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Abstract

Abstract

Natural productshave been perceived as privileged structures in drug discovery based on their
evolutionary experienceChapter 1, explores previous exploitation of this platform by medicinal
chemists to identify some potent inhibitors of tumour cell migration, includngyastatin and
isomigrastatin. Other analogues of theseatl 12ring frameworks have been prepared based on both,
quinic and glucuronic acid. These derivatives have shown promise as potent inhibitors of tumour cell

migration.

Chapter 2 describes theymthesis of novel macrocyclic frameworks structurally related to glucuronic
acid. A Lewisacid induced anomerisato n ot ot hteh eb c o ranoeer,pvasivital in the U
prepar at dnacrocydes. Themacroldctams prepared were biologically evaluated and a couple

of key compounds found to be potent inhibitors of tumour cell migration.

Chapter 3 introducesiminosugars, a class of natural products known for their broad therapeutic
potential. This work focuses on the allylic azide rearrangement and Huisgen cycloaddition, which

together can provide access to nitrogentaining frameworks from {nannose.

Chapter 4 outlines difficulties in relation to stereochemical assignment, from the formation of two new
stereocentres in this diastereoselective reaction resulting in pipe@eihaosyl iminosugars. This
work, based on previous studies, required an innatdommational restraint in the form of an

isopropylidine group for a successful cycloaddition.

Chapter 5 explores enforcement of the tandem rearrangeytbaddition to prepar€-glycosyl
pyrrolidines. Contradictory to previous reports, removal of sopriopylidine restraint enhanced the
cyclisation resulting in improved selectivity, yield and reaction times. This work also showed

regioselectivity was also an important factor in the tandem cycloaddition.

Chapter 6 explores employment of similar methddo gy f or t he -gisubsstijuted at i on
guaternary iminosugars, reiterating success of the cycloaddition (with improved selectivity, yield and
reaction times) in absence of a conformational restraint. Studies of the-alkddrevs. alkynazide

readivity were also explored, identifying two novel triazdlesed scaffolds.

The stereoselectivities of the nitrogeontaining products (Chaptetss) were all assigned by Nuclear
Overhauser Spectroscopyperiments. Further clarification by observatiottdfNMR J values @k,
Ji5), X-ray crystallography and comparisons with available literature analytical data were also made

where possible.
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Macrocyclic inhibitors of tumour cell migration and Lewatsd induced anomerisation Chapter
1

Chapter 1 Macrocyclic inhibitors of tumour cell migration and
Lewis-acid induced anomerisation

1.1 Natural products 1 privileged structures in drug discovery
Natural products and their derivatives have played a huge role in drug discovery with an estimated

40 % of all medicines developed from these moleculééatural products, derived from plant,
microorganisms and marine sources, can begodt®ed as primary and secondary metabolites.
Primary metabolites are crucial for the survival of an organism. These components are involved in
essential biological processes such as growth, development and reproduction. Secondar
metabolites, while not eential for basic functioning, are involved in various other mechanisms,
such as, defence. These fAprivileged structur
access new bioactive molecules. It has been proposed that such compounds aedvhtved

have a greater likelihood of specific biological activity (in comparison to the contending randomly
assembl-madédmasynt hetic scaffolds)? due to the

Traditional medicine practitioners were among the first to exploit natural products for their
therapeutic benefits. Subsequent clinical, ptaaological and chemical studies of such compounds
have provided access to an array of bioactive molecules, including some of the most effective drugs
currently on the market. These medicines have been used for therapeutic purposes in a variety c

illness,such as, malaria and cancer.

HO
N HNJ\/\
0 A |\ \/N\l F
=VF
p Z
N cl N FF “ F
Quinine Chloroquine Mefloquine Artemisinin

Figure 1.1 Some anthalarial natural products

The antimalarial smaHmolecule quinine (Nov@uinine®), was isolated from the bark of Cinchona
species by Caventou and Pelletier in the 1820kis potent compound provided the basis for
synthetic analogues chloroquine (Aralen®) and mefloquine (Lariam®), which were employed as
alternative antimalaria treatments around the 19%@towever, with the development of increased
regstance to antialarial therapeutics, access to new drug candidates became vital. In 1972, Tu
Youyou isolated Artemisinin fromrtemisia annua>® This potent antmalaria compound became

a gamechanger aiding treatment of mudtiug resistanPlasmodium falciparunmalaria. Youyou

was awarded the 2011 Lasker Award in Clinical Medicine artoteNBrize in Medicine in 2015, for

this significant breakthrough.
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Vincristine and vincaleukoblastine, marketed as Oncovin® and Velban®, were isolated from
periwinkle plantVinca roseay two independent research teams between-196078

This breakthrough was one of many, as soon after, isolation of contpdren the bark oTaxus
brevifolia led to the discovery one of the most widaled breast cancer drugs, paclitéx€his
therapeutic, marketed as Taxol®, was approved for administration in 1993. This naturally derived
drug is involved in the inhibition of the uncontrolled cell division process of cancerou¥’cells.

Other key bioactive classes include camptothecins. Thecanter camptothecin, Z®)-
camptothecin, was first discovered and isolated by Wall and Wani in 1966 from the bark of
Camptotheca acuminaté While this camptothecin showed promise, problesgarding toxicity

and poor solubility, hindered progression of the drug candidate. As such, efforts turned to the
preparation of more wataoluble synthetic analogues. This approach lead to the identification of

topotecan and irinotecan, marketedtesanti-cancer therapeutics, Hycamtin® and Camptosar®.

OH OH 0~_.0

20-(S)-
Camptothecin

Paclitaxel Topotecan Irinotecan

Figure 1.2 Privileged natural product structures in drug discovery

Glutarimidecontaining macrocycles are another class of molecules that have received attention as

anticancer agents (Figure 1.3).
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HO
Lactimidomycin 3

(0] N (0]
H

Figure 1.3Glutarimidecontaining macrocycles

Lactimidomycin 3 was first isolated fronstreptomyces amphibiosporagain ATCC 53964 in
199212 This particular 12nembered glutarimide showed a range of bioactivities, especially in the
treatment of leukaemia tumourdn 2010, Furstner and emorkers? reported the total synthesis of
lactimidomycin. A 14-membered ring, resembling lactimidomycin, migrastatinhad been
previously isolated fronStreptomycesp. strain MK929-43F1 in 2000 This 14membered
macrocycic natural produchas been reported tohibit cell migratiori*®> and hinder multdrug
resistanc®. Migrastatin was alsisolated fromStreptomyces platensitrain NRRL18993 in 2002,

along with a 12nembered macrocyclic analogue, isomigrastdtin.

The stability of these macrocycles can be effected by the unsaturated lactone m@eg5, Shen

and ceworkers® reported how isomigrastatin can be decomposed into its shunt metabolites,
migrastatinl andthe dorrigocins4-6. Furthermore, thermolysis of isomigrastatin was reported to
form these same metabolitéa. hydrolyss (Scheme 1.2y.Dorrigocin A and dorrigocin B are nen
cyclic glutarimides resembling the nagiclic forms of migrastatin and isomigrastatin, respectively.
The dorrigocins are known for their inhibition cisi.e. a GTPase protein involved in multiple
biological processe®. While stability of these macrocycles may be problematie potent
bioactivities have created wide interastd synthesis of their derivatives has been exploited as a

means of drug discovefy??
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Migrastatin 1

O Dorrigocin A, (13R) 5
o 13-epi-Dorrigocin A, (13S) 6

Il
A

o

Scheme 1.1 Thermolysis of isomigrast&tito afford migrastatirl and dorrigocin derivative4-6
(Adapted with permission from referent®. Copyright (2006) American Chemical Soc)ety

1.2 Cancer and its capability to migrate and spread to other parts of the body

1.2.1 Background
The human body is a highlyrdered organism consisting of trillions of cells. When the division and

apoptosis of these delbecomes uncontrollable, a tumour may form. Tumours can be categorised as
benign or malignant. A benign tumour can be described as a localised neoplasm which does no
invade neighbouring tissues or spread to other parts of the body (a process moralgdmaven
as metastasis). Malignant tumours are more problematic, susceptible to invading nearby tissue an
metastasis, thus forming a secondary tumour. These neoplasms are defined as cancerous growtt
Cancer is a prominent problem within Ireland, witle thumber of cancer casaad mortalities

increasingannuallyby 3 %and 1%, respectivek?

Treatment of both malignant and benign tumours is important in medicinenCugatments of this
disease include; surgery, radiation therapy, chemotherapy and bibkbgiapy. Surgery involves
removal of the tumour. This procedure may be used in combination with radiation therapy and/or
chemotherapy to ensure complete remmfahe neoplasm. However, both treatments can induce
death of normal healthy cells, thus leading to severe side effects including; nausea, vomiting and hail
loss. Biologic therapies involve aiding the immune system to recognise and attack cancereells. On
advantage of this type of therapy is the fewer side effects. However, biological drug therapies are
among the most expensive therapeutics available and as such efforts using traditional teecipies

as small molecuk®ased chemotherapeutics are atithe forefront of cancer research. One approach
4
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to cancer treatment using small molecules, involves inhibition of tumour metastasis. This type of

chemotherapy could be used in combination with other drugs to potentially cure cancer.

1.2.2 Tumour metastasisi a complex biological process
Tumour metastasis is the primary cause of death in the mapbrigncer patients. This complex

biological process involves; (i) local infiltration of nearby organs/tissues by the cancer cells, (ii)
entry of cancer to clslinto vasculature, (iii) transport of the cancerous cells to a different area of the
body (iv) exit of cancerous cells out of the vasculature to suitable growth sites (v) coloriyation

the cancerous cells arfd) subsequent blood vessel growth, a psscmore commonly known as
angiogenesis, to support the secondary neoplasm with sufficient oxygen and ntitidnts,

tumour metastasis can be hindered by prevention of any of these steps. Ideally, targeting the primar:
cancer cell migratory step, would prohibit the cascade process.

1.2.3 Cancer cell migration
Cell migration is aressential feature of cells involved in many biological pathways, including,

immune surveillance, tissue repair and regeneration. The mechanism of this biological pathway is

highly complex.

Cell migration is initiated in response to chemoattractants. Uperaction of these chemical signals

with cell surface extracellular receptors, chemoattractants can trigger signalling pathways causing
actin polymerisation. Actitbundling subsequently occurs to organise the new actin filaments. These
actions can leaatthe formation of cell membrane protrusions (such as, lamellipodia and filopodia)
on the leading edges of migratory cells. The lamellipodia (dike@tand filopodia (rodike)

protrusions serve as traction sites for migration as the cell moves forward.

1.3 Bioactivities of migrastatin, isomigrastatin and analogues

1.3.1 Danishefsky
As previously stated, upon isolation and structure elucidation of migrastatin in 2000 (and subsequent

evaluation of biological activities), the Idembered macrocycle was identifiedagsotent inhibitor

of tumour cell migration, thus showing potential as a tumour metastasis supptésser®
Danishefsky and cworkerg’ were the first to mke a breakthrough in the synthesis of these
macrocycles reporting the preparation of the migrastatin core and analogues in 2002. A year later
they reported the first total synthesis of migrast&iBubsequently, Danishefsky andworkers
biologically evaluated migrastatin against the macrocyclic core and derivassegiatinghe latter

with tumour cell migration activity three orders higher than the contending glutaraordaining

natural product upon comparison ofs@alues in a camber cell migration assay of 4T1 mouse
breast tumour cells (Figure 1.#)Stability studies of these compounds inuse plasma were also
performed. Results showed that analogues with ester functionality, migrastatiid aock 2,3

dihydromigrastatin9, were unstable in comparison to the contending migrastatin analogues

5
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containing keton® and amidel0 functionalities®® Other cell lines have been investigated against
the migrastatin lactam and ketone, with promising inhibitotivey reported in numerous cell lines
including; MDA-MB-231 (human breast tumour), Loe2@9 (human colon tumour) and RBC

(human prostate tumout).

O
“OH
OMe
Migastatin core 7 Migrastatin
IC50 22 nM ketone 8
IC5¢ 100 NnM

Migrastatin 1

IC50 29 uM
OMe OMe
2,3-Dihydro- Migrastatin
migrastatin core 9 lactam 10
IC5¢ 24 nM IC5¢ 255 nM

Figure 1.4 Bioactive macrocycles migrastatin 1, migrastatin core 7 and derivafiQgzr&8pared
by Danishefsky

Based upon sufficient biological evidence for the -amdtastatic activity of the migrastatin
macrolactone, lactam10 and ketoneB, in-vivo studies were performed utilising the 4T1 mouse
mammary model! As expected based on previous stability studies, the inhibition of metastasised
4T1 cells in lung was greater for the macrolactadfhand macroketon& (91-99 %) in comparison

to the macrolacton@3! Danishefsky and cworkers alsorivestigated the mechanism&&nd10

in tumour cell migratiof? They reported both *Ang macrocycles could inhibit formation of
lamellipodia protrusions, a process facilitated by GTHReseprotein Futther exploration of the
mechanism was undertaken by examining the effects of the macrocydRes @ttivation. These
studies evidenced decreadeak activity in cells treated with the macrocycles, thus concluding the

mechanism o8 and10is at (or upstram of)Rac activation.

Oskarsson and Danishefékysucceeded in preparingnother analogue of the migrastatin core,
migrastatin ethell1 (Figure 1.5) with promising inhibitory activity of migration in breast cancer
cell lines MDA-MB-231 (humarbreast cancer), MDMB-435 (human breast cancer), LM275
(human breast cancer) and 4T1 (mouse mammary catevjvo studies of this migrastatin

analogue were also performed and showed af8@duction in metastesswhen the mice were
6
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administered wh the macrocycle (40mg/kg, 3 times/week) from day 1. Administration of the
macrocycle to the mice from day 15 resulted in &6lieduction of metastess Studies of dosage
effects (40mg/kg and 200 mg/kg) were also performed. In the control sample (delmdhisith

saline solution instead @fl), all mice had died after 50 days. The survival of the experimental group
was dependent on dosage, with an increased survival rate (50 %) for the higher dosage grouj
(200mg/kg) in comparison to the contending lowesage (40mg/kg, survival rate of 30 %). The

secondary tumour was undetectable in the higher dosage group after 9%veeks.

OMe
Migrastatin ether 11
ICs0 (NM)

4T1 MDA-MB-231 MDA-MB-435
470 300 370

Figure 1.5 1G values for migrastatin ether in different breast cancer cell lines

Leconte and DanishefsRy soon after prepared another migrastatin core analogue related to
migrastatin ethet 1, migrastatin acid 2 (Figure 1.6) Their reportshowed acid 2to be an inhibitor

of lung cancer cell lines; A549, H1975 and H299. Furiheivo mouse models evidencé@to be

5 times more potent than migrastatin ettieat the same dosage. In addition, toxicity was negtible.
This carboxylic acid was expected to reduce permeability of the macrocycle through the cell

membrane, indicating the main target for this analogue could be a cell surface receptor.

Migrastatin acid 12

ICs0 (uM)
A549 H1975 H299
0.66 0.510 5.02

Figure 1.6 1Go values for migrastatincgd 12 in cancer cell lines A549, H1975 and H299
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1.3.2 Chen
In 2010, Chen and eworkers* reported the target of the macroketdh& beFascin, a protein

involved in actinbundling critical in the formation of protrusions for cell migration. Cheifso
published cecrystallisation of fascin witl and suggested the migrastatin analogue bin&agoin
at the same site as actin, thus leirilg actin assembly. Since thehe crystallographic data ke

been retracted due theincorrect structure dd in the Xray crystal structuré

1.3.3 Murphy
In 2003, Murphy and Kré?f prepared and biologically evaluated a series of macrocycles based on

migrastatin. Macroketon@ andits unsaturated derative 13 (Figure 1.7)were found to be strong
inhibitors of tumour cell migration in canine adenocarcinoma cell:li@bsr-wi, CMT-W1M and
CMT-W2. Further mechanistic investigations b8 evidenced disruption of the formation of

filopodia protrusions thragh the prevention of fascitlependent crodinking of actin filaments®

o)

"'OH
OMe
unsaturated macroketone 13

ICs0 (1M)

CMT-W1 CMT-W1IM CMT-W2

66 55 51

Figure 1.7 1Go values for migrastatiacid12in canine cancer cell lines CMW1, CMT-W1M
and CMTW2

Since then, Lo Re and Murptiyhave reported migrastatin and isomigrastatin analogues with high
inhibition activity against breast cancer cell lines MCF7 and MDB-361 Figure 1.8. Murphy

and ceworkers’ have also investigated other megisas of action includinghe effect of
macroketoneB on epithelial cadherin. Disgulation of this protein in cancer cells, can lead to
detachment of cancer cells from the primary tunt§dt.As such, the specific target of the these

macrocycles is still debatéel**
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0
“'OH
0 oH
13 7 14 15 )
|C50 410 an |C50 61 nM1 |C50 64 nM1 |c50 301 nM
o) O 0
OH
HO OH
‘OH 0
e} o OH
O - - 1 = MCF7
8 16 17
IC50 13 nM' B-gluco IC5, 66 nM' IC5 153 nM’ 2= MDA-MB-361
IC50 974 nM? a-gluco IC5y 205 nM?

