O o><oo

p-tolyl Y-toly

124

Scheme31: Introduction of the 1,3syndiol functionality to Smalic acid

2.2 Synthesis of the enantiomer of pavettamine

2.2.1 Synthesis of the 1,3-syn-diol intermediate 124

Commencement of the synthesis began by the selective esterificatio&wifalic acid $cheme

32) using benzyl alcohol. This approach allowed for the differentiation of the two terminal
carboxylic acids, which in turn expedited the stepwise functionalisation of the starting material
towards the target fragments. The acid was treated with gguivalents of TFAA over an ice bath,

followed by the evaporation of excess TFAA and TFA fothed! This step provided the
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corresponding trifluoroacetate of malic anhydride25 as an intermediate in quantitative yield.
The intermediate was not isolated but treated with an excess of benzyl alcohol and the reaction
was left stirring overnight at roortemperature. Purification of the product afforded compound

126in a yield of 61% as a yellow oil.

OH O H OH O
HONOH i) IE;OTFA i) B“OMOH
o) 07”0 o)
Malic acid 125 126

Scheme32: i) TFAA, OC, 2 h; ii) benzyl alcohol, r.t., overnight, 61% overall yield

Characterisation of the recovered product was accomplished by means of NMR spectroscopy. As
SELISOGSRE (KS | MBIYF.Z7AntgratingHoii 2 pfofonslaiid the benzylic.CH
protons which appeared as a singlet a.19integrating for two protons were observed in the

NMR spectrum. The presence of these signals confirmed the successfulmonglation of malic

acid as opposed to the potential dibenzyl product. TheH LINR G2y & A 3 KE8 51 &
whilst the H3 protons were observed as doublets of doublets &.89 0= 16.7, 4.2 Hz) and

2.80 (= 16.8, 6.2 Hz). THEC NMR spectrum showed the charactadstarbonyl carbon signals 1
YR n G 14732 regpaeively. Th&difference in chemical shifts is because the carbonyl
carbon for the carboxylic acid experiences a greater shielding effect due to delocalisation of
electrons of the carboxylic atiThe rest of the signals were as expected. IR spectroscopy showed

signals for both the alcohol at 3534 ¢rand the broad carboxylic acid signal at 3274cm

Having achieved the terminal carbon differentiation, the next step involved selectively rgducin
the ester group in the presence of the carboxylic acid gr&@ghéme33). Several reports for this
procedure are available in literature but none tfem were successfully employed for the
selective ester reduction of compouri®6.118 119 |nitially the reduction was performedsing a

mild reducing agent NaBHn the presence of LiCl in diglyme at a refluxing temperature of
150°C1?°TLC showed total consumption of the starting material but the expected product was

unrecoverable after workup.

Two factors couldhave been responsible for the observed outcome; firstly, the expected product
compound127is polar and therefore watesoluble. Due to the water sdtulity, the desired

product would likely be lost to the aqueous layer during workup and secondly, the reduction could
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have occurred at both the ester and the carboxylic acid functional groups. The aqueous workup
was necessary for removing the diglyme and quenching the reducing agent. Realising the
complexity of product purification due to aqueous solubility of the desired product, the reaction
was performed in toluene, which is a much easier solvent to remove, and only stoichiometric
amounts of KHSQOwere used during workup. However, there was no change in the observed
outcomes. Varying the temperatures and the reaction times did not yield the desired product

either.

After several failed attempts at selectively reducing the benzyl ester, a supposedyselective
method was chose(Scheme33) involving the use of LiBlds the reducing agent, as reported by
Blacklocket al'!® 12! The mechanism for the procedure wived lithium coordinating with the
alcohol and the carbonyl on the-carbon before delivering the hydride. The hydroxyl group
provided anchimeric assistance, forming a stable and more favourable complex as opposed to the
complex formed resulting from lithm coordinating the alcohol and the carbonyl on thearbon,

which makes this procedure more selective. Unfortunately, as with the other procedures neither
the starting materal nor the expected product wereecovered. THF was replaced with diethyl
etheras solvent and the reaction was left stirring for up to 2 days whilst observing the reaction by
TLC. Unfortunately the desired product was not recovered after workup despite the recovery of a

side product emanating from the benzyl group of compod26é.

OH O

OH —>> HO
\/'\)J\OH
(0]
126 127

Scheme33: LiBH, THF, reflux, overnight

Realising that compound27 would be difficult to isolate because of the aqueous work up,
converting the carboxylic acid obmpound126to a Weinreb amide seemed a possible way of
reducing the polarity??> Even though Weinreb amides are reducible, conditions exist where
selective reduction of the benzyl ester is pbssin the presence of the amide. Unfortunately, the
synthesis of the Weinreb amide was not successful despite varying the experimental conditions.
Following these series of unsuccessful experiments, a different approach for malic acid

differentiation waschosen.
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The second approach involved the esterification of both the carboxylic acid grouf&snudl2

acid using thionyl chloride and methan&oheme34) as the first steg?? In this reaction thionyl
chloride acts as an electrophile at thaelfuratom due to the presence of the 2 chlorine atoms and
the oxygen atom attached. Trsailfuris then attacked by the carboxylic acid to giveusstable

and highly electrophilic intermediate, which disintegrates in the presence of methanol resulting
in the acyl chloride, HCl and 5@he release of SWas evidenced by effervesteeas the thionyl
chloride was being slowly added. The activategl abloride reacted with the methanol yielding

the expected diester, compounR8 in a yield of 77% as a colourless oil

OH O OH O

HONOH i), ii) . /OMO/S
o] o]
Malic acid 128

Scheme34: i) SOG| MeOH, O°C, 1 h;ii) r.t., 12 h, 77%

The recovered yield of7P6 formalic acid dimethyl estet28was lower than the literature value

of 98% as reported by Borjess@t al.'>®> This could have resulted from usirglightly wet
methanol,which meant anyvater present easily hydrolysed the acyl chloride formed back to the
carboxylic acid. Formation of the product was confirmediyWMR spectroscopy evidenced by

the presence of thenethoxyproton signals (FandHc 0 4 + odym YR + o0&
20aSNUSR G + odpy Fa | R2 dzafd$his signdl was cohfirn@@ dzLJt
by the DO exchange experiment as shownFigure18. All the'3C NMRspectroscopisignals

were as expected and the IR spectrum showed the characteristic OH and C=0 signals at 3478 cm

Land 1730 cm, respectively.
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Figurel8 DO exchangéH NMRspectra for compoundL28

Malic acid dimethyl estet28was subsequently subjected to the selective reduction of the ester
alpha to the hydroxyl grougScheme35). Borane dimethyl sulfide was slowly added to a stirring
solution of the diester in THF at room temperatdté. This step was characterised by
effervescence of the Has the borane chelated to the alcohol oxygen and the carbonyl of the alpha
ester. After ga evolution had subsided, NaBitldition at 0°C completed the reduction with the
release of the odoriferous dimethyl sulfide gas. Finally, addition of MeOH dissociated the resulting

complex formed between the substrate and borane yielding the desired@fah a yield of 91%.

OH O OH O
/ONO/ i) Ho P A
ol
128 129

Scheme35: i) BMS, THF, r.t., 4 h; ii))°C, NaBk 1 h, 91%

The initial study by Saitet al. concluded that the reduction of compourd@8occurs exclusively

at the alpha carboxylic acid* Once added, BMS rets with the alcohol yielding intermediafie81

and this step is characterised by effervesce as the dimethyl sulfide is releadeehie36). The
boron atom intramolecularly coordinates to the-carbonyl to form the five membered
intermediate 130. The probability of neighbouring group participation is dependent on the ring
size formed in a transition staf@* 125 In general, neighbouring group participation is most

favoured when five membered rings are formed as a result of the balance between strain energy
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and entropy factors under kineticallgontrolled conditions?* For this mechanism, the six
membered transition state is less favoured because of severdia)x3al interaction between the
esteralkoxy group and the hydrogen on the boron atom due to the short banogygen bond
length.The NaBkis necessary to completie reduction whilst the methanol releases the desired

compound from the boron complex to furnish the did9.

OH O

H
MeO _B—
NOMe HO/B o o .
a
(0] OMe
H_ -H-
'y - H
H-B=0 © +H BH, Na*t 5o
. /
ONOMe 0 CO,Me
Meo ) NaBH4
BH,.SMe, H OMe
130
\J / l
OBH, OH O
HO
MeO\H/'\/COZMe A e
O 129
131

Scheme36: Reaction mechanism for the reduction of compoui@8

The measured specific optical rotation[6§?°>-23.7 (c 1.83, CH{Lbf the diol was comparable to
the published literature value of]?% ¢26.9 (c 1.3, CH{I® The IR spectrum showed the
presence a single carbonyl signal visible at 1719 anu the OH signalppeared at 3372 crhas

a broad peak. In théH NMR spectrum, two alcohol signals were observed48 as a doublet
with a coupling constant of 4.7 Hz and as a triplet 4t01 withJ= 5.9 Hz for compoun#i29. H

2 protons appeared as a multiplet at2.56¢ 2.46 integrating for 2 protons, while the-B3isignal
was observed at 4.16¢ 4.09 as a multiplet. # proton signals were observed as two multiplets
at! 3.66¢ 3.60 andt 3.54¢ 3.47. The Hi protons are diastereotopic as a consequence of their
alpha position to the stereogenic centre at3Chence the observed splitting patter The
remaining methoxysignal was observed at 3.71 integrating for 3 protonsThe characteristic
carbonyl carbon signal-Cwas observed &t 172.8 with theremaining €, G3, G4 and methoxy
carbonsignals at 37.9, 68.8, 65.8 and 51.9, respectively, visible inlt@eNMR spectrum.
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At this stage, careful consideration of thboice of alcohol protecting groups for compouh2id
was takenSelective functionalisation and protection of different alcoh@isd later amineg was

a critical compoent and desirable attribute in the synthesis of the target compounds.
Unfortunately, each protecting group incorporated increases the synthesis by ta#proauctive
steps and thismo doubt reducsthe overall yield and efficiency of the synthesis. Neveldks the
most ideal groupshad to be chosen whighl) readily and selectively protext the desired
functional group, 2) forrad a derivative (without generating a new stereogenic centre) easily
separated from side products formed during prot®n/deprotection 3) wasstable and resistant

to all the reagents and reaction conditiomsthe subsequent steps and 4) wseectively removed
under mild conditions. For thigork, an orthogonal strategy warecessary for the protection and

deprotection of the aminend hydroxyl groups.

Protecting groups for alcohols comprise of ethers and esters. Ether protecting groups can further
be subdivided into acetal protecting groups and silyl protecting groups. Ethers are generally ideal
F2N) WLISNX I ySy i Q \alNSoalydhecessatyyat the ke gtagds®nNa Bynthesis. They
are stable to basic reaction conditions and therefore tolerate metallating reagents such as
Grignard reagents, nucleophilic reducing reagents such asaLididlising reagents such us
pyridinium chlorochromate RC(, Wittig reagents and strong bas&s Esters and silyl groups are
commonly used for temporaryprotection of hydroxyl groups that require unveiling during
synthesis Acetonides are preferred for protection &f2-diols andl,3-diols because of the ease

of protection and deprotection whilst they are relatively inert to most reaction conditions.

Given the above reasons, the acetonide group was chosen for the protection of comfaand
because of its relative stability under the envisioned conditions of the sjles# reactions. The
procedure involved dissolving compourd@9 in acetone, followed by the addition of excess
dimethoxypropane $cheme37).126 67 A catalytic amount op-toluenesulfonic acidpg-TsOH) was
added to the reaction which was complete in 4 hours. Purification viamaolahromatography
enabled the separation of the major product from the unwanted side products, affording the
expected acetonide protected di@B2in a yield of 86% and a lactone side prodii@8in a yield

of 8%.
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129 132 133

Scheme37: 2,2 Dimethoxypropane, acetong-toluene sulfonic acid, r.t., 4 h, 86% yield

NMR and IR spectroscopy confirmed the identity and purity of compdiBfimeaning that
purification had successfully separated out the unwanted side product. The nmesaf the
acetonide in compound32was evidenced by the presence of two methyl peaks a41 andt

1.35 with a total integration of 6 protons in tAel NMR spectrm. H4 protons are diastereotopic
and the H4vans signal was observed at4.16 as a doublet of doublets with coupling constant
values of 8.4 and 6.0 Hz. Thedi signal was at 3.65 with Jvalues of 8.4 and 6.4 Hz. These
signals are well separatemving to the 5membered ring of the acetonide adopting an envelope
twist conformation. Despite the fact that 5 membered rings have a high conformational flexibility,
one conformation might be favoured owing to the presence of the bulky methyl groups which
makes the rapid interchange between conformations much slower, hence the observed splitting
pattern.*?8 There is not much difference between thésandtransvicinal coupling of H and H

5 protons with the values being 6.0 and 6.4 Hz respectively. Thsitthal was observed a¥4.50

¢ 4.44 as a multiplet owing to thearghbouring diastereotopic-4 and H6 protons. The methoxy

H-8 protons appeared as singleta3.70 with the remaining ¥ signals also appearing as a set
of doublets of doublets at 2.72 (J= 15.9, 6.4 Hzand1 2.53 0= 15.9, 7.1 Hz The’*C NMR
spectrum showed all the signals as expected with the characterigticatbonyl signal at171.0,

G5 at4 72.1 and €3 at{ 51.8. The purity of the compound was confirmed by optical rotation
with [hp]?° for compound132 being +20.1 (c 1.3, CHCWhich was comparable to literature

values®3

Lactonisatiorof compoundl29under the acidic conditions resulted in the recovered side product
133in a yield of 8%. This has been reported in literature and the two products isolated from this
reaction are formed as a result of the competing lactonisation and the protection of the diol, but
under the given conditions the protection step is more fawahnle!?® 'H NMR spectroscopy
confirmed the identity ofL33, whereby signals for 3. were observed at 4.43 (td,J= 9.0, 2.1

Hz, 1H, FBa). The expected splitting pattern wakoublet of doubéts but a triplet of doublets was
observed due to a strong AB system, the doublets colidps® a triplet. The doublet splitting
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arises from coupling with the-Bh proton. The H3, signal was observed at4.24 (dddJ= 10.4,

9.2, 6.1 Hz, 1HThe doublets of doublets of doublets asdeom both vicinal and geminal coupling

plus coupling to the ¥y signal. Although rare!J couplings are only seen where there is a
favourable geometric orbital alignment along theGdGGI OKI Ay > NBE-ODSNMNBERY B
Conformational arrangement of therfiembered lactone ring evidently favours-8@upling. The

OH signal was observed‘at.39as a broad singlet and the rest of the signals were as expected.
The remaining Kb signals were observed a2.61 (ddddJ= 12.6, 8.2, 6.1, 2.0 Hz, 1H3§j and

ati 2.28 (dtd,J= 12.7, 10.3, 8.7 Hz, 1H55) In the 13C NMR spectrum,-C, G4, G3 and G5 were
observedat wmMT Yy ®p X and309mespectvgly®p =

With the synthesis of the ester substrate complete, the next step involved synthesis of the
sulfoxide chiral auxiliary, to be added to compout®P. Use of the sulfoxide as a chiral auxiliary
isawidely published andvell establishedprotocol.*?® 120 Two factors favoured the choice of the
sulfoxide chiral auxiliary, firstly addition of the sulfoxide creates a n€&whond elongating the
fragment to the desired -G carbon length. Secondluse of the sulfoxide auxiliary for asymmetric

induction has been reported to yield products with high diastereoselective exc&dses.

Synthesis of the chiral sulfoxide employed the Andersen method which was developed in the early
M ¢ ¢ /BEhame3B).13? Sodiump-toluenesulfinate134 was dried overnight, to drive out all the
moisture, cooled and then slowly added to thionyl chloride &COwith continuous stirring until

all the solid had dissolved. This step activated the sulfur for nucleophilic substitution with menthol
135. Excesshionyl chloride was removed as an azeotropic mixture with toluene to dryness,
followed by the dropwise addition of menth@i a pyridine solution at 6C. This condensation

step is not selective and produces two diastereomers, one crystalline and the atheil,
meaning the maximum recoverable yield for desired crystalline diasteromer would be 50%. Faced
with this challenge G Solladiet al, improved the yield by developing an epimerisation
equilibration method achieved by acidification of the motheubqafter recovering the first batch

of crystals, which afforded an increase in the yield of the desired diasterebitiEmploying the
improved method gav&menthyl p-toluenesulfinate136 as spiky white crystals, in a combined
yield of 77%, with a melting point of 1@2103 °C. Optical rotation was confirmed to ked?°
=-196(c 2, acetonevhich is identical to the value perted in literature indicating a high level of
enantiomeric purityt33 Single crystal Xay crystallographyRigure 19) further confirmed the

identity andconfiguration of the product.
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Scheme38: a) i) SOGJ0°C, 1 h; ii) pyridine, 0C¢ r.t., 1 h, 77%p) CHMgl, ether, 0¢ 10°C, 73%

For the synthesis ohe sulfoxide auxiliargt37, methyl magnesium iodide was used to displace
the mentholate from thementhol sulfinate ester with a clean inversion at the sulfur centre. The
synthesis of the Grignard reagent was only successful when carried out in Ay idith a
condenser attached to minimisolvent loss. Purification of the desired product was actueyy
column chromatography followed by recrystallisation in hot hexane and diethyl ether, affording
Rmethyl p-tolylsulfoxidel37in a yield of 73% with a melting point of 34 °C. The low average
yield was due to product loss during the recrystallisation step, however the reaction proceeded

as expected.

Figurel9: Crystal structure for compound36

The importance of working with optically pure reagents and substrates for this work cannot be
overstated. This meant that effort was made to obtain asmdata relating to the optical purity

of the synthesised molecules as possible. The recovered crystalslfioxidel37were analysed,

and the singlerystal structure obtained by-pay crystallography is shown gure20. This data
provided extra information needed for the confirmation of the absolute configuration eR{(+)
methyl p-tolylsulfoxide Thespecific optical rotation was as expected with a valup gf?°= +148

(c 2, acetone) comparable to the literature valuesn]?! = +146(c 2, acetone}3?

55



Chapter 2: Results and Discussion

In the'H NMR spectrum, the aromatic protons were observed as two slightly distorted doublets
atl 7.54 (d,J= 8.2 HzH-2) andt 7.33 (d,J= 7.9 HzH-3) integrating for two protons each. The
distortion in the shape of the doublets is as a result of magnetic inequivalence of bothZlznéi

the H3 protons. Thepara substitution of the aromatic ring introduces symmetry resulting in the
H-2 protons being bth chemically and magnetically equivalent by chemical shift criterion, and
the same is true for 3 protons. However, because theZHprotons have different spatial and
connectivity relations to KB protons, they are magnetically inequivalent by couplingegon.

This relationship is also true with respect to the coupling relationship -8f pgfiotons to H2
protons. This inequivalence gives rise to the distortion of the observed doublets because the
observed signals are a summation of two individual dotsb[€he remaining methyl protons gave
rise to singlets at 2.70for H-5 and+4 2.42 forH-6. The aromatic carbon signals appeared at
142.6 141.5, 130.0 and 123\Bhilst the signals for-6 appeared at 44.0 andthe G5 was visible

at1 21.4in the 3CNMR spectrum confirming the identity of the desired compound.

Figure20: Crystal structure for compound37

After confirmaton of the formation of both the pure chiral auxiliary, and the ester substi®2

the next step involved addition of ((fR)-methyl p-tolylsulfoxide to compound32 This protocol

is well researched and has beaidely used,with much successSgcheme39).134 %8 135 Using the
established methodology, a cooled solution of the sulfoxidet@t°C was slowly added to freshly
prepared LDA at78 °C. An intense yellow colour was observed as the anion was generated and
the reaction was left stirring for 30 minutes. Allowithe reaction to proceed for longer time

decreased the yields of the desired product significantly.

In a separate twaneckedflask,the protected diol was cooled tgl0 °C under Mfollowed by the
slow addition of the sulfoxide mixture via cana. The gllow colour disappeared with each

addition until excess amounts were added. The generated anion of the chiral auxiliary was added
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to compound132 asopposed tothe ester being added to the anion, because when compound
138is generated an acidic protost position 1 can be easily deprotomat by theexcess base
yielding a rearranged produdt is for this reason that two equivalentsRmethylp-tolylsulfoxide

were initially used in this reaction. However, because of low recoverable yields the reaction was

performed using different equivalents dii¢ sulfoxide in an attempt to optimise the reaction.

O\/k)J\O/

o) 0
i) i I
+ p-tolyl ) 1) OMS.,,“
132 137
138

Scheme39: i) LDA (1.5 equiv), THF,8 °C; 30 min; ii) compound37 (1.2 equiv), THF40 °C¢
rt., 2 h, 64%

For workup, the reaction was quenched with a saturated aqueous solution EINtdllowed by
adjustment of the pH to 6 in order to quench the excbase. The highest yield obtained for this
reaction was 64% despite adjusting the reaction conditions, with several attempts resulting in low
yields of less than 40%dble2). The low average yields are attributed to product loss due to the
side reaction between the product and the excess base, coupled witiution of the desired
product and the sulfoxide during purificatiomhe rearranged product wagcovered but could

not be fully characterised.

Table2: Yields for compound 38under different conditions

Optimised reaction conditions % yeld for compoundl138
2.5 equiv freshly prepared LDA, 2.0 equiv sulfoxide 48
2.5 equiv Sigma bought LDA, 2.0 equiv sulfoxide 61
2.0 equiv freshlyprepared LDA, 1.5 equiv sulfoxide 52
1.5 equiv freshly prepared LDA, 1.2 equiv sulfoxide 64
1.4 equiv freshly prepared LDA, 1.4 equiv sulfoxide 36
1.2 equiv freshly prepared LDA, 1.2 equiv sulfoxide 36

The optical rotation for compounti38was confirmed to b&y§]?°= +151.1(c 1.2, CHG) which is
comparable to the literature valu®. The expected new signals of GHGand S=O functional

groups were observed at 3147 drand 1033 cri respectively, in the IR spectrum. Analysis of the
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'H NMR spectrum revealed the presence(8R),49-4,5-O-isopropylidenel-(p-tolylsulfinyt2-
pentanonel38. DespiteHM LINP G2y a4 0SAy3d RAIF&AGSNB2G2LIAO 6S
sulfurcentre} aAy3fSd airaaylrft gl a 20aSNBYSR AYNMRINI
spectrum. Interesting roof top effects were observed for th& Hroton signals as shown in

Figure2l. Signalsforté LINP G2y a | LIISFNBR Fa | aSiéd 2F R2dz«
constants ofl7.2Hz and 6.3 Hand+ H ®c dbeigA7i2Kz and6.5 Hz The chemical shift
difference of 96 Hz between the-Bisignals in comparison to the geminal coupling constant of
17.2 Hz is indicative of a secender AM system of the protons which are clearly neither
chemically nor magnetically equivalent. This cheahshift system gives rise to the observed roof

top or leaning effects. The-Wl a A3yl f 6l & 20aSNOSR64Hz | LISy (S

The chemical shifts for the-bl protons showed an AX coupling system as the signals appeared as
doubletsofdoubled | G + JiompPn g K G KF YR ¢ ®nJ=B.4HzlaydB.5 Hzi ¢
The geminal coupling constant of 8.4 Hz is much smaller in comparison to the chemical shift
difference between the two ¥ proton signals of 192 Hz. The dioxar@mé@&mbered rirg provides
restricted rotation which causes one of theS-protons to be in an axial position and the other in

an equatorial position. The fixed conformational arrangement results in the protons experiencing
significantly different magnetic fields hencestbbserved large chemical shift difference between

the signals. Inthé¥ baw &ALISOUGNHzY GKS | NRBYFGAO &aradayl f 3
further confirmed the successful addition of the sulfoxide. The tosyl methyl carbon appeared at
21.4, and withthe absolute conformation of compounti38 established, work began on the

synthesis of the triol via chelatiecontrolled reduction of the ketone inoenpound138.

4.7 46 45 44 43 4.2 41 40 39 3.8 3.7 3.6 3.5 34 33 3.2 3.1 3.0 29 28 27 26 25 24 23 22 21 20 19 1.8 1.7 16 1.5 1.4 13 1.2 1.1
f1 (ppm)

Figure21: 'H NMR spectrum for compounti38
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Chelation controlled reduction ofSR),49-4,5-O-isopropylidenel-p-tolylsulfinyl2-pentanone

138 was afforded by employing ZnGls a Lewis acidS¢heme40). The chelation step of the
reaction was left stirring for 2 h at room temperature, ensuring quantitative yields of the
intermediate complexX38a. The chelated substrate was cooled-%@® °C pior to the addition of

the reducing agent, otherwise product decomposition was observed zirtexhelatedcomplex
locks the conformation of the substrate. Thus when the reducing agent is introduced, the
presence of the bulkp-tolyl group blocks thaiface of the carbonyl, therefore the hydride from
the DIBALH which is equally bulky prefers taleévered from there face so as to minimise steric
repulsion. The crucial transition stat88a, depicted inScheme40 clearly illustrates how the

stereo-controlled reduction is induced by the steric encumbrance of the bulky groups.

/I'Bu
Al—iBu
Cl H/ ‘\\{.

138 139
Schemed0: i) ZnGl (4 equiv), THF, r.t., 2 h; ii) DIBALH (2 equivg °C¢r.t., 2 h, 79%
The rigidity of the transition state and the steric repulsions ofiggebutyl groups on aluminium
and the tosyl group ensures that very little of the other diastereomer is formed. For this work only
the desired diastereomer, compountB9, was recovered as a white solid in a yield of 79%. A
significant amount of the product was lost during work up because thprbgluct of the DIBAL

adduct forms a viscousyaulsion with NHCI, which is onerous to extract.

Themeasuredmelting pointof the productwas 78¢ 79 °Gwhich is lower than the literature value

of 87 ¢ 89 °C82 This variance is likely to be because of different moisture and solvent content
levels.The speific optical rotation was +73.8@ CHGlwhen theconcentration was 0.3 which is
comparable to literature value®. The optical rotation value confirmed thahe correct
diastereomer was recovered without epimerisation of either of the stereogenic cerfi@sIR
spectroscopy, the characteristic alcohol signal confirmimgréduction of the carbonyl group was

observed as a broad peak at 3382tm
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In the!H NMR spectrumkS hl LINR G2y 61 & 20aSNDYRIsthdew!l o N
signal for the K2 proton, overlapping with H protons was observed as a multipletia#t.36 ¢

4.24 integrating for two protons. The singlet signal for protons athtiosition to the sulfur in
compoundl38had disappeared. The-H proton for compoundl39was observedat o ®ny | a
doublet of doublets withJof 13.2 Hzand 7.9 Hzand thelHLINR 10 2y & & 20 a SNIISR
Jof 13.2 Hz and 3.8 Hz. The newly formed stereogenic centrearbanced the diastereotopic

nature of the H1 protons because they are not magnetically equimtlend a large geminal
coupling constant of 13.2 Hz was observed. In t#@ NMR spectrum the carbonyl signal
LINE@GA2dzat e 20aSNBSR 4 + mMppdp KHRARAFF LILISEH N
This further confirmed the identity of our desirgatoduct since the new signal appeared in the
characteristic regio for GO carbon atoms. The-@ &AA 3yl f KFR YAINI GSR
showing that there was a conformational change and chemical transformation, causing a shielding

effect at the alphgosition to the S atom.

Once the 1,3yndiol functionality had been introduced, attention moved to protecting the diols
and functionalising the terminal carbon atoms. The first step involved acetonide deprotection of
compound139via hydrolysis, at elevated temperaturaader acidic condition§Scheme41). As

a consequence of the high polarity of the resulting triol (compoL4d it was water soluble, and
recovery of the desired product from the agous layer was achieved by continuous extraction
with ethyl acetate (EtOAc) over 2 days. A white solid with a melting point o, 1113 °C, in a

below par yield of 63%, was recovered as the desired compound.

7LO OH (I)I OH OH (I?
J I Nt — w1 I &

% -tolyl ST T Yo
139 140
Schemetl: 5%p-TsOH, MeOH, #D, 60°C, 4 h, 63%

Not much change besides a shift in the position of the sigmatsobserved in the IR spectrum. A
much broader and more intense signal was observed at 3230representing all the OH groups.

The first indication of a successful deprotection step was the disappearance of the two acetonide
methyl group signals previsly observed at 1.41 andt 1.34 in the'H NMR spectrum. The only
methyl signal observed was for thgetolyl group att 2.41 integrating for three protons. The

acetonide methyl peaks had also disappeared from @& NMR spectrum together with the
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guaternary acetonide signal previously observed di09.4. Not much change in chemical shift

was observed for the rest of the signals of the molecule.

With both the primary and secondary alcohols revealed, the trityl group was used to selectively
protect the primary alcohol, because use of this group for the protection of primary alcohols is
kinetically favourable over secondary alcohols at room temperatiBehéme 42).13¢ The
mechanism of the protection follows a simplglSucleophilic substitution reaction whereby the
primary alcohol, after deprotonation by DMAP, attacks the electroptelitary carbon of trityl
chloride. The chloride leaving group forms HCI which in turn is neutralised by pyridine. The
reagents were added together and left stirring overnight and the desired lditlwas easily
recoverable by column chromatography in an average yield of 65% as a white solid. Unfortunately,
the protecting and deprotecting steps resulted in significant product loss despite attempts to
optimise the reaction conditions. The melting pointlefl was determined to be 6§ 66 °C with

a specific opticlrotation of +118.6c 0.98, acetone) comparable to the published vakfes.

OH OH 9 OH OH 9
HO\)\)\/S””: Ph O\)\)\/S.’”:
—_— 4 2
})—tolyl Ph% 5 3 ! })-tolyl
Ph
140 141

Scheme42: DMAP, trityl chloride, pyridine, DCM, r.t., 24 h, 65%

In theH NMR spectrum there was an increase in the total integration of protons in the aromatic
region because of the addition of trityl group, and the representative three multiplets were visible
at1 7.55¢7.524 7.43¢7.37 and 7.35¢ 7.20. A total integrion of nineteen protons accounted

for all the expected aromatic protons. The2Hand H4 protons appeared as separate multiplet
signals at 4.42¢ 4.35 andt 4.08¢ 4.01 respectively, with a combined integration of two. The
two alcohol signals were obsexd as two separate signals; a singlet at.31 and the second
signal appeared as a doubletiaB.15 with a coupling constant of 2.7 Hz. The COSY NMR spectrum
showed that the OH coupling was with thedtproton. The kb protons appeared as a doublet at

1 3.11 with Jof 5.6 Hz. The observed splitting pattern suggests that the two protons are
magnetically equivalent despite being diastereotopic. THe ptotons are chemically equivalent

by virtue of being attached to the same carbon atom but they are exuett be magnetically
inequivalent. Conformational arrangement of diastereotopic protons means that they experience

slightly different magnetic fields.
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The3C NMRspectrum also showed an increasesignals in the @matic region due tahe trityl
group. The characteristicwpternary &c  aA 3yt 41 & 20aSNBSR 4G ¢
deshielded position foa GO carbon. This is because this carlawom is attached to 3 phenyl
groups which have a withdrawing effeahd an electronegative oxygencah resulting in the
deshieldingeffect observel. The quaternary carbon atondentity was further confirmed by
DEPT135 NMR spectrosca@syshown irfFigure22. The comparison of thEC NMR spectrum and
DEPT135 NMR spectrum also assisted in identifying CH ammdu®bin signals. Thel; G2, G3,

G4 and G5 signals were observed a162.9, 68.3, 39.4, 70.6 and 67.4 respectively.

90 80
f1 (ppm)

Figure22: 13C NMR and DEPT135 NMR spectra for compolsiti

After the primary alcohol protection, the next step involved protection of thg-diol
functionality. Since no further transformations were planned to occur at these two stereogenic
centres, the idea was to select a protecting group that would be stable under the successive
reaction conditions $cheme43). The group also had to minimise or preferably eliminate the
chance of racemisation of the stereogenic centres. The acetonide group was chosen due to its
stability and ease of deprotdion which is well documented in carbohydrate and sugar chemistry

where chiral integrity is of high importané

1 3
OH OH O 555 0
TrO\/'\/'\/S\"u; ’ Ph O\)e\)ét\/s""-'
p-tolyl Phﬁ 7 5 9 })-tolyl
141 124

Schemed3: 5 %p-TsOH, 2,2limethoxypropane, acetone, r.t., 1 h, 86%
62



Chapter 2: Results and Discussion

The same experimental procedure employed for the synthesis of compb8@aas used for the
synthesis of compounti24as shown irschemed3. For this procedure, the reaction was complete

in 2 hours, and extended reaction times resulted in loss of product due to loss of the trityl group
under the acidic conditionsgesulting in product decomposition. The reaction was high yielding
and 86% of the expected product was recovered as a white solid with a melting point of
164¢ 165°C. The specific optical rotation was determined to be +28.1 in acetone (c 1.09) which
is canparable to literature values, confirming that the diastereomer with the desired
stereochemistry had been synthesis&dFor IR spectroscopy, the broad signal inthea of
alcohols had disappeared and only the anticipated signals were observed. The arorshatic C
stretch signal was observed at 3036-tand the C=C stretch was visible at 1597'cithree €
signals were observed at 1161 €ni100 cmt and 1078 cr.