Figure 1.8 Bioactive migrastatin and isomigrastatin analogues prepared byanal R&urphy

The biosynthetic precursoi tmigrastatin, isomigrastatin was anothglutarimidecontaining
macrocycle found to have tumour cell migration activitye first total synthesis of this macrocycle
was completed by Danishefsky and-workers? in 2007. Subsequent biological evaluation
evidenced this 2nembered maocycle asapotent inhibitor of tumour cell migration (Figure 129).

Isomigréstatin 2
|C50 (nM)

4T1 MDA-MB-231
23 32

Figure 1.91Cs values for somigrastatin of adenocarcinoma mammary cells in botlk #iT1)
and human (MDAMVIB-231)

1.4 Macrolides- inhibitors of tumour metastasis

1.4.1 Preparation a of new class of macrolides by Bewley based on quinic acid
In 2007, Metafaria and Bewl&yreported the synthesis of macrocycles with -aati migratory

activity from quinic acid. The macrocyc®l hasa resemblance to both isomigrastafirand

migrastatinl with both inner 12nembeed and outer Hnembered ring frameworks.
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OH Q‘k Q%
HO. ~_ .OH 1.2,2-DMP, HO. . .0 4-pentenoic acid, o. i 0
A pTsOH, Acetone v EDCI/DMAP, DCM _ v
2. allylamine, XN . O
/"OH 2-OHPy, THF I /"OH "/OH
HO™ YO N" Yo \/\” o
Quinic acid H 18 19
oL on
1, TESCI, 0) e) = 0 o 0 - OH
Imidazole, DMF _ ° 1. TBAF, THF »
2. Grubbs Il 2. TFA-DCM-H,0
catalyst, DCM ,"OTES /"OH
X N (@] X N (@]
H H
20 21

Scheme 1.2 Preparation of macrolilieby Bewley and cavorkers (Adapted with permission
from Asynthetic macrolides that i.bel.iVblLil29, br e ¢
2007, ACS publishing 2007)

Treatment of quinic acid with 2@methoxypropane anatTsOHin acetone afforded the acetonide
protected intermediate which was subsequently stdgao allylamine and-B2IOPyto afford the
amide 18. Chemoselective sterification of the amide with-gentenoic acid in the presence of
EDCI/DMAP yielded lactond. Silylation of the 3° alcohol usinBES-CI with imidazole afforded
the silylated intermediate, which could be reacted with Grlibtastalystvia ring closingmetathesis
to yield amide 12ing macrocycle20. Subsequent deprotection of the sjybtecting group using
TBAF and removal of the acetonide functionality yielded macroc3tle

This macrocycle was shown fohibit tumour cell migration of 4T1 breastrazer cells on a
nanomolar level. The mechanism of action of this heterocyclic framework was also investigated and

reports suggested the macrocycle inhibits formation of lamellipodia protrdgions.

1.4.2 Previous work within the Murphy group
In 2010, Yart* reported (in her PhD work) the synthesis of a new class of macrolides defined by a

glucose sugar moiety embeddedhiaring framework. In particular macrocy@@ prepared by Yan

had a structural resemblance to migrastatiand isomigrastatin2 andtoBe wl ey 6 s qui n
derivative21 due to the 12nner and 14uter ring frameworks, all previously shown to be potent
inhibitors of tumour cell migration.

10
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Y

Isomigrastatin 2 NIH Qumlc Acid NUI Galway
Derivative 21 Derivative 22

|||O

Figure 1.10 Isomigrastatin and analogues

This framework coul d bDaglucepyranodide, ain ireensivie anal sasilpne t
accessible starting material. Benzylation of the simple sugar with sodium hydride and
tetrabutylammonium iodide afforded the fully protected glucopyranod@e Subsequent
glycosylation yieldedC-glycosyl intermediat€4. A sequence of chemoselective transformations
were then performed to prepare the key intermediate2acid

(:)H OH OBn OBn OBn OBn
HOL_~ BnBr, NaH, AllyITMS, BnO_ _~ TMSOT,
5 TBAI, DMF TMSOTf, MeCN Ac,0, DCM
HO" ™ BnO" Bno" >°
OMe OMe L
24\/
OBn OAc OBn OH OBn OH
BnO__~ NaOMe, BAIB, TEMPO, BnO. -
MeOH DCM-H,0 o)
' O o K (@)
BnO : Bno\ Bno\ ;
\/ / v
25 26 27

Scheme 1.3 Preparation of 2 3ibenzyl glucuronic eid 27

With acid 27 in hand, the required amir®9 was preparedrom hex5-enol via. an intermediate

mesylate28.

MeSO,Cl,
M\OH NEt3, CH2C|2 M\OMS 28 % NH3-EtOH‘ /\/29\/\NH2

28

Scheme 1.4 Preparation of amizt

Amide coupling of these intermediates using HOBt, DIPEA and EDC yieldate80. Subsequent
ring closing metathesis using Grubbs Il generatatalystafforded the lactan81l. Reductive

debenzylation of this framework provided access to deprotected macroftam

11
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H
O<_N
BnO 29, HOB, BnO,, ~_ Grubbs-II,
\ DIPEA, EDC, THF r O J _Toluene
BnO" ",
no BnO Y !
OBn
H 30
O _N
10 % Pd-C, H,,
BnO.. "~q MeOH-THF
BnO Y ""
OBn
31 22

Scheme 1.5 Preparation of Malactam22

Preliminary biological evaluation identified this macrolactam as an inhibitor of tumour cell
migration in a scratch assay. As such, further investigations into the biological evaluation of this
new class of macrolides by preparation of deivesst of22 were of interest. It was envisaged thio

and oxy analogues 022 could be prepared with different configurations by utilising the Lewid
induced anomerisation of 1¢2s macrolactams to 1;2ansmacrolactams.

1.5 Lewis-acid induced anomerisaton

1.5.1 Participating and non-participating groups in glycosylation
Glycosylation involves the reaction of an electrophilic glycosyl or donor with a nucleophile to form

a new glycosidic linkage. This transformation involves 3 key components; (i) activatitre of t
glycosyl donor (e.g. trichloroacetimidate, thioglycoside, glycosyl hal{de formation of oxoe

carbenium catiomtermediateand (iii) nucleophilic attack of the planar ring.

The side from which the nucleophile attacks is highly dependethiegmesece of participating or
non-participating protecting groups. As shown in Figure 1.11, when a participating protecting group,
such as an acetyl group, is present &, @ttack of this group on the oxocarbenium intermediate
results in formation of thé-O-glycosyl product. In contrast, utilisation of a rparticipating

protecting group can give a mixture of products.

12
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(i) Participating Protecting Groups

Powi/\/ﬁg’dwator Pob%o /\ m/ OR
oA, ¢ > 0(
o
A

-face blocked

(ii) Non-paticipating Protecting Groups

) R .

(@) Activator (0] Pom“
Pom{*/ N HO-R BnO "“OR
oBr* ¢ b\/o

LG
Mixture of a- and B—glycosides
Both a- and B- face
susceptible to attack

Figure 1.11 Influence of protecting groups on the stereochemical outcome of glycosylation

1.5.2 The anomericeffect
This phenomena was originally definedthg increased preference of an electronegative substituent

at the anomeric carbon to have an axial orientation relative to cyclon®aisnce then, various
studies have wggestedphysical interpretations of thigffect (Figure 1.12) including; (i)
hyperconjugation of thelonrgai r of el ectrons on the endocyc
of the CT X bond, thereby stabilizing the a
alignment of the endocyclic oxygamdthe electronegative substituent al.C

stabilisation no stabilisation
n+»c*

v\q Wﬁ

o.
0"
v’

m mm

Figure 1.12 Rationalisation of the anomeric effect

1.5.3 Anomerisations catalysed by Lewis acids
T h eglyéoside can be accessedintereoselective manner through protecting group manipulation.

However , f glycasaésirammglycogationdreactions has proven difficult. One approach

t o ac c algcesidé ih @ stetéoselective manner is anomerisation. Pé&dst reported the

epi meri sa-tioon hef ctokaaomér in acetylaie@-gjycosides utilisinghe Lewis

acids SnCl and TiCkL. His reports showed TigCkould perform the transformation with greater
13
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efficiency than SnGl Lindberg and Limieux subsequently studied anomerisation. Lin#berg
proposed that anomerisation involved an guigimoted reversible cleavage of the anomer© C
endocyclic bond, endocyclic cleavage eTécyclic structure allows rotation to occur, which in the
presence of an e qu i-driéntation duentp thevandmieric eff@bLimiaux® t h e
subsequently suggested exocyclic cleavageanomeric GO exocyclic bond, could also explain
anomerisationThis mechanism involved8 displacement of the substituent at the anomeric carbon
to form an oxecarbenium intermediate. Subsequent nucleophilic attack of the substituent on the

anomeric carbon could yield the prefertéanomer if the reaction is under thermodynamic control.

(i) Anomerisation by endocyclic cleavage
MCI4

i) Anomerisation by exocyclic cleavage

MCI4 P . i, o
x MM emCly
R

XR

Figure 1.13 Mechanisms of anomerisatiien endocyclic and exocyclic cleavage

A summary of some investigations, of Lewis apid o mot ed a n o me glycasigds,iiso n t
provided inScheme B .53 Early investigations of this reaction within the Murphy group found SnClI

i nduced glycosyl ation of gl-glycogides, mihe presencedf2| a c
O-acetylgroupsk n o wn t o -glydoside due to @rotdcting group participatiébpf. Further
research by Murphy ande@eor ker 6 s evi denc e dan@nerisaiondeaationgrdy c C
showed greater efficiency of the anomerisation reaction (catalysed by dm@l SnCj) for
glucuronides in comarison to glucoside$.Murphy proposedhat thepresence of the carbonyl
function at G6 of glucuronides could promote the formation of a stakheefbered leelate in
comparison to the -thembered chelate observed in glucosides, thus increasing anomerisation

efficiency>®

14
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TiCly, AcOH,
_ CHCl,

Koto 1982
BnO

0
B0 Gy o

MeO—BnO OMe SNnCI3ClO,, MeO—BnO Bn
Bno&’ o —F° o © BnO
BnO O Kishi 2006 BnO OMe Bn
A
BnO
Ayl
A

0]
c SnCly, AcOH,
CH,CI.
0 »/ __CHCl _ aco
T, BnO ° c&,o Limieux and AC&
MgBr,- OEt2 Brl13no Hindsgaul 1980
BnO _ CHClh BnO
Mukaiyama 1997 . OO o MeZSn(OHz)z
n
BnO ‘—4~
BnO Rotando 2007

Q
(o]
BnO
O
o}
AcO
&,
AcO OB AcO
AgOTf
ACO% o) on __AOTT o O ogn0Bn _ BRELO
0, o ® Oscarson O OMe Manabe/ito 2009
>]—~NAC
NR

BnO 2005-2008 )—’NAC
[¢)
sncCl
OAc & o
CO,H TMSNg, AcO SnCly, COz _ BFEt0
Q CHClp O~ _CHyCl,
AcO SPh Manabel/lto 2014
AcO COzMe
N3 OAc OAc
Murphy 2002 & 2007 R = CO,Me, PG =Bn

R = COAllyl, PG = Bn
R =CO,Bn, PG =Bn
R=Ac, PG =Ac

Schemel6 Some of the anomerisation studies re
acid promoted anomerisation: recent developments and applications, Carbohydrate Chemistry, Vol
41, 2015, RSC publishing 2015)

Pilgrim and Murphy subsequently studied thepamt of electronic and structural factors on the rate

of anomerisatiof’ A s e r i-gysosided withh an exocyclic thimr oxy substituent at the
anomeric carbon were prepared. The rate of anomerisation for these glycosides were determined ar
shownto follow 1% order equilibrium kinetics. The glueand galactouroni acid derivatives
exhibited increased rates in comparison to glacd galactopyranosides, respectively. Furthermore,
the&sghbhycosi des proceededgll ycoisveaelet wetdhomgreapa
Ogl ycosi des. Ho wiefor¢he latteravasrobsgred. Murghy rationaliaed this result

by considering the higher electronegativity value of oxygen, thus having an increased preference for
U-configuration®® Other reasons could involve steric factors due to the bulky sulfur substituent

f a v o u rconfiggration?” The reaction could be promoted by installing electelrasing
substituents at® such as, allyl ester fuctionality. It was suggested that the increased rate observed
for the allyl ester substrate could be expleid t hr ough the additienal
donor to the Lewis acid. While this result was promising, the free acid functionality prevailed

leading to the highest anomerisation rates.

15
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OAc OAc OA OAc OAc
AcO Q AcO 0 Q ACO Q
Ac(/)&/oBu Ac(/)&/SBU ACO&/OBu AcO SBu
OAc OAc OAc OAc
Rel. Rate =1 Rel. Rate = 1.725 Rel. Rate = 1.225 Rel. Rate = 3.5
o:f3, 10:1 a3, 2:1 o:f3, 15:1 a:f, 12:1
oM OMe
0 € 0=~ OMe AcO cOMe, .
AcO C Q MeO
AcO oBu A%% SBu ACO%OBU MeO OBu
OAc OAc OAc OMe
Rel. Rate =42..5 Rel. Rate = 105 Rel. Rate =72.5 Rel. Rate = 100
o, 16:1 o:f, 4:1 o, 19:1 o, 13:1
BzO Q BzO o) o) o)
BZB&/OBU BzO SBu Bz0 OBu BzO SBu
OBz OBz OBz OBz
Rel. Rate =4.75 Rel. Rate = 10.75 Rel. Rate = 10.5 Rel. Rate =5
a:p, 16:1 a:P, 4:1 B, 11:1 o, 4:1
OAc 0-_OMe 0~ OAllyl 0-_OH
0] @] 0]
AcO O AcO AcO Aco/&/
CAC;&,OCy AcO OCy  aco OCy Aco OCy
OAc OAc OAc OAc
Rel. Rate = 5.25 Rel. Rate = 52.5 Rel. Rate = 275 Rel. Rate = 3000
o, 11.5:1 o:f3, 13:1 o:f, 11.5:1 a:f, 191
o OMe 0 OBz
(0]
BzO o BzO
2 OBu BzO SBu
BzO
OBz OBz
Rel. Rate = 117.5 Rel. Rate = 230
B, 24:1 a:B, 7:1

Figure 1.14 Relative reaction rates reported by Pilgrim and Murphy

Other factors such g/ranose configuration also had an impact on anomerisation rates with gluco
configured pyranoses shown to be generally less efficient than the correspondingagaifigtoed
pyranoses. Murphy rationalised this result based @hdonfiguration, with ineased electren
donating properties of axial substituents, providing electron density for interaction of the endocyclic
oxygen with the Lewis acid and also stabilising cation formafi&ates of anomerisation were also
affected by aglycon electronic properties with increased epimerisation evidenced with electron
releasing substituents such-a&gclohexyl. Protecting groups also proved impottwith higher rates
observed dr pyranosides with benzoyin comparison to the agét functionality. Presence of
benzoy} protecting groups alsolestl o a hi gher U: b rati o. Howev
result require further investigations &enzoyl substituentsvere perceived as more electron
withdrawing thanacetyl groups uporonsideratiorof the K. values of benzoic acid (4.19) and

acetic acid (4.78), thus the benzoyl-angmerot ec

16
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Murphy andcevor ker s al so showed t lthe natire bf theewis acad, wa s

Lewis acid concentration and temperattre.

Based on this methodd) ogyil O6Rdi t hy Sglywabt Mu e ¢
thiol (Scheme 1.7)

OMe OMe
e) O
0 TiCl,, CH,Cl, Q
PO SH ~ PO
SH

Schemel.7 Lewis acid induced anomerisation of free thiols

Farrell, Zhouand Murp#ys ubs equent |y wut i | i s e-dsadchandéssarta ci d s

glycosyl azides.

Bz0 COzMe
T|C|4,
BzO OBz CH,Cl, BzO
O OBz
(0]
BzO
BzO
OMe
OX
TiCl,, O
_CHyCly O
PO
X=Me, Allyl N3
Scheme 1.8Lewia ci d i nduc e difsoarcncahtaitadiddseosf alth d U

Furthermore, McDonagh and Murgfyextended the scope ofitls reacti ormet o

OMe

° (0]
TiCl,, CH,CI
PO Se\ 4 oYl

R

glycosides.

Scheme 1l9Llewiaci d i nduced -®eagtycosEdes sati on of
1.6 Aim of research
As outlined in the introductiorthe natural products isomigrastatin and its derivatives have proven
to be potent inhibitors of tumour cell migration. With this mind, multiple analogues of such structures
have been prepared and proven to havecatfitimigratory activity. Research byletaferiaand

Bewley**identified a new class of molecules derived from quinic acid, exhibiting anti cell migratory
17
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activity. Yarf*subsequently prepared analogues of this framework bgsedglucuronic acid. With
promising preliminary results achieved from this framework, it was proposed to synthesise
derivatives of this structure with the intention of identifying new macrolactams with high biological
activity against tumour cell migratin and t hus, tumour -Biana® tUasi

macrolactams were hoped to be achieved utilising Lewis acid induced anomerisation of the

Fatggss

Isomigrastatin 2 Bewley's qumlc acid NUI Galway
derivative 21 derivative 22

O S OO
OGO

Figure 1.15 Target compounds which have $tmat resemblance ®and21

Cor r es pmoacrdlactargs. b

|||O
lllo

'IIO
lllo
|I|O

g
"o
g
--o
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Chapter 2 Preparation of glucuronic acid derived macrocycles

2.1 Planning synthesis of macrolactams
This chapter describes the manipulation of economical and commercially avaHglieurone3,6-

lactone to give novel tthemlered ring macrolactams. Taking macrocytBas an example, it was
envisaged the 1thembered ring could be prepared from &3dollowing an amide coupling with0,

ring closing metathesis and deprotection. It was believed syBthoould be accessed froa bicyclic

lactone following basénduced ringopening acetylation, substitution of the anomeric acetyl
functionality with a bromide, consecutive glycosylations and subsequent selective cleavage of ester
functionality at CG6. Preparation of synthatO could be executetly conversion of 4entenl-ol to its

mesylate intermediate and subsequent amination.

= H
OH L _~ HO
= 37
— +
=
40

43

Scheme2.1 Retrosynthesis from-Glucurone3,6-lactone
2.2 Preparation of O-glycosyl macroladcams
The synthesis of est86 was carried using a route previously reporté& Baseinduced ring opening
of D-glucurone3,6-lactone and subsequent acetylation with sodium acetate and acetic anhydride
yielded the protected glucuronic acid methyl e82f° T h e-brothide33 could then be generated
following treatment o32wi t h hydr obr omic acid i n-brende3ioc aci d
hemiacetal34 proceeded usin KoenigsKnorrs condition®, promoted by silver carbonate. The
resulting hemiacetal was reacted with DBU and trichloroacetonitrile to form the glycosyl 2®ftor
Subsequent glycosylation with allyl alcohol afford@@l®® Lithium iodide was then employed to
selectively cleave the methyl ester ab@nd yield precurs@?7 with conditions, first utised by Mayato
and VazqueZ and more recently applied by McDonagh and Mufphy
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OH (@) OMe  HBr, DCM,
o H 1. EtzN, MeOH O 0°C, 7 h
o on 16N o 70 %
0] 2. NaOAc, Ac,0,
Ho H i, 2days, 35% °O0 T OAc :
OAc OAc
32 33
Ag,COs, 1:10, Os_OMe Os_OMe Allyl Alcohol,
H,O:Acetone, CI3CCN, DBU, BF3.0(C2Hs).,
160, 71% A°Qn g  DCM,rt,5h,75% A0 ~~q DCM, 4 A MS
) 0°C, 3 h,
AcO Y OH AcO Y ‘0 58 %
(_)AC éAC CClI
34 35HN ’
Os__OH

Lil, EtOAc,

reflux, 9 h  AcO,,,

79 %

AcO” N0
OAc v

37

Scheme 2 Preparation of aci@7
With 37in hand, preparation of synthd@ was investigated. Conversion of alcoB8lto sulfonate39
was performed using methan#enyl chloride and triethylamine. With an excellent leaving group in
place it was possible to ford0 by treatment with 35 % ag NHnh MeOH. Due to the volatility and
instability of40, it was brought on immediately to undergo an amide coupling with3acid

Ms-Cl, EtsN,
DCM, 0 °C, o 35 % NH3-MeOH,

0, I . o
PN 2h,80% _d g ~F _(1:1),60°C, 16h HZN/\/\/
38 o 39 40

Scheme & Preparation of aming0

The amidetl was subsequently subjected to numerous ring closing metathesis conditions in an attempt
to yield 42. Initially ring closing metathesis usin@rubbs Il and Hoyvey&rubbs Il catalysts were
attempted with little success. Additives had been previously described by Grubbswsokes to
promote ring closing metathe$fsAs such, 2,&lichloro-1,4benzoquinone, in combination with
Grubbs 11 did provide access to the Acigsed produc#2 with modest yields (25 %gnd ahigh level

of impurities. Investigation of Hoyveedarubbs Il in combiation with the quinone additive yielded the
trans-olefin 42in a selective manner and with an improved yield (57%h order to reproduce the

yields recorded in this ringlosing metathesighe use of degassed anhydrous solvent, and an inert
atmosphere were vital. Treatment of the +itgsed product witimberse®00OH resin in methanol

provided43. The alkene geometry could be clearly identified bydthalue of 15.1 Hz for the coupling

20
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between the alkene protons in the NMR spectrum which is consistent with ttrans alkene being
present rather than tleés-alkene i 5. 7 2J=(15l1d @2 3.7, 1.9 Hz, 1H, alkehk) an d
(dddd,J=15.2,9.7, 4.0, 1.2 Hz, 1H, alkeRl). The conversion of3to 44 proceeded using catalytic
amount ofPd-C and H.

H Hoyveda-Grubbs I,

2,6-dichloro-1,4- °
_ benzoquinone, toluene, AcO,,

HBTU, DIEA,

Ohc > THR. %, 16h73% A~ 80 °C. 5 h, 57 % =
+ AcO” > Yo N AcO” Y YO
HZNW OAc OAc
40 yo41 42
o N 10 % Pd-C, H,,
Ambersep 900 OH, MeOH, rt, 1 h,
MeOH, rt, 1h, 90 %_ Ho,, o 81% _
HO” >0
OH
43

Scheme 2 Synthetic route to macrolacta8 & 44

Anomer i sanacromcian¥@f o b tmaa@olatlan®6 usingthe Lewis acids, tin tetrachloride

and titanium tetrachlorideasattempted. However, these investigations led only to the decomposition

of 42. Hence, alternative r oulneasc rwe raec t-aangsdloaiehde

anomer i se-dmide4busheg Ut i n t e tamidecdb thenrundirevent simtae
transformations a4l to achieve the synthesis of macrolactatis47 and48. The alkene geometry
could again be confirmed byJavalue of 15.5 Hz for the coupling between the alkene protons itHhe
NMR spectrum of 47, which is consistent ~ with  the trans alkene.

H Hoyveda-Grubbs I,

\/> 2,6-dichloro-1,4- o
benzoquinone, toluene,
Z  80°C,5h,20% AcO,,

ZT

SnCl,, DCM,

AcO,,, rt, 16 h, 88 % AcO,,,

AcO

Ambersep 900 OH,
MeOH, rt, 1 h, 84 %

10 % Pd-C,
Hy, rt, 1 h, 80 %

Scheme & Synthetic route to macrolactarg & 48
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2.3 Preparation of S-glycosyl macrolactams
Attempts were subsequently made to synthesise therthavolactam derivatives. The displacement

of bromide from33 wi t h pot assi um t hi-thieglycesida49.€¢ Sekdtife&r ded t
deacetylation wh sodium thiomethoxide yielded the glycosyl tt8617? Direct alkylation using sodium

hydride and allyl bromide afforded modest yields of thioglyco&itieThe thioglycoside underwent

similar reactions a6 via intermediate$2-54to give macrolactans5 and56 with thetransgeometry

verified bytheJ value for the coupling constant between alkene protoB5 (@5.1 Hz).

O OMe (e OMe

NaSMe, CHCI3;-MeOH

KSAc, DMF, AcO,,,
o (1:1), 0 °C, 30 mins, 55 %

O  H5h40%

—_——
AcO” > Br AcO” > sAc
OAc OAc
33 49
O~__OMe O~__OH
Allyl-Br, NaH, DMF, AcO,, o Lil, EtOAc, AcO,, o
0°C-rt,16h,45% P reflux, 12 h, 83 %
AcO” Y YT AcO” S/W
OAc OAc
51 52
H di - H
o N Grubbs Il, 2,§ dichloro o N
40, HBTU, DIEA, 1,4-benzoquinone, Tol,
THF, rt, 16 h, 81 % ACO/,' O \ 8000, 5h, 65 % _ ACO/,' O /
AcO” > Vg TNF AcO” s
OAc OAc
53 54
H
@) N
Ambersep 900 OH, H,, Pd/C,
MeOH, rt, 30 mins HO,, o Pz MeOH, rt, 30 mins
79 % 89 %
HO Y S
OH
55

Scheme & Synthetic route to macrolactarbs and56

Anomer i sat i onmmaadactarbdevasialkoaatieenpited but proved unsuccessful. As such,
it was necessary to use anomerisationof 5 s previ ously empl oy®%tad by ObJ
access the requide -Sima c r ol a c t -glyoosyl thidl30e&va b an o mer iasome57t o t he
using conditions previously developbgt O6 Re i | | y %ahisdfreeMhiol vpak gonverted to
amide60 through intermediateS8 and59. The U-anomer60 was then converted i, a mixture of
stereoisomeric macrolactayrend subsequently deprotected to affé& Olefin geometry 0f61/62
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could not be confirmed due to overlappitkeae proton signals. Reductionrafcrolactan®2 yielded
63.

OMe O OMe
TiCl,, DCM AcO,, Allyl-Br, NaH, DMF,  acO,
0°C, 16 h, 60 % 0°C - 1t, 16 h, 47 %, r 9
AcO” > sH AcO” > sH AcO” > g
OAc OAc OAc
50 57 58
0. OH o. N Grubbs II, 2,6-dichloro-
LI, EtOAc, 40, HBTU, DIEA, \/I 1,4-benzoquinone, Tol,
90°C, 12 h, 79 % AcO,, o THF, 1, 16 h 75 % AcO,,, o X 80°C, 5h, 52 %

AcO™ ™ S/w AcO” s TN
OAc OAc
59 H 60
Os__N
Ambersep 900 OH, Pd-C, Hy, MeOH,
~  MeOH,rt,1h,92% HO,, o & 1h,rt, 80 %
'S HO™ ™ s}

OH
62

Scheme2.7 Synthetic route to macrolactaré2 and63
2.4 Comparison of anomerisation reaction for 64 and 65
A larger 14membered macrolactone wasoprepared for investigation of the anometiisa reaction.
Ester coupling conditions utilising DIAD and triphenylphosphine were first performed to access the
desired lactone fror7. However, DIAD byproducts could not be separated from e6teand asa
resultan alternativeroute was explored. éprotonation of aci®7 and subsequent reaction with 7
bromo1-heptene afforde@4. This ester was then treated with Grubbs Il generation metathesis catalyst
to yield ringclosed produch5 with trans-olefin geometry (15.5 Hz). A minor side product coukba
be detected by NMR which was in inseparable from the major product (major:minor, 9:1). 2D NOESY
experiments clarified the minor side product was not a rotamer (see secti@othf4 and65 could
be anomerised using Sn® obtain the required-anomer$6 and67.
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7-Bromo-1-heptene (@) o)
Na,CO3, DMF, Grubbs Il, Tol,
110 °C, 1 h, 90 % 80°C,1h,83% AcO,,, o —
AcO Y (o)
OAc
65

Scheme & Preparatiorand anomerisation @4 and65
2.5 Rotamers
UponH-NMR analysis of the deprotected macrocyckesjinor set ofsignals could be seen in the
spectra of43, 44, 47, 56and 63 which indicated the presence of another substance, which was
inseparable from the majsubstancéy flash chromatography. One possible explanation for this is that
there ardnterconvertingrotamers presentRotamersare a set of atformers arising from restricted
rotation about a single bond. Rotamers could arise because pfdabence of themide in the
macrocyclic ring, with both theis andtransamides being present and in equilibrium. Murphy and co
workerg® have previously demonstrated use of ROESY and NOESY experimentation to identify
presence of different amide bond rotamers in solution. Swé&draeyalso employed a similar protocol
to recognise different rotamers of artémbered macrolactam. Other methods to identify such species
have involved more complicated procedures luding; variabletemperature NMR, solvent
switching®>"® and complexing agenrts The use ofNOESY/ROESY techniqueletecs chemical
exchange occurring between two rotamers. In relation to NMR, chemical exchange can be described as

the change a nucleus encounters (in more than one conformer) in which the NMR parametéts differ.

As such, 2D NOESY experiments were performed on the relevant macrocycles. As an example, the 2
NOESY spectrum for compount# is shown belowKRigure2.1). This experiment showsa-NMR
spectrum on both the -Xand Y- axes. The diagonal signal (rembloured) represents the protons
irradiated at a specifieéquency (500MHz). The NO&perimentauses a change in phase of spacially
proximate protons (blueoloured crosspeakapd correlations are observeidithe diagonal. As shown

in Figure 21, redcoloured crosspeaks are also observed off the diagonate Thdcoloured
correlationgin the same phase as the signals on the diagac@d)int for the protons which underwent

significant chemical exchange with tlerrespondingproton irradiatedin the conformeri.e. the
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rotamers Thus there is evidence thidite two sets of signals observed in the NMR are due to presence

of two rotamers.

'n\

oy
H-4 & H-5 major
H-1 major =

i - ol R

S

;: - = 45
—_— o = === Hy

................................

Figure2.1 2D NOESY experiment of4

2.5.1 Rotamers with different ring conformations
In some cases, in particuliart h eglycbsides ofO-macrolactams, upon macrocycle formation a

noticeable HL J-value change was observed. As shown in Table 2.2, upon ring closing metathesis of
amide41to give42, the H1 J-value decreases from &,01.8 Hz, which can bdue to a shiftn the
orientation of thenomeric proton fronaxial in41, to equatorial or pseudoequatorial4@. The

presence oboththetransalkeneand atransi amidewould add constraint to the ifdembered
macrocycled2. In order to alleviate thistrain it is pssiblethe pyranose changes its conformation

from “C; to atwist boat which would explain the changeJdrvalue. Other notably unusudtvalues

in 42 for a“C; conformation included #2 (5.1 Hz) and kB (5.4 Hz). The lowering in J values £J

and J3) is suggestive of this. Subsequent removal of the aggtylips ir43 resulted in an increased

H-1 Jvalue (6.0 Hz), which indicates that some distortion of the pyranose ring is still ocafteng
removal of the protecting group$here was also psence of minoproductin solution which had a

larger H1 Jvalue (7.8 Hz), identified by 2D NOESY experiments as a rotamer. It is possible that one
of the rotamers adopts tf€: chair conformatiorbut the amide is in the less strairesigeometry in

this case, contrasting with théherwhich prefers the twist boat conformation.

Reduction of thetrans alkene, and the apparent removal of strdire to this featureafforded

macrolactand4 with a low J > value (3.5 Hz), indicating that the macrocycliayoould still occupy a

twist boat conformation A minor productidentified as a rotamer by 2D NOESY experiments, was
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also present with a higherHJvalue (7.9 Hz), thusdicatingto adopt a chair conformation. Whether
the presence of rotamers was gadive of amide bond isomerigman attempt talleviate strain formed

by the macrocylic structure remained unknown.

Compound (ratio) H-1,H-1* H-2 H-3 H-4 H-5, H-5*

41 8.0 overlapping overlapping overlapping 9.8

42 4.8 51 9.0,54 10.6, 9.0 10.6

43(93:7) 6.0,7.8 overlapping overlapping 9.8,8.3 9.7,9.5
44(13:87) 35,79 overlapping overlapping overlapping overlapping9.9

Table 2.1 J values for carbohydrate ring4df44

Previous work by Yatf, has evidenced formation of a twisbat type structure in thE2-membered
macrolactonavith ab- glycosideshown below (Scheme 2.9) upon analysifbNMR J values (Table
2.3). In this case, lactone functionality eliminated the amide isomerism variable. This example
demonstrateglistortion ofthe sugar ring tdead toremovwal of strain imposed inhe system upon

macrocycle formation.

Grubbs I, o OBn H,, Pd-C,
Toluene OB MeOH
BnO >/ < OBnYEN  ———— g0
BnO 4 BnO
(0]
4 o) 4 o)
=, — —
1
3 2 1 4 3 2 1

4c, twist boat 4cy

Scheme ® Formation of twistboat type conformation upon ring closing metathesis by Yan

H1 H-2 H-3 H-4 H-5
A 7.5 9.0, 8.0 9.0 9.0 overlapping
B 4.0 10.0, 4.0 10.0,9.0 9.0,35 3.5
C 7.5 8.5 9.0 overlapping overlapping

Table 2.2 J values for carbohydrate ring/oiC

2.6 Biological evaluation
Biological testing of the macrocycles synthesised were carried on various cell lines in the research group
of Professor Magdalena Krol at Warsaw University of Life Sciences, Poland. Cell viability tests were
first performed to evaluate the toxicity of the macrolactams on cell lines;MBA231, MDA-MB-
361, MCF7 and MIAPaC&. This XTT assay was undertaken, utilisingduction of 2,3is-(2-
methoxy4-nitro-5-sulfophenyl}2H-tetrazolium5-carboxanilide  salt by  functioning  cell
mitochondrion. A subsequeBoyden chamber assay, a stratedten utilised to study tumour cell
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migration, was then performed and results comgagainst known active macrolactar@®(Chapter

1), a recognised inhibitor of tumour cell migration. These results in combination with XTT tests
demonstrated the migration of the cancer cells was hindered in the presence of macrocycles with
encouraging lmactivities observed from the treatmenMiDA-MB-361 and MCF/ with macrocycles

63 (RC_8)and62 (RC_4) respectively.