Fortuitously, crystals of the product were recovered, which allowed for the determination of the
single crystal Xay structure as shown ifigure23. Thesyn1,3-diol functionality was clearly
evident and the six membered dioxane ring adopted a chair conformation as a result of the
acetonide group. This is because the bulky trityl and tosyl groups prefer adopting the less hindered
equatorial positions. Thehair conformation clearly has an influence on the chemical shift and
splitting patterns in NMR spectroscopy. In i€NMR spectrum the new acetonide methyl groups

were observed as two singletsat m®o0o0 Yy R + wM®on Ay dS3INtoidd y I T
F LILJSEFNBR Fa F R2dzotSéG 2F GNARLX SGa d + modrtp
coupling constant to M and H6 protons, of 2.5 Hz. The secondsHiroton appeared as a

Y dzf G A LI Sqi1.34. AD NMR mpéatrascopy was dise distinguish and correctly assign the

remaining signals.

In order to assign the ¥ and H6 signals, the H and H9 signals were assigned first using 2D
NMR spectroscopy. Looking at all the signals, it is evident thaptdtons are Ckprotons that

are attached to the most deshielded carbon because oxygen is more electronegative than sulfur.
Analysis of the HSQC NMR spectrum showfignre24 showsthat the Ht  LINZ { 2 y3®23 | NB
as a doublet of doublets witd= 9.3Hz and 5.2 Hz, 1H fek7. Y R 2:96with J= 9.3z and

6.0 Hzfor H7,. The assignment of the-61 signal was achieved by performing a COSY NMR
spectroscopic experiment singewas the only signal that would show coupling witébldnd H7
AAdAylLFfaoe ¢KS LINRG2Y ¢ & did 3=311.8 .6 RHzjidegratiogfor & A 3y
one proton. With the 6 and H7 protons assigned the rest of the signals were easiestign.
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TheHn aA3ylt gl a 246068NDSHD ILIS q an3ds®d= 13ii, 6:8
H2 Il y R.76 (ddJ= 13.1, 5.4 Hz The remaining aromatic proton signals were as expected with

an integration of nineteen protons.

Figure23: Crystal structure for compound?24

For thel3CNMRspectrumthe most important signal indicating the acetonide protectitime G2
signa)] was oberved att 98.9. The reason for this importance is because an extensive NMR
spectroscopy investigation for acetonide protected-j8ls performed byscott D. Rychnovsley

al., proved that the stereochemistry of the alcohols is determinable by NjpMRtroscopy? Since
syn1,3 diols are not conformationally flexible molecules, the methyl groups do not interact in
space which has an influence on thefremical shiftin their study they established tHéCNMR
spectroscopichemical shiftof syn1,3-diol acebnides which exist in a chair confirmation. The
experimental results showed that the axial methyl gragipes rise to a signal at 19 ppthge
equaorial methylgroupappeared as a signat 30 ppmand the quaternary carbon was visible at
98 ppm The signal for the quaternary carbon signal was never observed above 100 ppm. On
contrary, theanti-1,3-diols exist in a twist conformation to avoid iggaxial interactions which
would be present in a chair conformation. Both the methyl signals anéisystem were observed

at 25 ppm whilst the quaternary carbon signal was at 109 ppm and always above 100 ppm.

The observed results in this work concurredhtihis conclusion as the axial methyt{{Cof 124
was observed at 19.6 and the equatorial methyl {8 was observed at29.7. From these results,

it was evident that the relative stereochemistry of the molecule had been maintained thus far
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For the subsequent reactions, the chemical shifts of these signals were closely monitored to
ensure that epimerisation of the stereogenic centres had not occurret. @5, G6, G7, G8 and

G9 signals were observed at68.2, 33.6, 63.9, 67.0, 86.5&63.1 respectively.
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Figure24: HSQC NMR spectrum for compouhd4

2.2.2 An alternative method for the synthesis of key intermediate 124

Before proceeding further with the synthesis, the synthetic approach towards intermetizte

was reinvestigated for two main reasor&chemetd). Firstly, there was a need to improve yields
since the synthesis of compourd@8was bw yielding. Secondly, there was a need to eliminate
the continuous extraction step for recovering compoutbDbecause of the energy requirements

and thelong extraction times. Given the fact that malic acid had already been established as a
suitable starting material, the route change occurred from the @i29. Orthogaal protection of

the alcohol groups ensured that the two stated problems observed with the current synthetic

route were addressed.
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Schemed4: Alternative synthesis for compound24

Since the diol, compound29, has two alcohol functional groups, the primary alcokas
chemaselectivelyprotected by using the trityl groupSgheme45). The reaction was performed
under basic conditions, overnight and a quantitative yield of compal4®j was obtained as a
viscous yellow oil after purification by column chromatography. Attempted purification by
recrystallisation in a chloroform/methanol (9:Was low yielding, and the single crystatay
structure forcompoundl42is shownin Figure25. In general the product was a viscanilsat room
temperatureand was pure by NMR spectroscopy after column chromatograpey crystal exists

as a dimer in each unit cell due to intermolecutgdrogen bonding between the free hydroxyl
groups.Recrystallisation in the {solvent mixture probably allowed the molecules to pack linearly

because of the strong hydrogen bonding between the alcohols, allowing the growth of the

crystals.
OH O OH O
HOMO/ — T° 070
129 142

Scheme45: TrCl, DMAP, pyridine, r.t., overnight, quantitative yield

IR spectroscopy revealed a new @+6ignal aB058 cm' due to the phenyl rings and an alcohol
signal was observed as a broad singlet at 3469, @onfirming that only mono protection had
occurred.The recovered crystals had a melting point of 12930 °C. The mass spectroscopy
results for the trity protected alcoholl42were as expected with a measured mass of 399.1561
(M+Na) being similar to the calculated mass of 399.1567 (M*NH)e recovered npduct was

optically active with a measured specific optical rotation1d.0 (c 1.05, CH{Ll
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Figure25: Crystal structure of compound42

A troad OH signal was observed at 3469'dmthe IR spectrum indicating that trityl protection

had only occurred at the primary alcoholhelexpected new aromatic proton signals were
observed at 7.47¢ 7.39 andt 7.33¢ 7.16 as a set of multiplets with@mbined integration of

fifteen protons in the'H NMR spectrum. #4 protons were observed as a doubletiad.16 with a
coupling constant of 5.4 Hz. A doublet signal &.02 with a coupling constant of 4.6 Hz was
assigned to the OH proton after correlation analysis in both the COSY NMR and HSQC spectra.
Both the H3 and H2 signals were observed as multipletsia#t.28 ¢ 4.16 and{ 2.64¢ 2.43
respectively. The remaininginglet signal at 3.63 was assigned to the remaining methoxy
protons. The carbon signals for the trityl group were observedBt3.7, 128.4, 127.7 and 126.9

in the 23C NMR spectrum and the rest of the signals were as expected.

Subsequent protectionfahe secondary alcohol on compoutd2with the tert-butyldimethylsilyl

(TBS) protecting grous¢hemed6) followed the tritylation step. The TBS protecting group was
chosen because of the simplicity of the protection and deprotection procedures without the
reaction conditions affecting the rest of the furanality of the molecule. In fact, the synthesis of
compound 142 and compound143 could have been performed in tandem, in a single pot.
However, because full characterisation of the two products was required, compbdBdvas
isolated and characterised prior to the next step. The reagents were added sequentially to a
stirring solution of the substrate and left stirring overnight Purification afforded the desired

compoundl43as a white waxyprecipitate in a combined yield of 65%, much lower than expected
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yield even though no starting material was recovered. IR spectroscopy showed the disappearance

of the alcohol peak at 3469 chwhich further confirmed the successful protection of the &lclo

2
OH O @o o
Tro\)\)l\o/ > TrO 6
L2510
142 143

Schemet6: DMAP, imidazole, TBS, DCM, r.t., 12 h, 65% yield

H NMR spectroscopy indicated the presence of compdit8evidenced by the TBEH)s peak
visible att 0.80 with an integration of nine protons. The dimethyl protons of the TBS group were
observed as singlets at-0.02 and-0.08, with each signal integrating for 3 protons. The rest of
the 'H NMR signals were as expected. In#@& NMR spectrum the TBS mettert-butyl carbon
signals were observed at25.7 andt 17.9 for the quaternary carbon atom. The two kityethyl
carbons were observed at -4.6 and{ -5.2 indicating their non equivalence because of their

proximity to the stereogenic centre.

Once the protected ester precurstt3had been successfully synthesised, the next step involved
addition of the sulfoxide chiral auxiliary. Due to the change in the protecting groups on the ester
substrate, it was reasoned that the trityl and TBS protecting groups wwoldde steric stability

to the desired product. This extra stability would minimise the secondary reaction of the product
once formed under the basic reaction conditions, consequentially increasing the yield of the
desired compound. A similar procedurett@at employed for the synthesis of compouf©d8 was
employed for the addition of the chiral auxiliary to compourBand similar colour changes were
observed $chemet?).

7~
7‘38 Q Iol . QSO O O
TrO ~ 6 5 T p- N 2 A
o Ph en otes POV Phhlf/h 5 3 71 pioyl
143 144 145

Scheme47: LDA ,Rmethyl p-tolyl sulfoxide, THF;78 °C¢r.t., 2.5 h, 24% compound44, 55%
compound145

TLC analysis showed two new major products which had cleseltes and fortunately

purification by column chromatography using gradient elution enabled the separation and

recovery of the products,144 and 145. Both products were light yellow solids with the same
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melting point of 115 116°C and a specific optical rotation of +91.4 for compotiddand +67.0

for compound145in CHGCI(c 1.3). Mass spectromst confirmed the masses of the recovered
products to be the same, with a measure value of 635.2631 (M+da)}ompoundl144 and
635.2614 (M+Nd)for compound 145. Consequently, because the masses of the two products
were the same and similar to that of the expected product, it proved that they were structural
isomers. At this point it was crucial toremusively characterise the recovered products using both

X-ray crystallography and NMR spectroscopy so as to identify the desired product.

After several recrystallisation attempts of both products, usthfferent solventsat varying
temperatures, it washeer joy whercrystals for compound44 were recovered, and the single
crystal Xray structureis shown inFigure26. Surpriangly the crystal structure showeatie OTBS
group on the carbon atom to the carbonyl group. For the desired compound, th& BS was
expected on the carbon atomto the carboryl carbon. These results were puzzling as the reasons
behind the recovery of this product were not immediately obvious. Once the structure and

molecular weight of compounii44had been confirmed, its yield was determined to be 24%.

Figure26: Crystal structure for compound44
NMR spectroscopy also further confirmed the identity of compoidd Firstly total integation

of the aromatic protons increased from fifteen to nineteen in #itNMR spectrum. The signals
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were observed as three multipletsaf7.56¢ 7.50 @H),4 7.41¢ 7.34 eH)and4 7.33¢ 7.16(11H)

A new methyl singlet signal was observed fer Hrotons att 2.40. H5 protons were observed

as a set of multiplets at3.32¢ 3.18 andt 3.17¢ 3.04 and the Hi proton signal was also a set of
multiplets att 2.12¢ 1.95 andt 1.90¢ 1.75. A triplet signal was observed for theSkbroton att

4.18 with a coupling constant of 5.5 Hz. The set of doublets fbipkbtons att 4.07 andt 3.92

with a geminal coupling constant of 14.8 Hz exhibited the rooftop effects. FEhRMR spectrum

the G5 signal was at 58.7 which is a very shielded psn for a GO carbon signal. This
observation might be attributed to conformational effects. COSY NMR, HSQC NMR and DEPT135

NMR spectra were used to conclusively assign all the signals.

After confirmation of the identity of compounii44, significant effort was placed in establishing
the source of this product. The structure of the compound raised the question of whether a
different side reaction on thexpected product resulting in a 2@ migration was at playunder

the givenreaction conditions, th sulfoxide auxiliary had already beshown to be very stable

and ifeither ofthe chiral centres had racemised, a more complex mixture of products waewiel h
been recoveredFurther investigation from several articles oplgint to the possibility of a 1;2

silyl migrationin the presence o# strong base like LDA as opposed to aCglyl migrationt3”
138The phenomenon has well been studied and is duly named the Brook rearrangement, after the
researcher who firspublished it} The bulky silyl protecting groups like the TBS group are
generally stable under many chemical transformations, and typically the worst that can happen is
a deprotection. As an example, the TBS group was used as one ofotieetpprg groups in the

total synthesis of olivine, and no migration nor deprotection was observed after subjecting a TBS
protected intermediate to LDA! 141142 Several other stereochemical synthetic procedures have
employed he TBS protecting group without any deprotection problems, when protected

substrates were subjected to strongly basic conditions using'tDA® 145

After establishing that a 1;&igration of the GTBS group was impossible, the next probability
was that compound.44was as a result of a side product carried through from an earlier step in
the synthesis. All the reactions performed thus far were critically analysedder to establish
whether there was contaminant that had been missed that could be the source of the unwanted
side product. After careful examination and literature review, it was revealed that the reduction
of compound128did not selectively yield compourt29 (Scheme48). A revised article by Saito

et al. revealed that the reduction does not occur exclusively at the carboxylic acid alpha to the
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alcohol but it also occurred at the beta carboxylic acid yieldmgpound146 albeit in a 99:1

ratio.146

Due to the similarity in polarity, compound29 and 146 are not separable by column
chromatography. Revaluation of the'H NMR spectrum of compouri29 did not conclusively
reveal the signals for compouridl6 except for a small methoxy signa a ratio of 9:1. Since the
reduction step had been performed a few times, all the NMR spectra wesvakiated to
establish whether the ratio of the two products was constant. It was discovered that the ratio
ranged from approximately 1:3 to 1:21. tlme 3C NMR spectrum, the signals for compourb

were slightly more visible although the intensity was relatively less in comparison to those of the
desired compound. The recovered products from acetonide protection of the didsand 147

were separable by column chromatography, hence the reason why the presence of compound

146had not been detected earlier.

OH O
HOMO/ 7Lo 0

129

OH O 132
oo '
-~ (0]
+
5 OH route 1
128 /OWOH o>(o
° O
146 0
147
lroute 2
OH O )&@O o
142 143
* +
OH
O\[('\/\ OTBS
- oT —
o) r - | OoTr 144
148 149

Scheme48: Scheme showing the source of compouhd4
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By comparison, the products recovered after trityl protection of the diol compotiddand 148,

were unfortunately not separable by column chromatography. The polarity of tbectwnpounds

is very similabecause a single spot wasuatised on TLC for the two products. Methoxy signals
established the approximate ratio of the two products (compodd@compound148) to be 9:1.
Similarly the products recovered after TBS protection, compol#8land 149, were still not
separable by column chromatography. However the ratio of the methoxy signals had changed to
6:1 suggesting that the TBS protection step was quantitative for compdd®dbut not for
compoundl42. At this point it was now evide that the recovered side produdi44had formed

by addition of the chiral sulfoxide to compouri19, originating from 1,3liol 146 and its

subsequent products being carried through seveeaictions Scheme48).

Given this revelation, the only way of minimising the unwanted side products would be to
eliminate the formation of compound46 during the reduction step as the two products are

evidently formed as a result of competing reactions.

T
8o o 0
ph._o L M s
4 2 k
Ph% 5 3 1 _
Ph p-tolyl
145

Figure27: Structure for compoundL45

After successfully characterising and establishing the source of comdelhdttention shifted

to the desired product of the reaction iBcheme47, which was identified to be compouridt5

by NMR spectroscopy. Firstly, the total aromatic integration was nineteen as expected'i the
NMR spectrum, and the signals were observed at T ® d5p7.9HR IH), 7.42¢ 7.36 (m, 61)

and 1 7.32¢ 7.17 (m, 11H)The methyl singlet signal from the tolyl group wag &.36. The
diastereotopic HL proton signals were a set of doubletsta®.88 and 3.76 both with a coupling
constant of 14.0 Hz. A multiplet &t2.80¢ 2.62integratingfor two protons was assigned to-3
protons, while two sets of doublet of doublets @at3.10 (J= 9.3, 4.6 Hz, 1H-5}) and 2.95 =

9.3, 6.8 Hz, 1H,-B,) were assigned to - protons. Assignment of the-Bland H5 protons was
based on the fact that 3 proton signals will be more deshielded because they are attached to a
GO carbon atom. This is the most distinguishing factor because both protons show coupling to
the H3 proton and they are attached to a €¢hrbon atom. The remaining singlet signals for the

TBS group were observed{a0.79 (9H){ -0.02 (3H) and -0.09 (3H).
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Assignment of the carbon atoms was accomplishment by analysis of the HSQC NMR spectrum. In
the 13C NMR spectrum, the-Csignal wasbserved at 69.9 whilst the carbonyl signal observed

at1 200.5 was assigned teZ- The €3 carbon atom was evidently experiencing strong deshielding
effects because the signal was observed downfield &0.0, which is uncharacteristic for a
saturatedCh atom that is not directly attached to a heteroatom4Gnd G5 signals were within

the expected range at 68.3 andt 67.1 respectively. The remaining signals were as expected.
With both the mass spectrometry results and the NMR spectroscopic assigsnitenvas evident

that the desired compound had been recovered and it was subjected to subsequent reactions.

Since attempts to isolate crystals of compouldbfor Xray crystallography were unfruitful, the
relative stereochemistry was assumed at this stage and it was only proved by further transforming
to the known compoundl24 which was also the target molecule. In order to achieve this,
compoundl45was subjected to the chelation controlled reduction using the previously described
procedure as shown iScheme49. A good yield of 87% was achieved ttee desired compound

150 as an optically active yellow solid with a specific rotation of +43.0 (c 1.33)CHZI
spectroscopy showed the alcohol sigjrza 3339 cimt whilst the previously observed carbonyl

signal had totally disappeared. This confirmed the success of the reduction of the carbonyl group.

2% %
&
%o o o9 i), ii % oH 9
TrOM%"‘\: — Ph>|/0\)4\/2k/8‘-"‘:
p-tolyl Ph Pf;] 5 3 1 polyl
145 150

Schemed9: i) ZnG, r.t., 2 h; i) DIBALH, THHF8°C¢r.t., 2 h, 87%

Further confirmation of the identity of the product was afforded by NMR spectroscopic analysis.
In theH NMR spectrum, the-R signal at the newly generated stereogenic centre was observed
as a multiplet at 4.24¢ 4.07. The Hit signal was observed at3.97¢ 3.87 overlapping with the

OH signal, integrating for 2 protons. In th& NMR spectrum, the carbonyl signal had totally
disappeared and was replaced by a ne® €ignal at 66.3 whilst the 4 signal was at 70.2. A

huge chemical shift change wabserved for the € signal fromt 50.0 to4 41.7 because the
carbonyl group exerts greater anisotropic effects to the alpha position resulting in a deshielding
effect when compared to alcohol group. The rest of the signals were as expected and HRMS

confirmed the expected mass for compou@80of 637.6729 (M+N4)
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Compoundl50was successively subjected to TBS deprotection using TBAF for 2 hours revealing
the already known triol compound41in a yield of 87% as shown $theme50. Allowing the
reaction to proceed for longer resulted in the loss of the trityl gragpvell. The measured specific
optical rotation of the recovered product was +83.3 at a concentration of 1 which is comparable
to the literature value’® The measuré polarity confirms that indeed the correct enantiomer of

diol 141 had been recovered by employing the alternative route.

P

G& OH OH O
Q OH O .o A L _ s
e —_— 4 2
TrO\/k/k/S\ Ph% S 3 ! })—tolyl
p-tolyl Ph
150 141

Schemes0: TBAF, THF,C, 4 h, 87%

Further confirmation of the identity of the recovered product was achieved by comparison of NMR
spectroscopic data with that from previously prepared didll. Acetonide protection of the
recovered diol yielded the target intermedial®4as described previously Bchemet3 and the
measured specific optical rotation of +27c8nfirmed the recovery of the desired enantiomer
The NMR spectroscopic results also supported the identity of the product to be com@@4nd

and the chenical shifts for the acetonide group indicate that a-$y&diol system was presenit/

Since the recovered product was indeed the desired product, it confirmed the identity and

stereochemistry of compound45.

After synthesising compountR4 by employing the two different approaches a comparison from
diol 129was made to establish which route w/aigher yielding. Both routes had six steps and the
best overall yield for rout& was 8% whilst for rout@ the best overall yield was 16%. For rodte
the minor side product resulting from compoudd6 after the acetonide protection (compound
147) was easily removed via column chromatography. On contfar route2 the minor product
resulted in compoundl48 and it was carried through the subsequent reactions only to be

separated after the sulfoxide addition step.
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Table3: Comparison of route 1 and route 2 employed fordlsynthesis of intermediate 24

Route 1 Route 2
7LOH
o O OH © MeOW
: : oT
Key intermediates OMO/ TrO\)\)J\O/ '

o]
132 142 148

Number of steps to
compound 124 6 6
from diol 129

Overall yield of

compound124

from compound 0% 1o%

129

Yield of the
sulfoxide addition 64% 73% 94%

reaction

Yields for the sulfoxide intermediate were more interesting, for rautke sulfoxide produci38

was recovered in a best yield of 64%. Unfortunately, the presence of the side product fo2route
provided competing reactions because the results indicate that therecsanplete conversion of
compound149to 144. However, the desired compounti45was recovered in a best yield of 73%.
The observed yields for route 2 suggest thatrthes complete conversion @bth compoundl43

and 149to compound145 and 144 respectively. However, once the products are formed th
acidity of the protons alpha to the sulftor compound145in the presence of the sulfoxide anion
and excess base probably results in product decomposition. In comparison, the absence of the
acidic protons for compound44 makes it more stable and recoverable in quantitative yields.
Nevertheless, it was exciting that employing route 2 doubled the recoverable yield of compound
124. The route also eliminated the tedious continuous extraction stegladdor the recovery of

the triol 140. If formation of the side duct 146 is minimised and the subsequent steps are

optimised, route 2 offers the greater potential for increasing the overall yield for compt@ad
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2.2.3 Synthesis of fragment 1 and fragment 2

Once the 1,3liol core had been synthesised, work started fumctionalising the terminal
cabons, which wold facilitatethe differentiation of the two fragments prior to coupling them.
For synthesis of the enantiomer of pavettamine, parallel reactions were performed starting with
intermediate 124. For fragment 1 the alcohol on%Cwas converted to an aldehyde whilst the
second set of reactions were for converting the alcohol on tHe carbon atom to an amine

yielding fragment 2, followed by coupling of tiragments as shown i8chemebl.

> > >

o o0 O o O o O

il
TrO\)\/'\/SC.': —= . o A L _NHBoe ——=_, no__L_J_ NHBoc

124 Ar Jl

<5 <5
H\H/k)\/NHBoc + HN I I __NHBoc
O fragment1 fragment 2
OH OH OH OH

Schemeb1: Planned synthesis of fragment 1 and fragment 2

Compoundl24 was subjected to the interrupted Pummerer rearrangement using TFAA as the
acid with collidine as a base to furnish the aldehyidd (Scheme52).115 148 The reaction was
complete in under 30 minutes, quenching was afforded with water and excess base. The quenched
reaction was left stirring for a further 30 min revealing the desired aldehyde as comgddind

The Pummerer rearrangement mechanism has been well studied and the most accepted

mechanism is shown Bchemes3.97. 149

1 3
o0 o %o
Tro\/‘\/k/s\"“’ H’ PhXO 6 PN
p-tolyl Ph7le 7 5 |
124 151

Schemeb2: i) TFAA, collidine, €C, 30 min; ii) KCQ, r.t., 30 min, 99%
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The first step in the mechanism involves the acetylation of the nucleophilic sulfoxide oxygen by
the trifluoroacetic anhydride giving rise to the intermedigieThis step yields a trifluoroacetate
anion which in turn deprotonates the acidic proton at thecarbon to the sulfur resulting in a
sulfonium ion intermediatéB. The trifluoroacetate ion from the generated acetic ion released in
the previous step then traps the sulfonium intermediate by adding to the double bond generating
an "-acyloxy thioether itermediate C, which is hydrolysed by water yielding the desired
compoundl51 The overall reaction reaches completion in approximately one hour, whiséalk
because short reaction times are desirable for total syntheses procedures. The rearrangement
method increases the desirability of the sulfoxide as a chiral auxiliary because it allows for the
removal of sulfur whilst introducing the aldehyde moietyhich can be easily converted to other

functional groups.
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Schemeb3: Pummerer rearrangement mechanism
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Product 151 was recovered in quantitative yields as a white solid. Product racemisation was
always a concern because of the increased acidity of the aldehydic proton that is alphaQo a C
stereocentre. In order to acquire clean NMR spectra, patiben was performed on a 50 mg
sample using a very short column. The rest of the crude product was used as is in the next step.
Successful synthesis of the product was confirmed by the characteristic aldehyde peak, observed
at1 9.58 as a singlet integraiy for one proton in théH NMR spectrum. There were no significant
changes in any of the other chemical shifts. In @ NMR spectrum the carbonyl signal fed C

was observed at 201.1. The chemical shifts for thelCG2 and C3 carbon atoms were olesved

at1 29.6,{ 99.0 and 19.4, respectively just as expected for acetonide protecteesyrlcohols.
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This confirmed that there was no epimerisation during the Pummerer rearrangement step and

the relative stereochemistry had been consen#d.

The aldehydel51 was subjected to a reductive amination procedure with benzylamine in the
presence of sodium triacetoxyborohydride, in the presence Afn®lecular sievesScheme

54).150 151152 The rationale for employing this approach was that the procedure introduced the
desired amine funabnality already benzyl protected. In the reaction, the reduction of the
aldehyde competes with the reductive amination step, therefore to minimise this unwanted side
reaction the amine was always added in excess. The amine and aldehyde were left fstirahg

least 30 minutes prior to the addition of the reducing agent. Low yields were obtained when a
1:1 DCE/THF solvent mixture was used without molecular sieves. Yield optimisation was achieved
with at least a 1:9 THF/DCE solvent ratio in the preseriamalecular sieves that acted as a

dehydrating agent.

1 3
™o 0”0
PhXO\/'\/'\H/H — PhXoMNHBn
Ph en 0 PR7ge 7 %8
151 152

Schemeb4: Benzylamine, DCE, THF, sodium triacetoxyborohydriderMN, 24 h, 60%

Despite all the yield optimisation protocolspmpound152 was recovered in a below average
yield of 60% as a colourless thick gel. The optical rotation was measuredlt6.8en chloroform

at a concentration of 0.9 g/ml. Thid NMR spectrum showed an increase in the number of
aromatic protons from fifteen to twentywith the signals observed as multipletsiaf.54¢ 7.48
and{ 7.40¢ 7.24. The expected new signal for thé®ldrotons was at 2.77¢ 2.66 as a multiplet,
whilst the benzylic CHbrotons were observed at 3.85 as a singlet. Despite compouti being

a viscou®il at room temperature, the compound crystallised in a chloroform/methanol mixture,
and the structure is shown iRigure28. The 1,3syndiol moiety was show to be still intact,
agreeing with the observedC NMR chemical shifts for the dioxane methyl groups and the

quaternary carbon atom.
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Figure28: Crystal structure of compound52

With the first amine functionality introduced, the next steps involved differential functionalisation
of the G7 carbon atom of compound52 in order to generate two separate fragments. The
proposed plan was to selectively deprotect the trityl group in the presence of the benzyl group,
revealing the primary alcohol, which in turn would be congdrinto an aldehyde for fragment 1

and an amine for fragment 2. Thus the two fragments would be subsequently coupled via
reductive amination. Although the benzyl group and the trityl group are generally deprotected
under similar conditions, there are seatrexamples in literature kere the trityl group was
selectively removed in the presence of a bermyitected amine!®® The anticipated selectivity
was based on the premise that the trityl functionality forasnore stable cation intermediate
because of the stabilisingffect of the phenyl rings. The stability of the intermediate results in

trityl deprotection being kinetically more favourable than that of the benzyl protected amine.

The first attempt at seldove trityl deprotection employed a freshly prepared heterogeneous
catalyst of NaHS5iQ in a DCM/MeOH (9:1) solvent mixture. This procedure had not only been
shown to be selective for the trityl group, but was also proven to be a mild deprotecting egent
the presence of acid and base sensitive grotips&infortunately, the desired alcohol was not
recovered even after slightly increasing the temperature of the reaction. Changing the inorganic
salt to ceric ammonium nitrate (CASBIQ) did not yield the desired product eithét? Only the
starting material was recoveredhich suggests that the substrate was unreactive under the

tested experimental conditions
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Further investigations into other possible deprotection procedures revealed that mild Lewis acids
can also be used for the selective deprotection of the trityl gr&3his procedure utilises Lewis
acids such as ZnBrand it was shown to be selective for the trityl group whilst otheacyl
protecting groups namely isobutyryenzoyl and anisoyl remained unaffected. For this work, the
efficacy of both ZnBrand ZnClwas tested but the desired molecular transformation was not
realised. From the mechanism, the trityl ethereal oxygen acts as an electron donor to the ZnBr
resulting in a stable trityl carbenium ion. The stability of the intermediate should then act as a
driving force for the reaction but this was not achieved. The desired product was also not
recovered even after refluxing compountb2 with LiCl in THF and only the starting was

recovered!>6

After the failed deprotection attempts employing Lewis acids, attention shifted to the use of protic
acids being cognisant of the potential competing reactiddased on the work published by
Bessodst al, a mixture of formic acid and diethyl ether (1:1) can be successfully used for the
selective cleavage of the trityl group in the presence of acid sensitive gtéliphe authors
reported good vyields in times ranging from §310 minutes with minimal or no effect on the
acetonide groups. Given the reported success, the same procedure was tested &midogve
deprotection of the trityl group on compountb2, and the procedure utilised a 1:1 mixture of dry
diethyl ether and formic acid under anhydrous conditions to minimise hydrolysis of the acetonide.
The reaction was monitored using TLC but th&es no observable change even after one and a
half hours reaction time. The starting material was recovered intact even after varying the

experimental conditions.

All the attempted protocols thus far had capitalised on the formation of the stable trityl

cd ND2OFGA2Y a4 (GKS RNAGAY3I F2NOS o06SKAYR GKS
Gt N2PGSOGADS DNRdzLJA Ay hNBIFYAO {@yiKSaraaté NB
readily deprotects bottO-trityl and N-benzyl groups under slightly diffent conditions!®® As a

way of capitalising on the different deprotection conditions, a few drap formic acid were

added to catalyse the hydrogenation reaction just to establish whether the acidic conditions
would result in selectivitySchemeb5). The reaction was left stirring at atmospheric pressure and
instead of the desired product, a completely deprotected compolB8was recovered. This was

certainly the first time acetonide deprotection under acidic hydrogenation conditions had been
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observed, at least to the best of our knowledge. Although this was not the desired outcome, the

result opened the door to other possibilities.

o I X _nwen T T g
152 153
Schemeb5: Formic acid, ethanol, £ 10% Pd/C, overnight, 24,190%

Confirmation of the structure of the recovered product was achieved by NMR spectroscopic
analysis. In théH NMR spectrum, 4 and H4 signals were observed as multiplets &.03¢ 3.89

and1 3.82¢ 3.68 respectively. The-H signal was observed at3.52 ¢ 3.32 as a multiplet
integrating for two protons, whilst the 3 proton signal was at 1.73¢ 1.51. In thel3C NMR
spectrum only five signals were observed with th2 @nd G4 signals at 70.5andt ¢ T dm ¢ K A
the G1, G3 and G5 signalswere obs@SR | & + cc®pZ + odpdn FyR
aromatic signals in both spectra. Although this was not the desired result a more controlled

hydrogenolysis procedure could prove to be selective for the benzyl group instead of the trityl

group.