RC.1 M361 migration p RC.1 MCFT7 migration
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2.7 Conclusions
In this chapter, a series of novel macrolactams were prepared for biological evaluation. While efforts

to obtan he -mBlcr ol actam fr om -rabrelactameia revisaca nirdlicedg b
anomerisation were unsuccessful, it was found that a largeind4system could undergo the
transformation. Determination of reaction rates identified slower transformatioaabaycle65 to

t he ¢ or r easomerrindcompgrisol to contending edidr NOESY experiments detected
rotamers were present in solution, sanaicatedby *H J values to occupy a nerhair conformation.
Biological evaluations were subsequently parfed on the macrocycles, identifyifg® and 63 as
inhibitors of tumour cell migration in cell lines MBMB-361 and MCF7. The mechanism of action

of these macrocycles has yet to be investigated.
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Chapter 3 Introduction to iminosugars, allylic azidesand Huisgen
cycloaddition

3.1 Overview of Iminosugars
As previously discussed in Chapter 1, natural products have been pooven valuable source of

bioactive compounds. Iminosugars are a class of natural products, which have etmioéattention

in relation to their biological activities and therapeutic potential. These polyhydroxylated alkaloids are
mimics of sugars in that the endocyclic oxygen atom (embedded in the ring of the carbohydrate) has
been substituted with a nitrogen atom. This altenahas led to identification of agents with potent
bioactivity.”

o N
HO
HQMOH HO OH
OH OH

Figure3.1 Glucose and its natural iminosugar analogue, Nojirimycin

These carbohydrate analogues were traditionally categorised under 5 structurally diverse classes;
piperidines, pymwlidines, pyrrolidizines, indolizidines and nortropanes. However, in recent years,
progression in this field has resulted in extension of the initial categories to other structural motifs such

as; azepanes, conidines and quinolizidines.

HO 4 OH
g OH OH
HO 1,4- D|deoxy -1,4- 2,5- Dldeoxy-2 5
Australine  1-deoxynojirimycin Nollrlmycm imino-arabinitol, -imino-mannitol,
(DAB) (DMDP)
( ndolizidine_s) Nortropanes
HO OH_. OH
OH H
HO,, <OH OH HO
NH
OH .
“'OH HO
HO > OH
HO 1,2,3,9-

(3S,4R,5R,6S)-tetra (1S,25,3R,48)-2,3,4- tetrahydroxylated Castanospermine Calystegine A;
hydroxyazepane Trihydroxy-conidine quinolizidines
Figure3.2 Naturally-occurring and syntheticalgterived iminosugars

Iminosugars emerged within the scientific community in the 1960s when the first syntheses and
isolation of these natural sugar mimics wengorted by Paulsé¥?, Jone&*3 and Inouyé&', and these

compounds were shown to be potent glycosidiasiitors®
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OH OH OH Ho
HO NR H" _ Ho NS _H0 | Ho i\ )
HO HO . = — HO N
OH "“OH OH OH, T

H+

OH OH oH
HO
NH H20 N N
HO ~—2%"—— Ho HO
HO HO HO —
OH
e} OH

Figure3.3 Amadori rearrangement of Nojmycin

While biological activity of the carbohydrate analogues were promising, the Amadori rearrangement of

the hemiaminal functionality decreases their stability, thus hindering their therapeutic appli€ations.

This problem can bevercomeby storage of the iminosugars with a hemiaminal function as their

bisulfite adduct§’ Alternative options include preparation of iminosugars lacking the hemiaminal
function, such as deoxyninosugars (e.g.-fleoxynojirimycin) andC-gl y c os y | i mi-nosugar
homonojirimycin).

HO HO HO

HO
P NP 5 NN A N

HO” ™" HO” ™" “OH HO” ™
OH OH OH OH
B-homonojirimycin Nojirimycin Deoxynojirimycin
stable unstable stable

Figure3.4 Naturally-occurring iminosugar analogues with glucose configuration

3.2 Natural occurring C-glycosyl Iminosugars

OH OH OH OH o
HO\ _~ HOL\__~ HOL\__~ HOW\__~
\C(\OH OH :(?AOH OH
L__NH L __NH NH NH "
HOY HO' HO” ™ HO HO!
“OH OH “oH OH HO 15
o-HNJ B-HNJ a-HMJ B-HMJ Broussonetine G
H
H H H
HO/\ENgi/OH \ENeﬂ/OH HO N H OH HO N H
HO™ HO™ HO™ OH
OH OH OH HO  YHOH
homoDMDP

DMDP 6-deoxy-DMDP 6-C-Butyl-DMDP

Figure3.5 Selected examples of natuyabccurring Cglycosyl iminosugars
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Over te years, an extensive library of iminosugars from different categosé®éa isolated. Due to

the topic of this thesis a brief overview of polyhydroxylatdd | y c o s y | p idipubstitutetli n e s ,
piperidines andC-glycosy pyrrolidines is providedbelow.

%.2.1 CGl ycosyl pip er i di ne t yipubstituted icamrﬁesgpartg ars & t
UHomonoj i r-HNnky)c,i nan U nhi b ddlydosidases bedardbe first @glycosyl

iminosugar to be isolated fron®mphalea diandrain 1988%48 Al mo st a decade |
homonojir-HMy ¢ thpo md@dbnoj i rtHMdy,cmath n ¢ $Ji das e i anhibito
homonoj i rr-HNy,enarmosidage inhibitor) were isolated frohglaonema treubi? and

Hyacinthus orientali¥. As s h#lMd h-yiMIpwhen the iminosugar displays the same
configuration as the target glycosidase it can be beneficial, howeveosugars do not always require

identical configuration to that of the glycosidase enzyme for successful inpibitbvity. Fleet and

co-worker$? have reported an example of the latter in relatiahéd i 0 a ¢ t FHMD, which thdy b

found to be a pentU-L-fucosidase inhibitof?

Whil e piperidine iminosugars with a quaternary
isolated, synthetic strategies to such structural motifs has been driven by attemptstuoefine
glycosidase inhibition specificity. In the past decdlesynthesis of such derivativesdtaeen prepared

by Dhavalé&® and Acen¥ (Figure3.19).

3.2.2 C-Glycosyl pyrrolidine type iminosugars
In the 1970s, 2;8lideoxy2,5imino-D-mannitol (DMDP) became first -Glycosyl pyrrolidine to be

isolated, from the leaves @ferris elliptica®® This polyhydroxylated pyrrolidine vgafound to be a
potent inhibitor of -dgucosidaseylathessamealecade, maatiomafithe & n U
deoxy analogue of DMDP {@eoxyDMDP) from Angylocalyx pynaertivas reportedrad was shown

to bea -nfiannosidase inhibitdf. Almost 25 years later2,5dideoxy2,5imino-glyceraD-manne

heptitol (homeDMDP) became the first naturally occurring aH®MDP to be isolatef. This
particularC-glycosyl pyrrolidine had been previously synthesised by Wong anebdcers®. Other,

naturally occurringC-glycosyl pyrrolidines known for their efficiency gh/cosidase inhibitors include
broussonetine 8%1°2and 6C-butyl-DMDP,

3.3 Biological activity and therapeutic applications
Many glycosidase enzymes are involved in an extensive number of crucial biological pathways. As

such, interest has grown the application of smaimolecule sugar mimics, such as iminosugars, for
therapeutic purposes. Rlacement of the @tom ofthe carbohydrate with a-Atom prevents enzymes
from processinghe sugar mimis!®*However, these carbohydrate analogues can still interact with the
active site, thus hindering enzymatic transformation®ohal sugars. Some of the processing enzymes
inhibited by iminosugars include glycosidase$3!% glycosyl transferas&¥, glycogen

phosphorylasé®i® nucleosidgrocessingenzymes®, and metalloproteinasé$ These selected
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examples demonstrate the extensive potential applications ofsagiacs in the inhibition of a wide

variety of glycoprocesses.

It is the inhibition of these biological pathways which provide merit for the development of iminosugars
to treat a variety of illnesses including; Rimisulin dependent (type Il) diabetes,alidiseasg (e.g.

hepatitis B, HIV), lysosomal disorders (e.g. Gaucher disease) and rare disorders (cystic fibrosis).

3.3.1 Glycosidase Inhibition
Iminosugars are predominantly known for their glycosidase inhibition actititf€$Glycosidases can

be described as enzymes capatil hydrolysing glycosidic linkages. Cleavage of the glycosidic bond
glycosidasescan occurvia. different mechanisms categorised under retaining and inverting

glycosidases.

3.3.1.1 Retaining Glycosidase
Over half a century ago, the first mechanism for retaigipgosidases was propos&dThe mechanism

involves a double displacement performval glycosylation and subsequent deglycosylation. The first
step involves formation of covalent enzygigcosyl intermediate from the concattaction of two
carboxylate moietiegia. an oxaecarbenium type transition statéigure 36).The aglycon then diffuses
out of the active site of the enzyme allowing a water molecule to attack the egyosyl

intermediate under base catalysis by the carboxylate refdife.
— %

ZS_O/K’-\Ocid/Base
5

Qi
\g* A5
HD/O\
o O

Enzyme
Active site

(o)

cho\ —_—

R
Enzyme
Active site

/@cwd/Base
5 ©
A

5

Oxo-carbenium-like
Transition State

Figure 36 Mechanism of retaining glycosidagi&. oxo-carbenium type transition staté

3.3.1.2 Inverting Glycosidase
The mechanism for inverting glycosidases involves formation of opposing stereochemistry to that of

theint i al carbohydrate at t heFigura87b This pratess takestplace e n d o
via. a singledisplacement mechanism. The inverting glycosidases have a larger active site in
comparison to retaininglycosidases’ Thus, the water molecule can join the carbohydrate in the active

site of the enzyme from the baging of the transformation. This active site possesses both carboxylate

and carboxylic acid functionality enabling the water molecule to react with the carbohydrate under base
catalysis of the carboxylate moiety. This transformation occurs in a contastedn through an oxo

carbenium type transition state, yielding the hemiacetal with opposing stereochemistry to that of the

precursor carbohydrate.
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Enzyme
Active site

Enzyme

Enzyme N ;
Active site

Active site

Oxo-carbenium-like
Transition State

Figure 37 Mechanism of inverting glycodasevia. oxo-carbenium type transition staté

3.3.1.3 Iminosugars as Glycosidase Inhibitors
Fleet and cavorkers'® haveintroducedan extensig numbemof iminosugasinhibiting glycosidases.

The effectiveness of the sugar mimics has been credited to the structural and electronic rithecry o
carbohydrate cationic transition statAt physiological pH, iminosugars exist as a protonated
species (Figure 3.8). This allows the iminosugar tometewith carbohylrate substrates for the

active site of glycosidases, thus hindering hydrolysis of the carbohytfate.

@

NH,
Hot%

Enzyme
Active Site

Figure 38 Enzymeinhibitor complex

3.3.2 Cancer
As previously discussed in Chaptettlie treatment ofancelis constantly met with new obstacles due

to the development of resistance. There are multiple processes involved in cancer development,
previously coinedas h e i hal | ma%(Kgsre 3 Glycasylatoa had been accepted to play

a sigificant role in some of #se processésd Thus, glycosidase and glycosyl transferase inhibitors
(e.g. iminosugars) could provide a suitable route of treating this illness. Progression in the research of
cancer treatments via. alteration of cell glycosylatias predominantly focused on the inhibition of
mannosidases and glucosidases associated with glycoconjugate fofdfaioibitors of glucosidases

(e.g. EDNJ and castanospermine) and inhibitors of mannosidases (swainasthBMDP) were
investigated and reported to supress both, tumour progression and met&stddibe indolizidine
swainosine, became the first iminosugar to undergo clinical evaluation as a glycosylation suppressor i
cancer treatment and reached Phase Il clinical trials. However, subsequent progression was not

approved due to lack of bioactivity even though previous reports had shown pt&mise.
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Figure 39 6 Hallmarks of cancer

Siastatin B> was also reported as a glycosidase inhibitor with-gamicer activity. Based on these
reports, Nishimura and esorkers? prepared a new family afemdiamine N iminosugars, with
similar functionality to Siastatin B in an attempt to access newcantier agents through the inhibition
of glycosidases. A couple of the compounds prepared have been idesttiiedaaanase inhibitd?§
which play an important role in tumour invasion, metastasis and angiog€hesis.

o)
OH OH HofDOﬂ\/(NH HOfDOE\/(N
HN HN
HO&NH HN HN\V\
NH A4HCl NHAc 3.HCI NHAc
< NH, NH,
o)

Uronic-acid based iminosugar inhibitors

Siastatin B by Nishimura & co-workers
OH OH Cz
NH
HO HO N//\/\/\JO
HO o HO N
OH
1-DNJ \

1-DNJ based iminosugar inhibitor
by Murphy and co-workers

Figure3.10 Polyhydroxylated piperidines with argancer activity based on different natural product
iminosugar frameworks

Inhibition of angiogenesis has eeecognised as a potential cancer treatment due to the requirement
of sufficient blood vessel network for tumour growth and metastasis. Frameworks known to inhibit
angiogenesis include-RNJ*? (inhibits biosynthesis of cell surface oligosaccharides required for
angiogenesis) and ar§l2,3triazole$*® (hinders angiogenesis target enzyme, methionine
aminopeptidase 1%). Murphy and ceworkers have used this basis to prepare bifunctional frameworks

and in the process, haveentified an inhibitor of angiogenesis which is more active than either
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functionality alone Figure 3.10).1*% This particular compound\-(8-(3-ethynylphenoxjoctyl-1-
deoxynojirimycin, was also found to supress cell migration and induce apoptosis (cell death) in a lung
cancer cell liné?” While iminosugars have yet to be marketed as-cter therapeutics, efforts
continue in this fied as metabolic reprogramming continuously proves to play a key role in cancer

development?®

3.3.3 HIV and peptidomimetics
The human immune deficiency virus (HIV), like many viruses, has a lipid @mwethich is embedded

with glycoproteins including; transmembrane glycoprotein gp41 and extracellular glycoprotein gp120.
These protein receptors are involved in the HIV infection process. However, for infection to occur a
CD4 receptor and relevant-ceceptor are required on the surface of the host cell. In the case that both
receptor and coeceptor ceexist in proximity on the host cell surface, gp120 of the virus can interact
with CD4 receptors of the host cell. Subsequent binding to gp41 resultemfioancational alteration

of gp120 enabling fusion of the virwgith the host cell.The proximityof gp4l and gpl120 on the
envelope surface makes them susceptible to interaction with molecules (including glycosidase
inhibitors such as iminosugars) which cdisrupt the viralcell complex. Compounds with these
properties have promise as atV agentst®

Other approaches to treat HIV include the targeting of HIV protease within the infected cell. The HIV
protease enzyme is responsible for formatiomfectious viral proteins, thus inhibiting this enzyme
prevents further spread of the viral infection. While this approach can limit further infection of normal
cells, the mutation rate of the protease as it replicates results Heligls of enzyme restance to
inhibitors. As such, a need for new inhibitors which can supress the protease enzyme are in constant
demand:*

S 0 megluddsidase inhibitors such as, castanospermine, dihydroxypyrrolidine-BNd Were first
identified as HIV inhibitors in the 198044 nt e r e smainnngolsyi,d als-BMJ hadino h a s
antiviral activity.}*! In particular, castanospermiaad :DNJ iminosugars, have been shown to hinder

the infectious performance of HIV-¥itro without damaging lymphocytéé>144

1n 1998, Fleet and eworkers tested a wide range of iminosugars agaithv and identified\-butyl
1-deoxynojirimycin (NBDNJ) as an inhibitor of both replication and reinfection of the VittBurther
investigations of NEDNJ were undertaken with the mechanism of action of high interest. As an
example, one study proposed {IBIJ had an effect on gpl120 thuseyenting the receptor from
undergoing conformational changes p6&4 binding**® This compound underwent clinical trials and
progressed as far as phase Il. However -sfticts such as weighiss, diarrhoea and abdominal pain
were olserved in human clinical trials thus the potential drug candidate was not taken any'farther.
Efforts were subsequently undertaken to find a derivative cDNB with similar antiviral activity

but without undesired side effects. As supbrbutylateeN-butyl-1-DNJwas developedr{gure 311).
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This drug candidate was shown to release the active druPMIBpostintestinal absorption thus

preventing gastrobastinal side effects'®

perbutylated-N-butyl-1-
DNJ

Figure 311 DNJ-based iminosugar inhibitors of HIV

Other approaches to synthesise-&ttf agents include peptidomimetics. The main principle behind
this synthetic tool revolves around the anchoring of pharmacophoric groupspeptite ligands as a
means of guiding thegptidemimic to the required binding sité’ Peptidomimetics have an advantage
over traditional notpeptide scaffolds due to their enhanced pharmacokinetic propErisous work
within the Murphy group in this field has involved grafting peptide chains onto known glycosidase
inhibitors, such as DMJ and DNZ:*5 Subsequently, Chery and MurgPddesigned and prepared a
DMJ derivativeas a potentiaHIV protease inhibito{Figure3.12).

Binds to Binds to
Aspartic Acids Aspartic Acids

@ @Ho® lﬁ:i

Charged o
Nitrogen

Figure3.12 Design of peptidomimetics by Chery and Murphy. Reprinted with permission from
referencel52 Copyright (2004) Elsevier

The usef iminosugars for peptidomimetic design over contending carbohydrate molecules is perceived
as advantageous, as a consequence of (i) the cationic character of the nitrogen atom at physiological
pH?®3, (ii) the Hbond donor characteristic of the endocyclic nitrogen and (iii) the ability to anchor
covalently linked pharmacophoric stdbains to the nitrogen atom. In the specific case of HIV, Murphy

and ceworkers computationally predicted-bdbnding existed between arbanyl group ofthe HIV -

protease amide backbone and the protonated nitrogen of the iminosugartgz@yrrolidines
decorated with sidechains have also been proved useful in the targeting -pifdtd¥se Kigure

3.13).1%6
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” f@

Figure 313 Computationallydesigned pyrrolidindased peptidomimetic

H

3.3.4 Cystic fibrosis
Cystic fibrosis (CF) is an autosomal recessive disease caused by mutation of the cystic fibrosis

transmembrane conductance regulator (CFTR) on chromosome 7 which encodes CFTR protein. This
protein is vital for the transportation of sodium and chloride in and out of various organs of the body
including; lungs, pancreas and skin. Numerous mutationsocamr on the CFTR gene leading to
different mechanisms of action for the hindered expression and function of CFTR. While there are
1,800 mutations of the CFTR gene worldwide the most common mutation (F508 deletion, present in
approx. 70 % of all cystifibrosis cases) suppresses transport of the CFTR protein to the cell surface
causing degradation of the CFTR protein in the endoplasmic reticulum (ER). In this particular mutation,

the CFTR sparse cell surface hinders the rate at which chloride candmottad out of cells.

While there is no cure for cystic fibrosis at present, medications based on small molecules have been
developed to control symptoms associated with the disorder. More recently, efforts have turned towards
stem cells as a means of géinerapy®’. However, due to the cost assted with such therapies, efforts

to prolong life expectancy and quality using small molecules continues to be of paramount importance.

Piperidine NBDNJ was identified as a potential treatment for cystic fibrosis. The-Bikyjliminosugar
underwent clirgal trials however treatment of symptoms of CF with {0BIJ proved neglibfé® even
though previous studies thautlined effective treatment d¥508deiCFTR trafficking using low
concentrations of the drempndidate on a daily basi8.Pyrrolidinebased iminosugars have also shown
promise in the treatment of cystic fibrosis. Interestingly;digeoxy2-hydroxymethyil,4-imino-L-
threitol (isoLAB) has previously been shown by Fl&&to rescue the CFTR function in a similar
fashion to NB-DNJ. IsoLAB does not exhib glycosidase inhibition properties demonstrating

iminosugars can act as ligands to target proteins independent of glycosyfation.

o OH
HOW\_~_,OH
OH oH
HO_ .. g
AN N
SRR
H
NB-DNJ isoLAB

Figure 314 Iminosugar inhibitors of F508 deletion CFTR trafficking
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3.3.5 Iminosugars- current drugs
To summarise, this section explored some of the applications for iminosugars isolated and prepared

since the 1980s. While numerous biologically active compounds have been discovered only a small
number have been approved for thetajeuse Figure3.15).

OH OH

HOW_~ HOW_~ 7"
o N OH - N
HO' NN HO' ~N o SNH
Glyset® Zavesca® Galafold®
Type Il Diabetes Gaucher's Disease Fabry's disease

Niemann-Pick type C

Figure3.15 Some iminosugars currently on the market

Currently, there are some potential drug candidates in the pipelined 316). However, it seems this
particular class of molecules are limited due to their lack of specificity for glycosidases leading to side
effects or inactivity in clinical trials. Thus, manipulation of thegghhyji bioactive structures as a means

of increasing specificity has become an important component of further research within this area.
Alternative approaches could involve further explorationGaflycosyl piperidines (Chapter),4
pyrrolidines (Chapter 5xand extension to access the relatively unexplored quatexsriyed

iminosugars (Chapter 6).

¢

°)
° N
N HO
HO "'OH HO™ “'OH
OH OH
Celgosivir uUT-231B Duvoglustat
Hepatitis C virus, Phase Il Hepatitis C virus, Phase Il Pompe's disease,

Phase Il - monotherapy
Phase II-ERT combination

Figure 316 Some iminosugars in clinical trials
3.4 Synthetic strategies ofC-glycosyl iminosugars
When considering synthetic routes terifg and 6ring iminosugars, numerous challenges arise
including; (i) efficient ring wWitheamghtlevebahstere¢ i i )
control and (iii) protecting group considerations. Cutkgritvo main synthetic approaches have been
developed; (i) intramolecular cycloadditions and @)glycosylation of iminosugars with the
iminosugar as an electrophilic donor. The approach chosen can be determined by the disconnections
performed during theetrosynthesis. The disconnections, C5KC4nd/or CiN, are required for

intramolecular cyclisation. The @IH;R disconnection is required for the less explored intermolecular
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C-glycosylation. Martin and cworkers® performed an extensive review on iminosugar2009

outlining the various synthetic approaches.

Pino-Gonzalez 2003, 2008 .
Nicotra 1995, 2006

LG Dondoni 2003, 2006

Armstrong 2000 CH2R
Zou, 2005, 2007 Fleet 1992
NHR1 NHR,
/ w;/ Johnson 1998
CH2R
Fleet 1998 Ganem 1991
Overkleeft 2003 PU— CH.R
N3 NHR;
NHR1 |y 1087
0 ~~ Martin 1991, 2001
Fleet 1989

Compain, Martin 2005

CH2R
CH,R
NHR»] CHzR
Johnson 1994, 1997 O Martin 1996 Fleet 1989, 1999
Nicotra 2000 Van Boom 1999 Effenberger 1990
Compain, Martin 2000 Mootoo 2001 Vogel 1996
Overkleeft 2007 Wong 2001

Fernandez-Mayoralas

Figure 317 Some of the intramolecular cycloaddition performed to synthesise piperidines. Reprinted
with permission from referende1 Copyight (2009) Elsevier

Preparation of these nitrogeontaining frameworks using the intramolecular cycloaddition involve
careful determination of suitable starting materials. Such syntheses can involve preparation of the
iminosugars from a chiral startimgaterial with the required stereochemistry already in position. In the
case of iminosugars, the comparable carbohydrates are an ideal choice due to the availability of these

building blocks with various steremnfigurations embedded in the ring framework.
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Nicotra 1995
Behr, 2002, 2005

NHR LG
Kibayashi 1989 Eustache 2007 o_R
Falomir 2008 R LG
! CHzR Yoda 1995-2008 NH2
Robina 2005 Kobayashi 2002 Moriarty 2006
Dondom 2002, 2003

NHR O o

o
4§_<A/ Fleet 1999
Kanie, Wong 2000 \
N, LG
\ Wightman 1993
wcHzR /H)\/\EWG Robina 2007

Behr 2006, 2008 RINH O NHR
CH2R O Q = R Eustache 1998

CH,R
Pino-Gonzales 2005
Togo 2000 Reitz 1994
Togo 1998

Figure 318 Some of the intramolecular cycloadditions performed to synthesise pyrrolidines.
Reprinted with permission from referent@&l Copyright (2009) Elsevier

Similar problems as outind above ar e o0bser v-qudternany centdrestng r ep ar a
iminosugars. These piperidine structural motifs have been prepared through intramolecular
cycloadditiong® andcarbon trifluoride rearrangemefits

HO,
Nal o

H :
OBn F\R N
HO OH P
F3C OH

Dhavale 2012
Aceiia 2012

Figure3.19A ¢ ¢ e s-gquatérmarcentered iminosugars

3.5 1,3Dipolar Cycloaddition

3.5.1 Overview
The 1,3dipolar cycloaddition, more commonly known as the Huisgen cycloaddition, involves

cyclisation of a dipolaphile (such as alkenes or alkynes) with a-difble to genete fivering
heterocycles.

In 1938, Smith and eworkers were the first to recognise the-diBolar cycloadditiort®? However, it

was not until the 1950s, that Huisgen andwvaokers solidified and utilisedhts concept of cyclisation

upon mechanistic investigations of diazolkanes with angulary strained double'%@idse then, use

of this transformation has been exploited as an ideal synthetic strategy within the chemistry community.

In 2002, Sharple$¥ and Meldat®® independently performed intermolecular regioselectivenétion
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of 1,4triazolesvia. copper catalysis of alkynes and azides in the Huisgen cycloaddition. In 2008, Fokin
and ceworkers reported a ruthenium variant providing access a@-tjazoles in a regioselective
manner®® These catalysts have enabled performance of thEldisgyen cyclisatiomwith high yields

under benign conditions, thus providing evidence for the suitability of this cycloaddition in click
chemistry!¢’

1,3-Dipole
N,
O Y
N&
R Nk\/_F“ Ry R
Rz , : i
1,3-Dipole Dipolarphile 5-ring Heterocycle
N N
No ) R, Rs<y-No
L —— "
R3 Dipolarphile Ro R4

5-ring Heterocycle

Figure 320 Intramolecular cycloadition of 1,3dipole with a dipolarphile to afford-Bng heterocycle
Al3di pol e be bed oni c

oxygen and hydrogen. The dipoles can be divided into 2 categories; pregiéagyl dipoles (e.g.
ozone) and allyl dipoles (e.g. azides).

can descri as a zwitteri

SY S

Allyl type Propargyl-allenyl type
N-centered O-centered
\ Azomethine Carbonyl
YL\"T/ o Yide Y j/ ng/ - Yide Y j/ . L< Nitrile ylide - +:<
—=N - - ——\
\ Azomethine Carbonyl
\fw\'{/ imine \(N N7 YQ N~ imine S QQN/ iNiN/— Nitrile ylide ¥:N+:N/
| . l\‘l Carbonyl o o
> ’l“o* - Nitrone j/ A Y?\of oxide j/ 0 —\ o Nitrile ylide O
\ \
\Ncl}rl\r:l/ Azimine \N,IE:N/ \N//Q\N/ Nitrosimine \N/Q\\N/ NENL< Diazoalkane N:N+:<
| g
SN l:l o Azoxy IVEAS \N//Q\O_ Nitrosoxide _ - %o NENtN/ Azide N:NJr:N/
\ \
_N+ . _ N« _Ot__ ___O. . .
oMo Mo oo Pl e | 0% | o Mowsoxde oo

Figure 321 Examplesof allyl and propargyhllenyl dipolarphiles

Some of the chemical diversity exhibited by azides, including theidip@ar functionality and

regioselective reactivity with electropéd and nucleophiles, can be explained by examining their

resonance structuré® (Figure 3.22). Due to high energy and flexible functionality, azides have
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become key players in synthetic chemistry and have been used in some pivotal transformations such as,
Schmidt rearrangeméfit, Staudinger rearrangeméfit Curtius rearrangemétand in particular, the
1,3-Huisgen Cycloaddition.

[l
Py
g
[
Z
i}
Py
iy
i
1
Z
Py
iy
:
1,

R_N3

Figure3.22 Mesomeric structures and reactivities of azides with electrophiles and nucleophiles

3.5.2 Intramolecular 1,3-Dipolar cycloaddition to accessC-glycosyl iminosugars
Fleet andco-workers became the first to exploit the Xdpolar cycloadditiorin the synthesiseof G

glycosyl piperidine iminosugars in 1998L y (0 KA & | HIMNahalogué was irépared upon
cyclisation of the azidoester and subsequent reductions of the resulting bicyclic vinylogous

urethanel”®

o$< o$<

N3 o 0N O (2), Tol, 100 °C, 64 %
(E), Xylene, 140 °C, 45 %

o~ O o~ O

COzMe
MeO,C 3.7, EZ OH

H HO_~
f :CA
HN NH OH
A(O o HO” ™
@] ~
HO

O

Scheme&.1Pr e p ar aHMJamalogod using Huisgen cycloaddition by Fleet andadkers

Further to this, Overkleeft and weorkers’?reported the preparation of related piperidines using a
tandem retreMichael|[2+3]-cycloaddition(Scheme 3.2)
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OTBDPS
o NaOMe, DMF,
AN heat, 35 %
CO,Me
O><o
=N
,L/\l CoMe N, TBDPS(|) H CO,Me
7, 2 D ——— 7,

TBDPSO™ " H =
HO' 0 HO" 0
L £

Schemes.2 Preparation of piperidine derivatives by Overkiesmd coworkers

3.5.3 Previous research in the Murphy group using the 18lipolar cycloaddition to
prepare 1-DNJ
In 2007, Zhou and MurpR¥? reported the synthesis of[INJ using the 1;3uisgen cycloaddition

between alkenes and azides. This reaction involved the thermal promoéinrapide with an alkene
in the presence of a restraint to form a triazoline intermediate which was subsequently decomposed in
a productive mannesia. an aziridine intermediate to form the iminosugaDNJ (Schemes.3).

7Z
0 *Cﬁ
Bno M ///N NN

BnO\C/
o ® Triazoline
s o
\C’> - Nu _Nu=OH _ @
BnO' Bnom Deprotect

Aziridine 1-DNJ

Scheme 3 Preparation of -DNJ using Huisgen cycloaddition. Reprinted with permission from
referencel 73 Copyright (2008) American Chemical Society

The azide precursor required fhis transformation was synthesised starting frogilzonoeU-lactone.

As shown inScheme 3.4the cycloaddition occurred upon heating the azide, with yields of 55 %
achieved for the triazoline intermediate after chromatographic purification, although full conversion of
azide had been observed using TLCeTiazoline decomposed in the presence of silica gel to afford
the aziridine intermediateuggestinghe acidic gel can cause expulsion of nitrogen. This suggests the
low yielding 1,2,3triazoline in the previous step could have been due to decompadittentriazoline
during purification. Treatment of an isolated fraction of aziridine with 10%C Pafforded an
inseparable mixture of piperidines, didee2Bn-DNJ and 20Bn-DNJ. The 20Bn-DNJ derivative

could be explained by aziridine hydrolysis in firesence of water.
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—_—
p-glucono-é-lactone ~ —

o

+s +

o " DMF or toluene

.0
110 °C, 55 % \CﬁN
N~
N3 BnO'

triazoline

Q %’Q
10 % Pd-C, - -

.|IO

BnO""

Chapter 3

Silica gel,
toluene, 35 % _ EtOAc _ \C( @OH
BnO" Ts% BnO' BnO" NH
aziridine :
d|deoxy- 2- OBI’I DNJ
2-O0Bn-DNJ

Scheme 3.4 Formation and decomposition of Huisgen Cycloaddition. Reprinted with permission from
referencel73. Copyright (2008) American Chemical Society

With this mind, a ongot cycloaddition was irestigated as a means of avoiding loss of yield from
triazoline isolation. In this study, different nucleophiles were investigated in an attempt to increase

triazoline degradation efficiency.

Entry Reaction Conditions Result
1 70 % AcOH, rt, 15 h
\©>>{)’© NH HO\G/\OH
BnO'
Aziridine Azepane -O-li&nzyl DNJ
15% 33% 14 %
2 Toluene, 110 °C, 1 h %,/o
NaN; (5 Eq), AcOH @.eq) O~
BnO"
35%

3 Toluene, 110°C, 1 h
MeOH, 60 °C, 1 h

°f

BnO"
20 %

o

d -
\O/\OAC
o NH

BnO'

45 %

4 Toluene, 110 °C, 1 h
AcOH (5 Eq),110°C, 1h

T

5 Toluene, 110 °C, 1 h
PhSH (5 Eq), 1t, 16

°f

BnO"
57 %
Table 31 Onepot investigations of Huisgen cycloaddition
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When using nopolar solvents (e.goluene) the @nembered piperidine ring was formed in good yields
dependent on the nucldufe chosen Table 3.1, entries 25). However, when using harsh acidic
conditions, the azepane, aziridine and piperidine were observed (Table 3.1, entry 1).

Murphy and Zhou proposed azepane formation resulted tlierformation of a cationic-ihembered
ring (Scheme 3.5) followed by nucleophilic attackaiter.

o oo Lo

~

o - _ Nu >
- N
BnO' N

H H Nu = OH

Scheme 3.B81echanism for azepane formation involving cationic transition state. Reprinted with
permission from referend& 3. Copyright (2008) American Chemical Society
To summarise, Murphy and Zhou explored thedigblar cycloaddition between azides and alkenes to
afford a 1,2,&riazoline which was decomposed under different conditions to optimise the preparation
of natual product 3IDNJ, and its derivatives.

3.5.4 1,3Dipolar cycloaddition to synthesise pyrrolidinefused triazoles
In 2012, Wakhloo and eworkers’ prepared polyhydroxylated pyrrolidifased triazoles in water

using the Huisgen 1;8ipolar cycloaddition (Scheme 3.6).

OH
L-(+)-tartaric acid

OH /<;\N@ .
Hooc™ 00 _ R ﬁ/%/\'/<
: IR ol T N

0

Scheme & Preparation of pyrrolidindused iminosugars derivas by Wakhloo and eworkers

A couple of years later, Arora and SH&weported preparation of thé-glycosy triazolefused
pyrrolidines using the 1;8ipolar cycloaddition$chemes.).

o]

@.N
N; OBn BnO ,\?N
D-Galactal/l — 5 BnO
D-Glucal N =
BnO R BnO BnO
n OBn
OH OH OH OH

/ / / /
’,' ,N\ ’,_ ,N\ ’,' ,N\ ’,' ,N\
N ‘N N ‘N N ‘N N ‘N
HO™ = HO = HO = HO™ =
HO HO HO HO

Scheme 3. Preparation of @lycosyl pyrolidine-fused triazole iminosugars by Arora and Shaw
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3.6 Allylic azide rearrangement
The allylic azide rearrangement (Figure 3.23) was first reported by Winstein and Young #i*T90.

interconversion can occur at room temperature resulting in a mixture of isoniéch has been
primarily regarded as a synthetic disadvantage in the past. In 1995, Trost andf Ralimyed that
havinga hydroxyl group in proximity to the azide can pravistabilising intramolecular hydrogen

bonding, thus shifting the equilibrium of the allylic azide rearrangement (Figure 3.23).