The hydrogenation reaction was repeated under neutral conditions at atmospheric pressure for
24 hours in order to determine if these conditions were selective for a single protecting group
(Schemeb6). The procedure resulted in the selective debenzylation of the amine in the presence
of O-rityl. Primary aminel54was recovered in a yield of 84% as a white amorphous product, with
a specific optical rotation 0224.6 (c 1.0 CHlwhich was comparable to the literature valffe.
From the'H NMR spectrum, the total integration for the aromatic protons had reduced to fifteen,
with the signals observed as multipletsia?.48¢ 7.42 andt 7.32 ¢ 7.18. The singlet signal for

the benzylic protons which had previously been &.85 had disappeared. A new broad singlet
signal for the amine, integrating for two protons was observed &t65. No correlation in the
HSQC or coupling in the COSY Njg&trum was observed for this signal, confirming that the

signal was for Niprotons.
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Schemeb6; ethanol, 10% Pd/C, Hr.t., 24 h, 84%

As expected only four carbon signals were observed in the aromatic region dfGhBIMR
spectrum at 144.04 128.7,127.7 and 126.9 whilst the quaternary trity8 Gignal was at 86.5.
The benzylic carbon signal had also disappeared with only-thsighal being detected at47.4.
The relative stereochemical integrity of the conymal was confirmed by the chemical shifts ef C
1 and G3 signals at 30.0 andt 19.9 whilst @ was att 98.6.

Before proceeding with the synthesis, an evaluation of protecting group compatibility was
conducted. Up to this point all the reaction condit®oemployed for the selective deprotection of

the trityl group had been unsuccessful. One procedure with guaranteed success was the Birch
reduction methodology but it had not been employed as yet because the reaction conditions are
not selective in the preence of the benzyl grous® The mechanism of the reaction proceeds via

a single electron transf to the trityl moiety forming a radical which is quenched during workup,
revealing the alcohol. The Birch reduction is mainly used for aromatic ring and alkene reductions
but is also useful for the removal of aromatic protecting groti§€arbamates, alkyl ethers and

silyl groups are the only stable protecting groups under these reduction conditions.

Subjecting aminel54 to trityl deprotection without protecting the primary amine would have
yielded a polar product most likely difficult to purify. After careful consideration of the trityl
deprotection conditions and the remaining synthetic steps, Boc protection was ohosdhe
amine group as shown fBchemes7. The reagents were left stirring overnight, and after work up
the desired product was recovered quantitatively as a white precipitate. No column
chromatography was necessary because all the pidducts were either volatile or dissolved in

the agueous layer during workup.
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Schemes7: Boc anhydride, DMAP, THF, r.t., overnight, 100%

The specific optical rotation of compourd®d5was confirmed to be20.3 (¢ 1.0 CHg{}Ishowing
that, the Boc group had little effect on the magnitude and sign of rotation when compared with
that of the free amine. Coirfnation of the product structure was achieved by NMR spectroscopic
analysis. ThéH NMR spectrum showed the disappearance of the broad singlet for the NH
protons, and appearance of a new broad singlet a&.88 for the NH proton. The methyl Boc
proton snglet signal was observed atl.45 whilst the acetonide methyl singlets were detected
at1 1.43 andt 1.38 giving a total integration of fifteen protons. The new characteristic Boc
carbonyl signal was observediat M p ¢ ®RC NIMR sp&dkr8n with theemaining Boc signals
Fd + TddPo YR + HpdPcd

With the Boeprotected amine in hand the next step involved detritylation of compouad
under Birch reductiorconditions §cheme58). The ammonia was first refluxed over sodium,
ensuring anhydrous conditions evidenced by a deep blue colour prior to the addition of the
substrate. The reaction was allowed to proceed for an hour, after which work up and product
purification using columehromatography yielded compourith6. The detritylated productvas

recovered in a yield of 81% as a yellow oil with a specific optical rotatidi®of (c0.6 CHG]).

1 3
™o oo
Ph._o L L _nNHBoc — = Ho L L NHBoc
Ph>( 7 5 8
Ph
155 156

Schemeb8: Na, NH, THF:60°C, 1 h, 81%

IR spectroscopy revealed a broad signal at 3324 iagticating the presence of both the OH and

NH groups. In théH NMR spectrum no aromatic signals were observed but two broad singlets
which showed no coupling to any other protons or carbon correlations in the COSY and HSQC NMR
spectra were observed dt 4.95 and! 2.41. These signals were attributed to the OH and NH
protons, respectively. As expected, the Boc group was not affected byBitted reduction
protocol, and the proton signals were overlapping with thé Hrrotons att 1.47¢ 1.43 giving rise
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to a total integration of twelve protons. Likewise, in tH€ NMR spectrum there was no evidence
of aromatic carbon signals. Since it wagical to monitor the stereochemical integrity of the
compound as the synthesis progressed, the chemical shifts10iG2 and C3 were as usual used
for confirmation of the relative stereochemistry. The signals were observe®at8 for G2 and

1 29,9 andt 19.9 for C3 and G1, indicating that the product was still a 3sgnproduct.

At this point compoundl56 was apportioned into two parts, to symesise the two fragments
separately by converting the alcohol to an amine for one fragment and an aldehyde for the second
fragment. These two fragments would be coupled by reductive amination, and subjected to Boc
and acetonide deprotection to reveal theesired compound. The first step began by converting
the alcohol to an amine by tosylating the primary alcohol as shovtiremes9 using a standard
established proceduré?® 161 Tosylates are versatile substrates for substitution reactions because

they are good leaving groups.

1 3
>< 0770

Ho. I X NHBoc TSOMNHBOC
156 157

Schemes9: TsCl, DMAP, DCM, r.t., 24 h, 83%

Compoundl57was recovered in a yield of 83% as a yellow oil wigpecific optical rotation of

-3.6 (c 0.5, CH¢gJI The expected aromatic proton signals foe ttosyl group were observed as
sets of doub#ts att 7.78 = 8.3 Hz) and 7.34% 7.9 Hz) each integrating for two protons in the

H NMR spectrum. The tosylethyl protons were observed at2.45 as a singlet. In tHéC NMR
spectrum, the aromatic carbon signals were visibleé 444.9,4 132.94 129.8 andl 128.0 with

the tosytmethyl carbon signal at 19.6. The rest of the signals were as expected and the NMR
spectroscopic assignments confirmed the successful tosylation procedure. For this reaction, the
tosylation of the amine was not likelgs it is a carbamate, so not very nucleophilic. As a result

tosylation of the amine was not detected in the recovered product.

The tosyl group on compourihb7was displaced by an azide via a@ §pe substitution reaction
because azide is a strong nucleophile, and the substrate is unlikely to form a stable!&atfsn.
Both the substrate and sodium azide ngedissolved in DMF and heated 80 °C for 3 hours
(Schemes0). Heatingat higher temperatures anlgaving the reaction going on for longer resulted

in decomposition of the product. The desired compoda@was recovered in a yield of 75% as a
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yellow oilwith a specific optical rotation 62.59 (c 0.5, CH}l The initial success of the formation
of the azide was confirmed by IR spectroscopy due to the presence ahtracteristicazide
signal at 2098 crh

1 3
<o oo
Ts0._JL L _NHBoc ~— NSYGKS/!\(NHBOC
157 158

Schemes0: NaNs, DMF, reflux 80C,3 h, 75%

Further verification of the success of the azide substitution reaction was established by the
disappearance of the tosyl signals from & NMR spectrum. There was an observable shift for
the H7 proton signal from 4.02¢ 3.85, where it overlpped with the H4 signal for compound
157to 1 o «@Bilh for compoundl58 overlapping with a single-Bl proton signal. The upfield
chemical shift was expected because oxygen is more electronegative than nitrogen therefore
CHO protons appear more downfield than @Hprotons. The chemical shift change dwea
change in the heteroatom was also apparent as well int#8eNMR spectrum. The7Csignal had
YAINI GSR FTNRY { 157G 21! T8 N G2 FRINHzPECidthetnAlso
confirmed the identity of thedesired conpoundwith a measured mass of 323.1619 (M*H)

The final step for the synthesis of fragment 1 was the reduction of the azide to the amine using
hydrogenation conditions under pressure as showSahemes1. Reduction was only successful

at a pressure of 4 atm, otherwise only the starting material was recovered. No further purification
was necessary for compourdid9apart from filtration to remove the catalyst. Quantitative yields

of the product were recovered as a brown oil with the IR spectrum showing a broagedi at

3353 cmtand the disappearance tiie previously observed azide signal.

1 3
< oo

Ns AL NHBoc HZNMNHBOC
158 159

Schemesl: 10% Pd/C, K ethanol, 4 atm, r.t., overnight, quantitative yield

+fARFGA2Y 2F (KS LINE RdzO( GHand®R BMRispettdscapy. ihe | O C
G7 proton signal migrated frorm 3.40¢ 3.15 for compound.58to 4 2.80¢ 2.52 for compound

159 The €7 carbon signal also migrated from55.1 to4 474. The observed change in the
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chemical shift corresponds with the change in the functional group@atte azide group is more

electronegative than the amine group, giving rise to the observed chemical shifts.

With fragment 1 synthesised, attention wasctised on converting alcohtb6to aldehydel60.

The first attempt employed Mn@in DCM but even after stirring for 24 h, only the starting material
was recovered. The second attempt utilised PCC ground together with silica as the oxidant in dry
DCM?64 165 A green oil was recovered after work up and was porified further for fear of
racemization of the product due to the acidity of the aldehydic proton. HowelidrNMR
spectroscopic analysis showed a very small signal for the aldehyde protont*@ndMR
spectroscopy showed two signals in the aldehydgior. The acetonide peaks suggested that
racemisation had occurred at the positibrto the carbonyl because there were both signals for
the anti-1,3 diol system and signals for tegn1,3-diol system. Oxidation using PCC was therefore
abandoned. Fortunaly, successful oxidation was achieved by usiaf@xybenzoic acid (IBX) in
DMSO as shown i8cheme62. Due to the suspected poor stability of the praduit was not

purified further, but used immediately in subsequent reactions.

1 3
S e
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Schemes2: IBX, DMSO, r.t., overnight, quantitative yield

Confirmation of the desired productlt60 was achieved by staining the TLC plate in
2,4-dinitrophenylhydrazine (2/4DNPH). The recovered compound stained yellow on an orange
background indicating the presence of the aldehyde. In trgp#Rtrum the characteristic carbonyl
signal was evident at 1710 cniThetH NMR spectrum of the crude material showed the aldehyde
peak in the expected region at9.58 as a singlet with an integration of one. The broad singlet for
the amine peak was obsved at!i 4.93 and the rest of the signals were as expected. Mass
spectrometry also confirmed the recovery of the desired product with a measured mass of

274.1647 (M+H)

With the two fragments synthesised, the next step involved coupling compdlb®land
compound 160 via reductive amination as previously describedScheme63 to afford the

pavettamine backbne. Product purification via column chromatography furnished compound
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161as a yellow viscous oil in a yield of 95%. The optical rotation of the pradiscimeasured to

be -10.1 in chloroform at a concentration of 1.03 g/ml. Spectroscopic analysis confirmed the
identity of the product. IR spectroscopy showed a signal at 3362 ordicative of the presence

of an NH group. In thtH NMR spectrum, the siglsafor the H1 acetonide methyl protons, Boc
groups and Fba were overlapping and the multiplet was observed &t.48¢ 1.42 integrating for
twenty six protons. Two separate peaks for the amines were observed4.&4 andi 2.07. The
difference in chenaal shifts of the amine signals is because of the difference in hydrogen bonding
levels between the carbamated G8 and the connecting amine at’C Amines that appear more
upfield experience a greater degree of hydrogen bonding as opposed to thoseapipaiar

downfield.

The'3C NMR spectrum showed the quaternar @t 98.8 whilst the € and @3 signals were
observed att 19.9 and{ 30.0. The chemical shifts for these signals show that $jxe1,3
configuration is still present, therefore racemisation at thgosition had not occurred. The™

and G8signalsweredt pp®n YR + npon NBALISOGA NSdrbdE 4 K|
signals. Only two signals were visible inth@@nge2 ¥ G KS baw &aLISO0 NHzy |
for the G4 and @6 carbons, as expected. The Boc group afidsignals were in the expected

regions as well.
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Schemeb3: Sodium triacetoxyborohydride, 1;DCE, THF, r.t., 24 h, 95%

Elated that the protected pavettamine enantiomer was in hand, the syntheses set about the
removal of the protecting groupslhe finaldeprotection step wasunfortunately not straight
forward as expectedgiven the fact that both the acetonidend Boc group are cleavablender
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acidic conditionsLiterature is awash with different methods for Boc deprotection, and the
conditions employed also generally favour the removal of acetonide gr&8p$! In the steps
preceding the final step, we had discovered that the acetonide groups had been deprotected
(Scheme55) under acidic hydrogenation conditionsherefore the deprotection step was
attempted under similar conditions. Unfortunately, only the starting material was recovered
despite changing the reaction conditions by increasing the pressure up to 7 atm and lowering the
pH with a few drops of HCI iesd of formic acid. The second attempt involved stepwise
deprotection, by first removing the acetonide via hydrolysis witlisOH as the acid catalyst.
Despite refluxing at 60C for over 48 hours the desired product was not recovered, only the
starting material was recovered. Treating compouh@l1 with 20 equivalents of TFA in DCM for

12 hours did not furnish the desired product either and only the starting material was recovered.

A routine deprotection step was turning out to be onetbé most complicated steps of the
synthesis. Further literature research showed that CAN has been used effectively to cleave the
Boc and acetonide groups in carbohydrate chemi&#y.8° Ceric ammonium nitrate functions as

a one electron transfer catalyst inghdeprotection procedures and all the acid sensitive groups
remain unaffected. However, use of CAN as a catalyst under reflux conditions for the removal of
the Boc groups from compouritb1did not furnish the desired product. Deprotection attempts

under microwave conditions also failed to yield the desired prodgfct.

After the series of failed attempts, a procedure typically used for Boc deprotection in peptide
synthesis was employed utilizing trifluoroacetic acid (TFA) and triisopropylsilane (TIPS), with the
assumption that, even though the subsiieavas not a peptide it was just as polar as a peptide,
and the protocol might be successful. The reagents were added together and left stirring at room
temperature overnight as shown i8cheme64. To our delight, TLC monitoring showed total
consumption of the starting material and formation of a new polar product. The padgrity of

the desired polyaminell2 under the acidic reaction conditions complicated the work up
procedure. The reaction was initially diluted with methanol, and excess solvent and TFA were
removedin vacuo The residue was fdissolved in methanol, followed by the removal of solvent
under reduced pressure. After leaving the product to completely dry in the foowal, a yellow

oily residue was recoverdd quantitative yield
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Schemeb4: 95% TFA, 2.5%8, 2.5% triisopropylsilane, r.t., overnight, quantitative yield

Confirmaton of the structure of the desired polyaming&l2 was performed using NMR
spectroscopy. Both the acetonide and Boc group signals were missing frdi M@R spectrum
indicating that the deprotection had been susséul. A multiplet signal for-d and H2 protons
was observed at 4.19¢ 4.10 andt 4.07¢ 3.99 respectively, whilst the-BkL signal was observed
at{ 3.22¢ 3.14. The Haand H5p signals were overlapping at3.10¢ 3.00 with a total integration
of four protons. The Hy signal was a doublet of doublets &t2.88 0= 12.8, 8.9 Hzand the
remaining H3 multiplet signal was at 1.78¢ 1.62.

As expected both the acetonide and the Boc group signals were not present #GHEMR
spectrum. However, aistorted quartet was observed at 163.7 andt 120.3 indicative of the
presence of TFA, suggesting that the desired product was recovered as a TFA salt. This is a strong
possibility because of the basicity of the amine groups present in the prod2etNMR
spectroscopy confirmed the presence of TFA. The remainihd38, G5, G1 and C3 signals were
observed att 64.6,1 63.7,4 52.3,1 44.4 and! 38.9, respectively. All the NMR spectroscopic
proton and carbon signals are comparable to the literature values for pavettamine, even though
for the literature experimental data was acquired ipa¥3 High resolution mass spectrometry
confirmed the mass of the enantiomer of pavettamirfel2 to be 252.1912 (M+H)which is
comparableto the expected mass of 252.1918 (M+Hlhe TFA fragment ion was also present
with a confirmed mass of 115.1227 (M+H§ince the enantiomer of pavettamine was recovered
as a TFA dala comparative analysis of the specific optical rotation between pawatie and its
enantiomer was not performedAttempts to neutralise the salt were unsuccessful, and

reprotection with benzyl groups resulted in product decomposition.

Nevertheless, the conclusive characterisation of the enantiomer of pavettamine was et wi
sheer joy and excitement because this was the first reported total synthesis of this compound.
This work also shows that the same starting material, malic acid can be used for the syntheses of

both pavettamine and its enantiomer. The low overall yielsvas a result of material being lost
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during optimisation of several steps. However, high yields can probably be recovered by

employing the optimised reaction conditions.

2.2.4 A different approach to the synthesis of the enantiomer of pavettamine

112
Given thesuccessful synthesis of polyamidd2 the synthetic approach vgachanged in an
attempt to recover the product as a neutral product, which would allow for comparison of
biological results with those for the naturally occurring enantiomer. The major problem with the
previous synthetic route, was the difficulty facedregcovering the desired product in neutral
form, due to acidic conditions employed in the final deprotection staparl attempt to recover
polyamine 112 in a neutral form, the synthetic route was redesigned from compou2d
(Schemeb5). The new design was in such a way that the final deprotection step would constitute
hydrogenation under neutral conditions to reveal the neutral polyol.rileoto avoid the amine
deprotection step, the coupling of the twe%fragments occurred prior to the introduction of the

terminal amine groups.

<5 0 <5 <5

TFO\/'\/k/S('H: I TFO\/'\/k/OTBS HO\/'\/k/OTBS I
124 Ar
>
0o , 0”0 0”0
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no X _X_ otss N AN _omes  + HMOTBS
fragment A o fragmentB
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OH OH , OH OH

H2N\/-\/-\/N\/k/'\/NH2
112
Schemesh: Alternative synthetic route to compound .12
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Instead of converting intermediat&24to the aldehyde as was done previously, the Pummerer
rearrangement was performed to reveal the alcohol followed by protection of the alcohol with a
TBS group, stable under Birch reduction dtods. The Pummerer rearrangement procedure
shown inScheme66, was employed to recover the alcoH®2in quantitative yields as already
described in literaturé/® In order to recover the alcohol, the aldehyde reduction was
accomplishedn situby adding NaBkafter neutralising the excess acid witbGQ. The product
was recovered as a white solid with an optical rotation2tf.4when the concentration was 0.7
g/ml in chloroform. A broad peak at 3489 @€rim the IR spectrum signified the presence of an

alcohol, confirming that the rearrangement step was a success.

1 3
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Schemeb6: i) TFAA, 2,4;80llidine, MeCN, OC, 30 min; ii) kD, KCQ, r.t., 30 min; iii) NaBk
r.t., 40 min, 99%

From the'H NMR spectroscopic analysis, a reduction in the integration of aromatic protons from
nineteen to fifteen for the multiplet signals at 7.48 ¢ 7.40 andt 7.33-7.16, pointed to the
removal of the tosyl group. The methyl signal for the sulfoxide moietyatsul disappeared, and
instead a broad signal for the OH proton was observed 2tL4. The rest of the signals were as
expected. In thé3C NMR spectrum, there were only four aromatic signals for the trityl group that
were observed at 144.0, 128.7, 127.and 127.0. The methyl signal for the sulfoxide moiety had
also disappeared. The change in the heteroatom attached9drGm S to a more electronegative

O resulted in a downfield shift of the signal frand3.1 to1 66.1. As expected the chemical shifts

for G1, G2 and G3, observedat M PP P> + Py T YR 1 H dsyndhiol 5 S NS

functionality.

Given the challenges encountered with the removal of the Boc group, a different approach was
employed at this point, which allowed the petinlate step to be the acetonide removal and the
final step to be the reduction of the azide groups at the terminal carbon atoms. A quick search of
the literature on alcohol protecting groups that could withstand the Birch reduction conditions

used for theremoval of the trityl group revealed that the TBS group was the most appropffate.
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Compoundl62was therefore TBS protected as showrSicheme67, yielding compound.63 as
a colourless oil in a yield of 97%.
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Schemes7: TBSCI, DMAP, imidazole, DCM, okernight, 97%

IR spectroscopy revealed the disappearance of the broad OH signal previously observed at 3489
cnrl. The newly introduced TBS group signals were observed as a singlétat for thetert-

butyl group and overlapping singlet signals wereeasleed att 0.07 and 0.06 for thetwo methyl

groups in the!tH NMR spectrum. The carbon signals for the TBS group wergs9 andt 18.4

for the tert-butyl andt 5.1 andt 5.3 for the dimethyl groups.

The first attempt for the removal of the tritgroup employed boron trichloride as the Lewis acid.
Use of BGlwas identified as a mild and expeditious method for removal of the trityloxy protecting
group by Jonegt al'’* The procedure proved to be fruitful in selectively unmasking trityloxy
ethers of differentially protected alcohols. These results prompted the application of the method
for the selective trityl deprotection of compmd 163 (Scheme68). Due to the presence of
potentially liable acetonide and TBS groups only 0.6 equivalents of the boron trichloride were

used and the reaction only proceeded for 15 minutes in an attempt to increase the selectivity.

TLC analysis showed the presence of single product, which was morethoathe starting
material indicating completion of the reaction. Unfortunately, purification by column
chromatography vyielded the trioll64 instead of the desired product showing that the
deprotection was not as selective as anticipated. Confirmation of the compound structure was
achieved by both mass spectroscopy and NMR spectroscopic analysis. Mass spectrometry
confirmed the mass to be 251.1670 (M+HBoth aromatic signals and acetonide signals had
disappeared from théH NMR spectrum but the TBS signals were still presen0&2 (s, 9Hand

1 0.10 (br s6H. Similarly there were no aromatic or acetonide signals present it(DeNMR
spectrum wheh shows that both trityl and acetonide deprotection had occurred. The signals from

the TBS group were visible aR6.2,1 18.6,1 -5.0 andt -5.1. Considering that the reaction had
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been performed at a low temperature and for a short period of time, hilit deprotected both

trityl and acetonide groups, shows that the use of:B£hot selective.

> OH OH

o O

——  Ho L L omBs
mro. X _X_otss 2%

163 164
Schemes8; BCi, DCM-30°C, 5 min, 66%

Given the failure of the B&leprotection, the selective detritylation was achieved by employing

the Birch reduction using the previously discussed procedure, as shovdcheme69. The
reactionfurnished compound.65in a yield of 80% as a yellow oil. Both fi€ NMR and théH

NMR spectra confirmed the complete removal of the tritydyp because aromatic signals were

not detectable. The TBS group was unaffected by the Birch reduction conditions as evidenced by
the fact that the groups signals were detected in both spectra. IR spectroscopy showed a broad
signal at 3441 crhindicativeof the alcohol. Mass spectrometry also confirmed the desired mass

of compoundl65to be 291.1985 (M+H)which confirms a structure with1@+s0sSi.
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Schemes9: Na, liquid NH, THF;60°C, 1 h, 80%

With compoundl65in hand, synthesis progressed to the formation of the two desired fragments
AandB (Schemesb) as before, starting with the synthesis of the amine. Conversion of the primary
alcohol into a good leaving group via tosylation, in preparation for a nucleophilic substitution
reaction using an azide, gave rise to the tosylated compolé@ (Scheme70). The desired

product166was recovered in quantitative yields as a colourless viscous oil.
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Schemer0: TsCl, DMAP, DCM, r.t., overnight, 99%

Confirmation of the success of the tosylation procedure was achieved via IR spectroscopic

analysis. The previously observed OH signal had disappeared from the spectrum and a new signal
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for S=0O was observed at 1356-tnThe'H NMR spectrum further confirndethe success of the
reaction due to the presence of the aromatic signals from the tosyl group7a82¢ 7.76 and

1 7.37¢ 7.31. Each multiplet integrated for 2 protons, whilst the tasythyl group appeared as

a singlet att 2.44. There was no sign#ict change observed for the chemical shift of the
remaining signals. In théC NMR spectrum the aromatic carbon signals were observedasin n @y =
I MoOo®nX 4 MHMPPY | YRYSHKwHY OOIZNDRKA f BAIIYTKS |
Epimerisation was naletected in this procedure because the acetonide signals were within the

expected range.

The tosylated tetracl66was subjected to a nucleophilic subatibn protocol using sodium azide

as shown ircheme71. Normally this procedure is performed at temperatures above@0but

in this instance any tempetare above 75°C degraded both the reactant and the product and
therefore the reaction was carried out at 76. The desired azidé7was recovered as a yellow

oil in a yield of 75%, a much lower than expected yield. Product loss could have occurred during
the process of continuous aqueous extraction of DMF, when the diluted reaction mixture had to

be repeatedly washed with brine for owplete removal of the solvent.
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Schemerl: NaNs, DMF, 75°C, 4 h, 75%

For IR spectroscopic analysis the azide signal appeared at 2098amfirming the success of the
substitution procedure. In théH NMR spectrum the aromatiigsals had disappeared and the
multiplet signal for H protons att 4.02¢ 3.94 in compound66had migrated to a multiplet at

1 3.34 ¢ 3.20 in compoundL67, showing that there had been laeteroatom change to a less
electronegative atom. In th€C NMR spectrum the aromatic signals had disappeared as well, and
the G7 signal had migrated from 72.4 tot 55.2. This was the expected chemical shift change

because the @l signals generally appr at chemical shifts below 60 ppm.

Attempts at reducing the azide group under hydrogenation conditions were unsuccessful. The
recovered products could not be characterised, suggesting that the product had decomposed.
This observation did not come as atdb surprise, because as already discussed, previous

hydrogenation attempts of substrates possessing the acetonide protectedidl3unctionality
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had yielded unexpected products which were sometimes completely deprotected. After the failed
attempt, the reduction was successfully effected by employing Liltder anhydrous conditions
(Schemer2). All the side products generated after work up of the reacprecipitated, and they
were removed by filtration with the sodium sulfate. This meant that the desired product was not
purified any further because column chromatography of primary aliphatic amines is tedious and

they tend to have long retention times.
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Schemer2: LiAIH, EO, r.t., 2 h, quantitative yield

The IR spectrum showed the desiredasiginal at 3444 crhand the complete disappearance of

the azide signal. There was a chemical shift change in tAepkdton signals in théH NMR
spectrum from a multiplet at 3.34¢ 3.20 for compound.67to a multiplet signal at 2.76¢ 2.67.

A similar trend was observed in th& NMR spectrum because of the greater shielding effect that
an amine group has as a result of strong hydrogen interactions, in comparison to the azide group.
The G7 carbon signal shifted from 55.2 for compoundl67to ¢ 45.1 for compoundl68. The
chemical shifts of the acetonide signals still agreed witltis expected for a 1;8yndiol system,
confirming that the relative stereochemical integrity of the compound had been upheld to this

point.

With the synthesis of the amine fragment successful, the next step involved synthesis of the
second fragment asither a carboxylic acid or as an aldehyde which would allow for the coupling
to be achieved by amidation or reductive amination, respectively. The initial attempt involved
oxidising compound65to the carboxylic acid which meant the coupling step would be via amide
bond formation. Given the varied options of possible reaction conditions that could be used for
this transformation and the observed results thfis work, possible optimal conditions were
selected as shown iBcheme73.172173 The choice of reagents was based on the inertness of the
other functional groups undethe mild reaction conditions. The procedure would generate the
aldehydein situ, which would be oxidised to the carboxylic acid in tandéhCompoundL65was
subjected to the oxidation conditions, and monitoring by TLC revealed the formation of a new

produd. Considering the high polarity of carboxylic acids, purification was afforded by filtering
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the reaction mixture through a plug of silica. Unfortunately, the recovered product was not the

desired compound but rather a mixture of oxidized products contateid with Tempo.

> <o
—X—> HO OTBS
(0]
165 169

Schemer3: Fe(NQ):.9H0, Tempo, KCI, £1,2dichloroethane, r.t., overnight

It was becoming very evident during this PhD work thegpite the extensive investigations and
methods for performing routine organic chemistry transformations, a lot of these methods are
substrate specific. For some of these methods one can preempt potential problems given the
required reaction conditions ahavoid the methods altogether, but for some of the methods it is
impossible to judge the outcome. Given these findings, it became a matter of trial and error until

the most suitable method was found.

The synthesis of the carboxylic acid was abandoned,rastdad aldehydd 70 was synthesised,
because of the relative success in synthesis of a similar subst8ateeihe74). Previously
employed methods comprising the use of Mp®CC, IBX and the more popular Swern oxidation
did not yield the expected produét> NMR spectroscopic analysis of the recovered material, for
each of the attempts, was for either the starting material or the decomposed product with TBS

signals missing.

After all the tial and error attempts, Dedslartin periodinane (DMP) was chosen as a milder
oxidant with the assumption that the desired chemical transformation would be achieved
(Scheme74). DMP is has stability problems and risk of explosions therefore the oxidant was
freshly prepared from 2o0dobenzoic acid. The use of DMP is considered to be superior for
sensitive substrates because the reactions are performed undérand neutral conditions. TLC
analysis, using 2;4DNPH visualisation confirmed the presence of an aldehyde and, after work up,

the product was not purified further for fear that it might decompose on silica gel.
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Schemer4: DMP, DCM, r.t., overnight, quantitative yield

The aldehydic proton signal was observed .60 in the'!H NMR spectrum, confirming the
formation of the desired product. There were also residual signals from the DMP visible, although
the concentration of DMP was relatively smaller than that of aldehljdi@ The carbonyl signal
was att 201.1 in the3C NMR spectrum, as expected, confirming the successful synthesis of the

desired fragmenB.

Once synthesised, the two desired fragments, anié8 and aldehydel70 were subjected to
reductive amination for 24 hours under inert conditions with the amine in excesise(me75).
Addition of excess amine is nhecessary because in the presence of sodium triacetoxy borohydride
the aldehyde can be reduced back to the alcohol. Given the competing reaction, excess amine
ensures that the desired reductive amination cgian is favoured. After purification the desired

compound was recovered as a yellow oil in a yield of 73%.
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Schemer5: Sodium triacetoxyborohydride, 1;2lichloroethane, r.t., 24 h, 73%
Due to the symmetry offte recovered compouni71, a single set of signals was expected in the
NMR spectra. The broad NH signal was at99 in the!H NMR spectrum whilst the-A protons
were observed as a set of doublets of doublets &.68 (dd,J= 12.0, 7.4 Hz) an2.60 (dd,J=
12.0, 4.0 Hz The H8 proton signals appeared further downfield as expected because they are

attached to a carbon attded to oxygen. The presence of a chiral centre onttarbon results
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in the H8 protons being diastereotopic, hence the reason why they were also observed as

separate doublet of doublet signals‘at3.65 (ddJ=10.1, 5.2 Hz) and3.46 (ddJ=10.26.0 H2.

In the'3C NMR spectrum, the signals of great importance were the acetonide signals because they
confirm the stereochemical integrity of compouddl The €l and G3 signals were observed at

1 19.9 and 30.0 whilst the € signal was dt 98.6. The acetonide chemical shift values confirmed

the presence of the 1;8yndiol system in the recovered product. The7Gignal was at 55.1,

and since tlere was no evidence of the aldehydic carbon signal for compa@@end no sign of

the G7 signal for compound68at+ 45.1, the coupling was a success. Th& @ the carbon

signals were as expected.

The remaining steps proved to be the rate determining steps of the whole project, because of
significant product losses during purification, due to the high polarity of the compounds. Removal
of the TBS group wasasily achieved by employing TBAF in THF in under 4 Hacher(e76).

Work up of the reaction involved quenching the reaction with ammonium chloridiavied by
recovering the desired compourid’2 by extracting the aqueous layer with DCM. Unfortunately,
only the TBS side product was recovered in the ocigkyer whilst the desired product remained

in the aqueous layer. On the second attempt, work up of the reaction was achieved by adding a
slight excess of ammonium chloride. The reaction mixture was dried og&QNand the mixture

was extracted with DK2. After the removal of excess solvent, the crude product was not purified

any further.
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Schemer6: TBAF, THF,C, 4 h

'H NMR spectroscopic analysis was not conclusive as the side product signals from the TBAF were
more dominant in the spectrum and the signals also overlapped with those from the desired
compound. It should be noted that there were no TBS signals that wsitde; suggesting that

the deprotection procedure had been successful. H&NMR spectrum was more enlightening

and showed the desired signals, with th& Gignal at 99.3, G6 at4 69.2,G8 at! 65.3,G4 at!
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64.4,G7 at 4+ 51.7,G5 att 30.3,and G1 and G3 at! 29.8 andt 20.2. These results, although

not conclusive, provided some confidence that the desired product had been recovered.

By this stage only a small quantity of the product was recovered but there was hope that the end
of the synhetic route could be reached with the amount of product that was recovered. Crude
compound172 was tosylated using the already described procedure as shovcheme77.
Purification of the desired compourid’3allowed for the successful removal of the side products
from the previous step. When the ninhydrin stain was used for amine visualisation, the desired
compound tested negative which suggested that tosylation had occurred on both the amine and
hydroxylgroups. The desired compound was recovered in a yield of 76% whilst IR spectroscopy

did not indicate the presence of either the alcohol or the amine groups.

1 3
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Schemer7: TsCl, DMAP, DCM, r.t., 24 h, 76%

In the'H NMR spectrum, two sets of aromatic signals were observed for the tosyl protons as a
multiplet at+ 1 @496, and a doublet at 7.41 withJof 8.2 Hz for theD-tosyl and a total
integration of eight protons. Thi-tosyl signals were at7.82¢ 7.75and+ 7.34as a doublet with

J= 7.9 Ha@iving rise to a total integration of four protons. The tesythyl singlet signals were
observed as singlets at2.49 andt 2.45. In the3C NMR spectrum, the tosyl methyl signals were
ati 21.6 andt 21.5. The characteristicZsignal was still in the expected rangel 88.9 whilst

the G7 signals showed the downfield migration from64.3 in compoundl72to 4+ 72.1 in
compoundl73.

Approximately 18 mg of compouri 3was recovered and the tosylated product was subjected

to a nucleophilic substitution reaction with sodium azide as show®cimeme78. After removal

of excess DMF only minute quantities of the crude product were recoverable and NMR
spectroscopy was performed on the crude material to assess whether the desired compound was
present. The'H NMR spectrum was not conclusive at all and thereewnore signals observed

than was expected for compouri4. The'3C NMR spectrum showed the expected characteristic
signals for the desired product plus many more unidentified signals in the aliphatic region.

Generally for the nucleophilic substitutiseaction of the tosyl group with azide, the side products
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generated are extracted in the aqueous layer. From the crude NMR spectrum it was evident that
other side reactions had occurred and any attempts to purify the minute quantities of product did
not change the outcome. At this stage of the project, we were faced with a difficult decision of

changing the route, synthesising more starting material or postponing for future work.
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Schemer8: NaN;, DMF, 75C, 4 h

Despite not being able toecover the desired enantiomer the alternative route proved viable as
well and there is definitely room for optimising some of the steps. Further attempts at

synthesising a neutral enantiomer of pavettamine were postponed for future work.
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2.3 Synthesis of pavettamine

The synthetic approach of the-ID pavettamine backbone developed in this work was also
applied for the synthesis of pavettamine, to ascertain whether the recoverable yield could be
improved. Synthesis of pavettamine started from corapd 162, transforming the substrate into

two fragments by converting the alcohol into an amine for fragment 1 and an aldehyde for
fragment 2 Scheme79). The two fragments were coupled by reductive amination followed by

transforming the alcohols on the terminal carbons into amines.
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Schemer9: Synthetic route for pavettamine

The synthesis of pavettamine also utilised malic acid as the basic starting material, and a similar
synthetic protocol was employed for synthesis of theotfvagments up to compound62
Fragment differentiation occurred on the®side of compound75. To achieve this, the amine

was synthesised by first tosylating compoul@l as shown irScheme80 ensuring that the OH
becomes a good leaving group. Tosylated alcdfidlwas recovered in a yield of 75% as a white
solid and the IR spectrum showed the total disappearance of the alcohol signal atr8489

confirmingthe success of the tosylation step.
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TrO\)\/'\/OH hX

162 175
SchemeB0: TsCl, DMAFDCM, r.t., 24 h, 75%

In thelH NMR spectrum, there was an increase in the integration of the aromatic signals from 15
protons to 19 protons whilst the expected methyl singlet for the tosyl group was2a42. The

13C NMR spectrum also showed an increase in the number of aromatic signals, whil& sign@l
migrated fromt 66.1 in compound.62to { 72.4 in compound.75. The chemical shift indicates
that the G9 carbon is now experiencing a greater deshielding effect due to the increasing
electrophilicity of the carbn atom. This increase in electrophilicity of the carbon atom, coupled
with the good leaving tendencies GFtosyl enables nucleophilic substitutions to proceed quite
easily. The remaining newly introduced methyl carbon signal for the tosyl group wayvethsdr

1 21.6.

After tosylation, compound 75, the tosyl group was easily substituted by azide, using the already
described synthetic protocol as shown$cheme81, yielding compound.76in a yield of 97%.
The IR spectrum showed the characteristic azide signal at 2096comfirming the success of the
substitution reaction. The total integration of the aromatic signals desedafrom nineteen
protons to fifteen in the!H NMR spectrum, indicating the removal of the tosyl group. The
previously observed methyl signala?.42 had also disappeared. Instead, a chemical shift change
for the H9 signals was detected from4.03¢ 3.88 for compound175, to a multiplet att 3.37¢

3.19 and a doublet of doublets at3.05 for azidel76. The observed chemical shift change is as

a result of the change in heteroatom from oxygen to nitrogen.

1 3

>
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175 176
Scheme81: NaNs, DMF, 95°C, 4 h97%

In the3C NMR spectrum, a reduced number of aromatic signals were observed, and only the four

signals expected for the trityl group were found{ati44.0,4 128.7,4 127.8 andt 127.Q0 The
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previously observed methyl signal from the tosyl group &1.6 was not detected. Given the
heteroatom change on the-@ carbon, the expected chemical shift change was observed from
72.4 for compound.75to 1+ 55.2 for azidel76.

The final step for revealing the amine fragment involved reduction of the azide using Wil
anhydrous conditions as shown $themeB2, yielding the desired primary amirié4, in a yield

of 94%. The described method was chosen for the synthesis of primary abdn@s opposed to

the previously employed approach shownScheme52 to Scheme56, because the procedure

was shorter and higher yielding. Comparison of the spectroscopic data from the IR and NMR

spectra of the products from the two procedures showed that the same compound had been

synthesised.
1 3
>< 0 o
— -~ Ph__ O NH
TI‘O\/'\/'\/N3 ph~ 18 \7/GK5A!\9/ ?
Ph
176 154

Scheme82: LiAIH, E&O, r.t., 2 h, 94%

After the successful synthesis of the amine and aldehyde fragments, aldé&yidend primary
aminel54were coupled via reductive amination as showistheme83, yielding compound.77

and compoundl178 The synthetic approach had proved to be dedable as shown in the
previous reactions hence it was decided that there was no need to change a winning formula half
way through the game. The reaction was carried out in the presence of molecular sieves as a
dehydrating agent, preventing the hydrolys$ the imine intermediate. Reductive amination
reactions are generally slow, therefore the reaction was allowed to proceed for 48 hours. The
reaction was repeated a few times so as to increase the quantity of material before proceeding
further and it wasshown to be reproducible. TLC analysis of the reaction mixture showed
formation of two new products, with one product being significantly more polar than the other.
The products were purified and separated by column chromatography, giving a combined best
yield of 78%.
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SchemeB3: Sodium triacetoxyborohydride, 1;8lichloroethane, r.t., 2 d, 78%

The specific optical rotation for compourdd 8, with the higher Rvalue was determined to be

- 11.1in chloroform when the concentration was 1.0 g/100which is significantly different fro

the literature value 0f33.553 An optical rotation 0f16.6 (c 0.87) was measured for compound
177, with the lower Rvalue, which was still much lower than the expected literature value. These
results were puzzling considering the fact that no racemisation of the precursarsbéean
observed up to this point, even when the reductive amination procedure was employed for the
synthesis of compountiland compound 71 Where racemisation had been observed sufficient
care was taken to excludee undesirable epimers from the synthesis by changing the synthetic

approach.

The characteristic NH signal was not detectable in the IR spectrum, despite the positive response
for amines when the TLC was stained in ninhydrin for both compounds. NMRasoeqdic
analysis of the recovered compounds confirmed formation of new products because the observed
chemical shifts were neither for the starting amine, aldehyde nor for the alcohol. Comparative
analysis of theH NMR spectra for the two compounds showmnFigure29 revealed the main
difference between the two compounds to be for the7Hprotons. They were observed as a set

of doublets of doublets at 2.72 (J= 13.7, 6.3 Hz) and2.60 (J= 13.7, 4.6 Hz) for compoudd§,

whilst for compoundl77l Y dzf GALJX SO &A 3y | ¢2.6% Thed obBedvadSmemiGaR | i
shifts for both compounds are in the expected region for protons attached to a carbon atom

carrying N and the remaininggsals were not significantly different.
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Compound 55
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Figure29: StackedH NMR spectra for compounii77and compoundl78

However, marked differences were observed between the chemical shifts of the two recovered
products in the'®>C NMR spectra as shown Tiable 4. The greatest difference observed was
between the & &aA3dylfa GKSNBoe (GKS aArxaylf gl a @&aana:
uncharacteristic for CN carbon signals, for compoi®@ and at{ 54.2 for compoundl77.
Comparison of the experimental data with the literature values showed that compaudidvas

the desired compound because the rest of the other signals were as expg&dtésinot clear why

the specific optical rotation was lower than expected, as all other experimental data supported
the structure for compound.77. All the experimental results presented a new challenge of fully

identifying compoundL.78and establishing why it was being formed.

Table4: A comparison fof3C NMR shifts for compounii77and compound178
Gl G2 G3 G4 G5 G6 G7 G8

299 682 321 673 542 67.2

(ohlnllolisoiVAEEIN 19.9 | 98.7

hleelilile EERE 200 983 302 690 326 686 624 67.6
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Mass spectrometric analysis also confirmed the expected mass of the desired compouind

be 818.4421 (M+H) Analysis of the fragmentation pattern for compourdd8 showed the
expected base pealf the desired mass 818.4407 (M+Hjlong with other fragments which could
not be explicitly identified. From these results it was evident that nitrogen was bonded or
coordinated to another atom. PredictiVvéC NMR spectroscopic data suggested that thegen

in compoundl78was attached to a boron atom and this hypothesis was loosely supported by the
HRMS results. High Resolution -ESl showed two major fragments, one for the expected
molecular weight of the desed compoundlL77, 818.4407 (M+H) plus a second fragment with a
mass of 846.4720 (M+H)The difference between the two masses is equivalent to the nuddec
mass ofa BHs fragment, agreeing with what was suggested by predicti@® NMR data. To
eliminate the possibility that the nitrogen was attached to a metal, a sample of compbu@dd
was treated with TMEDA for two days. The recovered product was analysed using NMR
spectroscopy but there was no observable change in the chemical shift ofTheatbon signal.
From this point onwards, the two compoundere treated separately towards the synthesis of

pavettamine.

Removal of the trityl groups on compoudd7was not as trivial as expected and the recovery of
the free alcohol was nearly impossible. Despite the considerable number of deprotection
procedures available, only a few methods were applicable for this substrate because the rest
would have deprotectethe acetonide groups as well. The first attempt employed hydrogenation,
but the desired product was not recovered even after increasing the pressure to 5 atm. All the
other reaction conditions employing the use of CAN, ZnBiGl, NaHS®@SIQ etc., did rot avail

the trityl-deprotected alcohol. Successful deprotection was only achieved under Birch reduction

conditions, as shown iBchemes4.

T"OM'\/'\/N\/:\/:\/OTr HO\)\/’\/N\/:\/:\/OH
177 179

SchemeB4: Na, NH, THF;60°C, 1 h

Unfortunately, compound.79was recovered in minute quantities despite recovering quantitative
yields of the tritylalcohol side product. The high polarity of the product contributed to the

difficulty of the recovery process regardless of the absence of aqueous media during workup. Even
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though the precipitate recovered after quenching the reaction with solid@as vashed with
copious amounts of DCM the desired compound could not be recovered in meaningful yields. The
experiment was repeated three times, varying the workup conditions, but only the trityl side

product was recovered.

It was evident that the deprotectiostep proceeded successfully but the desired product was
unrecoverable from the reaction matrix. NMR spectroscopic analysis revealed the desired signals
plus the presence of other side products. Instead of attempting to isolate comptudfdthe

crude mixture was treated with tosyl chloride in the presence of b&sbémeB5). The reasoning
behind this strategy was that the alcohol groups on compol#g@would be tosylated, yielding

the less polar compound80. Indeed the approach yielded promising results, but the best
recoverable yield from this procedure was only 28%. Structure confirmation was achieved by NMR
spectroscopic analysidd NMR spectim showed aromatic signals as multipletstat.82¢ 7.74

(m, 4H), 7.74 7.62 (m, 2H) and 7.387.15 (m, 6H)The total number of aromatic protons indicate

that tosylation had occurred on both the alcohol groups and the nitrogen atom. After three failed
attempts of improving the yield, it was evident that a different trtidprotection approach would

be more appropriate. Due to the low quantities of the product no further transformations were

performed on compound.80
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Schemes5: TsCl, DMAP, DCM, r.t., 24 h, 28%

In an attempt to determine the nature of the moiety attached to the central nitrogen atom of
compound178, the substrate was subjected to subsequentaans with the assumption that

the group would either fall off or would be transformed into a group that could be easily removed.
Compoundl78was subgcted to trityl deprotection using previously described methods as shown

in Scheme86. The desired product was recovered in a dismal yield of 35% desmtgitative

yields of the trityl alcohol side product being recovered as well. This suggested that product losses
were incurred during work up and purification of the reaction due to the high polarity of the
compound, or that the compound decomposed in fir@ecess. The same recovery problems were

encountered in the synthesis of the enantiomer compou@and compoundL79.
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SchemeB6: Na, liquid NH, THF;60 °C, 1 h, 35%

The broad peak indicative of OH was visible at 342% iecnthe IR spectrum, and confirmed the
successful removal of the trityl group$d NMR spectroscopy revealed complete disappearance

of aromatic signals, whilsttheyd aA 3yl &1 & 20 &S NIASR5 andithell? Y dzf
aA3IyYylf a 28818c d (12.¢1R 2.48as two multiplets overlapping with the alcohol
peaks. In thé3C NMR spectrum thee¢ & A 3y I 66.0and A slightichange in the chemical

shift was observed for-€ ¥ NR Y 1 61.8far®ompadurdil81 The group attached to the

amine was still intact and it is also critical to mention that there were no extra carbon or proton
signals observed, which eliminated the pbddy of alkylation of the amine being responsible for

the anomalous results. From here onward, the yields were calculated based on measured mass.
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SchemeB7: TsCl, DMAP, DCM, r.t., 24 h, 98%

The primary alcohols 0f81 were tosylated as shown i®&cheme87 in preparation for the
nucleophilc substitution reaction with azide. As expected, the reaction proceeded without any
hindrance and a quantitative yield of the tosylated prodd&2 was ecovered. A new set of
aromatic signals was observed in tHd NMR spectrum representative of the tosyl group as
R2dzo f SGa&Jr Gr ¢y 11 dh TOY= BF HR). A singlebtosgiethgl singlet was evident at

1 2.44 and the H signals were observesk a doublet of doublet 2.66 0= 13.5, 5.9 Hz) and a
multiplet at1 2.59¢ 2.47. Thé3C NMR spectrum also showed a single set of aromatic signals at
145.0, 132.9, 129.9 and 12&6ad the methyl signal from the tosyl groups was observedzit.6.

From the NMR spectroscopic analysis it is evident that tosylation only occurred on the alcohols
and not on the amine suggesting that the group attached to the nitrogen had not been displaced

by the tosyl group.
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Subsequent nucleophilic substitutiori the tosylated product with the azidé&s¢heme38) made

way for the introduction of the amine functionality at the terminal carbon atoms. The reaction
proceeded as expected, however a low yield of 48% was recovered after work up. Removal of
DMF by repeatedly washing with a saturated brine solution could have resulted in E&de
dissolving in the aqueous layer. The group attached to the amine could have increased the polarity

of the desired product, increasing the chances of the product being extracted into the agqueous

layer.
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SchemeB8: NaNs; DMF, 95°C, 4 h, 48%

There was no indication of aromatic signals or the tosyl methyl signal ifHi¢MR spectrum,
confirming the success of the substitution reaction. There was an observable change in the
chemical shift of the ¥ proton signals from enultiplet at1 4.03¢ 3.87 for compoundl82, to a

more upfield chemical shift value 6f3.23 as a doublet with a coupling constant of 5.1 Hz for
azide183. For the’*C NMR spectroscopic analysis, just as fortHh&lMR spectrum, no aromatic
signals were detected. The8&peak had migrated from 72.4 for the precursor molecule to

55.1 for compoundl83 The observed change in the chemical shift is indicative of a heteroatom

change fronOto N at the G8 carbon centre.

During the course of this research, the acetonide group had been removed under hydrogenation
conditions on two separate occasions, under both acidic and neutral conditions. An assumption
was made that the same outcome was going tcalbhieved in the experiment shown 8theme

89. However, only the azide was reduced under neutral conditions, while the acetonide groups
remained intact,to our disappointment. The reasoning behind this approach was that if the
reduction and the removal of the acetonide groups could occur under hydrogenation conditions
the desired product could be easily isolated in neutral form. All therogucts could hen be
removed by either filtration, or by evaporation under reduced pressure, allowing for the recovery
of the desired product under neutral conditions. Acidic hydrogenation conditions did not furnish

the desired product either.
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SchemeB9: 10% Pd/C, K ethanol, 5 atm, r.t., 5 h, quantitative

NMR spectroscopic analysis showed that the acetonide group was still present. i IR
spectrum the acetonide methyl group peaks were overlapping with tHiegtioton signals at

1.51¢ 0.82. Surprisingly, the-Z signal was at 100. 6 but as shownybRychnovskegt al.®® and

the results for this work the chemical shift for the2Gignal is expected to appear under 100 ppm

in the3C NMR spectrum. Howevehe G1 and G3 signals were at 20.2 and 30.4 characteristic

for a 1,3syndiol. The only explanation that can be offered at this point is that the group attached
on the central nitrogen atom might have an influence on the chemical shiftfT@echemical
shifts for C1 and G3 confirmed integrity of the relative chemistry of the diols which eliminated
the possibility of the presence of amti relative stereochemistry. The&signal was observed at

1 44.8 fromi 55.1 which shows that the reduction of the azide group had been successful. The

chemical shift of the € signal had not changed whilst the rest of the signals were as expected.

Based on the NMR spectroscopic results it was evident that acetonide depooteance the 1,3

diol moiety with a € symmetry has been introduced, was proving to be a challenge again. Based
on the results from the synthesis of pavettamine and its enantiomer it is safe to conclude that
once the terminal amines have been introdu¢cegmoval of the acetonide group becomes

increasingly difficult.

Compoundl84was subjected to two different protocols in an attempt to recover pavettaarin

neutral form. The first attempt involved hydrolysis with catalytic amounts of acid as shown in
Scheme90 but despite extended reaction time and $lity elevated temperatures only the
starting material was recovered. The second option was a longer route involving benzyl protection
of the primary amines to give compoud@5. The crude product would be subjected to stepwise
deprotection beginning with the acetonide but, unfortunately, the reaction was not successful.
The product decomposed and only the benzyl signals were evident after NMR spectroscopic
analysis. It was becoming increasingly obvious that once the dimer has been synthesised, the
acetonide groups need to be removed before introduction of the amine groups, otherwise harsher

conditions would be required or the acetonide groups could not lveaeed.
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pavettamine
Scheme90: Attempted deprotection of compoundl84
At this stage of the project with potential pavettamine in hand, efforts shiftecusto the
synthesis of the reducedunctionality analogues. By now, methods for the synthesis of
pavettamine and its enantiomer had been developed and could be modified for the syntheses of

the analogues.
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2.4 Synthesis of the reduced functionality analogues.

For a structure and activity study of pavettamine there i® need to synthesise reduced
functionalty analogues. The targeted reduced functionality analogues comprised of one hydroxyl
group on the & backbone, and the synthesis incorporated synthetic methods already described
in this project in section®.2 and2.3. The synthesis was first broken down into preparation of four
target fragments all possessing a hydroxyl meabstituted G5 linker, with arRconfiguration at

the stereogenic centre from the same starting materkilgre30). All of the compound487,

188, 189and190could be easily synthesised from the same starting material, which in turn would
significantly educe the number of synthetic steps. It was envisioned that once the fragments had
been synthesised, coupling to form the polyamines with thEO(avettamine backbone would
easily be accomplished via reductive amination. Given the difficulty associatedemprotection

of amines and alcohols once thelQ pavettamine backbone was unveiled, benzyl protection was
chosen for both amines and alcohols. It would allow for the simultaneous deprotection of the

amines and the alcohols in a single step, revealegdesired compounds.

OBn OBn
OBn BnHN H OBn H NHBn
BnHN .~ __NH, HN .~ _NHBn
o) @)

187 188 189 190

Figure30: Reduced functionality fragments

Methyl-4-chlorobutyratel91was initially chosen as a suitable starting material because it allowed
for the sequential functionalisation towards the reduced functigtyafragments. The chloride
group could be easily ssbtuted with either an azide group, which would be reduced to unvell
the desired amine, or substituted with the hydroxyl group, which would be oxidised to reveal the
aldehyde. The ester functionality acted as a handle for the addition of the chiraligielfaxxiliary,
which would be used for chiral induction during the reduction of the carbonyl group. As already

discussed, the sulfoxide group would allow for further functionalisation of the molecule.

The initial step involved addition &methykp-tolylsulfoxide137to methyk4-chlorobutyrate191
at-40°C and theest of the experiment was carried out as previously descr{gethemed1). TLC
analysis showed formation of a new product but the spot waglating with the sulfoxide spot.
Varying the mobile phases did not result in any change, which meant that purification of the

desired product yielded compouritb2as a white solid in a very low yield of 14%, with a melting
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point of 116¢ 117°C. The low yield could also be as a result of the acidipidtons which could
potentially react with the excess base present. An intramolecular reaction would ensue whereb
the generated anion wdd attack the electrophilic 6 carbon resulting in formation of another
product. HRMS confirmed the presence of the desired product with a measured mass of 258.0558,
as expected. IR spectroscopy showed the characteristic aror@atH signal at 3016 ct

indicating the successful addition of the sulfoxide.

O O
O I
O O b e
g N S g
CIMO/ - C'Mg"": 3\5/£1\3)2K1/ \P-t0|y|
5 3 1 \p-tolyl
191 192 199

Schemedl: a) Rmethyl-p-tolyl sulfoxide, LDA, THF/8°Cc¢r.t., 2 h, 14%; b) Napj DMF, 95°C,
4 h, 16%

In the'H NMR spectrum of the chlorinated sulfoxiti2, the aromatic protons from the sulfoxide
ANRBdzL) | LIJISEF NBR I a JI-B3 HAaddzo.3594 &0 Hz)iwhilst the mgihgl 0
singlet from the tolyl group was &t2.42. The set aloublets indicative of the H protons showed
strong second order effesand the signals were visible @8.86 = 13.3 Hz) and 3.79 0= 13.3

Hz). The rest of the signals were as expected. Aromatic signals were obsetvedZaB, 139.5,
130.2 and 24.0 whilst the tosyl methyl carbon peak was ‘a21.5 in the*C NMR spectrum,
confirming the success of the sulfoxide addition. The characteristic carbonyl peak was in the

expected range at 200.4.

Despite the dismal yields, compou@2was subjected to nucleophilic substitution with sodium
azide under reflux, and compourit®4 was recovered in a poor yield of 16%. After purification,
apart from the desed product, a significant number of side products which could not be
identified, together with a sulfoxide side product were recovered, but no starting material was
observed. NMR spectroscopy was used to confirm diemtity of azidel94. There was a ght
upfield shift in the!H NMR spectrum for the-B triplet signal, from 3.51 tol 3.26 for azidel 94,

with a coupling constant of 6.6 Hz. The set of doublets previously observed forthardions
was now a singlet at 3.61. In the3C NMR spectrum the expected change in chemical shift for
the G5 signal, because of the heteroatom change, was observed frd$9 for compoundl93

to1 44.5 for compound 94. However, the biggest chemical shift change observed was for-the C
1 signal, fron1 67.9 tol 44.5, but the reason for the huge shift is not very clear given the fact

that the heteroatom change occurredidbnds away. The only elgmation that can be offered is
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that there is a conformational arrangement change which causes théote in a shielded zone

perhaps of the newhnstalled azide functional group

Instead of pursuing this approach and attempting to optimise yields, an alternative route was
chosen at this early stage. For the new synthetic roatbutyrolactone 194 was used as the
starting ester for the addition of the sulfoxide auxiliary as showdhemed2. Alternatively, ring
opening of the lactone under basic conditions can occur first in a separate step. The recovered
carboxylate salt is subjected to methylation revealing the ester followed by the addition of the
suffoxide auxiliaryt’® For this work, however, the ring opening &fbutyrolactone 194 and
sulfoxide addition to reveal compouri®5was achieved in a single step, with recovdeajields

of approximately 63%Schemed2). The reaction yield was probably higher, but the sulfoxide and
compound195have similar Rvalues, complicating the recovery process to the extent that even

gradient elution could not completely separate the two compounds.

0] I

+ /é...l: HO\/“\/!\/S‘-,,,_.
[}o Y-tolyl ° 3 1 Dpolyl
194 137 195

Schemed2: LDA, THF78°Cq¢r.t., 2.5 h, 63%

Despite the difficulty in product isolation, reasonable product yields were recovered.
Confirmation of the product identity was achieved firstly by the broad OH signal at 339200h

the carbonyl signal at 1710 chin the IR spectrum. Thi#d NMR spectrum showed the aromatic
tosyl protons as two multiplets, due to slight contaminatiotharesidual methyp-tolylsulfoxide,

at! 7.58¢ 7.49and+ 7.37¢ 7.27, giving rise to a total integration of four protons. The tosylmethyl
singlet was visible at 2.40, integrating for three protons. A broad singlet peak for the alcohol
group was at 5.58 and the remaining signals were as expected. In't#8eNMR spectrum the
aromatic signals from the @iubstituted tosyl ring were at 142.2,4 141.94 124.1 and 124.Q

and the tosyimethyl peak (&) was observed at21.4. The characteristic carbgircarbon signal

was att 202.2 whilst the € and G5 signals were at 67.8 andt 68.3, respectively.

The primary alcohol df95was TBS protectedhemed3) yielding compound96in a poor yield
of 50% as a viscous girobably as a result of the presence of side products carried through from

the previous reaction. However, because of the orthogonal protection requirements of the
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alcohol and amine groups for this synthetic route, there were limitetiomg of compatible
groups, forcing the use of the TBS group. IR spectroscopic analysis showed the disappearance of
the broad OH peak previously seen at 3392'cithe HRMS data confirmed the desired mass to

be 355.1754 as the (M+Hpn.

(0] (|)| . (0] IO|
Ho_~_J_ s TBso.__~ s
\ PN
p-tosyl 5 3 ' Tp-tosyl
195 196

Schemed3: TBSCI, imidazole, DMAP, r.t., overnight, 50%

The newly added TB&rt-butyl proton signals were observed{a0.87 as a singlet integrating for
nine protons, and the dimethyl signal was also a singleta02 integrating for six hydrogens. An
interesting observation was noted for the Hproton signal as shown igure31. The peak looks

like a quartet but measuring the coupling constants shows that there are two doublets with a
coupling constant of 13.6 Hz exhibiting strong second order effects because oasiterdotopic
nature of the H1 protons. In the**C NMR spectrum the TB&t-butyl signal was at 25.9, the
TBSquaternary carbon signal at18.3 and the remaining TES(CH) at1 -5.4. The rest of the

remaining signals were as expected.
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Figure31: 'H NMR spectrum for compountio6
The TBS protected alcohol was subsequently subjected to chelatidroted stereaselective

reduction, using DIBALH as the reducing aggohémed4), giving the alcohdl97in an excellent
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yield of 95%. Scaling up the reaction from a gram to 5.00 g reduced the average yield to 67% and
therefore, the reductions were not performed on a scale greater than 1.00 g. The apti&atbn

of the product was measured to be +11%5.@&vhen the concentration was 1.0 g/100 ml in
chloroform, showing that at least the recovered product was not a racemic mixture. A broad peak

evident at 3337 cmi in the IR spectrunsignified the presence an alcohol in the recovered

compound.
o 0 OH O
tBso_~_H s )iy TBSO AN S
\ = DAY
p-tosyl p-tosyl
196 197

Scheme94: i) ZnC, r.t., 2 h; i) DIBALH, THH8°C¢r.t., 2 h, 95%

H NMR spectroscopic analysis was performed, to confirm whether the observed alcohol signal
was asaresult of TBS deprotection, or a successful reduction procedure. The spectrum showed
the presence of the TBS signals &89 as a singlet integrating for nine protons, and overlapping
singlets at 0.050 and 0.052 integrating for six protons. The newdyealed multiplet signal for

the H2 proton was evident at 4.21¢ 4.08 and a doublet was observed for the OH signal at
4.24 0= 2.3 Hz)TheCOSY NMR spectrum showed that the doublet was as a result of the OH
coupling with the 2 proton. The HL sgnals were now a set of doublets of doublets &.03(J
=13.1, 8.8 Hz), and a2.78 0= 13.0, 3.1 Hz). In tH€C NMR spectrum the carbonyl signal fer C

2 had been replaced by a signalkaf8.1 signifying a carbon atom attached to oxygen, and the

remaining signals were just as expected.

After the selective reduction of compourdi®6 had been achieved, the next step involved benzyl
protection of the seondary alcohol using benzyl bromide, as showadhemed5. Before settling

on NaH as the preferred base, other milder bases such@&kKnder reflux were employed to

no avail, as only the starting material was recovered. Employing NaH at room temperature gave

rise to the elimination product$98and199together with 26% of the desired produ200.
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Scheme95: 1. NaH, BnBr, THF, r.t. 12 h, 26% yield for compo2®@ 2. NaH, BnBr, THF°C,
96% for compoun00

The identity of the elimination products was confirmed 1y NMRspectroscopyfirstly by the
presence of the alkenyl protons in the expected range. In generalirtres isomer olefinic
protons aremore deshielded than for theisisomer. Unfortunately coupling constants of the4H
signals of the isomers could not be used de¥trans assignment because they were not clearly
resolved. Therefore, compourtB8was assigned to be thieansisomer because the # signal
was more downfield at 5.87¢ 5.72, and compound99to be the cis isomer because thedH
signal was more upfield at5.65¢ 5.61. The elimination mechanism is not clear but it is suspected
that elimination occurs on the desired produ#0. The recovered alkenes were not the expected
elimination products. Thét+5 protons for compound®00 are susceptible to deprotonation by
virtue of being" to an electropositive carbon atom whilst the OBn becomes a leaving gifdiip.
should result in an elimination product with conjugation to the S=0O bond howevavas
therefore surprising noto recover an alkene conjugated to S#3.already mentioned the reason
behind this outcome is not clear at this stagée olefinic carbon assignmemgre confirmed by

HSQC NMR spectroscopy as showrigure32.

Table5: H and'3C NMR spectroscopic chemical shifts for compourg8and compound199

Compound198 1 5.44¢5.27 1 5.87¢5.72 1117.6 1 135.1

Compoundl99 | 1 5.42¢5.27 1 5.65¢5.51 ‘ 1118.8 ‘ 1 136.8
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The HRMS results for the two isomevsre similar as expected, 339aB(M+H) for compound

198 and 339.1814 (M+Hjor compound199, both with a calculated mass of 339.1809 lé
specific optical rotation for the two isomers was significantly different. fféwes-isomer was not
pure becausef co-elution problems with an unidentified side product, and the measured specific
optical rotation value was +29.8 (¢ 2.05) in chloroform. disessomer was recovered in pure form,
therefore the specific optical rotation value is more accurate, anehg measured to be +1.90 (c
2.10) in chloroform. The elimination of the alcohol group meant thatrecovered products were

no longerof any use in the synthesis of the desired compounds.
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Figure32 HSQC NMR spectrum for compouh@9

A modified reaction was carried out at°’G on a onggram scaleThe desired producf00, was
recovered in an excellent yield of 96%, as a colourlesgtbila measured spafic optical rotation

of +85.2(c 0.56) indicating optical activityfhere was a marked increase in the integnatof
aromatic protongto nine hydrogensthe total sum of the benzyl and the tosyl group protoims,

the 'H NMR spectruniThe fact that the benzylic protons are 2 bonds away from a stereogenic
centre means that they are chemically equivalent by virtubehg attached to the same carbon
atom but not magnetically equivalent because they couple differently to tHz goton. This
effect gives rise to the second order couplivigservedin the *H NMR spectrunfor the benzylic
LINPG2ya G + nwbdaeets of dguRlets wittnadcoupling: canstant of 11.5 Hz. The
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benzylic carbo@ A Ay I f & linkhe FAINMR speotrybryand the rest of the signals were as

expected.