N
R \v//
: o O =)
/N\ /N\ /
@N/ \N N/ \N@ H\\ R
/ \
N RN N
"N

Figure 323 Mechanism for allylic azide rearrangement and equilibrium shift due to intramade¢ul
bonding

Sharpless and eworkers’® performed a studin relation to the selectivity of this rearrangement. As
shown in Scheme 3.8, in the primary vs. tertiary system (1a), while the teritary azide was evidenced,
trapping experiments with phenylacetylene only provided access to the primary tiiaizotiction

of the hydroxyl function (1b), while there was an increase in the amount of tertiary azide, the trapping

experiments again only yielded the paim triazole.

Subs@uent studies (2c) of the secondary vs. tertiary azide system afforded the secaonazoies,

with no tertiary triazoles observed. The primary vs. secondary azide system (3a, 3b) had more
success, with isolation of the secondary triazoles, particularly in the presence of the hydroxyl
function. From this study, it could be deduced thailevprimary and secondary azides were capable

of undergoing the 1;Bluisgen cycloaddition in the presence of a suitable catalyst, tertiary azides were
less susceptible to the transformation. Furthermore, as previously observed by Ptiiepresence

of the hydroxyl function can provide intramoleculabbinding, supporting an equilibrium shift of the

interconverting allylicazide system.
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Ph
(1) Primary vs. Teritary Azides !\]4§
1
N3 N3 a N\N
| — _—
1a N >‘\/ 85% )\)
70 % 30 %
Ph
N
\)\MNS N3 a l\i/\Ag
| - T N
1b HO A HO Z 83% HO\)\MI
55 % 45 %
(2) Secondary vs. Teritary Azides Ph
N
N Ns a ,\j' \ a= phenylacetylene
W [t — \N
2a )\/\ S 87% )\/K
65 % 35% Ph
N
A e o
— . .
b N OH Sh A~ OH T g0 «
72 % 18 %
(3) Primary vs. Secondary Azides
N3 N3 a /\"NJ\N’N\\ ,)\N’N‘N
3N N 85% < | \Q<
67 % 33 % 72 % Ph 28% Ph
Ph Ph
N
a N DN

N3 N3
3b HO\/\/ HON 83% 'Il N
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Scleme 3.8 Sharpless and-workers investigations of the regioselectivity of the albdide
rearrangement. Adapted with the permission from refer&n@eCopyright(2005) American Chemical
Society.

In 2012,Aubé and ceworkers’® demonstrated manipulation of the cycloaddition in combination with
the Sclmidt reaction to afford substituted lactams in a stereoselective manner (Scheme 3.9). They
evidenced the substituents and their configurations had a direct effect on stereoselectivity of the

products observed

46



Introduction to iminosgars, allylic azides and Huisgen cycloaddition Chapter 3

(@] r§13 (@] O Ns
= AN Ns =
R R R
SnC|4,
DCM,
reflux

R=H, 68 %, 1.2:1(a:b)
R=tBu(S), 68 %, 3:1(a:b)
R=tBu(R), 63 %, 25:1 (a:b)

Scheme 3 Preparation of lactams through allylic azide in tandem with intramolecular Schmidt
reaction by Aubé. Adapted with permission from referekit® Copyright (2012) American
Chemical Society

Subsequently, Aubé and-emrkers® reporteda tandenallylic azide rearrangement and Huisgen-1,3
dipolar cycloaddition (with an alkyne as the dipolarphile) to afford triazoles in a stereoselective manner

(Scheme 3.10).
e

85 % (1.7:1)

Scheme 3.10 Huisgen cyclatition in tandem with the allylic azide rearrangement by Aubé and co
workers

Moynihan et al'®! also reportech combination of the rearrangemesmd cycloaddition (using both
alkynes and alkenes as dipolaraphiles) to yiglycosyl iminosugargFigure 3.24)
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Figure 3.2 Allylic azide rearrangement in tandem with Huisgen cycloaddition to afford iminosugars.
Adapted with the permission from refererdi@l Copyright (2015) American Chemical Society

As previously reported by Zhou & MurpHy, Moynihan, Chadda and Murphy observed triazoline
intermaliates which could subsequently be broken down in the presence of a suitable nucleophile

(acetic acid) to afford iminosugars in a diastereoselective manner (Scheme 3.11).

T
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O A~z
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_—

HO N

HO
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Triazoline

|IO

O
OZL ZJZ>_2'
I z \

7L o
; _
(@)

H
Nu=AcOH Nu Deprotect HO - OH
NH NH
HO N H HO
N X X

Aziridine
Scheme 3.1 Allylic azide rearrangement in tandenttwthe Huisgen Cycloaddition

Both publication§!8 had reported the requirement of an isopropylidene constraint fessfict
cycloaddition. With this in mind, Moynihan attempted to optimigectfficiency of triazoline
formationvia. alteration of the diol restraiffigure 3.25) Various protecting groups were employed,
however the highest yields of desired polyhydraksti piperidines were obtained from the

isopropylidine protecting group.
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Figure 3255-, 6- and #membered diol protecting groups
3.7 Aims and targets of thesis
As outlined in this chapter, iminosugars have been shown to lighepotency, in particular as,
glycosidase inhibitors. They have so far proved invaluable in medicine with multiple derivatives either
in the pipeline or available for the treatment of a widariety of diseases. As such, developing methods
to access newminosugar derivatives is necessary for further expansion of the library of nitrogen
containing polyhydroxyated frameworks available. The main synthetic route in this thesis, will utilise
the allylic azide rearrangement in tandem with Huisgen cycloadddiacquire iminosugar piperidines
for structure determination (Chapter 4). Further exploitation of this rearrangeyatoadditon will
provide access to py rdisabstituted piperidine {mthbsagars @igure38.26, a n d
Chapter 6). Inerasing yields of the cycloaddition will also be at the forefront of this research by
investigations of nucleophiles efficiency in triazoline decomposition and preferred solvents for the

N NH
N N

Figure326P r e p a r aquaternary miperidide iminosugars

intramolecular cyclisation.

=
PO

K
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4 Chapter 4 Preparation and identification of C-glycosyl
iminosugar derivatives

4.1 Route designed by Moynihan to piperidine iminosugars
As previously discussed in Chapter 3, Moynihan developed a nae to piperidineC-glycosyl

iminosugars from the corresponding metbyglycopyranosides. This work highlighted the importance
of an innate conformational restraint in the form of an isopropylidene protecting group for the desired

transformation to occur.

As shown inScheme 4., Moynihart®! prepared the natural produg8 using a synthetic line from
methy-U-D-mannopyranoside. This synthesis involved a key reductive fragmentation of the sugar to
afford an aldehyde intermediate which could subsequently be manipulated to afford the precursor azide.
Rearrangementycloaddition of the azide afforded the polyhydroxylated alkaloid which could be
transformed to the natural produ&8 following removal of protecting groups and reduction of the

alkene functionality.

HO |
TESO,
HO 0 Zn, THF-H,0 "
’ 2
HO
“'OMe 0 ~o
%\o
OAc OH
HO,, HO,
4 st ' NH 2 steps . NH
steps P
o) HO

){\O OH
68

Scheme 4 Preparation of natural product homomannojirimycin alkyl deriva@@®by Moynihan

Upon preparation 088, Moynihart®! had previously performed 1D NOE experiments to decipher the
orientation at €1 and G5. Using the analysis obtained, Moynihan suggested the mannonorjirimycin

derivativeUanomer was formed from this synthetic route.

Newman projection models tie secondary allylic azide stereoisommmplimented the findings on
the basis of minimisation of gauche interactions. As showigure4.1, cycloaddition of the secondary
allylic azide withR configuration would place the vingroup and the €1 bond in proximity. In the
contending reaction where the carbon directly attached to the secondary aBSd®hidguration, the
cyclisation wauld place the vinyl group in proximity to the-@ bond which is disfavoured due to
gauche interactions. For this reason, reaction pathways froR-¢bafigured isomer would proceed

faster resulting in the 1;2ansproduct.
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H OoP &OP
N3 N3
H H
\ ' H I

Figure4.1 Newman projectionsf the secondary allylic azide stereoisomers viewing aloiga@d G
2

However, the data obtained 68 werein excellent agreement with a natural product previously

isolated and reportexs theb anomer, with the authorsaging they used NOE experiments to assign

the stereochemistj? In order to confirm the stereochemistry generated-hta@d G5 during the

cycloaddition,'H and**C NMR spectroscopic data 68 were compared to previous literature reports.
Independently, Fleet and-weorkers® had reported the synthesis of thanomer. Howevet3C

NMR data of the Fleet synthesised cosaoptbeund vari e
natural productFrom these results, Moynihan had concluded that the orientatich ataS

downwards facing i.e. thdanomer. However, further clarification was required before publication of

the results, ideally through acquisition of ara¥ crystal structure.

Moyni han al so used a si mil a-cxonfgyedimmestgae®8fromp mdathyler n t o
UD-galactopyranosideScheme £). Efforts were made to verify orientation atl@ising'H NMR data

(J12= 9.1 Hz).A J-value of this magnitude would only be possible if the ethyl group-atwas

equatorially orientated. However, efforts to establish stergmtation at & was difficult as theas}

woul d be small (03 Hz) r e g atoral a G5s Mognihantaleoeused r i e nt
Newman projections viewing along-Cand G2 to explain the stereochemical outcome at Gy

comparison of the contending transition states. The stereochemical outcome expected from the Newman

projectionswasthe 1,2trans product i.e thé anomer.

oH OH
2 _3steps Zn, THF-H,0
Ho %
HO

OTES OTES

_asteps >< i/\/\ ~AEOR.DME jé\/ 2Steps :5:/‘\/

69

Scheme 2P r e p a r ahomapyranandjirinfycin alkyl derivativé9 by Moynihan

Murphy!84 subsequently explained the configuration generatedsatodbe a result of miniisation of

allylic strain of the reacting conformer. This analysis showebl €hould be downwards facing.
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Murphy!*also compare®C dat a of Moyni hands product to prev
co-workerd®®(Scheme 4.7) in an attempt to understand the stereochemical outcome of the cycloaddition

at G5. These comparisons showed stereochemist@-atfor 69 was in agreement with literature

reports foraltrose configured iminosugagd and 92 (vide infrg).*®* To further confirm this result,

NOESY experiments were required for the iminosugar product.

This chapter will outline the steps undertaken to verigydtereochemistry of iminosug&8and69 at
C-1 and G5, respectively, using the line of syntheses previously employed by Moynihan to access the

required derivative$!

HO HO
HO, H
O, NH © NH
HO HO” ™
OH OH
68 69

Figure4.2 Preparation of jlycosyl iminosugars synthesised by Mdyan

4.2 Manno-configured iminosugars

4.2.1 Preparation of precursor azide 76
As shown inScheme 4.3Appel reaction conditions developed by Garé¥tf® andimplemented by

Moynihart® were used to convert methylD-mannopyranoside to the-i6édo sugar. Without
purification, this iodide was treated wiir TSOH and 2, DMP in acetone to form the desired
isopropylidene 708 where the acetonide is installed on theis diol group.

OH I

1. PPhg, Im, I,

HO,, HO/, TES-CI, Im, THF, TESO/,
‘ o THF, reflux, 2h : 0] r, 4 h, 85 % ‘ ' 0o
HO “OMe 2. p-TsOH, 2,2-DMP, ¢ “"OMe 19) ‘OMe
OH Acetone, 2.5 h, 80 % o )TO
70 71
1.Zn,)), Ph;PCHCO,EL,
THF/HzO, TESO/, Toluene, 12 h, TESO/,' DIBAL-H, CH20|2’

reflux, 83 % -78 °C, 7 h, 84 %

2h, 80 %
_—

) ~o o)
e B

TBAF. THF, 12 h, HO,,
rt, 85 %

PPhs, DIAD,DPPA, TESO,,

THF, 12 h, rt, 73 % Na

Scheme 4.8reparation of precursor azidé
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The isopropylidene derivativB) was subsequently treated with a triethylsilyl chloride in the presence

of imidazole to forn¥1.2®*Zinc reductive fragmentation, using preactivated zinc in THB/(9:1) was
employed to yield aldehyd72 The procedure to reduce and fragment mehgeoxy6-halo
pyranosides using zinc was first described by Bernet and VAd&dllawever reaction complications

were observed with this methodology due to harsh conditions. Later, sonication was utilised by
Madsen®¥1° to optimise experimental conditions for this reaction. As show®cikeme 4.4it is
suggested that zinc undergoes an exchange with iodine followed by elimination to obtain the aldehyde
72

Scheme 4.Mechanism of zingeductive fragmentation

Wittig reaction conditions were performed @&to acheve full conversion to est&3. Reduction of
the ester afforded the alcohtd. Mitsunobu type condition® were utilised to displaceéOH moiety
and achieve the azidés. TBAF was then employed to remove the triethylsilane protecting group

providing access to the precursor aziée

With azide76 in hand, the tandem cycloaddition was performed leading7t@Scheme 4.5)Efforts

were made to achieve crystals of this compound using a variety of solvents and crystal growing
techniques including; solvent evaporation, slow cooling, sublimationcryaallants (with
triphenylphosphine) and solvent saturation. None proved successful. As a result, iminosugar derivatives
78 and 68 were prepared by deprotection 7 using aqueous hydrochloric acid and subsequent
hydrogenation. Crystal growing techniques werairm@ttempted on these compounds, but with no
success. Preparation of derivatives fré8were then explored as a meaisobtainingcrystals. An
example of this type of strategy included protectio@@ivith benzyl protecting groups, however this
afforded 79 a clear oil and subsequent crystal growing pursuits failed. Experimental attempts to anchor

other protecting groups (e.g. OABBz) onto the sugar were also unsuccessful.

As a means of resolving this situation, it wapecthat treating’6 with othe nucleophiles could yield

other potentially crystalline molecules with the same steramtation as/7. Due to success with

synthesis of pyrrolidines (Chapter 5), thiophenol was regarded as a suitable molecule for this
transformation and provided accees30, as a waxy yellow solid. Zhou had previously successfully
employed thiophenol to synthesise piperidi@s=fforts to crystallise80, were successful from
hexane/ethyl acetate. Therxay c¢crystal structure confirmed Moyni

the substitent at C1 in 68is axially oriented.
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AcO
1. DMF, 1.5 h, 100 °C

2. AcOH, 10 mins, rt, HO,,
45 % ' NH

1. DMF, 1.5 h, 100 °C
HO,,, 2. PhSH, 10 mins, t,
NH 30 %

-~ HO BnO
Pd-C, Hp, NaH, BnBr,
MeOH, HCI, o 24h,1t,  Bno,
th T ONH e0% (" NBn
HO N // BnO //
OH OBn
78 79

Scheme 4.Preparation of iminosugavsa. rearrangementycloaddition and Xay crystal structure
of 80

4.3 Galactose iminosugar 69
As shown inScheme 4.6, precursor azigié could be prpared from methyU-D-galactopyrannoside
using the route developed by Moynih&i®* and undertakingsimilar transformations as the

corresponding mannos®nfigured pyranose through intermedisés36.

OH | |
HO 1. 2,2-DMP, CSA, 0 TES-CI, Im, THF, e
O Acetone, rt, 1.5 h, 70 % >< O  rt,4h,74% N >< o)
“"OMe 2. PPh3, Imidazole, I, o - “IOM o " 1OMe
OH

HO™ ™~ 4 h,THF, reflux, 85 % e B
OH OTES
81 82
1.2n,))), THF/H,O, o Toluene, 12 h. o DIBAL-H, DCM
40°C.2-4h, 88 % >< reflux, 91 % 7< o 78°C,5h,89% _
0" >0 07 TN
OTES OTES g4
83

TBAF. THF, HO,,,
12h,1t, 72 %

PPh,, DIAD,DPPA, TESO,,,

THF, 12 h, 1t, 77 % Na

Scheme 4 Preparation afjalacteconfigured azide precurs8i

Cycloaddition of87 using acetic acid as the nucleophile affatr@®8. Subsequent deprotection and
reduction yielded89 and 69. Both 1D and 2D NOESY experiments were performed on these
polyhydroxylated alkaloids, however the data obtaineteimconclusive. In an attempt to resolve this
problem thiophenol piperidine deative 90 was prepared from azidg”. It was hoped that crystal
growth could further confirm the configuration ab@ia X-ray crystallography. While crystal growing

efforts were unsuccessful, 1D NOESY experiment80oprovided the required correlatiggeaks for
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stereochemistry determination. No crosspeak was observed betw@emdiH5, which would be
expected for the galactmnfigured iminosugar. A weak cross peak was observed betw8emtione
of the H6 protons, supporting the altrose configuratiTaken together with comparison othe *C

datafor 69 andF | e data@ios 91 and92), the altrose configuration was proposed66r 88, 89 and

90.

PhS AcO
~: 1.DMF, 1.5h,100°C | 1. DMF, 1.5 h, 100 °C ~
HO - 2. PhSH, 10 mins, rt, N3 2. AcOH, 10 mins, rt, HO -
NH 30 % “ 45 % NH
0 = Q" o _
)(\c:) 90 %\O 87 )(\5 88
OH OH OH OH aq. HCI, rt,
HO Jho 12h,82%
NH - NH
HO HO'
HO\_ Pd-C, H,, HO\_
91 92 H : MeOH, HCI, |~ *
Ojf/'\t/ rt, 1h, 85 % NH
HO” ™ HO” ™ =
OH 69 OH 89

Scheme 4. Preparation of iminosuga6®, 88-90a n d F | e-and datactaohfigured
iminosugar®91and92

4.4 Conclusion

In this chapter, thetereochemistries of theanne and altre configure iminosugar68 and69, were
determined by Xay crystallography and NOESY experiments. Thiophenol wasshl®an to beas a
suitable nucleophile for the rearrangemeptloaddition reaction resulting inC-glycosyl

polyhydroxylated piperidines.
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Chapter 5 Synthesis of Pyrrolidine Iminosugars Derivatives

5.1 Previous syntheses of DMDP and analogues
One of the first preparatigrof 2,5dihydroxymethyi3,4-dihydroxypyrrolidine (DMDP) was reported by

Card and Hit#?in 1985. This total synthesis of the pyrrolidine alkaloid started freorboseand
involved7 steps. The key transformation involves reduction of azide to the corresponding amine,
intramolecular addition of the amine to the carbohydratehgtik=functionality and subsequent

stereoselective imine reduction.

- + >< o><
HO 1.2,2-DMP, H 0.9 o o) o)
o) 2. TosCl/ Pyridine /l/\'\\/ 1.LiN3, DMF (j\\/
= OH . -
HO' OH 3. Ac,0, Pyridine TsO . OAc 2-NaOMe, MeOH OH

OH OAc OH
L-sorbose
o OH OH HO H OH
H,0* K;L\/ H,, Pd/C, EtOH \C‘Zm/
N3 > YOAc
BAc HO OH
DMDP

Scheme 4. Preparation of DMDP by Card and Hitz

Trost and Wolterintj? reported synthesis of DMDP from phthalimide and butadiene monoxide involving
a palladium catalysed asymmetric allylic alkylation. They also inwvastifthis transformation for the
preparation of DMDRC-alkyl analogues, such as broussonetine G.

HO >‘0

7 \
0] 4StepS jN N &;
NGEARE NH T —
AN
/ z\
(@)

HO v oH

oBn CBz o, 3steps

P| o
|
a e — .

broussonetine G

Scheme 2 Preparation of DMDP and broussonetine G figmthalimide and butadiene monoxide
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More recently, Moreno and Fernan#zeported preparation of DMDP from-idiopropylateeb-D-

fructopyranose involving a similar azide intermediate to Card and®Hitz

X

0 O o,a'-dibromoxylene, e}
1. NaH, DMF
@Qiﬁ NaH, DMF 075 a
60 % ag. AcOH Br 2. 1,, PPhs,

00 OH

A OH Imidazole, Tol

O>g 1 oH  Hy, Pd-C, HCI, %
0 1. NaN;, DMF 075 MeOH-H,0 (2:1) “Non
'\4\28/ 2. TFA-H,0 HO

0 N HO  OH
DMDP

Scheme R Preparation of DMDP fror,2:4,5di-O-isopropylideneb-o-fructopyranose

Fleet and cavorkers® reported preparation of DMDP and 9 stereoisomers from glucuronolactone

(Figure 51).
OH H OH OH H OH OH H OH OH H OH OH H OH
kQ‘\\\l |//,_ (Nz ‘\\\l ﬁ ‘\\l ﬁ‘\\\I v
HO  OH HO  OH HO  ©OH HO  OH HO  OH
p-manno (DMDP) D-gluco (DGDP) D-ido p-altro galacto

OH OH 4 OH OH

OH 4 OH H  OH H OH OH H OH
KSNJ) |//,,§i7) |/,, (iz) |//,,<i7) k(b)
HO  OH OH y ’  OH HO  OH

HO HO OH HO
L-gluco L-manno L-ido L-altro allo

Figure 51 Preparation of DMDP and stereoisomers

As an example, the synthetic route toltkedtro pyrrolidine has been outlined belowScheme 5.4Starting

from glucuonolactoneinsertion of the azide moiety followed by fragmentation of the sugar ring afforded
a chiral intermediate which could undergo catalytic hydrogenation to yield the protected pyrrolidine.
Subsequent addition of HCI afforded the deprotectatiro configured 2,5lideoxy-2,5iminohexitol.
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HO, ‘\\OBn OBn

o, (0] o, OH ,
A( y S 2 steps A( ) OH 2 steps )
O —_— Qe /, —> HO'"
O

OH o N o N
FsCO,80,  OBn opn , ao 02§ PaC, Ha CHiCONa, o oM
. B Se S H /ll,
3 steps p n - OH dioxane, HCI (__7)
O 2 ~ :
o) OH 0SO,M S
N3 2vie HO  OH
L-altro

Scheme 5l Preparation of taltro configured 2,%8lideoxy-2,5iminohexitols from glucuronolactone

5.2 Results and Discussion

5.2.1 Planning synthesis of pyrroldines
The main aim of this section of work was to develop a routertefbered iminosugar analogues from

monosaccharide precursoid.e t h-p-manidpyranosideas considered an ideal precursor for two reasons;
i) it is an inexpensivecommercially availble starting material ii) Moyniha@! has prevdusly employed this
sugar for the preparation ©fglycosyl piperidinesThe synthetic route used hereirCalycosyl pyrrolidines
was based on MIckhemésha mdhe syntlesid pdannihg, it was erped reductive
fragmentation of/ 1 followed by Wittig reaction would provide access9t® Removal of the silyl group
and incorporation of the azide moiety would afford desired @&5dAfter introduction of the azide moiety,

it was expected that thelydic azide would undergo rearrangement in tandem with thedip@ar
cycloaddition generating the 1,243azoline with two new stereocentres. Expulsion of nitrogen resulting in
aziridine formation and subsequent reaction of nucleophiles wihutistalbe heterocycle intermediate
would yield the desired pyrrolidine derivatives.

Nu Nu 5} e

HO 0 0 N
N >< NH —™ N-y —
(0)
HO — — triazoline
pyrrolidine

N3
/%;\ TESO,,,
p—
@) N 0]
%‘O %\O
95 93

Scheme % Retrosynthesis frormme t - h-y-rhanridpyranoside

5.2.2 Preparation of precursors for pyrrolidine formation
As shown inSchemeb.6, the fully protected sugar was subjected to various conditions with a view to

producing alken®3. Originally, Znc reductive fragmentation, using preactivated zinc in THB/f9:1),
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followed by Wittig reaction was employed. The subsequent Wittig reaction gave ac@8skltavever,

this route provided the desired diene in low yieldS{ % over 2 steps).

o nBuLi, CH3P(CgHs)sl, TBAF, THF, rt,
THF, -78°C, 4 h, 80 % 4n,82%
“OMe -
DIAD,DPPA, Nj N
PPh3, THF, 2M HCI, rt,
12 h, rt, 74 % =z 3h,72% Z
—_—
(0) X HO X
%\O OH
95 96

Scheme % Synthesis otis-acetonide diol

A one pot reductive fragmentatioB¢heme ) promoted by nBuLi followed by an-situ Wittig reaction,
developed byBrock and Thomsdf® was used instead and this provided acce88 with improved yields

(80 %). In this reaction lithium hagen exchange occurs, and the intermediate formed undergoes
elimination to provide the aldehyd& Careful reaction monitoringvas crucial during this step as
prolonged reaction times | ed to epi megitigemnemtedon at
aldehyde was then subjected to Wittig reaction conditions to obtain the 8&kene

TESO,,, Lithium-Halogen TESO,, TESO,,,
o Exchange C,O

Scheme . nButylithium promoted reductive fragmentation
Removal of the triethylsilyl protecting group was achieved using TBAF to a#rdlVhile the reaction
progressed smoothly, removal of theorotriethylsilane formed mvided some difficulties. Various work
up conditions (satd. NaHGOCaCQ, DOWEX 50WX8°%, 1M NaOH) were attempted to remove the
undesired impurity. However, the use of 3M NaOH in the warked to complete removal of the impurity
The alcohol94 was thersubjected to Mitsunobtype condition€* (DIAD, DPPA) to afford the desired

azide95. While four isomers were potentially observable due to allylic azide rearrangemeingnhe
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primary azid©5was the isomer observed by NMR analysis. This result was expethedess substituted

azide is usually the preferred isomét.

5.2.3 Allylic azide rearrangement and cycloaddition of acetonide protected azide 95,
derived from cis-diol
With azide95in hand it was subjected to various conditions in sangitto form pyrrolidine products. In

a typical procedure azid¥ was heated at 100 °C for3lh in DMF to promote formation of the
triazoline intermediat®8. The nucleophile was then added and reaction heated at the required
temperature for a furthédr2- 36 h. Efficient breakdown of the triazoline intermed&groduced
proved difficult as evidenced by unproductive reactions withnge ohucleophiles (CsOAc, NaiN
AcOH, NaOAc, TBAI,diethyl malonoate). However, improvements were observed wizmd Se based
nucleophiles were investigatefiable 51). In one case (entry 1) both the pyrrolidB®(25%), piperidine
100(11%) were formed.

N
M XO\“ o
1/2 95
O7< SPh B

100 wured \
/~ SPh

I

AN VAN
_HN1 3 or F}\‘Mz@l - >< N
o) 74 o o
cation # 97
+
SPh disfavoured

/SPh Nu\
—
N

"% e -

Scheme B Mechanism for cycloaddition &b5 providing piperidines and pyrrolidines througty &nd
Sw2 pathways

While other products were nizblated it was suspected the prolonged heating could have resulted in
decomposition of the iminosugars, thus redgaieaction yields. In this instance, while the reactions
appear stereoselective, the lack of regioselectivity indicates that competition betwaed S»

(Scheme ®) is occurring leading to the &nd 5ring systems, respectively.

Entry  Reaction Conditions Results
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1 DMF, 106 /18h /SPh PhS,, H
PhSHDMFM n n @ysZ O\/
K _
N Q™
E\L o

100
25 % 11 %
2 5aCx wmBh 6/ 2 —SePh
PhSe, DMF it, 12 h o, <
>< NH
o _
101
50 %
3 ¢2tx Mnn e/ 2 —SPh SP —SPh
PhSHE 2 t = 16 n o, < 0,
>< NH >< NH >< E:NH
o _ o
99 102 103
30 % 7% 10 %
4 Tol,reflux, 12 h
O
DY N
o
Vi
104
10 %

Table 51 Pyrrolidine derivatives mlting from cycloaddition

In DMF, the presence of a stronger Se containing nucleophile resulted in the formation of the pyrrolidine
101in 50% yield. When the triazoline generataesitu in toluene was treated with thiophenol then only
pyrrolidines werebserved (entry 3), thus regioselectivity could be increased using@otarsolvent. It

is not understood why there is an apparent increased stereoselectivity in the case of toluene in comparison
to DMF. It was noted that the- @nd Se substituted irmosugar derivatives were relatively unstalaled

S0, it is possible products were decomposed duringréaetion/workupfisolation process. However,
solvents have been previously shown to effect stereoselectivities of reactions and this could adbeunt for
selectivities observet’ Excessive heating of azi®® in the absence of a nucleophiled to isolation of

the imine104(10 %). The low yield could be contributed to rapid decomposition of this unstabteresti

A mechanisi® for this transformation involves decomposition of the triazoline ring with expulsion of

nitrogen Figure5.2).
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%/Q H
< [a)
N, 0r.
S Jon =38 O
= Y
98 104

Figure 52 Mechairism for imine formation

The reaction of azid€5 in deuterated DMF was monitored by NMR with a view to gaining a greater
understanding of reaction progression. A settbNMR spectra obtained on heating of the reaction at
different temperatures and réian times are provided iRigure 53.

"

intermediate

1° azide at 90 °C

i

-———

1° azide at 90 °C

for2.5 h -

1° azide at 90 °C
for2 h

1° azide at 90 °C

A

1° azide at 90 °C
forl h |
A

1° azide at 90 °C
., for 30 mins

, for 30 min

1° azide at 25 °C

>
-
P
-
-
a4
-
4
-
-
.
-

1 ;-“.lvn - i

Figure 53 NMR reaction monitoring experiment for aziéi®in deuterated DMF from 200 °C

In the NMR experiment, after 1.5 h at 90 °C conption of azide95 was complete. Analysis of signals

present at 1.5 h indicated the main component present in the mixture was the triazoline supported by the
presence of signals foritsring; €el t 4.08 ppm (1H,dd)= 16. 3 Hz and68fim(BHHz) and
dd,J=16.3 Hz and 2.3 Hz). Evidence for the formation of two iminesaMass 0 o bser ved; t wo
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2.06 (br s) and 2.03 (d,= 2.2 Hz). Prolonged heating of the mixture at 90 °C showed triazoline depletion
after 3 h, with a coinciding oreased intensity of the imine signals. Breakdown of triazoline intermediates
to formimines{CHss i ngl et at U 2.03)Had paenialslydbeen dbkeevéd byaMoyntftan
and Damanif®, Isolation of iminel04further confirmed triazoline decomposition to form ketimines.

From the results shaw(Figure 53 and Table 51), it could be deduced th#le poor yields for the
cycloaddition were due to breakdown of the triazoline ring to the imine. It is speculatefithiséhighly
nucleophilic Se enabled breakdown of the triazoline intermediates more efficiently, leading to higher yields
of 101 However, to our knowledge no reports describing the use of nucleophiles to breakdown the
triazoline ring have been publishadd thus we could not provide further clarification on this matter. Efforts

to maximize the yields were attempted by addition of nucleophiles before complete conversion of the azide
95 to the subsequent triazoline intermediates as a means of avoidirey fmnation. However, these
attempts lead to further complicated mixtures.

The stereochemical preference exhibited -4t & the main thieand selenopyrrolidine productsTable
5.1, entries 13) could be rationsedby considering steric hindrance in the transition structures (see
Newman projections iRigure 54). Here, cycloaddition of the secondary allylic azide \8itdtonfiguration
would place the vinyyroup and te GH bond in proximity. In the contending reaction where the secondary
azide has th& configuration, the cyclisation would place the vinyl group in proximity to tHe Bond
which is disfavored due to gauche interactions. For this reason, reaction ysafhoma theS-configured

isomer would proceed faster resulting in thettghsisomer as the major product.

H OoP _&TOP

N3 N3
TN T
Figure 54 R and S computationally derived transition structureshewiman projections dt° allylic
azide intermdiates
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On the basis of previous reports of the cycloadditiofi? the stereochemitautcome for the main thio
and selenopyrrolidine productsTable 51, entries 13) at G4 was expected to be the drdns product.
However, on analysis of NOESY experiments of the iminosugar derivatives sitcarecluded these
substituents were facing downwards in the main iminosugar prodiadige(51, entries 13). While these
results were different to previously obsenastproducts (Chapter 4), computational eryecglculations

by Murphy**® did indicate the lowest energy conformer would result in formation of theiSptoduct.
200

In the case of piperidine formatiofigble 51, entry 1), it was speculated that a pathway involAng
(Scheme B) was preferred due to electrostatic interactfh#\s such, attack from the botteface
afforded the preferred chair conformation transition state structure which results in-the [B@duct.
Nucleophilic attack fronthe contending wface was hindered as this pathway involves the disfavoured
twist-boat transition state structure, thus supressing formation of thieaBgproduct.

5.2.4 Allylic azide rearrangement and cycloaddition of unprotected azide 96
The isopropylidae was removed fromd5 using dilute acid to giveidl 96. Upon removal of th

conformational restraint employed by the isopropylidene substituent, the reaction times were reduced and
yields increased, respectively. This was not in accordance with respitstad previously where
conformational constraint was found to aid piperidine forméatfoisolation of triazolinel05was observed

from the treatment d¥6 with DMF at 100 °C NOESY experiments were not useful in determination of the
stereochemistry at-C for 105. However, based on the stereochemistry of the main pro¢iteitée 5.2,

entries 24) it could be deduced that thelCof 105hasl,2-trans configuration.

The addition of nucleophiles (after 30 mins) to the reaction containing the aziridine was inedstge

and results are summarisedTiable5.2. The piperidinel06 was formed in very good yield (90 %) and
selectivity when acetic acid was the chosen nucleophile (entry 2). The pipé&6difentry 3) was olerved

for the reaction of sodium azide but in lower yield (35%). While the yield of products from reaction with
thiophenol was 80% (entry 4) two products resulted, piperidid& and pyrrolidine109, indicating
contending & and Sz mechanism pathways wein operation. Isolation of pyrrolidir09wasexplaired

by an increased preference for thé gathway (compared with acetic acid as nucleophile), due to use of
the dronger thiophenol nucleophil@he stereochemical orientation atlGnd G4 were rabnalised on

the basis of steric hindrance (similarRgure 54) and coulombic interactions (similar &cheme B),

respectively.
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Entry Reaction Conditions Results
1 1 5aCz wmMnamin g/ X on HO,, N
N-N
HO' T\
105
2 1. 5aCX mnn e/ %X on YA HO,,, NH
2. AcOH (5 equiv), rt, 10 min ‘ _
3. 2M HCI, 12 h HO" ™
OH
90 %
106
3 1. 5aCX mnn e/ X on YA N3, NH
2. NaN (5 equiv), AcOH (1.5 equiv), rt, 10 n
HOY S N
OH
107
35 %
4 1. 5aC% mMnn e/ Z on /SPh
2. PhSH (5 equiv), rt, 10 min PhS,, O\/ Q
108
48 % 32 %

Table5.2 Piperidine and pyriaine derivatives resulting from cycloaddition @6

Reaction monitoring was undertaken to comprehend the increased \yledgffect of increased

nucleophile reactivity and decreased reaction times observed. 9&idas heated in deuterated DMF

(Figure5.5) andH NMR analysis utilised to monitor reaction progression, similar to &5dEigure 53).