The successful synthesis of the benzyl protected alc2®@lprovided a common starting material

for all the reduced functiondl fragments. Thus, work began on the synthesis of the target
fragments beginning with compourB7 and compoundL88 (Figure30). In order to achieve this

the TBS group was removed revealing the primary alcohol, to give com@find he product

was subsequently mesylated to compouBa2 (Scheme96) prior to a nucleophilic substitution

with benzylamine. Mesylates have two advantages over tosylates, namely; stability against

hydrolysis and reduced steric hindrance for a nucleophilic atbgdkenzylamine.

0Bn O 0Bn O OBn O
TBSOMS\-‘“’ a, HO s by MsO_~ A8
p-tolyl p-tolyl S 3 1 p-tolyl
200 201 202

Scheme96: a) TBAF, THF,°Q, 4 h, 71%; b) MsCls&t DCM, OC¢r.t., overnight, 82%

A broad signdir OH at 3395 crhin the IR spectrum confirmed the successful removal of the TBS
group, revealing the primary alcohol in compou81 Both the'H and'3C NMR spectra showed

the disappearance of the TBS signals, confirming the success of the deprotection step. Successful
synthesis of compound02was confirmed by HRMS with a measured mass of 411.1295 {M+H)
and the IR spectrum showed the disappearance of the broad alcohol signal previously visible at
3395 cm'. In theH NMR spectrunthe new methyl singlet signal from the mesylate group was

at1 2.98, whilst the carbon signal for this group was &4.9 in the!'3C NMR spectrum.

Once the mesylate had been synthesised, it was subjected to a nucleophilic substitution reaction
with benzybdmine, as shown iBchemed7. The reaction was left stirring for 2 days, but only 22%

of the desired product was recovered. Change of the solvent to D&M, increasing the
temperature to 50°C did not increase the yield of the desired product. Confirmation of the
product was done bWMR spectroscopy andRMS, with a measured mass of 422.2148 (M+H)
observedwhen compared to a calculated mass of 422.21%& 'H NMR spectrum showed the
total disappearance of the mesylate methyl signal and an increase in the aromatic protons with a
total integration of fourteen at 7.52¢ 7.45 (m, 2H) and 7.40¢ 7.21 (m, 12H). Th&-benzylic

protons were observed at 4.50¢ 4.34,whilst theN-benzylic protons were observed as a singlet
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at1 3.82. The corresponding carbon signals were evident7ét.9 and 53.6, respectively, in the

13C NMR spectrum and the rest of the signals were as expected.

OBn (|'|) ) OBn (I)I
MSO\/\/'\/Si —_— > BnHN\/z\/A,k/S‘"”.'
o-tolyl T3 % polyl
202 203

Schemed7: Benzylamine, THF, r.t., 2 d, 22%

Due to the problematic nature of further transformations 8083 and the low yielding nature of

the amination of compoun@02, the synthetic approactvas abandoned and a different synthetic
route chosen. A route that would afford all the desired fragments was chosen. Synthesis began by
transformation of compoun@00to the aldehyde via the Pummerer rearrangeme®tiemeds).

The desired compoun204, was recovered in a crude yield of 88% because purification by column
chromatography did not separate all the undesired sulfoxide side products. The spetital
rotation of the aldehyde was measured to be +27.4 in chloroform when the concentration was

0.53 g/100 ml, and the carbonyl signal was evident at 173%iarthe IR spectrum.

OBn (I? OBn
TBSOV\/'\/S'\‘“' i TBSOMH
p-tolyl 0
200 204

Scheme98: i) TFAA, 2,4/80llidine, MeCN, GC, 30 min; ii) kD, KCQ, r.t., 1 h, 88%

FromNMR spectroscopic analysis it was evident that the sulfoxide side product and residual 2,4,6
collidine were still present as contaminants even after purification. However, only the signals for
the desired compound are reported in the experimental sectidbhe aldehyde signalas
observed as a doublett 1 9.64 0= 2.0 Hz)n the 'H NMR spectrum. The observed multiplicity
was as a result of the-Hproton coupling with the 2 proton, and this relationship was confirmed

by COSY NMR spectroscopy. The aldiehsarbon signal was observedia203.5 and there was

no extra GO signal which would have suggested partial TBS deprotection. HRMS results also
confirmed the desired mass of the product to be 323.2036 (Mwi{lp a molecular formula of
CigHsoOsSiand acalculated mass of 323.2037

Despite the aldehyde not being pure, the compound was subjected to a reductive amination

procedure as a way of introducing the amine functionality to thk &rbon as shown iBcheme
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99. It was hoped that the unwanted side products would either be separable from the benzylated
amine or converted to othemore easily separablproducts. The experiment proceeded as
expected, btiunfortunately TBS deprotection was also observed and alc2boivas recovered

in a low yield of 44%. The high polardfthe compound added téoss n productyield due to
purification difficulty, as a high polarity mobile phase of GIM&OH (4:1) was used for column
chromatography. Reasons behind the unexpected deprotection of the TBS group could not be
established, because the reaction conditions moyed are not known to result in the
deprotection of the TBS group. The presence of the side products from the previous reaction

might have contributed to the formation of compour2®5.

OBn
OBn
TBSO\/\/H‘/H e ho A Lo nHen
0
204 205

Scheme99: Benzylamine, NaBH(OAc¢)L,2DCE, K r.t., 18 h, 44%

Confirmation of the structure was achieved by NMR spectroscopy. Firstly, itHhEMR
spectrum, there was no evidence of the TBS signals, but there was an extra methyl sighdllat
integrating for three protons, likely to be the sulfoxide side prodércim the Pummerer
rearrangement $cheme98) being carried through. The integration for the aromatic protons
showed more protons than expected suggegtthe presence of the tosyl side product, which was
still not separable by column chromatography. Apart from the unexpected signals from the
contaminants, the H signal for compoun@d05was observed as a triplet &t3.58 with a coupling
constant of 6.2 Hz. The-4signal was evident at4.03 J= 5.2 Hz) as a pentet/hilst the two sets

of doublets of doublets for the 43 protons were att 3.46 (= 14.6, 5.9 Hz) and3.22 = 14.5,

5.1 Hz). Unfortunately, the broad signals expected from both the OH and the NH protons were
not visible in the spectrunMass spectrometry also showed the presence of the recovered alcohol
with a measured mass of 300.1958 (M*kd a molecular formular of 16N> when the

calculated mass was 300.1958

In the 13C NMR spectrum the-C O-CH and G4 signals were at 62.3,1 71.4 andt 73.4
respectively, whilst the 6 andN-Ch signals were at 43.7 andt 60.6. Assignment of all the
signals was possible by analysis of the 2D NMR spectra obtained from COSY and HSQC

experiments. The resultant alcohol was tosylated as before as shov8chemel00. The
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recovered material after purification suggested a mixture of products, where tosylation had
occurred on both the alcohol and the amine groups06, the desired produc207and residual

tosyl chloride. The product recovered from furthieansformation of the mixture supported this

suggestion.
OBn OBn OBn
Hoo~_ N _NHBn —— Tso A L gNTsBn * Tso A gL NHBn
205 206 207

Schemel0G TsCIl, DMAP, DCM, r.t., overnight

Due to the small quantity of material present no further attempts were made at separating the
mixture. Explicit characterisation of the two products could not be conclusively determined from
NMR spectroscopic analysis. However, 2D spectroscopic anatgsiglgtsuggested the presence

of compound206 and compound®07. The presence of the two products was also suggested by
the doubling of all signals in tHéC NMR spectrum except thelGignal. The difference between
the two compounds is the tosylation of the amine group therefore atoms closer to-#hat@m

are expected tshow slightly different chemical shifts wheesingle signal was observed the

G1 atom because it is six bonds away frim

The recovered products were then subjected to the nucleophilic substitution reaction as a
mixture, because the molecular difference was not expected to have an impact on the desired
transformation. Excess sodium azide was added to the dissolved substré&s-, and refluxed

at 80°C for up to 4 hoursSchemel01), whilst monitoring the progress of the reaction by TLC.
Purification afforded compoun@08 as the only product and surprisingly the amine was benzyl
deprotected. None of the expected products from the conversioreittier of the starting

materals were isolated fronthe reaction.

There is no precedent tthe observed results and it is holear whether boti206 and 207 were
converted to azide208 A possibility is that the substitution might have occurred both
substrates but the azide formed froB®7might have been benzyl deprotected during the reaction
and the resulting amine lost to the aqueous laglering rigorous aqueous workup due to the high
polarity of amines. Azid208was recoverable because the amine was tosylated which reduced
polarity. Benzyl deprotection had definitely occurred during the nucleophilic substitution reaction

with the azide because the precursor showed the presence oRNthenzyl group. An azide signal
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was observed at 2094 chin the IR spectrum for the recovered produatitbunfortunately

compound208was not stable enough to measure the base peak in HRMS.

OBn
TsO\/\/k/ NTsBn
206 OBn
. = Ny g A NHTs
OBn 208
TsO_~_J~_NHBn
207

Schemel01l NaN, DMF, 8C°C, 4 h

Structure confirmation of the recovered product was accomplished by NMR spectroscopic
analysis. In théH NMR spectrunthe total integration for the aromatic protons was nine, showing
that only a single benzyl and a single tosyl group were present. HaHBsignals were at 4.45
(d,J=11.4 Hrand 4.39 (dJ= 11.4 Hz, 1Has two doublets which almost appeared as anet,

whilst the H2 signal was a pentet at3.99 = 5.5 Hz). A doublet of doublets signal for a single
H-1 proton was observed at 3.45 with coupling constants of 14.6 Hz and 5.5 Hz. The remaining
H-1 signal overlapped with the-Bl signal and the mtiplet was evident at 3.25¢ 3.15. As has
been the case up to this point, the multiplet signal for the ldnd H4 protons was at 1.83¢

1.50. The remaining singlet signal{aR.42 integrating for three protons was for the-Té

protons. The previoug observed contaminants were not observable in the NMR spectra.

In the®3C NMR spectrum the signals for the aromatic carbons for the benzyl and tosyl groups were
at1 144.8,4 137.3,4 137.0,4 129.9,4 128.4,4 127.91,1 127.88and1 127.85. The previols
observed doubling of signals in the spectrum was not visible, confirming that only one compound
had been recovered. The-Zsignal was at 72.9, whilst the BfCH signal was at 71.4. A
significant deshielding effect was being experienced by tiectbon, because the signal was at

1 60.6, which is further downfield than the usually expected range foiNastgnal. The-&6 signal

was observed in the characteristic region feN@arbon signals at51.1. All assignments were

done using 2D NMR spectompy and DEPT135 experiments.

Following the successful synthesis of the aZ08, the product was subjected to a reduction
procedure using LiAlHbut unfortunately the desired product was not recovered. The recovered

material could not be fully characterised. Had the mdare been successful, compou29
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would have been theé\-tosylated equivalent of compoun@89 which could have been easily

converted to compound.87.

OBn OBn
N3\/\/k/NHTS — H2NV\3/'2\1/NHTS
208 209

Schemel02 LiAlH, ERO, N, r.t., overnight

Alcohol205was then subjected to oxidation in an attempt to recover fragm&d®. Synthesis of

the aldehyde190 involved treating alcohoR05 with DMP as the oxidant in DCit room
temperature Gchemel03). The reaction was monitored by TLC analysis and total consumption
of the starting material was observed after 7 houvat workup of the reaction did not yield the
desired productl90. A crude NMR spectroscopic analysis was performed but the spectrum was
not conclusive and the charactstic aldehyde signal was not observed. The unexpected results
were probably as a result of a possible intermolecular reaction between the aldehyde as it forms
and the secondary amine. Possible solutions tournvent the observed problem ate either

reduce the reaction time or consider oxidising the alcohol to the carboxylic acid.

OBn
OBn
H NHBn
HO_~_J_NHBn %= j(\/'\/
el

205 190
Schemel03 DMP, DCM, r.t., overnight

Given the complexity brought about by the introduction of the amine group at an early stage in
the synthesis, the synthetic route was changed, and this time the aim was to introduce the
terminal amine after the coupling of the two fragments to form th&@backbone. Since aldehyde

204 had already been synthesised it was prudent for the amine compound of a similar substrate

to be synthesised for couplirtg form one of the reduced functionality analoguEkt.

OBn
TBSO\/\/H(H OH H OH
(0] H2N\/\/'\/NMNH2
204 116

Figure33: Structures of compoun@04and 116
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For the synthesis of the amine, compourD0 was first subjected to the Pummerer
rearrangement revealing the alcohglLO which in turn was todgted to yield compound®11
(Schemel04). The alcohoR10was recovered in an average yield of 74%, and IR spectroscopy
confirmed its formationby the presence of a signal at 3403-tnThe measured mass of the
recovered product was 325.2194 (M+lpmparable to an expected mass of 325.2198e

tosylated alcohoR11lwas recovered in quantitative yields.

OBn O

1] .
TBSO__~_J_s"" a. i), il OBn b OBn
\ —> TBSO OH ~— > TBSO OTs
5 1 5 1
p-tolyl 2 2

200 210 211

SchemelO4 a) i) 2,4,6collidine, TFAA, OC, 30 min; ii) NaBKI MeCN, r.t., 1 h, 74%; b) TsClI,
DMAP, DCM, r.t., 12 h, quantitative yield

In the IH NMR spectrunof compound210, the total integration for the aromatic protons had
reduced to five, whilst the methyl signal for the tosyl group previously observed2z29 had
disappeared. Formerly observed doublet of doublet signals for tiepkbtons were replaced by

a set of ovdapping multiplet signals for #f and H5 protons att 3.64 ¢ 3.46. The observed
overlapping of signals is expected because these protons are both attached to carbon atoms
carrying oxygen, and the rest of the signals were as expected. GMR speatim, the tosyl
methyl signal had disappeared as expected, whilst tHedignal had migrated from 62.4 tot

64.2. The greatest observed chemical shift change was for-thsighal which jumped from

73.6 tol 79.5. Such a chemical shiifferenceisa result of the heteroatom change, since oxygen

exerts greater deshielding effects than sulfur.

Confirmation of the tosylated produ@11 was easily achieved by condung both IR and NMR
spectroscopy. The broad alcohol signal previously observed at 3408 hath completely
disappeared from the IR spectrum, and the only other change observed was in the fingerprint
region as a result of the S=0 bond. IntHeNMR spectnm, the previously observed broad alcohol
signal had completely disappeared, to be replaced by a new single2.48 for the tosyl methyl.

A single doublet for the aromatic signal from the tosyl group was observed a8 (J= 8.0 Hz),
whilst the secondloublet overlapped with the multiplet signal for the benzyl aromatic protons at

1 7.35¢ 7.22. The total integration for the two sets of signals was naseexpected. The major
changes observed in tHéC NMR spectrum were the increase in the numberrofratic signals

as a result of the aromatic tosyl carbon atoms and the tosylmethyl carbon signal that was observed
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at 1 21.6. Chemical shift changes were also observed for the remaining signals, but all were

accounted for.

The successful tosylation step svdollowed by the general facile nucleophilic substitution
introducing the azide moietySchemel05). A light brown oil, with a specific optical rotation

of -15.4 when the concentration was 0.55 g/100 ml in chloroform, was recovered as compound
212in a reasonable yield of 73%. The characteristic azide signal was visible at 20B7thenIR
spectrum, which confirmed the success of the substitution reaction. Mass spectrometry also

confirmed the mass to be 350.2260 (M¥epmparable to a calculated ras of 350.2258

OBn OBn

1BsO__~_J_o0oTs —= TBSO LA LN

211 212
Schemel05 NaNs, DMF, 75C, 4 h, 73%

In the 'H NMR spectrum of azid&l12 the previously observed doublet for the tosyl aratic
protons had disappeared arte total integration of the aromatic signals had reduced from nine

to five. This is consistent with the tlt expected number of aromatic protons in the desired
molecule from the benzyl group. The obvious absence of the singlet representative of the tosyl
methyl group, also confirmed the complete substitution of the tosyl grdupfortunately, an
inexplicabledoubling of the signals from the TBS group was observed, with the total integration
being half the expected number of protons. The-®# signal also stwed the doubling effect
although an integration of twas expectedvas observedOnly the integration athe TBS protons

was a mismatchThs suggestedhat there was partial deprotection of the TBS grdupwever,

this theory was not supported by the IR data becanssignal indicative of the alcohol growas
observed The second possibility is that thendormation of the molecule is restricted which gives
rise to two observable conformers detectable by NMR spectroscopy. Probably all the other signals
overlap except the TBS signals in theNMR spectruniThe remaining signals were all observed

as multiplgs att 3.67¢ 3.56 {2 and H5),1 3.40¢ 3.29(H-1) and4 1.75¢ 1.51 {3 and H4),

but with the expected integration.

The 13C NMR spectrum for compouriil2 also showed doubling of all the signals. This was
unexpected because the recovered compound only has one stereogenic centre therefore if

racemisation occurs only enantiomers are expected. BEoaers have the same physical
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properties, resulting in identical chemical shifts. Doubling of signals is only expected in the event
of diastereomers. Secondly, the compound does not possess &mgspes which could cause
restricted rotation and resulin rotamers, which consequently could give rise to doubling of
signals. For illustration purposes, a portion of t8 NMR spectrum is shown fiigure34. Only

the expected signals were observed in the spectrum which eliminated the possibility of the
presence of a side product. All the other analytical tools for product characterisation had alluded
to the presence of a single compound except NMR speatmscthus complicating the
determination of why the doubling of signals was being observed in the NMR spectra. The only
explanation that can be offered at this point is that maybe the conformational arrangement of

the molecule gave rise to the observed amalybut exactly how this occurs sill unclear

mmmmmm
~Nnm M 9 e
mmmmmm
NNNNNN

MZZ-597/118 § ] 28 S
Memory: MZ2-597: CDCI3: 14/G6[2019: RT: 1H, 13C, COSY@HSQC, DEPT135: 400NMRS
\ % \/ \

- 53.88
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80 75 70 65 60 55 50 45 40 35 30 25
1 (ppm)

Figure34: 13C NMR spectrum for compounil 2

In an attempt to establish the nature of the observed anomaly, azid&was transformednto

the corresponding amin213. Reduction of the azide was achieved using a previously described
method as shown i®&chemel06, and the desired amin213was recovered in a low yield of 14%.
NMR spectroscopy of the recovered product indicated the same doubling of signals observed in
the NMR spectrum for compoun@l12 Additional signals were also present in the spectra

although they could not be fully identified. Due to the tailing nature of amines during TLC analysis,
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it could not be establislkd how many other side products were present by TLC visualisation.
Instead of continuing with a substrate whose identity was cantfirmed the synthetic approach

for the reduced functional analogues was reconsidered.

OBn OBn

TBSO\/\)\/N3 — TBSOMNHz

212 213
Schemel06: LiAlH, EvO,r.t., 3 h, 14%

Evaluation of all the results up to this point led to the conclusion that introduction of the terminal
amines of the target compounds for this work at an early stage, coupled with the presence of the
TBS group, gave rise to undesirable s&hkctions and products. To overcome this limitation, the
synthetic route was changed, by replacing the TBS group on com@aiwith a trityl group,

and subjecting the substrate to the same chemical transformations. Thus, the primary alcohol of
compound201 was trityl protected under basic conditions fo2 hours S§chemel07). Use of

DMAP alone failed to yield the desired product, however, success was achieved by the use of a
combination of BN and a catalytic amount of DMAP, furnishing compogtdin an excellent

yield of 84%.

OBn 9 OBn (I)I
HO\/\/k/S('I: TFOW/!\S/S\"II:
p-tolyl p-tolyl
201 214

Schemel07: TrCl, DMAP (cat), &4, DCM, r.t., 12 h, 84%

The measured optical rotation @l4was +43.1n chloroform at a concentration 0.45 g/100 ml,
indicating that at least the product was not a racemic mixture. The previously observed broad
signal indicative ofn alcoholhad disgpeared from the IR spectrum thus confirming that the
protection of the primary alcohol had been successful. In #HeNMR spectrum, there was a
marked increase in the integration of the aromatic protons as a result of the added aromatic
protons from the tityl group. The v LINR 2y &A3JylLf gl a + RAAGAYO
constant of 6.1 Hz. Thetd LINR G2y aA3dylrtft ¢t a | LISydisSa Ia
Hz. As already observed for similar substrates, the benzdi@hhls appared as two doublets at

1 4.421 y R4.36both with a coupling constant of 11.5 Hz.
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The major change in thEC NMR spectrum was the increase in the number of aromatic carbon
signals. The®@ aA3dylf KIFIR Ffaz2 YAINRWGBR FNRordH FEHMIN
214o0wing to the slight deshieldin§ F F SOG 2 F GKS GNARGef 3INRdzLID !
which is consistent with the expected chemical shift for the quaternary trityl ether carbon. The
rest of the signals were as expected, and the measured mass of the product was consistent with

the desired mass of 597.2434 (M+Na)

Instead of converting sulfoxidgl4 directly to the aldehyde, the substrate was converted to the
alcohol first. The alcohol was later converted to an amine for one of the fragments and oxidized
to the aldehyde for the second fgament. Subjecting compoun@14 to the Pummerer
rearrangement $cheme 108) yielded compound215 in an excellent yield of 94%, as a
yellowish/greenish oil. IR spectroscopy showed a broad peak at 3442hamis consistent with

an OH stretch. Staining the TLC plate in KMgéve a yellow spot on a purple background for the
single spot that had ansRalue of 0.37 (EtOAc/Hex, 3:7) and this was used to identify the desired
product from the side products. The measured mass using HRMS was consistent with the expected

mass of 475.2239 (M+Na)

OBn O
I o OBn
Tro\/\)\/s-\..,,. i), i) iif) TrOMOH
p-tolyl
214 215

Schemel08: i) TFAA, 2,4;80llidine, MeCN, GC,30 min; ii) HO, KkCQ, r.t., 30 min; iii) NaBH
r.t., 1 h, 94%

Further confirmation of the recovery ofhé desired alcohol was achieveasing NMR
spectroscopy. In théH NMR spectrum, the singlet signal for the tolyl methyl protons, coupled
with the reduction in integration of the aromatic protons pointed to the successful removal of the
sulfoxide moiety. A broad singlet signalta2.04, which did not show any correlati to carbon
atoms in the HSQC spectrum, confirmed the presence of the hydroxyl group. The heteroatom
change at €1 resulted in a downfield shift of the-Hproton signals, appearing as a set of doublets

of doublets att 3.65 (= 11.2, 3.1 Hz). The secothoublet of doublets signal overlapped with the

H-2 signal and appeared as a multiplet &.55¢ 3.42 with a total integration of two. The second
order effects of the benzylic GHrotons gave rise to two doublets at4.55 and 4.49 each with

a couplirg constant of 11.6 Happeaingas a quartet.

129



Chapter 2: Results and Discussion

In the 3C NMR spectrum there was a significant reduction in the number of aromatic carbon
signals owing to the removal the sulfoxide group. The methyl signal from the tolyl group previously
observed at 21.4had also disappeared. A chemical shift change of thes{@nal was observed
from 4 62.5 to! 64.2 because of the functional group change from the sulfoxide to the more

electronegative oxygen. The rest of the signals were as expected.

The alcohol215 was tosylated $chemel09) in preparation for the nceophilic substitution
reaction with azide. The desired prodi&t6was recovered in an excellent yield of 94% giving rise

to a yellow oil. Recovery of the product was only achieved when the reaction was carried out at O
°C otherwise decomposition occurred.drder to establish the success of the tosylation step, IR
spectroscopic analysis was performed which revealed the disappearance of the alcohol signal
previously observed at 3442 ¢m Optical activity of the product was confirmed by a measured

specific otation value of +10.4/100 ml in chloroform.

OBn OBn

o~ _J_on —= To A L, oTs

215 216
Schemel09: TsCl, DMAP, g, DCM, r.t., 6 h, 94%

The!H NMR spectrum showed an increase in the total integration of the aromatic protons to a
total of twenty four as expected, due to the added aromatic protons from the tosyl group. Another
signal used to affirm the identity of the recovered product was the senglet observed at 2.39,
signaling the presence of the methyl substituent of the tosyl grdufurther downfield shift was
observed for the H protons, when compared to the chemical shift eiLkh compound®15, as

the signal was now a multiplet at4.06 ¢ 3.98 with a total integration of two. In th€&C NMR
spectrum, the T<CH signal was observed at21.5. A downfield shift was also observed 1,

from 1 64.2 for compound®15, to1 71.4 for compoun®16. The observed downfield chemical
shift was a result of the s group exerting a greater deshielding effect, due to its stronger

electron withdrawing capability, than the OH group.

With the tosylation step confirmed, synthesis progressedhi® nucleophilic substitution of the
OTs group with azid&s€hemel10). As discussed previoughe reaction was only heated to 75
°C, otherwise product decomposition occurred. Compo@ad was recovered in a yield of 98%

as a light brown oil. The optical rotation was measured toHiel7 in chloroform (c 0.6).
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Formation of the azide was confirmed by the appearance of a signal at 2096ncthe IR

spectrum. HRMS measured the mass of the product to be 500.2301 (Mas\Neypected.

OBn OBn
o _~__0Ts ——= To A KN,
216 217

Schemell10 NaNs, DMF, 75C, 4 h, 98%

The previously observed doubling of signals of the TBS protected equi2abras not observed

in the NMR spectra for azidl7. In the'H NMR spectrum, all the signals from the tosyl group
had disappeared, and the total integration of the aromatic hydrogens was now twenty. #Ghe
NMR spectrum, th tosyl signals had also disappeared, coupled with a reduction in the number of
aromatic signals. A sure sign of the success of the substitution reaction was the presence of a new
signal att 54.0, duly assigned to-& The chemical shift correlated withe expected chemical

shift for GN signals and no such signal was present in the spectrum of the precursor.

Following the synthesis of the azi@47, the substrate was successfully subjected to reduction
under anhydrous conditions using LiA(8chemell1l). The primary amin218was recovered in
guantitative yield as a yellow oil, with a specific optical rotation7056in chloroform (c 0.37).

Only an NH vibrational signal for the N bond was obseneeat 1596 crtin the IR spectrum

Mass spectrometry results showed the presence of the desired product with a measured value of

452.2590 (M+H)

OBn OBn
TrO\/\/'\/ Ny ——— TrOM NH;
217 218

Schemelll: LiAlH, E£O, N, r.t., 6 h, 100%

There were no significant changes for most of the chemical shifts of the signals iH MR
spectrum, except the H signals for compoun®18. The sigal was observed as a multiplet at
3.32¢ 3.22for compound217, butin the spectrum for compoun#18the H1 signal was a doublet
of doublets att 2.81(J=13.3, 3.9 Hzand+ 2.70 J= 13.3, 6.3 HzWhen lone pairs of electrons
on a heteroatom areanti to a GH bond the proton signal is shifted upfield, and there is thus a
conformational dependence of chemical shifts of protdhgo nitrogen. This chracteristic

explains the observed chemical shift changes. Analysis off@&MR spectrum revealed two
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significant chemical shift changes. Th& €ignal had shifted upfield from54.0 for compound
217to 1 45.0 for compound®18due to the same conformational dependence described for the
proton shift. The € signal shifted downfield from 78.0 for compound217 to + 80.6 for

compound218due to anisotropic effects of the amine group.

Having successfully synthesigbhd amine, focus shifted to the synthesis of the aldehg@8from

the alcohol215as shown irSchemell2 The chemical transformation was easily achieved by
using DMP aghe oxidant, and leaving the reaction overnight. Product purification afforded
compound219as a white viscous oil in an average yield of 75%. A spepiiical rotation value

of +35.5 (c 0.2) in chloroform confirmed the optical activity of the aldehyde. IR spectroscopy
showed the disappearance of the alcohol signal and the presence of a new carbonyl signal at 1731

cnrt, confirming the success of the dation step.

OBn

OBn TrO_s 3 1 _H
o~ _XA_oH —= 2
0
215 219

Schemell2 DMP, DCM, r.t., overnight, 75%

In the'H NMR spectrum the characteristic aldehydic proton signal appeared as a doubi6at

with a coupling constant of 2.1 Hz. Correlation between the signal and the 12 signal in the
COSY NMR spectrum confirmed coupling between the two protons, giving rise to the observed
doublet. The € signal was in the characteristic region &03.5 in the!3C NMR spectrum, a clear

indication that indeed the aldehyde had been successfully synthesised.

Now that the amine218 and the aldehyde219 had been successfully prepared, the next step
involved coupling of the two fragments via reductive amination. The reaction was carried out in
neat 1,2dichloroethane and the desired product, compou®®20, was recovered in a good yield

of 89% as a viscous yellow oil. The product spot stained positive for amines when the TLC plate
was stained in ninhydrin. The specific optical rotation of the compd&&@was measured to be

-22.7 (c 0.45) in chloroform, whilst analysis of the IR spectrum revealed the absence of the

carbonyl signal from the aldehyde.
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OBn
TrO_~_ A _NH,
218
OBn OBn
+ 4 H B
—  To s AL NS AL OTr
OBn 220
TrO\/\/kﬂ/H
o)
219

Schemel13 NaBH(CECOOy, 1,2DCE, W r.t., 36 h, 89%

Due to the inherent symmetry of compour&20only a single set of signals walsserved in the

NMR spectra. The-H signal was observed asloublet of doublets at 2.76 0= 12.3, 7.1 Hz) and

1 2.68 J=12.3, 4.0 Hzbecause they are diastereotopic protons due to the stereogenic centre at
the h-carbon. A multiplet signal was observed &.62¢ 3.52 for the H2 proton. The signal was
easiy distinguishable because it is the only proton signal which coupled to a CH carbon signal in
the HSQC spectrum. The set of doublets for the benzylioM@slatt 4.57 andt 4.52 with a
coupling constant of 11.5 Hz displaying strong second order effadise FC NMR spectrum the

G1 signal was at 53.2 which is significantly downfield compared to the chemical shift for the
starting amine. The carbonyl signal had completely disappeared. Although the akidhisl a
potential side product emanating from the probable reduction of the aldehyde, NMR

spectroscopy did not indicate the presence of the alcohol.

Following the successful linking of the fragmeatsgention shifted to functionalising the terminal
carbon atoms from alcohols to amines. Successful detritylation of comp@@fdinder acidic
conditiors revealed the free primary di@21, in an excellent yield of 88%6¢hemelld). Tte
success of the procedure was most welcobexause these were the only reaction conditions
employable for the selective removal of the trityl group in the presence of the benzyl grolips. A
previous attempts at employing this trityl deprotection procedure on different substrates had
been unfruitful. Purification of the desired product was not trivial because of its high polarity;
therefore a highly polar mobile phase was used during chtography. Thus the product was
recovered contaminated with residuptTSOH and BN and the signals are evident in the NMR

spectra.
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OBn H OBn OBn H OBn
TrOMN\/\/\/OTr - HO\V?\V!\&NMOH
220 221
Schemell4 p-TsOH, MeOH, reflux, 4 h, 88%

'H NMR spectroscopy confirmed the removal of the trityl group by the absence of the trityl
aromatic signals. The multiplet for the benzylic aromatic signals wa3.26¢ 7.18 giving a total
integration of ten protons. The amine signal was not detectethespectrum suggesting that
compound 221, was isolated as @-TsOH salt. This narrative is supported by the relative
integration of the tosylate signawhen compared to the product signals in #ieNMR spectrum.
The H1 protons for compound21 were experiencing a greater deshielding effect after the
removal of the trityl group. The multiplet signal migrated fror8.16¢ 3.09for compound220to

1 3.52for compound221were it was observed as a triplet with a coupling constant of 6.0 Hz.

In the 13C NMR spectrum, the trityl signals had disappeared, evidenced by the absence of the
characeristic etherate quaternary signal previously observed &6.4. The € signal did not
show a large chemical shift change with the signal appearingsat8, whilst the & signal was
observed at 50.5. Optical activity of the product was confirmedtbg measured specific optical
rotation of -10.0 (c 0.44) in chloroform. The intense broad alcohol signal was visible in the IR

spectrum at 3414 crh

At this point, several methods for introducing the amine could be employed. The already
established methodf alcohol tosylation, followed by nucleophilic substitution with azide and
reduction to reveal the amine was a possibility. However, tosylation would also occur on the
nitrogen, and this would introduce an extra deprotection stéptosyl deprotection geerally
occurs under harsh conditions, and would result in the deprotection of the benzyl groups. If this
happened, the resulting product would be polar and difficult to purify. Thus this option was not
chosen. Amine synthesis could also be achieved bgtsuting the tosyl group with phthalimide,
followed by deprotection to reveal the amine. However, added potential problems could arise,
because liberation of the primary amine, from phthalimide, occurs under either acidic or basic

conditions,meaning thedesired product wouldbe isolated as salt.

A potentially less problematic approach was chosen. The method involved first converting the

primary alcohols to aldehyde groups followed by reductive animation with benzyl a®aheifne
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115). Both theN-benzyl andO-benzyl are removable by hydrogenation under neutral conditions.
Unfortunately, compoun@22could not be isolated. The reaction mixture turned orange after 30
minutes coupled with formation of an insoluble precipitate. Monitoring the reaction by TLC
showed total consumption of the atting material. However, staining the TLC plate with2ZNPH

did not test positive for aldehydes. The reaction was immediately quenched, and the crude
product analysed. ThéH NMR spectrum showed neither the starting material nor the desired

product or fagments thereof.

A possible explanation based on the absence of both reactant and product signalsthXigR
spectrum is that the oxidation of the alcohols was successful. However, as soon as the aldehyde
was formed, either an interor intramolecularamidation reaction between the aldehyde and the
secondary amine occurred, resulting in a polymeric substance. This explains the observed

insoluble precipitate from the reaction and the absence of signals in the NMR spectrum.

OB OB OBn H OBn
n n T
H = H N H
HO\/\)\/N\/'\/\/OH — M \/\/\H/
@) O

221 222
Y
OH H OH OBn H OBn
HZN\/\/‘\/N\/:\/\/NHZ .~ B”HN\/\/'\/N\/T\/\/NHB”
116 223

Schemells DMP, DCM, r.t., 30 min

At this point, we had run out of both time and starting material but it was exciting that synthesis
of the desired reduced analogu&l6 was only threesteps away. The whole process had
highlighted the importance of protecting group compatibility and how huge a difference changing
a protecting group has on several reactions. A new route for the synthesis of the reduced
functionality analogues of pavettame had also been established. The successful method
development of the & fragments could be applied to synthesithe enantiomers of each

fragment which would enable the development of a larger library.
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Chapter 3: Conclusion and future work

Thisresearch aimed to synthesise pavettamine, a-tambon polyamine toxin with-2 symmetry

and a 1,3syndiol moiety, and its analogues in order to perform a structure activity relationship
study. Synthesis began with the enantiomer of paastine 112 (Figure 35), which was
successfully synthesised and recovered as as@kAThe unveiling of this polyamine heralded the
first reported total synthesis of the enantiomer of pavettamine. The introduction of thesyr3

diol moiety was achieved with a fair degree of effort with the main challenge being protecting
group compatbility. The proposed method involved stereosslge synthesis of the 1;8yndiol

and selective protection and deprotection of both primary and secondary alcohols and primary
and secondary amines. The similarity in reactivity of these functional grosp#ed in difficulty

in differentiation but fortunately, after trial and error, a suitable sequence was established. The
developed synthetic protocol clearly highlighted the importance of substrate specificity when it
came to protection and deprotection dioth alcohols and amines. Product polarity also became
a challenge to purification once the amine functionality was introduced, and this resulted in
product loss during purification. Nevertheless, all these snags were surmounted and the

polyamine of inteest was recovered.

Figure35: Structure of the enantiomer of pavettamine

Several synthetic routes and methodologies were tested and the highest yielding overall synthetic
route employeds shown inrSchemel16. SMalic acid, identified as a suitable starting material in
the retrosynthetic analysis, was first converted into a versatdgrent124. This intermediate

was crucial in that it possessed the required-gy8diol moiety and allowed for the synthesis of

two separate €& fragments which were later coupled together to unveil thel@ carbon
backbone for polyaminell2 Other reations of importance included functional group
differentiation, selective protection and deprotection of alcohols and amines and introduction of

terminal amine groups.
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Schemel 16 Synthetic scheme for the total synthesis of the enantiomer of pavettamibiE?

Two approaches furnished intermediat@4, a previously reported routeRoutel, Schemell?)
and a novel route (Rout2, Schemell?7) developed in this work, each with its own set of pros
and cons. Work began by first converti&galic acid int&sdimethyl 2hydroxysuccinate followed
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N>

the desired Smethyl 3,4dihydroxybutanoate 129 over a side productSmethyl 2,4
dihydroxybutanoate, from a competing reton in an average ratio of 9:1. Yield of the desired
diol can definitely be improved by carefully monitoring the reaction conditions. For this work the
presence of the undesired diol only became apparent at a much later stage. Conversion to the C
5 fragnment was achieved by attaching the chiral auxiliary;Rf)ethyl p-tolylsulfoxide, to the

transformed malic acid, either estet32 or 143 followed by stereoselective reduction,
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deprotection and reprotection of the alcohols. The overall yield frédmethyl 3,4-
dihydroxybutanoate129 to intermediate 124 for route 1 was 8% but employing rout@
successfully doubled the overall yield to 16%. The lowest yielding step for both routes was the
addition of the chiral auxiliaryRmethyl p-tolysulfoxide, to both corpound132and 143to give
compoundl38and145respectively $chemell?).

OH O

Route 1 HOV'\)ko/ Route 2

129

N % o S
TrO\/k/k/g'w:

))—tolyl
124
Schemel17: Synthetic route towards compound 124

The lower than expected yielagere attributed to a possible side reaction which occurs once the
desired product is formed. The auxiliary reaction occurs under strongly basic conditions therefore
once the product has formed, an acidicTAINR (G 2y h (G2 adzZ ¥Fdz2NJ Ollgy o6 S
can rearrange to give a different product. This was the case in the synthesis of conf8&nat

the rearranged product was not conclusively identified. From these results it is evident that
compoundl45was more stable than compourkB8, under the bag reaction conditionshence

the observed increase in the overall yield. In order to optimise the yield of comp&gada
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different protection protocol for both the primary and secondary alcohol of compdl4ficould

be investigated.

From here onwards &ntion shifted towards functionalisation of the terminal carbon atoms
firstly, Pummerer rearrangement and reductive amination of intermediag# gave rise to
compound152 At this point meticulous steps were taken to selectively deprotect the primary
alcohol of 152, in the presence of benzyl protected amine. Several attempts at selectively
removing the trityl group in the presence of the acetonide &hldenzyl were unfruful and in the

end, the benzyl group was selectively removed and replaced with a Boc group. Only then was the

trityl group selectively removed under Birch reduction conditions affording the alddl

In turn, the alcohol was transformed to the amihB9and the aldehydd 60. The two fragments

were fruitfully coupled via reductive amination and the desired dimer was recovireah
excellent yield of 95%, revealing thel@ carbon backbone with-Zsymmetry. To our delight, the
relative stereochemistrjnad been conserved up to this point. Great difficulty accompanied the
acetonide and Boc deprotection step and because the starting material was recovered in most of
the reactions, it alluded to the unreactive nature b1 This unreactive characteristaf the
compoundl61was attributed to its conformational arrangement because of the presence of two
1,3-dioxane moieties that adopt a stable chair conformation. Several deprotection conditions
were tested but only a solution of TFAM1triisoproplyamine dbrded the desired polyamingl2

as a TFA salt ir00% crude yield and the polyamim&s not purified further.

A similar protocol was applied for the synthesis of pavettamine and reductive amination was used
for coupling of the & fragments as opposed tilie amidation method reported in literature.
Surprisingly two products were recovered, the desired prodik® and a second product79
(Figure36). Itis noteworthy that the presence of two products was not detected in the synthesis
of polyaminel12 after the coupling of the & fragments.The group attached to the central
nitrogen atom for179 could not be conclusively identified but mass spectrosc@pialysis
suggested the group to belBs. Further transformations af79led to the furnishing of acetonide
protected pavettaminel85. At this stage it was discovered that once the terminal primary amines
had been unveiled, it was very difficult to deprotect the acetonide protected secondary alcohols.

A suitable acetonide deprotection method could not be established which suggestetighe
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stability of the compound. Overall, throughout the project the protection and deprotection

strategy was shown to be substrate dependent and it needed to be optimised for each step.

> o] > <

oM , o0 o0 . 070
o N _ L _N_A_A_oTr tro N L _N_A_A_oTr

178 179

Figure36: Structures for the precursors to pavettamine

For the synthesis of the reduced functionality analogues, two possible synthetic strategies were
developed starting from either methyl-@ K f 2 NP 6 dzii kbyt@dladtdhe. FhJaparoach

S Y L) 2 ityolctae was shown to be malleable to the aims of pheject, after a matter

of finding the most suitable amine and alcohol protecting groups. Despite establishing a suitable
protocol for the synthesis of the reduced functionality analogues, the final compounds could not

be isolated but precursae23(Figure37) was recovered in good yields.

OBn H OBn
HO\/\/k/N\/\/\/OH
223
Figure37: Structure of compound®23

In the end, the enantiomer of pavettaminEl2, acetonide protected pavettamin&85 and a
precursorto the reduced functionality analogue223 were successfully synthesised. A larger
library of analogues will have to be developed before subjecting all ttrapounds to a
comprehensive structure activity relationship biological assay. From this research work it is
evident that synthesis of the 1-8yndiol functionality was achieved with a fair degree of difficulty.
Major challenges were faced once the aminadtionality had been introduced which increased
the polarity of the substrates, resulting in routine procedures being more problenfdteart of
selective protection and deprotection of amines and alcohols also played a significant role in the
success fthis project. Reaction conditions proved to be substrate specific and at each interval an
investigation was performed to find the most suitable and applicable protdé®lertheless, the

enantiomer of pavettamine was synthesised and a method for thehggit of the reduced
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functional analogues was developed. The fundamentals of synthesis of the polyamines were

established and from here onwards, it will be much easier to build a library of compounds.
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Chapter 4. Experimental procedures

4.1 General Experimental Procedures

4.1.1 Purification of solvents and reagents

All solvents used faeactions and column chromatography were purified by distillation and when
required solvents were stored over activated molecular sieves (4A) under a nitrogen atmosphere.
THF, diethyl etherand toluene were dried over sodium wire and distilledthwbenzophenone as
indicator. DCMand MeCN were distilled from calcium hydride. All other reagents and solvents

were obtained from commercial sources and used without further paifon.

4.1.2 Chromatography
Thin layer chromatography wasirried out using aluminiursbacked MachernNagel ALUGRAMSIl
G/UVss4plates precoated with 0.25 mm silica gel 60. Column chromatography was performed on

Merck silica gel of particle size 0.088.070 mm employing different types of solvents.

4.1.3 Spectroscopic and physical data

All melting points were obtained using a Stu&8MP10 melting point apparatus and are
uncorrected. Infrared spectra were obtained using a Bruker Vector 22 spectrometer where
measurements were made by directly loading the sample onto the diamond cell. All signals are
NBLIZNISR 2y (0KS dnlt)@SNWWRMAEENIMEA $pectroScopy was performed
using a Bruker Avanez00, Bruker Avaned00 or a Bruker Avaneg00 spectrometer at 300 MHz,

400 MHz and 500 MHz respectivédy 'H NMR The frequencies fof*C NMR were recorded at 75
MHz, 100 MHz and25 MHz.Chemical shifts are reported in parts per million and referenced
against the internal standard, tetramethylsilane (TMS), which occurs at zero parts per million and
coupling constants are given in Hert3C NMR chemical shifts are reported to Iciheal place in
general but they were also reported to 2 decimal places were necessaryHaNR shifts are
reported to 2 decimal places. High resolution mass spectra (HRMS) were recorderokea
Compact QrOFHigh ResolutionMassSpectraneter. All data was quoted in (m/z). Numbering of
atoms followed the IUPAC format for nomenclature, but other numbering was used for discussion
and illustration purpose only. Specific optical rotatioras performed on aJASCO -P000

polarimeter.
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4.2 Experimental dat a

4.2.1 Preparation of (S)-4-(benzyloxy) -3-hydroxy -4-oxobutanoic acid 126

Smalic acid (20.00 g, 0.149 mol) was cooled t€ @ollowed by the addition of TFAA (15 ml, 0.149
mol). The suspension was stirred for 2 h whilst gradually warming to room temperattitalin

the solid had dissolved and the clear solution had turned milky. Excess TFAA and TFA were
removedin vacuoand a white residue was recovered. The precipitate wadissolved in benzyl
alcohol (15 ml) and left stirring overnight undes. Nhe reaabn mixture was diluted with EtOAc

(200 ml), washed with water and the organic layer separated. The aqueous layer was acidified
using 2 M HCI and washed with 2 portions of EtOAc (200 ml). The combined organic layers were
washed with saturated brine (200 jnand dried over anhydrous Mgs@nd the solvent was
removed under reduced pressure. Purification of the product was achieved by column

chromatography (EtOAc/Hex, 1:1) yieldowmpound126(20.32 g, 61%) as a yellow oil.

OH © R = 0.34(1:1 EtOAC/HEX)IRY madcntl): 3534 (OH), 3274 (COOH, @&#C
PMONI2NN0H 1745 (C=0), 11644@);*H NMR (300 MHz, CR¥ 7.39¢ 7.27 (m, 5H, Ar
H), 7.06 (bis, 2H, 2xOH), 5.19 (s, 2H;BH), 4.62¢ 4.48 (m, 1H, k2), 2.89
(dd,J= 16.7, 4.2 Hz, 1H-34), 2.80 (ddJ= 16.8, 6.2 Hz, 1H-34); 3C NMR (75 MHz, CRYI
175.5 andl73.2(G1 and @4), 134.8, 128.66, 128.65 an@8.4(Ar-C) 67.9(G2), 67.2(BnCHy),
38.3(G3).

0]

4.2.2 Preparation of (§-dimethyl 2-hydroxysuccinate 128
Smalic acid (20.00 g, 0.149 mol) was dissolved in MeOH (400 ml) and cooled to 0 °C. Thionyl
chloride (24 ml, 0.328 mol) was added to the stirring solution dropwise, over a 1 h period. The
reaction was allowed to proceed for 12 h \ghithe temperature gradually increased to r.t. in air.
Upon completion of the reaction, excess solvent and thionyl chloride were remioveacuo
almost to dryness and the residue was partitioned between DCM (200 ml) and a saturated
aqueous solution of N&Q (200 ml). The organic layer was separated, dried over anhydrous
MgSQ followed by the removal of excess solvent. Purification of the product was achieved by
column chromatography (EtOAc/Hex, 1:1) affordmognpound128(18.56 g, 77%) as a colourless
oil.

OH O R = 0.59 EtOAc/Hex1:1); 0w H]?° -8.8 (c 10, MeOH); IRY madcnTtl): 3478

O
6 707" (OH), 2922 (&), 1730 (C=0), 1166 and 1102Q0C*H NMR(500 MHz,
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CDGJ) ¢ 4.56¢ 4.51(m, 1H, H2),3.81 and 3.72 (2 x s, 6H;3+and H6), 3.58 ¢, J= 6.0 Hz 1H,
OH), 2.87 (d, J=16.4, 4.4 Hz, 1H,-Bt) and 2.80dd, J=16.4, 6.4 Hz1H, H3p); 3C NMR(126
MHz, CDG)! 173.8 and 171.1 (C and G4), 67.4 (€), 52.8 an2.0(G5 and @6), 38.6(G3).

4.2.3 Preparation of (S)-methyl 3,4 -dihydroxybutanoate 129

To a stirring solution of§-dimethyl 2hydroxysuccinatd28(17.75 g, 0.109 mpin THF (300 ml)
was added BkMe>S(12 ml, 0.120 mol) dropwise for 4 h. The reaction mixture was cooled to 0 °C
in an ice bath, followed by the addition of NaBB3.90 mg, 1.425 mmol). After stirring for 10 min,
the reaction was warmed to r.t. and stirred for an additional 1 h. Upon completion, the dropwise
addition of MeOH (100 ml) and solETsOH quenched the reton. The reaction mixture was
concentrated and purified by column chromatography (EtOAc), yieldindla8x13.34 g, 91%),

as a colourless oil.

OH O Compound 5: R= 0.3 (EtOAc)w B]?° -23.7 (c 1.83 CHG); IR: Amax(cnTl):
HO 3107 ° 3372 (OH), 2955 (B), 1719 (C=0), 1167-(;*H NMR (CDEI500 MHz)
4.28 @, J=4.7 Hz 1H, OH)4.16¢ 4.09 (m, 1K H3), 4.01 ¢, J=5.9 Hz 1H, OBI3.71 & 3H, H5),
3.66¢ 3.60 (M, 1H, Hya), 3.54¢ 3.47 (n, 1H, Hdy), 2.56¢ 2.46 (n, 2H, H2); 13C NMR (126 MHz,
CDG)1 M T HLIPEB.8 (D), 65.8 (&), 51.9 (&), 37.9 ().

4.2.4 Preparation of (S)-methyl 2 -(2,2-dimethyl -1,3-diox olan-4-yl)acetate 132
(9-Methyl 3,4dihydroxybutanoatel29 (13.08 g, 97.5 mmol), 2,2 dimethoxypropane (18.0 ml,
0.146 mol) and catalytic amounts @TsOH (200 mg) were added together in acetone (20 ml) and
left stirring at r.t. in air for 4 h. Aftecompletion of the reaction, addition of a few drops ofNEt
facilitated quenching of the reaction. The reaction mixture was filtered through silica gel, and
washed with EXO (100 ml). Excess solvent was remoiedacuq and the product was purified

by coumn chromatography (EtOAc/Hex, 3:2) yieldammpound132(13.13 g, 86%) as a yellow
oil together withcompoundl33as a side product.

7& R = 0.25 (EtOAc/Hex, 3:2J15]%° +20.1 (¢ 1.3G+Cb); IR: Ana{cnr?): 2988

1 g ij\)(io/a (GH), 1735 (C=0), 1205-(@); *H NMR (CDg;|500 MHz) 4.50¢ 4.44(m,

1H, H5), 4.16 ¢d, J=8.4, 6.0 Hz1H, H4.), 3.70 § 3H, H8), 3.65 (ddJ=

8.4, 6.4 Hz1H, Hp), 2.72 ¢id,J=15.9, 6.4 Hz1H, H64), 2.53 dd, J=15.9, 7.1 Hz1H, H6p), 1.41

and 1.35 (2 %, 6H, H1 and H3); 13C NMR (126 MHz, CBGI M T WP I09.5(£2), 72.1 (B),

69.2 (&4),51.8 (G8), 38.8 (€B), 26.9 and 25.5 (Cand C3).
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(9-4-hydroxydihydrofuran2(3H}one 133

O HNMR (500 MHz, CREl 1 @ pJe 102R8EB Hz, 1HH4),4.43 (td,J= 9.0, 2.1
102 Hz, 1H H3,), 4.39 br-s, 1H OB, 4.24 (ddd,J= 10.4, 9.2, 6.1 Hz, 1H3,), 2.61
HO™ 3 (dddd,J=12.6, 8.2, 6.1, 2.0 Hz, 1H5K), 2.28 (dtd,J= 12.7, 10.3, 8.7 Hz, 1H?5p);

13C NMR (126 MHz, CRGI ™M T yl)p§7.4 ¢4), 65.4 (€3), 30.9 ().

4.2.5 Preparation of ( -)-(S-menthyl p-toluene sulfinate 136

Sodiump-toluenesulfinate (80 g, 0.449 Mowas dried overnight at 100 °C before being used in
the reaction. Excess SQI00 ml) was cooled to 0 °C, and sodipitoluenesulfinate was added

in small portions over a 1 h period. The reaction was warmed to r.t., and left stirring for a further
30 min, and the mixture had turned very viscous. The excess8@EFemoved as an azeotropic
mixture with toluene under vacuum. The residue was diluted with anhydrous diethyl ether (250
ml) resulting in a white precipitate (NaCl), and cooled to 0 °C. Me((ffTol8 g, 0.494 mol) was
dissolved in pyridine (100 ml), and added dropwise to the cooled solution. After complete addition
of the menthol, the reaction was stirred for 1 h at r.t., after which it was hydrolysed with water
(300 ml). The organic layer wagparated and washed with 10% HCI (300 ml) followed by
saturated brine (300 ml). The orgarayér was dried over sodium salé, and excess solvent was
removedin vacuoleaving a yellowish oily residue. The residue was dissolved in hot acetone and
allowedoto crystallise overnight aR0 °C. After collection by filtration, the first crop of crystals was
recrystallised from acetone and the initial yield was recorded separately. The mother liquor was
concentrated, followed by the addition of a few drops oihcentrated HCI. The solution was
allowed to crystallise again a20 °C and the procedure was repeated 5 times, whilst harvesting
crystals at every stage. Finally the individual batches of product were combined and recrystallised
from acetone yielding congqund 136 (40.20 g, 61%) first cropefore racemisation(102.11 g,

77%) total yieldafter racemisatioras white crystals.

‘\\0’8"'1’: (Lit'33, M.p. = 105¢ 107 °C); IR: Amax(CnTl): 2948 (CH), 2846 (&), 1131
0™ 12 (S=0), 981, 952, 778H NMR CDG, 500 MHz) 7.60 (d,J= 8.2 Hz, B, H
4 12),7.32(dJ=7.9 Hz, 2H+13), 4.12 (1H, td)=10.8, 4.5 HzH1), 2.41 (8,
1 s, H15), 2.31¢ 2.25 (1H, mH10), 2.13 (septet of doublets)=7.0, 2.6Hz,

1H, H3), 1.71¢ 1.65 (M, M, H64, H72), 1.54¢ 1.43 (m, 1HHS8), 1.35 (ddt,J= 13.8, 10.6, 3.1 Hz,

4E:35 0 R = 0.3 (EtOAc/Hex3:2); 0 B]2°=-196.0(c 2, acetong M.p. = 102¢ 103 °C
2
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1H, H2), 1.26¢ 1.18 (m, 1HH10y), 1.11¢ 0.99 (1H, mH7y), 0.96 (3H, d)=6.6 Hz, D), 0.92¢

0.81 (4, m, H4 and H6y), 0.72 (3H, d)=6.9 Hz H5); 13C NMR (126 MHz, CBGI Mn o ®H |
142.4 (€11 and €14),129.6 (€13) and 125.0 (€2), 80.1 (€1), 47.9 (€2), 42.9 (G10), 34.0 (B),

31.7 (G8), 25.2 (3), 23.2 (€7), 22.1 (@), 21.5 (€15), 20.9 (&), 15.5 (€5).

4.2.6 Preparation of (+) -(R)-methyl p-tolyl sulfoxide 137

Mg (6.38 g, 0.263 mol) was placed 280 ml two necked round bottomed flask, one neck
connected to M and the other sealed with a rubber septum. The flask was heat sealed under
vacuum ensuring complete dryness. DrgCE(300 ml) was added to the flask containing Mg,
followed by the dropwiseddition of Mel (13.0 ml, 0.210 mol). The solution immediately turned
milky accompanied by vigorous effervescence. After 15 min, the reaction mixture turned clear,
and it was left stirring for a further 15 min after the complete addition of Mel. Meanwhilke
separate 500 ml twanecked round bottomed flask;){Smenthylp-toluenesulfinatel36(51.65 g,
0.145 mol) was dissolved in dry toluene (300 ml) undefTRe solution was cooled to between 0

¢ 10 °C, after which the MeMgl solution was slowly addétrAomplete addition of the Grignard
reagent, the reaction was left stirring at r.t. for 2 h and was then quenched with saturated aqueous
NH:Cl solution (200 ml). The aqueous solution was extracted wih E200 ml) and the organic
layer was washed with saturated brine (100 ml), and dried over sodisnifate Excess solvent
was removedin vacuoyielding a yellowish residue. The product was purified using column
chromatography (EtOAc/Hex, 9:1) resulting in anvdifte solid. The product was fdissolvel in

hot ether, followed by the addition of hot hexane until the formation of a light cloudy precipitate
was observed. Crystallisation was allowed to occur overnighi2@tC, after which the crystals

were filtered and dried yielding compouriB7(19.68 g 73%) as an cffhite solid.

o , R =0.31 (EtOAc/Hex, 91w f]?° = +146.3(c 2, acetone)M.p. =73 ¢ 74 °C
:In-S
p @4\5 (Lit'33, M.p. = 73¢ 74 °C);IR: Anax(cnl): 3052 (C=@), 2906 (&), 1104 (S=0);
2
3 IH NMR (CDgI500 MHz) 7.54 (dJ= 8.2 Hz, B, H-2), 7.33 (dJ= 7.9 Hz, B,

H-3), 2.70 § 3H, H5), 2.42 § 3H, H6); 3C NMR (126 MHz, CBBI Mn H ®c  |-YaRdGMn m ®|
4), 130.0 (), 123.5 (), 44.0(G6), 21.4 ().
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4.2.7 Preparation of ( SR),49-4,5-O-isopropylidene -1-p-tolylsulfinyl -2-
pentanone 138

n-Butyllithium (1.6 M in hexanes, 105 ml, 0.168 mol) was added to a solution of diisopropylamine

(20 ml, 0.147 mol) idry THF (100 ml) under:iit -78 °C. The reaction mixture was stirred for 30

min before the temperature was allowed to warm-80 °CR(+)}Methyl p-tolylsulfoxide137(19.5

g, 0.126mol) in dry THF (50 masaddedto the stirring mixtureand the soluion turned bright

yellow. The reaction mixture was allowed to stir for an additional 30 mimist warming to 0 °C

after which the reaction was cooled -40 °Cand stirred fora further 10 min. (§-methyl 2(2,2-

dimethyl-1,3-dioxolan4-yl)acetate132(12.00 g, 0.105 mal)n THF (150 ml) was slowly added to

the cooledsolution, and the reaction was allowed to reach r.t. upon complete additiiter 2 h

of stirring at r.t., the reaction was quenched by the addition of a saturategCNblution (200

ml), and acidified to pH 6 using 1 M HCI. The mixture was extracted with EtOAc (3 x 100 ml).

Combined organic layers were washed wit®H50 ml), followed by saturated brine (200 ml) and

dried over anhydrous N&Q. Excess solvent was removied/acuoyielding a brownish oil, which

was purified by column chromatography (EtOAc/Hex, 1:1). Gradient elution was employed for

eluting the desired product starting from a ratio of 1:1 and thereafter increasing the ratio to 4:1.

The desired product38(20.0 g,64%), was recovered as a light yellow solid.

B R = 0.46 (EtOAc/Hex:1); wH]%° = +151.1(c 1.2, CHG); M.p. = 78 ¢

7@)01\/('3)'.,”- 79 °C(Lit3, M.p. = 77¢ 79 °C);IR: Amax(cnTl): 3147 (C=E&l), 2916 (€
5 4% 27 M, H), 1758 (C=0), 1598 and 1494 (C=C), 1033 (S=0)), 808 (C=C bending):

10 " 14 NMR (CDgI300 MHz) 7.53 (d,J= 8.2 Hz, 2HH+10), 7.34 (d,)=

s 7.8 Hz, 2HH11), 4.40 (b, J=6.4Hz 1H, H4), 4.10 ¢d,J=8.4, 6.0 Hz
1H, H5,), 3.88 §, 2H, H1), 3.46 (d, J=8.4, 6.5 Hz1H, H5p), 2.96 @d, J=17.2, 6.3 Hz, 1H,-BY),
2.64 (d, J=17.2, 6.5 Hz1H, H3y), 2.42 §, 3H, H13), 1.38 and..32 @ xs, 6H,H-7 and H8); 13C
NMR (75 MHz, CDgE ™ o d23p p42.% (£12), 139.4 (), 130.1 (€11), 124.1 (€10), 109.11
(G6), 71.2 (&%), 69.1 (), 68.0 (€1), 49.5 (€3), 26.8 and 25.5 (T and G8), 21.4 (€L3).

4.2.8 Preparation of ( YR),2R,49-4,5-C-isopropyli dene-1-(p-tolylsulfinyl) -
pentane -2,4,5-triol 139
ZnC} (16.9 g, 125 mmol) was flame dried under vacuum in a 500-meicRed round bottomed
flask, cooled and dissolved in dry THF (200(&R),49-4,5-O-isopropylidenel-(p-tolylsulfinyt2-
pentanonel38 (9.24 g, 31.2 mmol) was dissolved in dry THF (100 ml) and added to the ZnClI
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solution, and the mixture was left stirring undes & r.t. for 2 h. The reaction mixture was cooled

to -78 °C, and left stirring for a further 10 min, followed by the slow aaldiof DIBALH (1.0 M,

63.0 ml, 62.4 mmol). After the complete addition of the DIBALH, the stirring reaction was slowly
warmed to r.t., and allowed to proceed for a further 2 h, after which the temperature was reduced
to -78 °C. The reaction was quenchedthy slow addition of a saturated solution of ME until
effervescence had stopped. Excess solvent was remiovegicug and the residue was extracted

with EtOAc (3 x 150 ml). The combined organic layer was washed with saturated brine (150 ml),
dried overanhydrous Ng5Q, and an oily residue was recovered after remamfasolvent. The
desired product was purified by column chromatography (EtOAc/Hex, 4:1), to afford the
compound139(7.38 g, 79%) as a white solid.

8 R =0.30(EtOAc/Hex4:1); w B]?° = +73.3c 0.3, CHGJ; M.p. = 78¢
77LO Mg. 19 (Li#3, M.p. = 87¢ 89 °C):IR: Anax{cnTY): 3382 (OH), 3040 (C=C
O \e,,  H) 2897 (@), 1493 (C=C), 1067-QE1), 1029 (S=0)* NMR (500
10 11 MHz, CDGJ{ T @7E8(m, 2HH10), 7.34 (dJ= 7.9 Hz, 2HH

11), 4.36¢ 4.24 (m, 2H(H2 and H4), 4.09 (ddJ= 8.2, 6.0 Hz, 1H

H-52), 3.99 br-s, 1H OB, 3.66¢ 3.57 (m, 1HH5p), 3.08 (dd,)= 13.2,
7.9 Hz, 1HH14), 2.85 (dd,J= 13.2, 3.8 Hz, 1HH1p), 2.42 (s, 3HH13), 1.96¢ 1.82 (m,2H, H3),
1.41 and 1.34 (2 x s, 6H;7Hand H8); 13C NMR (126 MHz, CRAI ™ n m ®4P.5(CY/aRd €
12), 130.1 (€11),124.1(G10), 109.4(G86), 74.1(G2), 69.4(G5), 66.9(G4), 63.0(G1), 40.0(G3),
26.9 and25.7(G7 and @8), 21.4(G13).

4.2.9 Preparation of ( YR),2R,49)-1-(p-tolylsulfinyl) -pentane-2,4,5-triol 140

(§R,2R 49-4,5O-isopropylidenel-(p-tolylsulfinyl}pentane2,4,5triol 139 was dissolved in

MeOH (200 ml) and water (50 ml), followed by the additiopp-disOH (0.44, 2.33 mmol). The
reaction was heated under reflux for 4 h, whilst monitoring the progress of the reaction by TLC.
Upon completion of the reaction, #4 (1 ml) was added to neutralize the acid, and excess solvent
was removed under reduced pressure. Thseidae was dissolved in water (50 ml), and extracted
once with EtOAc (150 ml) for the removal of any residual organic compounds and starting
material. The aqueous layer was continuously extracted with EtOAc (150 ml) for 2 days. The EtOAc
solution was driedver anhydrous N&Q and the solvent was removed under reduced pressure

leaving(SR),2R 49-1-(p-tolylsulfinyl}pentane2,4,5triol 140(3.77 g, 63%) as a white solid.
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R =0.22 (EtOAc/Hex4:1); w B]?° = +258.0(c 0.53 acetone);M.p. =
133¢ 134 °C (L%, M.p. = 140¢ 142°C);IR: Ama{cnTl): br-3230 (OH),
3056 (C=&{), 2870 (&1), 1460 (C=C), 1386, 1346 and 131D)C
1009 (S=O¥H NMR (300 MHz, CDPI 7.57¢ 7.51 (m, 2HH-7), 7.37
¢ 7.29 (m, M, H8), 4.83 (s, 1HOH), 4.5% 4.39(m, 1H H2), 4.18 (s,
1H, OH), 4.04 3.93(m, 1H H4), 3.69¢ 3.57 (M, H, H5.), 3.55¢ 3.40 (M, 2HH5, and OH, 3.19
¢ 3.05(m, 1H H1.),2.83 (dd,J= 13.2, 3.8 Hz, 1##1p), 241 (s, 3H, HO), 1.87¢ 1.68 (m, 2H, H
3); 13C NMR (75 MHz, CRl M n HE)M0.0{Q9), 130.2(G8), 124.1(G7), 71.3(G4), 67.8
(G2), 66.4(G5), 63.2(G1), 39.2(G3), 21.5(G10),

4.2.10 Synthesis of (2R,49-1-((S-p-tolylsulfinyl) -5-(trit yloxy)pentane -
2,4-diol 141

DMAP (0.34 g, 2.79 mmol) and trityl chloride (4.28 g, 15.4 mmol) were added to a stirring solution
of compound140(3.61 g, 13.9 mmol) in DCM (60 ml) and pyridine (4.5 ml). The reaction was left
stirring for 24 h, whilst monitoring the completion of the reaction using TLC analysis. After
completion of the reaction, the mixture was washed with 1 M HCI (4 x 100 noeddl by
saturated brine (100 ml). The organic layer was separated and dried over anhydusQ Alad
excess solvent was then removedvacuoleaving a very viscous oil. The product was purified

using column chromatography (EtOAc/Hex, 4:1) to aféamehpaund 141(4.52 g, 65%), as a white

solid.

OH OH O R =0.38(EtOAc/Hex4:1); w f]?t = +118.6c 0.98 acetone)M.p.
Ph O\/'\/K/g""-'
Ph>§h g D = 65¢ 66 °C (L%, M.p. = 74¢ 76 °C);IR: Amax(cnT?): br-3355 (OH),

3056 (C=@{), 2918 (&), 1596 (C=C), 1221-QJ, 1083 (),
_ 1030 (S=O}H NMR (500 MHz, CRII 7.55¢ 7.52 (m, 2H ArH),
7.43¢ 7.37 (M, 6H, AH), 7.35¢ 7.20 (m, 1H, ArH), 4.42¢ 4.35(m, 1H H2), 4.31 (s, 1HOH,
4.08¢ 4.01 (m, 1HH4), 3.15 (dJ= 2.7 Hz, 1HOH, 3.11 (d,)= 5.6 Hz, 2H+5), 3.03 (ddJ= 13.2,
8.2 Hz, 1HH1.), 2.79 (ddJ=13.2, 3.4 Hz, 1H+1y), 2.41 (s, 3HH7), 1.77¢ 1.67 (M, 2HH3);
I3CNMR (126 MHz,CRBGI Mno ®T X wmn M 46120012 M padti2 ARCPE86B M H Y
(G6),70.6(G4), 68.3(G2), 67.4(G5), 62.9(G1), 39.4(G3), 21.4(G7).
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4.2.11 Synthesis of (4 R,69)-2,2-dimethyl -4-((( S -p-tolylsulfinyl)methyl) -6-
((trityloxy)methyl) -1,3-dioxane 124

Compound141 (4.40 g, 8.79 mmol), 2,@methoxypropane (30 ml, 19.2 mmol) apetoluene

sulfonic acid (125 mg) were dissolved in acetone (40 ml). Tkeeimaiwas then left stirring for 1

h after which a few drops of #4 were added to neutralise the acid. Excess solvent was removed

in vacuq and a white precipitate was recovered. Purification of the desired product by column

chromatography (EtOAc/Hex, }:affordedcompound124(4.08 g, 86%) as a white solid.

1

>(3 R =0.46 (EtOAc/Hex,:1); wB]?t = +28.1(c 1.09 acetone)M.p. =
>( M 164¢ 165 °C (L%, M.p. = 167¢ 168 °C);IR: Ama{cnt?): 3036 (C=C
Ph H), 2925 (&), 1597 (C=C), 1161, 1100 and 1078)CL047 (S=0);
'H NMR (500 MHz, CBEI 7.55¢ 7.52 (m, 2HArH), 7.45¢ 7.41
1 (m, 6H ArH), 7.33 7.19 (m, 1H, ArH), 4.13¢ 4.06(m, 1H H4),
3.97 (dtd,J= 11.4, 5.6, 2.8z, 1H, F6), 3.23 (ddJ= 9.3, 5.2 Hz, 1H+7.), 3.15 (ddJ= 13.1, 6.8
Hz, 1H H95), 2.96 (ddJ= 9.3, 6.0 Hz, 1HH7), 2.76 (ddJ= 13.1, 5.4 Hz, 1HHOy), 2.41 (s, 3H
H-10), 1.75 (dt,J= 12.8, 2.5 Hz, 1H54), 1.40¢ 1.34 (m, 1HHS5), 1.33 andL.30 @ x s, &, H1
and H3); 13C NMR (126 MHz, CBQI 143.9, 141.6, 1@.3, 129.8, 128.7, 127.8, 127.0 ah?¥.4
(Ar-C) 98.9(G2), 86.5(G8), 68.2(G4), 67.0(G7), 63.9(G6), 63.1(G9), 33.6(G5), 29.7(G3), 21.4
(G10), 19.6(G1).

4.2.12 Synthesis of (§-methyl 3 -hydroxy -4-(trityloxy)butanoate 142
Compoundl29(3.77 g, 28.1 mmol) was dissolved in pyridine (9 ml) and DCM (30 ml) followed by
the addition of DMAP (1.72 g, 14.1 mmol) and trityl chloride (8.62 g, 30.9 mmol), and the reaction
was left stiring overnight. TLC analysis showed total consumption of the starting material. The
reaction mixture was washed with 1 M HCI (4 x 100 ml) followed by saturated brine (200 ml). The
organic layer was dried over p&#0 and excess solvent was removiedvaclo. Purification of the
product by column chromatography (EtOAc/Hex, 3:7) afford@uipound142(10.55 g, 100%) as

a yellow oil.

OH O R = 0.42 (EtOAc/Hex, 3:1i]2°=-15.0(c 1.05, CHEl M.p: 129¢ 130

Eﬁ%o 7N1007 T CCIR Ana(cmd): 3469 (OH), 3058 (C#, 2951 (&), 1732 (C=0),
" 1597 (C=C), 1216-@);'H NMR (300 MHz, CDJI T 7189 (m6H,
Ar-H), 7.3 7.16 (m, ®, ArH), 4.28¢ 4.16(m, 1H H3), 3.63 (s, 3HH5), 3.16 (d,)= 5.4 Hz, 2H
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H-4), 3.02 (dJ= 4.6 Hz, 1HOH, 2.64¢ 2.43 (m, 2HH2);13C NMR (75 MHz, CRQI ™ TG} p
143.7,128.4, 127.7 ari6.9(Ar-C) 86.7(G6),67.5(G3), 66.6(G4),51.7(G5), 38.4(G2); HRMS
(m/z), calculated for £8H.4NaQ: 399.1567, found (M+N&)399.1561.

4.2.13 Synthesis of (§-methyl 3 -((tert -butyldimethylsilyl)oxy) -4-
(trityloxy)butanoate 143

To a stirring solution of compouridt2(10.40 g, 28 mmol) in DCM was added, 1.5 equiv of GBS

(5.03 g, 33.4 mmol), imidazole (1.5 equiv, 2.84 g, 41.7 mmol) and DMAP (5.12 g, 41.7 mmol)

sequentially. TLC showed total consumption of the starting material after 12 h. Work up of the

reaction by washing theeaction mixture with KO (300 ml), saturated brine (300 ml), and drying

the organic layer over N8Q, followed by the removal of excess solventvacuoafforded the

crude product. Purification was achieved by column chromatography (EtOAc/Hex, 1:9) yielding

compound143(8.82 g, 65%) as a white precipitate.

2 R = 0.38 (EtOAc/He1:9);¢ §]2° =-13.4(c 1.00, CHE) M.p: 70¢ 71°C

o

Ph>(o VL\/@o/s IRY macnmd): 3058 (C=@l), 2928 (&), 1738 (C=0), 1598 (C=C), 1123,
PRl 4 1074 and 1031 (©);'H NMR (300 MHz, CREI T c&7mi3&(m, &1,
Ar-H), 7.35¢ 7.16 (m, 9H, AH), 4.31¢ 4.19(m, 1H H3), 3.63 (s3H, H6), 3.18¢ 3.09 (m, H, H

4,), 3.06¢ 2.96 (M, 1H, Hy), 2.75 (ddJ= 14.9, 4.5 Hz, 1H#2,), 2.47 (dd,)= 14.9, 8.1 Hz, 1HH

2p), 0.80 (s, Bl, TBSC(CH)3), -0.02 and-0.08 (2 x s, 6H, TESHKCH),); 3C NMR (75 MHz, CRQI
172.2(G1), 143.9128.7, 127.8 anii27.0(Ar-C) 86.7(G5), 68.9(G3), 67.2(G4), 51.4(G6), 40.7
(G2), 25.7(TBSC(OHa)3), 17.9(TBSJCH)3), -4.6 and-5.2 (TBSSi(CH)2); HRMS(m/z), calculated
for GoHzsNaQSi: 513.2432, found (M+Nap13.2422.

4.2.14 Sulfoxide addition to (S)-methyl 3 -((tert -butyldimethylsilyl)oxy )-4-
(trityloxy)butanoate 145

LDA (1.0 M in hexanes, 26 ml, 26.0 mmehs added to dry THF (100 ml) underaN-78 °C
followed by the addition oR+)}methyl p-tolyl sulfoxidel37(3.21 g, B.8 mmol) in dry THF (50
ml). Thereaction proceeded for 30 min, during which tea@lution turned bright oranghilst the
temperature was slowly raised te10 °C. In a separate twoecked flask,(S-methyl 2(2,2
dimethyt1,3-dioxolan4-yl)acetate 143(5.10 g, 10.4 mmol) was dissolved in dry THB (4} and
cooled to-40°C. The methyl sulfoxide solution was added dropwise usingraut@needle to the
stirring solution ofcompound143, and the reaction was allowed to reach r.t. upon complete
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addition. After 2 h of stirring at r.t. the reaction was quenched by the addition of saturated
aqueousNHCI solution(200 ml),and acidified to pH @sing 1 M HCIThemixture wasextracted
with EtOAc (3 x 100 miyhe ombined organic layers were washed withQH(1® ml), followed
by saturatedbrine solution (100 m)jand dried ovelanhydrousNaSQ. TLC showed two products
of potential significancezxcess solvent was removiedvacuoyielding a brownish qilvhich was
purified by column chromatography. Gradt elution was used for separatinthe desired
products starting from (EtOAc/Hex 1:1) and then increasg the ratio to 4:1. The separated
compound144 (1.50 g, 24%)and compound145 (3.49 g, 55%) were recovered as pgpdtlow
solids.
o O Compound 144 : (9-3-((tert-butyldimethylsilyl)oxy)1-((R)-p-
E:ﬁ © - ;T ;81 . tolylsulfinyl)-5-(trityloxy)pentan-2-one: R = 0.48 (EtOAc/HeR:7);
WH?°=+91.4c 1.3, CHEL M.p. = 115¢ 116°C;IRY madcnT?): 3056
(C=@H), 2951 (€H), 1716 (C=0), 1083-CY, 1067 (S=OIH NMR
(300 MHz, CDgH T c¥B&(m, 2H, AH), 7.41¢ 7.34 (m, 6H, Ar
H),7.33¢ 7.16 (m, 11HArH), 4.18 (t,J= 5.5 Hz, 1H+3), 4.07 (d,J= 14.8 Hz, 1H+1,), 3.92 (d,)
= 14.8 Hz, 1H,-#), 3.32¢ 3.18 (M, 1HH54), 3.17¢ 3.04 (M, 1HH5), 2.40 (s, 3HH7), 2.12¢
1.95 (m, H, H4,), 1.90¢ 1.75 (m, 1HH4), 0.75 (s, Bl, TBSC(CH)3), -0.07 and-0.13 @ x s, 6,
TBSSIi(CH)2); 13C NMR (75 MHz, CRCI  H [(G2¥p 143.8, 141.9, 140, 130.0, 128.6, 127.8,
127.0 and124.3(Ar-C) 87.3(G6), 76.2(G3), 65.3(G1), 58.7(G5), 34.5(G4), 25.7(TBSCCHs)a),
21.4 (G7), 17.9 (TBSQCH)3), -5.0 and -5.1 (TBSSi(CH)2); HRMS (m/z), calculated for
G7HiaNaQSSi635.2622, found (M+N&)635.2621.
)é&S‘O 5 o Compound 145 : (9-4-((tert-butyldimethylsilyl)oxy)1-((R)-p-
Ph O\/!\)k/g””: tolylsulfinyl)-5-(trityloxy)pentan-2-one: R = 0.46 (EtOAc/He®:7);
F’h>§ I w2 = +67.0(c 1.3, CHEE M.p. = 115¢ 116°C;IRY madcnTl): 3064
(C=GH), 2950 (&), 1712 (C=0), 1080-(@), 1050 (S=O}H NMR
7 (300 MHz, CDGHl T ®d57.9HR ZHArH), 7.42¢ 7.36 (M, 6H
Ar-H), 7.32¢ 7.17 (m, 11HArH), 4.28¢ 4.17 (m, 1H H4), 3.88 (dJ= 14.0 Hz, 1H+1,), 3.76 (d,
J=14.0 Hz, 1H+1p), 3.10 (ddJ= 9.3, 4.6 Hz, 1HH#5,), 2.95 (dd,)= 9.3, 6.8 Hz, 1HH5), 2.80¢
2.62 (M, 2HH3), 2.36 (s, 3HH7), 0.79 (s, 9HTBSC(CH)3), -0.02 and-0.09 (2 x s, 18, TBS
Si(CH)2); 3C NMR (75 MHz, CR  H A(G2¥pp43.7, 142.0, 1210, 130.0, 128.6, 127.8, 127.1
and 124.1(Ar-C) 86.9(G6), 69.9(G1), 68.3(G4), 67.1(G5), 50.0 (€3), 25.7 (TBECHk)3), 21.4
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(G7), 17.9 (TB8(CH)3), -4.7 and-5.0 (TBSSiCHs)2); HRMS(m/z), calculated for £HiNaQSSi:
635.2622, found (M+N&)635.2616

4.2.15 Synthesis of (2R,49-4-((tert -butyldimethylsilyl)oxy) -1-((R)-p-
tolylsulfinyl) -5-(trityloxy)pentan -2-ol 150
ZnC4 (3.25 g, 23.8 mmol) was flame dried under vacuum in arbDR-necked round bottomed
flask, cooled and dissolved in dry THF (200 (9)4-((tert-butyldimethylsilyl)oxyl-((R)-p-
tolylsulfinyl}5-(trityloxy)pentar2-one 145 (3.65 g, 5.96 mmol) was dissolved in dry THF (100 ml)
and added to the Zngkolution and the mixture was left stirring undee Bt r.t. for 2 h. The
reaction mixture was cooled t&/8 °C, left stirring for 10 min followed by the dropwise addition
of DIBALH (1.0 M, 9.0 ml, 9.0 mmol). After the complete addition of the DIBALItirtiveg
reaction was warmed to r.t. and allowed to proceed for a further 2 h after which the temperature
was reduced to-78 °C. The reaction was then quenched by the slow addition of a saturated
agqueoussolution of NHCI until effervescecehad stopped. kcess solvent was removétdvacuo
and the residue was extracted with EtOA& @H0 ml). The combined organic lageverewashed
with saturatedbrine (150 ml), dried oveanhydrousN&SQ and an oily residue was recovered
after removalof solvent. Purifiation of the desired compound was afforded by column

chromatography (E2Ac/Hex, 3:7) yielding the compout80(3.20 g, 87%) as a yellow solid.

%, R = 0.27 (EtOAc/Hex, 3:8]2° = +43.0(c 1.3, CHEt M.p. = 45¢
oo L1 L 46 °C;IRY mafcntl): 3339 (OH), 3058CECH), 2952 (&), 1251,
Ph%fh 5 3 1155, 1083 (@), 1029 (S=0% NMR(500 MHz, CDgHI 7.55 (d,J
= 8.2 Hz, 2HArH), 7.46¢ 7.38 (m, 6HAFH), 7.35¢ 7.19 (m, 1H,
7 Ar-H), 4.24¢4.07(m, 1H, H2), 3.97¢ 3.87 (m, 2H, H and OH)3.15
¢ 3.00 (M, 3HH1aand H5), 2.77 (ddJ= 13.0, 3.1 H#+1p), 2.42(s, 3H, H7), 1.95 (dt,J= 14.2,
4.7 Hz, 1HH3,), 1.89¢ 1.77 (m, 1HH3p), 0.80 (s, 9H, TBHCH)3), -0.04and-0.10 @ x s, 61,
TBSSi(CH)); 13C NMR (126 MHz, CBAl Mno®dy X MnMPy I MAnAdPTI MO
124.2 (AfC), 86.9 (®), 70.2 (&%), 67.3 (), 66.3 (), 63.7 (€1), 41.7 (3), 25.8 (TBECH)s),
21.5 (G7), 17.9 (TB8(CH)3), -4.4 and -4.9 (TBSiCHs)2); HRMS (m/z), calculated for
G7HieNaQSSi: 637.6722, found (M+Na§37.6729.
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4.2.16 Synthesis of (2R,49-1-((9-p-tolylsulfinyl) -5-(tr ityloxy)pentane -
2,4-diol 141

To a solution o€ompound150(2.90 g, 4.71 mmol) in dry THF (150 ml) was added TBAF (1.5 equiv,

7.00 ml) under Nat 0 °C. The reactiomasstirred for 4 h until completionwhilst monitoring by

TLC. Quenching of the reaction was achieved by additisatafatedaqueousNH;Clsolution(50

ml), followed by washing witkaturatedbrine (100 ml). Therganic layer was separated and dried

over anhydrousN&SQ and excess solvent was removedvacuo Purification of the desired

product using column chromatography (EtOAc/H&XR) yielded the desired product as a white

precipitate, compound141(2.08 g87%)w §]%° = +83.3c 1.00, CHg)l Seecompoundl41for the

rest of theNMR spectroscopic data

4.2.17 Synthesis of (4R,69-2,2-dimethyl -6-((trityloxy)methyl) -1,3-
dioxane -4-carbaldehyde 151
Compoundl24(3.38 g, 6.26 mmol) was dissolved in dry MeCN (20 nieyfed by the subsequent
addition of collidine (2.48 ml, 18.77 mmol) and TFAA (4.35 ml, 31.28 mmofaflbie reaction
proceeded for 30 min until total consumption of the starting material was detected, before
quenching with water (1 ml) followed by sbkCQuntil the reaction mixturavas neutral. Stirring
of the reaction continued for a further 30 min at room temperature after which it was diluted with
EtOAc (250 ml), washed with saturated aqueousi@Hsolution (200 ml), 1M HCI (100 ml),
saturatedNaHC®solution (200 ml) and saturated brine solution (250 ml). The organic layer was
separated, and dried over anhydrous J#8& and excess solvent was removead vacua
Purification of the desired product was achieved by column chromatography employwdigigr
elution (EtOAc/Hex, 1:9 to 1:1) yieldingmpound151(2.59 g, 99%), as a white solid.

OO R = 0.30 (EtOAc/Hex:1);M.p.: 61¢ 62 °C;IRY mafcntl): 3059 (C=C
0" 20

Ph>s(o 1, n H), 2991 (84), 1736 (C=0), 1258, 1165, 1078)CH NMR (300 MHz,
6

PR 7 ° 5 CDG)t  chdp yHOH AS0C 7m0 (m, 6H, AH), 7.34¢ 7.17 (m, ®,

Ar-H), 4.30 (dd,J= 12.3, 3.0 Hz, 1HH4), 4.09¢ 3.96 (m, 1HH6), 3.26 (ddJ= 9.4, 5.2 Hz, 1H#
72), 3.02 (ddJ= 9.4, 6.1 Hz, 1HH7b), 1.88 (dt,J= 13.0, 2.8 Hz, 1H-5), 1.462 and 1.457 (2 x s,
6H, H1 and H3), 1.43¢ 1.32 (m, 1H, H); 13C NMR (75 MHz, CRJ3I 1 {GO¥ 413.9, 128.7,
127.8 andL27.0(Ar-C) 99.0(G2), 86.6(G8), 73.8(G4), 67.9(G6), 66.9(G7), 29.6(G3), 28.6(C
5), 19.4(G1).
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4.2.18 Synthesis of N-benzyl-1-((4 R,69)-2,2-dimethyl -6-
((trityloxy)methyl) -1,3-dioxan -4-yl)methanamine 152

A solution of benzylamine (774l, 7.08 mmol) in 1@lichloroethane (18 ml) was addeto a

solution ofcompound151 (2.27 g, 5.44 mmol) in THF (2 ml) stirring undgrThe mixture was

treated with sodium triacetoxyborohydride (1.61 g, 7.61 mmol) in one portion and the reaction

was allowed to proceed for 24 h whilst monitoring by TLC nQhieg of the reaction was achieved

by addition of 1 M NaOH (20 ml) followed by extraction of the organic layer with DCM (100 ml).

The organic layer was washed with saturated brine solution (100 ml), and dried over anhydrous

NaSQ, followed by solvent remwval in vacua Purification by column chromatography

(EtOAc/Hex, 1:1) yielded the desired produb2(1.65 g, 60%) as a colourless thick gel.

N3 R =0.38(EtOAc/Hex1:1);0 8]?°=-16.8(c 0.9, CHE) IRY madcnT
0720
H 1): 3316 (NH), 3060 (C=#0), 2986 (€), 1092 (€);'H NMR (400
Ph_o XL _N_pn 1:3316 (NH), 3060 (), 2986 (), 1092 (©) (

PRl 7 % MHz, CDGJt T @Vpi8(m, 6H, Ar), 7.407.24 (m, 14, ArH),
4.16¢ 4.00 (m, 2HH4 and H6), 3.85 (s, 2HH10), 3.30 (ddJ= 9.2, 5.3 Hz, 1HH-72), 3.02 (dd,)
= 9.2 6.0 Hz, 1HH7), 2.77¢ 2.66 (M, 2HH9), 2.08 (brs, 1H, NH, 1.64 (dtJ=12.8, 2.5 Hz, 1H
H-54), 1.50 andl.44 @ x s, &, H1 and H3), 1.36¢ 1.23 (m, H, H5p); 13C NMR (75 MHz, CRPI
144.0, 14.3, 128.7, 128.3, 128, 127.7 andl26.9(Ar-C) 98.6(G2), 86.4(G8), 68.34 and 68.27
(G4 and GB), 67.3(G7), 54.6(G9), 53.9(G10), 32.1(G5), 30.0 andL9.9 (G3 and G1); HRMS
(m/z), calculated for GHs7NOs: 508.28®, found (M+H): 508.2865

4.2.19 Synthesis of (2S4R)-5-aminopentane -1,2,4-triol 153

Compoundl52(0.490 g, 0.965 mmol) was dissolved in ethanol (5 ml) followed by the addition of
Pd/C (0.050 g, 10%) and a few drops of formic acid. The reaction was left stirring overnight under
H. at atmospheric pressure fi&r reaction completion, the crude product was filtered over celite,
and excess solvent was removed under reduced pressure. Purification of the product was afforded

by column chromatography (CH®MeOH, 4:1) yieldingompound153(0.152 g, 90%) as a yello

oil.
OH OH R =0.28(CHGIMeOH, 9:3; *H NMR (300 MHz, MeQD 1 ¢ 8.89sna,
Ho. X L _NH,
SN 1H, H4),3.82¢ 3.68 (m, 1HH-2), 3.52¢ 3.32 (m, M, H1), 3.13¢ 2.96 (M,

1H, H55), 2.86¢ 2.72 (M, 1HH5y), 1.73¢ 1.51 (m, M, H3);3C NMR (75 MHz, Me@D « ¥ n ®p
2),67.1(G4), 66.9(G1),46.0(G5), 39.0(G3).
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4.2.20 ((4 R,69-2,2-dimethyl -6-((trityloxy)methyl) -1,3-dioxan -4-
yl)methanamine 154

Compoundl52(1.04 g, 2.05 mmol) was dissolved in ethan@lfil) and left stirring under Nor

15 min, followed by the addition of Pd/C (1.00 g, 10%). The reaction was left stirring for a further

15 min before introducing H Completion of the reaction was observed after 24 h of regular

monitoring using TLC. Thaixture was filtered through a celite plug and excess solvent was

removedin vacua Purification of the desired product was achieved by column chromatography

(DCM/MeOH, 95:5) yieldingbmpound154(0.71 g, 84%) as a white gluey viscous oil.

1>(3 =0U. e 1), =-24.0(C 1.0, m nm
R =0.27 (DCM/MeOH1:1); ) B]2° = -24.6(C 1.0, CHE)L IRY makc
0" 20
1): 3319 (NH), 3057 (C=#4), 2924 (€H), 1052 ();'H NMR (300
o 1w ) (NH) (C#9 () (@) (
PR T8 MHz, CDG) 'H NMR (300 MHz, CRE&I { ¢7.42n(ip,6H, ArH),

7.32¢ 7.18(m, 9H ArH),4.03 (dtd,J= 11.5, 5.6, 2.5 Hz, 1H6), 3.92¢ 3.78 (m, 1KHH4), 3.25
(dd,J=9.2, 5.3 Hz, 1HH74), 2.96 (dd,J= 9.2, 6.0 Hz, 1H#7b), 2.80¢ 2.62 (m, 2HH9), 1.65 (br

s, H, NH), 1.58 (dtJ= 12.7, 2.5z, 1H H5,), 1.45 andL.39 (2 x s, 6H, 4 and H3), 1.29¢ 1.10
(m, 1H, HBp), 3C NMR (75 MHz, CBBI Mnn ®n S M HIZEWGAEC) 886(C2),186.5(G/ R
8), 70.5(G4), 68.2(G6), 67.3(G7), 47.4(G9), 31.6(G5), 30.0and19.9(G3 and G1); HRMSm/z),
calculated for e/HsoNGs: 418.2377, found (M+F1)418.2376.

4.2.21 Synthesis of tert -butyl (((4 R69-2,2-dimethyl -6-
((trityloxy)methyl) -1,3-dioxan -4-yl)methyl)carbamate 155
Compoundl54(0.68 g, 1.63 mmol) was dissolved in THF (50fatipwed by the addition of Boc
anhydride (0.43 g, 1.96 mmol) and DMAP (10 mg, 0.082 mmol). The reaction was left stirring
overnight and TLC showed total consumption of the starting material. Work up of the
experimental mixture was achieved by dilutingmiCM (100 ml) followed by washing witbCH
(100 ml) and saturated brine solution (150 ml). The organic layer was separated, dried over
anhydrous NgSQ and excess solvent was removéd vacuo The desired producl55 was
recovered as a white solid (0. §5100%).
N 3 R =0.30 (EtOAc/Hex, 9w 8]2°=-20.3(c 1.0, CHE) IRY madcnT

>( J\)\/ _ 1): 3330 (NH), 3057 (C=9), (CH), 1686 (C=0), 1091-(@);'H NMR

Ph (300 MHz, CDglt T cm4h(m, 6H, AH), 7.34¢ 7.13 (m, i,
Ar-H), 4.88 br-s, 1H NH, 4.11¢ 3.89 (m, 2HH4 and H6), 3.40¢ 3.19 (m, 2, H7aand H9,),
3.07¢ 2.91(m, 2H H7s and H9y), 1.58 (dt,J= 12.8, 2.5 Hz, 1HH5,), 1.45 (s, B, BocC(CH)3)),
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1.43and 1.38 @xs, 64, H1 and H3), 1.28¢ 1.13 (m, 1KHH5p); 3C NMR (75 MHz, CRBRI mMp c ®dn
(BoeC=0), 144.0, 128.7, 127.8 at2i7.0(Ar-C) 98.7(G2), 86.5(G8), 79.3 (BoeQ(CH)s), 68.2 and
68.1(G4 and G5),67.2(G7), 45.5(G9), 31.2 (G5)29.9(G3), 28.4(BocCCHs)s), 19.9(G1); HRMS

(m/z), calculated for £2HzoNNaQ@: 540.2720, found (M+N&a)540.2711.

4.2.22 Synthesis of tert -butyl (((4 R,6S9-6-(hydroxymethyl) -2,2-dimethyl -
1,3-dioxan -4-yl)methyl)carbamate 156
A 500 ml twenecked round bottorad flask was heat sealed before being connected to a cold
finger condenser underNNa (729 mg, 31.7 mmol) was added in one portion and the flask was
cooled to-60 °C with the condenser also &0 °C. Liquid NE(50 ml) was introduced to the flask
and it was allowd to reflux for 15 min ensuring that the colour remained deep b&@mpound
155(820 mg, 1.58 mmol) was dissolved in dry THF (20 ml), cooled, and added to the ammonia
solution. There was no colour change observed, and the reaction proceeded for a flrther
Quenching was achieved by slow addition of ethanol (10 ml) over 10 min until the blue colour had
disappeared completely. Solid MEH (4 g) was then added in one portion and the reaction was left
stirring open at ambient temperature until all the blkad evaporated. The reaction mixture was
diluted with saturated aqueous NBI solution (100 ml), and the organic layer was extracted with
DCM (200 ml), dried over anhydrous :N@ and excess solvent was removea vacua
Purification of the desired compodnwas achieved by column chromatography (DCM/MeOH,

95:5) yieldingcompound156 (353 mg, 81%) as a yellow oil.

N R =0.30 (DCM/MeOH, 95)5¢ ]2°=-10.7(c 0.6 CHG); IRY madcnTl):
0" 20
H . .1
HO MN\BOC 3324br (OH and NH), 2923-(0), 1023 (@);H NMR (300MHz, CDG)
° L n(Brep,H NH), 4.0 3.95(m, 2H H4 and H6), 3.60 (dd,)= 11.5,

3.4 Hz, 1HH7.), 3.51 (ddJ= 11.5, 6.2 Hz, 1HH7s), 3.36¢ 3.27(m, 1H H8,), 3.04 (dddJ= 13.8,
6.9, 5.1 Hz, 1HH8y), 2.4L (brs, 1H, OHYX.47¢ 1.43 (m, 1B, BocC(CH)sand H1), 1.40 (s, 3H
H-3), 1.40¢ 1.30 (m, 2HH5), 13C NMR (75 MHz, CRPI ™ (BoETmO)98.8 (C2), 79.4(Boc
QCHY)3), 69.3and 67.9 (G4 and @), 65.9(G7), 45.4(G8), 29.9(G3), 29.2(G5), 28.4(Boc
C@Hk)3), 19.9(G1); HRMSm/z), calculated for GHeNGs: 276.1805, found (M+F)276.1806.

4.2.23 Synthesis of ((4 S6R)-6-((( tert -butoxycarbonyl)amino)methyl) -2,2-
dimethyl -1,3-dioxan -4-yl)methyl 4 -methylbenzenesulfonate 157
Compoundl56 (198 mg, 0.719 mmol), was dissolved in DCM (10 ml), followed by the addition of
DMAP (527 mg, 4.31 mmol) and TsCI (822 mg, 4.31 mmol). The remasdaft stirring for 24 h
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until TLC showed complete disappearance of the starting material. Work up of the reaction was
performed by diluting the reaction with water (100 ml), followed by extraction of the desired
compound with DCM (150 ml), followed byashing with saturated brine (100 ml). The organic
layer was separated and dried over anhydrous3@and excess solvent was removied/acua
Purification of the product was achieved by column chromatography (EtOAc/Hex, 3:7) yielding

compoundl57 (256 mg83%) as a yellow oil.

8 R =0.32 (EtOAc/Hex, 37w B]?° =-3.2 (c 1.02 CHG)); IRY mafcnm?):
0720

H _ _ :

3403 (NH), 2980 (8), 1598 (C=C), 1363 (S=0), 1168)(@097 (),

o, L_L R, 3403 (NH), 2980 (), 1598 (C=C), 1363 (5=0), 11681097 (@)

IH NMR (300 MHz, CDJ3l 7.78 (dJ= 8.3 Hz, 2HArH), 7.34 (d)= 7.9
Hz, 2H ArH), 4.91(br-s, 1H NH), 4.1% 4.04(m, 1H H6), 4.02¢ 3.85(m, 3H H4 and H7), 3.34
¢ 3.19(m, 1H H8,), 3.02 (ddd,)= 13.8, 6.7, 5.81z, 1HH8), 2.45 (s, 3HAFCH), 1.44 (s, 81, Boe
C(CH)3), 1.36 andL.30 @ xs,6H, H1 and H3), 1.28¢ 1.10 (m, 3, H5);13C NMR (75 MHz, CBEI
L ™ {BpET), 144.9, 132.9, 129.8 ai@8.0(Ar-C) 99.0(G2), 79.4(BocQCH)s), 72.2(G7),
67.7(C4), 66.6(G6), 45.2(G8), 29.6(G3), 29.5 (C5), 28.4(BocC(CH)s), 21.6(TsCH), 19.6(G
1),

4.2.24 Synthesis of tert -butyl (((4 R,69)-6-(azidomethyl) -2,2-dimethyl -1,3-
dioxan -4-yl)methyl)carbamate 158
Compoundl57 (240 mg, 0.559 mmol), was dissolved in DMF (6 ml) followed by the addition of
NaNs (182 mg, 2.79 mmol) and the reaction was refluxed &@br 3 h. After TLC analysis shdwe
complete disappearance of the starting material the reaction was cooled and diluted wih Et
(100 ml) and washed with saturated brine. The brine layer in turn was extracted onc&t@th
(200 ml).Thecombined E4O solutions were washed with saturatedne (7 x 150 ml), dried over
NaSQ and evaporated to afford the crude product. Purification by column chromatography

(EtOAc/Hex, 3:7) yielded the desired prodit8 (125 mg, 75%) as a yellow oil.

N R =0.35(EtOAC/Hex, 3:7)p 8] =-5.4(c 0.5 CHGJ); IRY madcntl): 3358
0270
H —N|[— —
NH), 2979 (&), 2098 (N=N=N), 1703 (C=0), 116®)CH NMR (300
v LR (NH), 2979 (@), 2098 (N=N=N), 1703 (C=0), 1160 (
5 MHz, CDGJt  n Breb,HH NH), 4.1Z 3.91 (m, 2HH4 and H6), 3.40

¢ 3.15 (M, 3HH7 and H8), 3.06 (ddd)= 13.9, 6.9, 5.2 Hz, 1H-8y), 1.50¢ 1.43 (m, 1B, Boe
C(CH)sand H1),1.41 (s, 3H, 13), 1.41c 1.23 (m, M, H5); 13C NMR (75 MHz, CRBI ™ Bocb M
C=0) 99.1(G2), 79.4(BocQCH)3), 68.2(G6), 68.0(G4), 55.1(G7), 45.3(G8), 30.6(G5), 29.8
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(G3), 28.4(BocCHs)s), 19.8(G1); HRMS(m/z), calculated for GH24NaNiOs: 323.1690, found
(M+HY: 323.1691.

4.2.25 Synthesis of tert-butyl (((4 R,69-6-(aminomethyl) -2,2-dimethyl -
1,3-dioxan -4-yl)methyl)carbamate 159

Pd/C (30 mg, 10 mol%) was added to a stirring solutiaoofpound158 (112 mg, 0.373 mmol)

in ethanol (5 ml) under H The reaction was allowed to proceed overnight at 4 atm until TLC

showed total consumption of the starting material. The reaction mixture was then filtered over

celite and evaporated yielding thaesired compound.59as a brown oil in quantitative yield. It

was not purified any further.

I~ R =0.14 (DCM/MeOH, 9:1IRY madcnl): 3353 (NH), 2978 ¢8), 1696
0270
HzNMH\BOC (C=0), 1160 {O);'H NMR (300 MHz, CD{l  p P45, AH NH), M.D9
roos e ¢ 3.91(m, 1H H4), 3.89% 3.79(m, 1H H6), 3.39¢ 3.22(m, 1H H8y),

3.04 (dddJ= 13.8, 6.9, 5.0 Hz, 1H8), 2.80¢ 2.52(m, 2H H7), 1.45 (s, 18, BoeqCH)sand

H-1), 1.41c 1.35 (m, 4, H3and H5;), 1.31¢ 1.15 (M, 1HH5p); 3C NMR (75 MHz, CRBI Mp c ® M
(BoecC=Q, 98.8(G2), 79.3(BocQCH)s), 70.3(G4), 68.1(G6), 47.4(G7), 45.4(G8), 30.9(G5),
30.0(G3), 28.4(BocQCHs)s), 20.0(G1); HRMSm/z), calculated for GH7N2O4: 275.1965, found
(M+HY: 275.1975.

4.2.26 Synthesis of tert -butyl (((4 R,69-6-formyl -2,2-dimethyl -1,3-dioxan -
4-yl)methyl)carbamate 160

Compoundl56(196 mg, 0.712 mmol) and IBX (797 mg, 2.85 mmol) were added to DMSO (10 ml)

and left stirring overnight. TLC analysis showed formation of an aldehyde using a 2,4 DNP as a

visualisation agent. The reaction mixture was diluted with DCM (100 ml), followaehblying

with water (2 x 100 ml), saturated brine (100 ml) and evaporation of excess solvent. Quantitative

yield of the crude aldehyd&60was recovered as an oil and was not purified further.

N R =0.34(DCM/MeOH, 9:5); IRY matcntl): 3382 (NH), 2922 {8), 1710
0720 )

n L1 “\BOC (C=0), 1164 (O);'H NMR (300 MHz, CREl b ® pHy H7§ 4.93 (sm

o ° ° 1H, NH, 4.49 (dd,J= 12.2, 2.9 Hz,.84H) and4.32 (dd,J= 12.2, 3.1 Hz,

0.41H, H6), 4.15¢ 3.84(s, 1H H4), 3.43¢ 3.18 (M 1H H8s), 3.15¢ 3.00 (M, 1HH8), 1.77¢
0.99 (m, 1A, H1, H3, H5 and BoeC(CH)3); HRMS(m/z), calculated for GHaNGs: 274.1619,
found (M+HJ: 274.1647.
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4.2.27 Synthesis of di-tert -butyl (4 R4'R6S6'S-6,6'-
(azanediylbis(methylene))bis(2,2 -dimethyl -1,3-dioxane -6,4-
diyl))bis(methylene))dicarbamate 161

Compoundl59(101 mg, 0.370 mmol) armbmpound160(84 mg, 0.307 mmol) were dissolved in

THF (3 ml) under Nfollowed by the addition of 12ichloroethare (5 ml) and sodium

triacetoxyborohydride (109 mg, 0.518 mmol) in one portion. After stirring at room temperature

for 24 h over molecular sievesApthe reaction was quenched with 1 M NaOH (5 ml), washed
with DCM (50 ml) and saturated brine (50 ml). Thgamic layer was separated and dried over
anhydrous Ng5Q and excess solvent was removad vacua Purification by column

chromatography (CH&MeOH, 9:1) yieldedompound161 (155 mg, 95%) as a viscous yellow oil.

3 = AN~ H]20 =
] <5 ] > i R = 0.40 (DCM/I\iI)eOH, 9.1(906) = 10.1 ()c 1.08,
L CHQ); IR Anadcnm) : 3362 (NH), 2977 {8), 1694

P E 0T TR Y P co0), 1163 (0)H NMR (500 MHz, COEl  n ®dn
(s, 1H NH), 4.0% 3.91 (m, 4, H4 and H6), 3.36¢ 3.23 (m, M, H85), 3.08¢ 2.99 (m, M, H8y),

2.75¢ 2.55 (m, #H, H7), 2.07 (bts, H, NH, 1.48¢ 1.42 (m, 261, 2 xBocC(CH)3, H1 and H5y),

1.38 (s, 8I, H3), 1.30¢ 1.21 (M, H, H5p); 13C NMR (126 MHz, CBGl M {BoeEmO) 98.8(G

2), 79.3(BocQCH)s), 68.2and 67.9 (G4 and @), 55.0(G7), 45.4(G8), 31.6(G5), 30.0(G3),

28.4 (BocC(CHs)3), 19.9(G1); HRMS(m/z), calculated for £8Hs0N30s: 532.3592, found (M+Ht)
532.3592

4.2.28 Synthesis of (2R,2'R,4S54'S)-5,5"-azanediylbis(1 -aminopentane -2,4-

diol) 112
Compound161 (65 mg, 0.122nmol) was dissolved in &FA:HO:Triisopropylsilane mixture
(95%:2.5%:2.5%, 3 ml) aladt stirring at ambient temperature. The reaction mixture was diluted
with MeOH (100 ml) and excess solvent was removed under reduced pressure. The residue was
redissolved in methanol (50 ml) followed by the addition of a few drops @N.Hthe excess
sdvent was removedh vacua The desired polyaminEl2 was not purified any further and it was

recovered as a yellow oil in quantitative yield.

OH OH ,,  OH OH R = 0.35 (IPA/ACOHHAD, 9:1);wH%° = -1.61 (¢ 0.13,

HoN A~ AN NH
NN MeOH)IRY mafentl): 3220¢ 2810 (NH, OH and @4);1H
NMR (500 MHz, MeOD) n cdé(m, B, H4), 4.07¢ 3.99 (m, 2HH-2), 3.22¢ 3.14 (m, 2H
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H-54), 3.10¢ 3.00 (M, 4HH1, and H5), 2.88 (dd,J= 12.8, 8.9 Hz, 2HH1p), 1.8 ¢ 1.62 (M, 4,
H-3); 3CNMR (126 MHz, MeOD) 163.8 (q,J= 33.4 Hz)120.3 (qJ= 291.3 Hzp4.6(G2), 63.7
(G4), 52.3(G5), 44.4(CG1), 38.9(G3); HRMS(m/z), calculated for {gHeN304: 252.1918, found
(M+H): 252.1912.

4.2.29 Synthesis of ((4R,69-2,2-dimethyl -6-((trityloxy)methyl) -1,3-
dioxan -4-yl)methanol 162
To a stirring solution afompound124 (400 mg, 0.740 mmol) in MeCN (6 ml) &0were added
collidine (586ul, 1.48 mmol) and TFAA (1.00 ml, 1.48 mmol) successively. The reaction \eds stirr
for 30 min before being hydrolysed with®l (1 ml) followed by adjusting the pH to neutral using
solid KCQ at ambient temperature. After stirring for 30 min NaBf168 mg, 1.48 mmol) was
added in one portion, and the reaction continued to stir foruglier 40 min before quenching
with saturated aqueous Ni€l solution (20 ml). The reaction mixture was extracted using EtOAc
(150 ml), washed successively with 1 M HCI (10 ml), saturated N&2D®I) and saturated brine
(100 ml). The organic layer wasett over anhydrous N&Q before excess solvent was removed
under reduced pressure. Purification using column chromatography (EtOAc/Hex, 3:7) yielded
compound162(310 mg, 99%) as a white solid.

N ° R = 0.31 (EtOAc/Hex, 3:#38]?° =-20.4(c 0.7, CHE IRY madcnT?):

0270
Ph_o. LI o 3489 (OH), 3058 (C#@, 2089 (), 1030 (€);'H NMR (300 MHz,
4

Prle 7 %59 cDG)t T @49 (M, BHAFH), 7.33¢ 7.16 (M, 9HAFH), 4.08¢
3.93 (M, 2HH4 and H6), 3.59 (ddJ= 11.4, 2.6 Hz,H, H9), 3.49 (dd,J= 11.3, 6.3 Hz, LH#),
3.26 (dd,J= 9.2, 5.4 Hz, 1H#72), 2.97 (ddJ= 9.1, 6.1 Hz, 1H+7y), 2.14 br-s, 1H OB, 1.58¢
1.50 (M, 1HH5.), 1.45 andL.39 @ x s, 61, H-1 and H3), 1.32 1.20 (m,1H, H5y); 13C NMR (75
MHz, CDGJ{ Mnn ®n S wHRO(ALC) B8T{CR) 86.6(C8Y 69.5(G4), 68.0(C6)
67.3(G7), 66.1(G9), 29.9(G3), 29.8(G5), 19.9(G1).

4.2.30 Synthesis of tert -butyl(((4 R,69-2,2-dimethyl -6-
((trityloxy)methyl)  -1,3-dioxa n-4-yl)methoxy)dimethylsilane 163

Compoundl62 (290 mg, 0.693 mmol) was dissolved in DCM (20 ml) followed by the addition of

imidazole (47 mg, 1.04 mmol), DMAP (128 mg, 1.04 mmol) and TBSCI (125 mg, 0.831 mmol). After

stirring overnight the reaction mixture was washed witbOH100 ml) and extractedith DCM

(100 ml). The organic layer was separated and dried over anhydra&ONand excess solvent
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was removed under reduced pressure. Product purification was afforded by column
chromatography (EtOAc/Hex, 1:9) to gm@mpound163 (358 mg, 97%) as a emus colourless

oil.

1o>2(03 R = 0.74 (EtOAc/Hex, 1:9);8]2°=-11.6(c0.31, CHG); IRY mafcnT
X M/oms 1): 3059 (C=@&l), 2991 (&), 1108 (€);*H NMR (300 MHz, CREI
Ph 1 7.49¢ 7.42 (m, 6HAFrH), 7.32¢ 7.18 (m, 9HArH), 4.04 (dtd J=
11.6, 5.9, 2.5 Hz, 2HH4), 3.93 (dtdJ= 11.5, 5.8, 2.5 Hz, 2H6),3.67 (dd,J= 10.2, 5.2 Hz, 1H
H-72), 3.48 (dd,)= 10.2, 6.1 Hz, 1HH7b), 3.24 (ddJ= 9.1, 5.3 Hz, 1HH9.), 2.98 (ddJ= 9.1, 6.1
Hz, 1HH9), 1.78 (dtJ=12.9, 2.6 Hz, 1HH5,), 1.44 andL.37 @ x s, 61, H1 and H3), 1.27¢ 1.14
(m, 1H H5p), 0.90 (s, Bl, TBSC(CH)3), 0.07and 0.06 (2 x overlapping single@H TBSSi(CH)2);
I3C NMR (75 MHz, CBRlI Mnn ®ME M HIPEIOYAEC) 8BHICD),186.4(GBIR69.7(G6),
68.4(G4), 67.3(G9), 67.0(G7), 31.4(C5), 29.9(G3), 25.9(TBSCCHs)3) , 19.8(C1), 18.4(TBS
ACH)3), -5.1 and-5.3 (TBSSi(Hs)2); HRMS(m/z), calculated for §3HssNaQSi: 555.2901, found
(M+Na): 555.2895.

4.2.31 Preparation of (2S4R)-5-((tert -butyldimethylsilyl)oxy)pentane -
1,2,4-triol 164

Compoundl63(60 mg, 0.111 mmol) was dissolved in dry DCM (1 ml) and coo#8@ 16 under

N2 followed by the dropwise addition of 1 M B@ hexanes (67, 0.0666 mmol). The reaction

was allowed to proceed for 15 min before quenching with anhydrous MeOH (5 ml). The solution

was poured into a saturated NaH&Es»lution (5 ml) and stirred for 5 mi The organic layer was

separated and washed with saturated brine (5 ml), dried over anhydrous Mg@@oncentrated

under reduced pressure. Product purification was afforded by column chromatography

(CHGYMeOH, 9:1) yielding compountb4 (17 mg, 66% gid) as a colourless oil.

OH OH R =0.24 (EtOAC)RY madcnml): 3261 (OH), 2906 {€), 1242 @); H
Ho L 3 L oTBs
N NMR (300 MHz, CDEl 0 @880 (m, 3, OH, H2 and H4), 3.69¢

3.58 (M, 2HH5), 3.56¢ 3.45 (m 2H H1), 3.29 br-s, 1H O, 3.06 br-s, 1H OH, 1.68¢ 1.52 (m,
2H, H-3), 0.92 (s, B, TBSACHY)s3), 0.10 (brs, &4, TBSSI(CH)2); 13C NMR (75 MHz, CRl  T4M @ ¢
and71.90 (G2 and &4), 67.5 and69 (C1 and G5), 35.7 (€3), 26.2(TBSC(Hs)3), 18.6(TBS
ACH)3), -5.0 and-5.1 (TBSSi(CH)2); HRMS(m/z), calculated for GH7OsSi: 251.1673, found
(M+HY): 251.1670.
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4.2.32 Synthesis of ((4 S6R)-6-((( tert -butyldimethylsilyl)oxy)methyl)  -2,2-
dimethyl -1,3-dioxan -4-yl)methanol 165
A 250 ml twenecked round bottored flask was heasealed before being connected #cold
finger condenser under NNa (258 mg, 11.imol) was added in one portion and the flask was
cooled to-60 °C with the condenseaiso at-60 °C Liquid NH(25ml) was introduced to the flask
and it was allowed to reflux for Ifin ensuring that tle colour remainedieep blue.Compound
163(320 mg, 0.600nmol) was dissolved in dry THIO (ml) and added to the ammonia solution.
There was no colour change observed, and the reaction proceeded for a further 1 h. Quenching
was achieved byhe slow addition of ethanol (10 ml) over 10 min until the blue colour had
disappeared completely5olidNH:CI (4 g) was then added in one portion and the reaction was left
stirring open at ambient temperature until all the blkad evaporated. The reaction mixture was
diluted with saturatedaqueousNH;CI (100 ml), and the organic layer was extrdctath DCM
(200 ml), dried over anhydrou$aSQ and excess solvent was removiadvacua Purification of
the desired compoundsingcolumn chromatgraphy (DCM/MeOH, 95:5) gave riseatoohol165
(140 mg, 80%@s a yellow oill

N R = 0.16 (EtOAC/Hex, 9:1RY mafenT?): 3441 (OH), 2993 48), 1109 (€

0" 270
Ho L _L_otss 0);*H NMR (500MHz, CDGJ+  n 8198 (m, 2HH4 and H6), 3.72¢
75 e 3.67 (M, 1HHT72), 3.66¢ 3.61 (M, 1HHTL), 3.57¢ 3.47 (m, 2H H8),

2.13 pr-s, 1H OB, 1.56¢ 1.50 (M, 1HH5,), 1.48 andl.41 @ xs,6H, H1 and H3), 1.33¢ 1.23
(m, 1H H5), 0.91 (s, B, TBSC(CH)s), 0.08 and 0.02 (2 x 6H TBSSi(Ch)2); 3C NMR (126 MHz,
CDQ)!  p§?),169.5and69.4(G4 and G6), 66.9(G7), 66.2(G8), 29.9(G3), 29.3 (&), 25.9
(TBSC(CHb)s), 19.9(G1), 18.3(TBSQCH)3), -5.2 and-5.3 (TBSSi(CH)z); HRMS(m/z), calculated
for GuHs104Si: 291.1986, found (M+H)291.1985.

4.2.33 Synthesis of ((4 S6R)-6-((( tert -butyldimethylsilyl)oxy)methyl)  -2,2-

dimethyl -1,3-dioxan -4-yl)methyl 4 -methylbenzenesulfonate 166
Compoundl65 (140 mg, 0.482 mmol) was dissolved in D@®I ml) followed by the addition of
DMAP (426 mg, 2.89 mmol) and TsCI (552 mg, 2.89 mmol). After stirring overnight, the reaction
was quenched with ¥ (50 ml) and diluted with DCM (100 ml). The organic layer was separated,
and dried over anhydrous N&Q followed by evaporation of excess solvent under reduced
pressure. Purification of the desired product was afforded by column chromatography using
(EtOAc/Hex, 3:7) as the eluent to affaxdmpound166 (200 mg, 99%) as a colourless oil.
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1>(3 R = 039 (EtOAc/Hex3:7); IRY mafcntl): 2987 (€H), 1356 (S=0), 1170
0720
TsO\)4\/'6\/OTBS (GO);*H NMR (300 MHz, CRIl T cdyyréi(m, 2H, AH),7.37¢ 7.31
70 s s (m, 2H ArH), 4.16¢ 4.05 (m, 1HH4), 4.02¢ 3.94 (m 2H H7), 3.93¢

3.83 (m, 1K H6), 3.63 (dd,)= 10.35.2 Hz, 1HHS8y), 3.44 (dd,J= 10.3, 6.0 Hz, 1HH8y), 2.44 (s,
3H, TsCH), 1.57 (dtJ= 12.7, 2.6 Hz, 1HH#5,), 1.37 and 1.30 (2 x skHH1 and H3), 1.20¢ 1.05
(m, 1H H5p), 0.88 (s, B, TBSC(CH)), 0.04 (brs, 6H TBSSi(CH)2); *C NMR (73Hz, CDG)+
144.8, 133.0, 129.8 art?8.0(Ar-C) 98.7(G2), 72.4(G7), 69.2(G6), 66.8(G4), 66.7(G8), 29.6
(G5 and G3), 25.9(TBSC(OHs)s), 21.6(TsCH), 19.6(G1), 183 (TBSJ(CH)s), -5.2 and-5.3(TBS
Si(CH)2.

4.2.34 Synthesis of (((4 R,69-6-(azidomethyl) -2,2-dimethyl -1,3-dioxan -4-
yl)methoxy)( tert -butyl)dimethylsilane 167
Compoundl166 (199 mg, 0.480 mmol), was dissolved in DMF (6 ml) followed by the addition of
NaNs (156 mg, 2.40 mmol) and the reaction was refluxed &iZtor 4 h. After TL&halysis showed
complete disappearance of the starting material the reaction was cooled down and diluted with
EO (100 ml) and washed with saturated brine (100 ml). The brine layer in turn was extracted
once withEtO (100 ml)Thecombined E4O solutionsvere washed with saturated brine (7 x 150
ml), dried over anhydrous N&Q and evaporagd to afford the desired azid&67 (125 mg, 75%)

as an orange oil.

N R =0.40(EtOAC/HeX, 3:7)RY mafcnml): 2992 (€H), 2098 (N=N=N), 1253
0270
Ny L _L_ores (GN), 1108 (€);'H NMR (300 MHz, CRE! 4.11 (dddd,J= 11.8, 6.2,
o5 s 4.2, 2.6 Hz, 1H+4), 4.03¢ 3.93(m, 1H H6), 3.71 (ddJ= 10.2, 5.1 Hz,

1H, H8,), 3.52 (dd,J= 10.2, 6.2 Hz, 1HH8y), 3.34¢ 3.20(m, 2H H7), 1.60 (dtJ= 12.7, 2.6 Hz,
1H, H55), 1.50 andl.44 @ x s, 6, H1 and H3), 1.37¢ 1.26 (m, H, H5,), 0.92 (s, B, (TBS
C(CHh)3)), 0.10 and 0.09 (2 x overlapping singletd, BBSSi(CHh)z; 13C NMR (126 MHz, CRQI
98.8(G2), 69.5(G4), 68.5(G6), 66.8(G8), 55.2(G7), 30.8(G5), 29.8(G1), 25.9(TBSCCHs)s),
19.7(G3), 18.3(TBSQCH)3), -5.2 and-5.3 (TBSQCH)s).

4.2.35 Synthesis of ((4 S6R)-6-((( tert -butyldimethylsilyl)oxy)methyl)  -2,2-
dimethyl -1,3-dioxan -4-yl) methanamine 168
Compoundl67 (100 mg, 0.317 mmol) was dissolved in dpCE20 ml) followed by the addition
of LiIAIH (24 mg, 0.634 mmol) in one portion. The reaction was complete in 2 h (TLC control), and
the reaction was quenched by dropwise addition of 2 M NaOH antihite precipitate formed.
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Anhydrous Ng5Q was added and the mixture was filtered. The solid white residue was extracted
twice with EtOAc (50 ml) and the combined organic solutions were evaporated to give compound

168as an oil in quantitative yield. €product was not purified further.

N R = 0.37 (CHEMeOH, 9:1)IRY mafcnl): 3444 (NH), 2993 {8), 1108

0" 270
i L1 _ores (GO);*H NMR (80 MHz, CD@It 0 @889 (m, 1HH6), 3.88¢ 3.81
o5 8 (m, 1H H4), 3.67 (ddJ= 10.2, 5.2 Hz, 1H#8s), 3.48 (dd,)=10.2, 6.1

Hz, 1HH8), 2.76¢ 2.67(m, 2H H7), 1.60¢ 1.50 (m, 3, H52 and NH), 1.45 andL.39 @xs, &,
H-1 and H3), 1.22¢ 1.09 (m, H, H5y), 0.89 (s, Bl, TBSJCH)3), 0.061 and 0.05&(x overlapping
singlets 6H TBSSi(CH)2); °C NMR (101 MHz, CRQI  h(58),c70.6(G4), 69.6(G6), 67.0(G
8), 47.5(G7), 31.0(G5), 30.0(G3), 25.9(TBSQOHs)s), 19.9(G1), 18.4(TBSACH)s), -5.2 and-
5.3(TBSSi(CH)2); HRMSm/z), calculated for GHsoNGsSi: 290.2146, found (M+FH)290.2154

4.2.36 (4 S6R)-6-((( tert -butyldimethylsilyl)oxy)methyl)  -2,2-dimethyl -1,3-
dioxane -4-carbaldehyde 170
Compound165 (138 mg, 0.476 mmol) was dissolved in DCM (5 ml) at ambient temperature,
followed by the addition of DMP (225 mg, 0.153 mmol) in one portion. The reaction was left
stirring overnight and TLC analysis showed formation of an aldehyde usiDiNPH visualisation.
Work-up of the reaction was achieved by washing with 2 M NaOH (10 mivediby saturated
brine. The organic layer was separated and dried over anhydrous Ma&excess solvent was
removed under reduced pressure yielding a colourlesg®las the desired product. No further

purification was performed.

N R = 0.37 (EtOAc/Hex, 3:2RY madcnTl): 2992 (€H), 1735 (C=0), 1103-(C
0" 270
Mo ores  O)i'H NMR (400 MHz, COIBl ¢ ® ¢ nH7H 432 (dek 12.3, 3.0 Hz,
4 6
g ¢ @ 1H, H4), 4.04¢ 3.85 (m, H, H-6), 3.72¢ 3.62 (M, H, H84), 3.55¢ 3.45 (m,

1H, H8), 1.84 (dtJ= 13.0, 2.8 Hz, 1HH5,), 1.48 andL.47 @ x s, &1, H1 and H3), 1.38¢ 1.28
(m, 1H, H5,), 0.89 (s, B, TBSC(CH)3), 0.061 and 0.059 (2 x overlapping singletd, tBS
Si(CH)2); *C NMR (101 MHz, CRBAI  H f(Giryp 80.0(G2), 73.8(G4), 69.2(G6), 66.5(G8),
296 (G3), 28.0 (&), 25.9 (TBECH:)3), 19.5 (€1), 18.3 (TBE(CHY)3), -5.26 and-5.32 (TBS
Si(Ch)2).
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4.2.37 Synthesis of bis(((4 S6R)-6-((( tert -butyldimethylsilyl)oxy)methyl) -
2,2-dimethyl -1,3-dioxan -4-yl)methyl)amine 171

Compound170 (101 mg, 0.281 mmol) was dissolved in dry-dighloroethane (5 ml) under N

followed by the addition oEompound168(118 mg, 0.408 mmol) dissolved in-tizhloroghane

(2 ml) andsodium triacetoxyborohydride (118 mg, 0.562mol) was addedn one portion.The

reaction was left stirring for 24 h over molecular sie(@)(TLC control). Upon completion, the

reaction was quenched by the washing with 1 M NaOH (10seyarating the organic layer and

drying over MgS® Excess solvent was removed under reduced pressure. Purification of the

desired product was performed by column chromatography (&MEDH, 9:1) vyielding

compoundl71(61 mg, 73%) as a yellow oil.

NS N R = 0.32 (EtOAc/Hex, 41®H*° = +10.4(c 0.56,

97z, o7F0 CHG) IRY mafent®): 2293 (GH), 1253 (N), 1157

TBSO\/é\/;;\/N\/‘lK/Gk/OTBS . , ’ ’
8 5 7 7 5 8 1106 and 1044 (©);*H NMR (400 MHz,CDl n ®n T

¢ 3.98 (m, M, H4), 3.96¢ 3.88 (m2H, H6), 3.65 (dd,J= 10.1, 5.2 Hz 2 H8,), 3.46 (ddJ= 10.2,
6.0 Hz, B, H8), 2.68 (dd,J= 12.0, 7.4 Hz 2 H74), 2.60 (ddJ= 12.0, 4.0 Hz,12, H7b), 1.99 br-
s, 1HNH, 1.55 (dtJ=12.8, 2.7 Hz,;2 H5z), 1.44 andl.37 @ x s, 18, H1and H3), 1.23¢ 1.11
(m, 2H, H5b), 088 (s, 18H, TBS(CH)3), 0.07¢ 0.02 (m, 12H, TBSI(CH)2); 13C NMR (101 MHz,
CDG) 1 PhCB,69.7(C6), 68.1(CG4 ), 67.0(C8), 55.1(CG7), 31.7(C5), 30.0(G3), 25.9(TBS
C(Hs)3), 19.9(G1), 18.4(TBSQCH)3), -5.2 and-5.3 (TBSSi(Hs)2); HRMS(m/z), calculated for
CasHeoNOsSh: 562.3954 found (M+H): 562.3973.

4.2.38 Synthesis of (RA4A'R6S6'S-6,6'-
(azanediylbis(methylene))bis(2,2 -dimethyl -1,3-dioxane -6,4-
diyl))dimethanol 172
To a solution oEompound171 (60 mg, 0.108 mmol) in dry THF ifd) was added TBAF (16d,
0.161 mmo) under N at 0 °C. The reaction was allowed to stir for 4 h until completion whilst
monitoring by TLC. Quenching of the reaction was achieved by additoiewfdrops of satuited
agqueousNHClfollowed bydryingover anhydrousNaSQ. The mixture was filterednd excess
solvent was removeth vacua The crude producll72was used without further purification in

the next step.
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R =0.28 (CHGMeOH, 9:1);13C NMR (101 MHz, CRQ
99.3(G2), 69.2(G6), 65.3(G8), 64.4(G4), 51.7(G7), 30.3
(G5), 29.8(G3), 20.2 (€1).

4.2.39 Synthesis of (MRA4A'R6S6'S-6,6'-
((tosylazanediyl)bis(methylene))bis(2,2  -dimethyl -1,3-dioxane -6,4-
diyl))bis(methylene) bis(4 -methylbenzenesulfonate) 173

Compoundl72 (27 mg, 0.108nmol), was dissolved in DCM (d), followed by the addition of

TsC[101 mg, 0.540nmol) andDMAP(66 mg, 0.540nmol). The reaction was left stirring for 24 h

until TLC showed complete disappearance of the starting material. Work up of the reaction was

performed by dilting the reaction with water (@ ml), followed by extraction athe desired
compound wih DCM §0 ml). The organic layer was separated and dried ambydrousNaSQ

and excess solvent was removiedvacuo Purification of the product was achieved by column

chromatography EtOAc/Hex, 3:Ajieldingcompoundl173(18 mg, 2%)as awhite solid

L 13 R =0.38 (EtOAC/HexL:1); IRY madcnl): 2093, 2929 (C
979 1o 0% H), 1379 (S=0), 1200-03;*H NMR (400 MHz, CDE
TSO\/;\/;\/NM/OTS ’ e ’ ’
7 5 8

5~ 7 7.96¢ 7.90 (m, 4H), 7.827.75 (m, H), 7.41 (d)= 8.2 Hz,
4H) and7.34 (d,J= 7.9 Hz, B, ArH), 4.14¢ 4.00 (m, 4, H4 and H6), 3.99¢ 3.86 (m, H, H7),
3.30 (dd,J= 14.9, 4.2 Hz,i2 H8y), 3.20 (ddJ= 14.9, 7.2 Hz,12, H8), 2.49 (s, 6H) and 2.45 (s,
3H, A-CH), 1.47 (dtJ=12.8, 2.5 Hz 12 H5,), 1.28¢ 1.20 (m, 12, H1 and H3), 1.13¢ 1.03 (m,
1H, H5p); 13C NMR (101 MHLDG) 4 Mnn®opr.3,M328,02938, 120, 128.0 add7.2
(Ar-C) 98.9(G2), 72.1(G7), 67.8and 66.7 (G4 and G6), 54.2(G8), 30.1(G5), 29.7(CG3), 21.6
and21.5(TsCH), 19.4(G1).

4.2.40 Synthesis of N,N-bis(((4 S6R)-6-(azidomethyl) -2,2-dimet hyl-1,3-
dioxan -4-yl)methyl) -4-methylbenzenesulfonamide 174

Crude compound73was dissolved in DMF (@l) followed by the addition of NaiN112 mg, 1.72

mmol) and the reaction was refluxed at 7& for 4 h. After TLC analysis showed complete

disappearancef the starting material the reaction was cooled and diluted wit#OEt{L00 ml) and

washed with brine. The brine layer in turn was extracted once &w#® (100 ml)Thecombined

EtO solutions were washed with saturated brine (7 x 150 ml), dried overdraby NaSQ and

evaporated under reduced pressure, to afford the crude product. Purification of the desired
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