As can be seen in Figure 5.5, characteristic triazoline methgyle si gnal s

48(dd)Pr ol onged heating |l ead to decomposition
(td,J=5.5, 3.3 Hz, 1H), 2.16 (d,= 3.3 Hz, 1H) and 1.60 (d,= 5.5 Hz, 1H). In addition, imine ¢

shown) may also be presentwithasignar a met hyl @.020(hr ) andi b.89@ rJ v 2.9

of

at

Hz). Using the observations from NMR analysis, increased efficiency in the formation of the triazoline

ring could be attributed to absencela# acetonide constraint with full conversion to the triazoline complete

after 15 min at 90 °C. Itis possible that the diol provided increased hydrogen bonding promoting formation

of the secondary azide and thus favouring formation of triazoline inteateddb
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1° azide at 90 °C :
for2 h I
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1° azide at 90 °C
for1.5h
— | Al LML‘ s ﬁ el — e ———————
1° azide at 90 °C
forlh =
.‘... JJJLA LML- JJ TR E N e— O - - —
Triazoline
formation 1° azide at 90 °C
for 30 mins
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Figure 5.5NMR reaction monitoring experiment for aziéiéin deuterated DMF from 200 °C

5.2.5 Preparation of acetonide 112 and diol 113
Efforts were also made to synthesise the pyrrolidine ring with an isopropylidene constraint, derived from a

transdiol. To achieve synthesis of the required precursor aZl@g 94 was treated with dilute acid to
afford 110, Subsquent to introduction of th@ns-acetonide moiety ii11, the isopropylidene derivative
was converted t@12 by exchange of theDH graup with azide functionality. The major isomer observed
after purification was th&ans primary azidel12a A minor impurity thought to be the secondary azide,
112b, was visualized using TLC. This product was isolated upon purificai@gorolumn chromatgraphy.
However, when NMR analysis of the relevant fractions were performed, a mixtit@adnd112bwere

observedll2awas treated with dilute acid to afford the deprotected dzde
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HO,,
’ 2M HCI, t,

1h, 839
e} x — % H X
Py

94 110
DIAD, DPPA,

PPhs, THF, O,
rt, 16 h, 68 % ><
o)

pTsOH, 2,2-DMP,
DCM, rt, 30 min, 70 %

PhSH, DMF, 2M HCI, rt,
110 °C-rt, 16 h 1h, 78 %

O’/,
s

.. Complicated
Mixtures

5%
Scheme R Cycloaddition ofl12a& 113

5.2.6 Allylic azide rearrangement and cycloaddition oftrans -acetonide and-diol azides
Attempts to obtain pyrrolidines frodil2awere compromised by formation of azeparf&sheme 3). It is

possiblel12acould not form the pyrrolidine intermediate due to a high level of constraint resulting from
the presence of tteansacetonide in the transition state structure. For this reason, the cycloaddition may
prefer to form the azeparneazoline intermediate leading id4aand114b. Formation of theis-alkene

was expected as it is known to be strongly favored compared toatiealternative in small ring%?
Attempts to form other azepane derivatives from aitigzawere investigated by varying nucleophiles
(AcOH, NaN;), reactiom times and solventdoluene and DMF), however none were successful. The
treatment ofL13 with thiophenol led to the formation of numerous inseparable products and thus, unlike
the reaction of azidé6 no useful product could be isolated from the reactidris result suggests that

orientation of the hydroxyl groups play a role regarding the feasibility of the rearrangeyoleaddition.
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5.2.7 Deprotection and conversion to salts

Entry Precursor Product
1 —SPh —SPh
o, ¢ HO, °

NH,CI
HO"
—
115
2 SPh
HO,,
NH,CI
HO"
T
116
3 —SPh
HO, ¢
CNH2C|
4
5
6

106

Table 53 Conversion of iminosugars to their HCI salt
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Due to instability of the iminosugars synthesized, the major products were treated with 1M HCI to
remove the acetonide protecting group (where required) and to form the more stable salt counterparts
for storage purposesTdéble 53). The conversion to the HCI salt enabled crystallizationlD®
confirming the configuration at-C and G4 (Figure 6.6).

Figure 6.6 Xray crystal structure df19

5.2.8 Allylic azide rearrangement followed by azidealkyne cycloaddition. Raute to
dihydropyrrolotriazoles
With pyrrolidine-based iminosugars in harmteparedy allylic azide rearrangement coupled to

Huisgen alken@zide cycloaddition, it was decided to study the synthesis of their-friaedle
analogueslt was envisaged theiazoles could be preparegs outlined in Scheme 5.10. The
sequence commencing from the zinc reductive fragmentation (previously discd¥$édj
halogenategmannopyannosider1to give aldehyd&2.

1. TBAF, THF,

1. TMSCH,N,, LDA, TESO,, £ 16h 79 9%
) ) o

-78-0°C,4h,70 %

0 A
o)
121
N3
DIAD, DPPA, PPh,, O
THF, rt, 16 h, 60 % >< Tol, 3h
0"\ >
123 124 125
1M HCl, »

i, 12 h, 40 % 1M HCI, 24 %

90 % rt, 12 h,
92 %

HO QAR o

) N

Scheme 3.0 Preparation of pyrrolotriazoles aidray crystal structure df25
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Different conditions, such as, OhiBestmanff®and Corey Fucli*reactions were investigated for

the conversion of2to alkynel21but these were unsuccessful. The Colvin procedure performed the
conversion successfullyigtding 1212%%2% The alkynel21was deprotected using TBAF to afford

122 The alcohotl22was converted to azide23by procedures similar to those previously described.
The azidel23was then subsequently heated in toluene to give the tria2dkend125as the major

and minor products, respectively.

The stereochemical assignment at @as predicted to be upwards facing for the major product from
the cycloaddition of23 This orientation was verified by-Ky crystal structure determination1#5.

124and125were deprotected to yielP6and127, respectively.

5.2.9 Assignment of structures
Identification of ring size and stereochemical orientation were a very important component of the

analysis of the products obtained. Analysis carried out®andl18are provided as typical examples

of the use of NMR spectroscopy experiments undertaken to elucidate their structures.

NHClI
oH

OH

PhS,
" NH.HCI

HO" ™ |
OH

Figure5.5 Chair conformation 0118

The spectrum fot18was recordedni D,O. Assignments were made for all compounds using COSY,
HSQC and HMBCThe observed-values between ring protons indicated that the chair conformation
shown in Figure 5.7 was preferred.JAalue of 10.6 Hz fotH; > (diaxial protons), for example, wil

only be possible in the conformation shown. The othernldes further supported the shown

conformation.

In the case 0118 HMBC experiments were used to establish its piperidine ring. As shokigtne
5.6 there is a threbond correlation between-Cand H5 & H-5 6 , protons of a methy
not between € and H4. A correlation between-C and H4 would have been required for a

pyrrolidine ring system.
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Figure 56 HMBC of 118

From the NOESYexperiments fold 18 (Figure5.7) it waspossible to see a correlation or crosspeak
between H2 and H4, implying the-S substituent is equatorially oriented a##C There is also a
correlaion between 6 and H2 indicating the vinyl group is equatorially oriented.
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Figure 57 NOESY experiments df18

In the case 0109 HMBC (Figure 58) showed correlations betweerlGo H4 indicating pyrrolidine
formation. Stereochemistry of thentfembered rings were addressed in a similar fashion to the

equivalent enembered systems.
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Figure 58 HMBC experiment fol09
Using 1D NOESY experiment§igure 59) it was possible to see correlations betwee? &hd H4
indicating the methylthiophenyl group at4ds facing downwards. There is a correlation betweén H

and H2, indicating the vinyl group is facing wards.

iy 4 k! Il )
TN I
N |
( Haf\s"“‘SFh H-4 ’
. H<2
|\ O ‘
_Hgé;}f"‘a |l ‘
g proen e ) '
1] [
HE | 2

5 45 44 43 43 41 40 35 38 3,
1 {pam}

Figure 59 1D NOESY experiment fot09

The orientation ofl09 at G1 and G4 could be further confirmed by comparison of @ NMR of
119& 115 As shown in Table 5.4here is no dramatic difference in the shift$*€ spectra except for

C-5. This outlier could be rationalized by the attached Se and S substituents.
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Compound Gl G2 G3 C4 G5 G6 G7
—SPh 63.16 75.47 70.59 59.52 30.59 130.82122.35
HO, °

NH,CI
HO"

115
—SePh  63.32 75.51 70.72 60.47 22.83 130.87122.30
HO, 3

,:E{TZCI
HO" _

119

Table 5.4°C NMR shifts 0f115& 119

5.3 Conclusion
In summary, this chapter has described our efforts to synthegjgedsyl pyrrolidines using the
tandem allylic azide rearrangemeamidthe 1,3dipolar Huisgen cycloaddition. Stereand
regioselectivity were nasselective as previously reportétiduring the formation of pyrrolidines.
However, we have shown capability to manipulate the regioselectivity of the reaction by nucleophile
alteration. The orientativat G1 can be rationalized on the basis of steric hindrangayXrystal
structures oll19and125confirmed the preferred stereoientation at @ and CL. It has also been
established that a diol protecting group is not required for the cycloadttitigroceed with the

highest yields achieved from deprotected agidle
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Chapter 6 Quaternary-centered iminosugars from Dmannose

6.1 Introduction
The number of synthetic routes to quaterrzegtered piperidine iminosugars derivatives are édichit

based on the relatively sparse literature published in this area. In 2012, Bhemdeted the first

s y nt h egemisal dthjdroxymethy)substituted piperidine iminosugars frormitannose$cheme

6.1) . Tgbaternaty piperidine framewoi80could be accesseth a one pot transformatiori 29
involving: (i) hydrogenolysis at @ andC-6 of O-benzyl substituents to afford mixtures of hemiacetals,
(if) azide reduction to yield the primary amine and (iii) intramolecular reductive amino cyclisation at
C-1 aldehyde and -G amine.

ol [ cy N 7
OH O CHO
HC (7 o H ) 0 N3 o
p-Mannose —> Bno\}\gu\OBn Bno%‘nOBn BHOJ\Q“\OBn
K K K
HO B OH -
N. & reductive HO\ H
347 O aminocyclisation N
BnO ‘\\OBn y N
ad Sy HO OH
129 130 OH

Scheme @ Preparation of piperidine iminosugars with a quatertagyn t r e -dtontby t h e
Dhavale and cavorkers

In the same yearAcefiaand coeworker$* also prepared &-glycosyl iminosugar based on chiral
iminolactones using a carbornifluoride rearrangement to yield quaternagntered bicyclic lactone
131(Schemeés.2). Subsquent manipulations afforde82 The lactone moiety df32was then reduced
to yield133 Relevant manipulations @B3afforded the acetylated piperidine iminosutjafas efforts

to isolate the deprotected tetrahydroxylated piperidines proved difficult.

Scheme & Preparation of peracetylated quaternamtieeC-glycosyl iminosugars
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This chapter describes our attempts to synthesise iminosugars with a quatenteeyat the anomeric

carbon. From existing work by Sharpless andwvookers™, it was expected that some difficulties

would be encountered in the isolation of products forming from tertiary azidestéCi&p The

synthetic route envisaged was based on procedures that have been previously discussed in Chapter 4
and 5.

6.2 Results and discussion

6.2.1 Preparation of key ester intermediates 137 & 138
As discussed in Chapter 4, the aldehydean be easily accesstdm methylD-mannopyranoside in

4 steps. This aldehyde was treated with the Grignard reagent MeMgCl in THF tolafas a

mixture of diastereoisomers (45:55). The alcdl88was subsequentiyxidisedto ketonel36using

the LeyGriffith oxidation reation 2%’ Ketonel36was then investigated in the preparatioal&éne

137. Both Wittig and Hornewadsworth Emmons (HWE) reactions were investigated and this
included testing various bases,¢O;, NaH, NaHDMS, nBuLi) and temperatures with a view to
optimise preparation df37. The highest yield af37 (16 %) could be obtained from the reaction of
triethylphosphonacetate withlutylithium at-78 °C followed by addition af36and subsequent
heating to 80 °C. ThE-olefin geometry of the esters was confirmed using 1D NOESY experiments.
The diastereoisomdr38 which resulted from epimerisation of tb@bon atontJto ketone was found

to be formed in high yield (76%).

| TPAP, NMO, |
MeMgCI, THF,  TESO, DCM, 1, TESO,,
rt, 4 h, 77 % ’ 12 h, 80 %
o) OH

)\—o

135

(C2H50)2P(O)CH2CO2C,Hs,
nBulLi, Tol, -78 - 80 °C, 4 h

Scheme & Preparation of ester intermediafd/ and138

In attempt to understand the mechanism of this transformad@&was heated to 80 °C in toluene for

8 h and*H NMR spectroscopic analysis did not show any evidence that epimerisation had occurred at
the carbon atortlto ketone by simply heating alone. This suggests that efiid8&foes not result

from simple heatingfol36. As basic conditions were the most likely source of the efi@®rase
sensitive MasamurBRoush conditior’8® were employed (using 1 equiv. of DBU or DIPEA in

combination with LiCl). In this ca&s the epimeriseti38was the only product observed. Based on
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these findings it was possible to deduce that a plausible mechanism for this HWE reaction is as shown

in Scheme @ The epimerisatio at car bon U to the ester could ha
reagent. The capability of the HWE reaction to induce epimerisation has previously been reported by

Etayo and GalveZ° With ester intermediatek37and138in hand it was decided to attempt the

synthesis of bothlucose and mannose configured iminosugars from these precursors.

2 9 o
~ (0] (0)
g )5 L

Scheme @& Mechanism for epimerisation at (@ the HWE reaction

6.2.2 Preparation and cycloaddition of azide 141 with isopropylidie restraint
anchored on the 2,diol
As outlined inSchemeb.5, reduction ofL38in the presence of dib#l afforded139 Mitsunobu type

conditiond® were utilised to displac€DH moiety and yield azid&40. TBAF was then employed to

remove the triethylsilane precting group providing access to the precursor dzde

1. DIBAL, DCM,
-78°C,8h, 75 %

DIAD, DPPA, PPhg,

TESO,,, THF, rt, 16 h, 71 %

TBAF, THF,
rt,6h,81%

07
Aro
140

Schemeb.5 Preparation of precursor aziddl

N3
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Heating of 141 in both DMF and toluene lead to formation of cyclised triazoline ir¢eliate
(previously discussed in Chapter 5) on the basis of TLC analysis. Attempts to isolate these intermediates
were not successful, as attempts to do so only led to recovering of the starting material azide. Higher
temperatures were investigated (1120 °C) to promote completion of the cycloaddition, however
these conditions led to decomposition. As the triazoline intermediates could not be isolated,
cycloaddition to the piperidine was attempted in the presence of acetic acid as the nucleophile and the

results froml41are summarised ifiable6.1.

Entry |Reaction Conditions Products and isolated yields
1 1. AcOH (5 equiv), Tol, 1( OAc OAc
°C, 4.5 days “ H
HOO HOo
orel el
A
142a 142b
30 % 4%
2 1. AcOH (5 equiv), DMF, OAc OAc
100 °C, 4.5 days § H
HOO HOO
orell el
A
142a 142b
15 % 2%
3 1. AcOH (5 equiv), Tol, 1( OH
H OH
°C, 4.5 days N H
2. 2MHC|, 12h HOo HO N
OH “~ oH AN
143a 143b
0.79:0.21
55 %
4 1. AcOH (5 equiv), DMF, OH y oH
100 °C, 4.5 days N H
2. 2MHCI, 12 h HOS Ho N
OH “~ OH AN
143a 143b
0.79:0.21
30 %

Table6.1 Cycloaddition of azidd41
DMF and toluene were both investigated as solvents for thaaed€able6.1). Higher yields were
observed using toluene. Monitoring of the reaction by TLC indicated that removal of the protecting
group was occurring competitively during the cycloaddition. Prolonged exposhigh temperatures

and acidic conditions were thought to be the reason for protecting group cleavage as evidenced by low
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yielding transformationsliable6.1, entries Jand2). Thus, it was considered that renmgvthe acetyl

and isopropylidene protecting groups immediately after the cycloaddition could limit loss of product

and give higher yields of piperidine. As shown (entry 3, Table 6.1) this approach yielded iminosugars
143a& 143bin a higher total yield 1055% compared to entries 1 & 2, although inseparable mixtures

of stereoisomers were obtained. 't i s importan
cycloaddition proved to be important, as heating over this temperature led to siglyifiealuced

yields. Treatment df42ain aqueous HCI at rt for 16 h and subsequent removal of solvent under reduced

pressure afforded sdld4as yellow foam.

OAc OH

HO/,' HO//,

‘nl\ --ll\

o7 ™ Ned HO™ ™"l Y

)(\0142a OH 144
Schemes.6 Preparation of salt44

The stereochemical outconw the cycloaddition reaction could be rationalised using Newman
projections Figure6.1) and by considering the substituentalue:®?**which is 1.7 for a methyl group
and 1.52 for a vinyl group, indicatingatithe methyl group is bulkiefherefore on the basis of steric
hindrance of the transition stateusttures, the major product should place the methyl group upwards to

minimise gauche interactions in the transition structure.

H3CT \H

N, N,
PO N\ PO%CH:&XHﬁ

Figure6.1 Newman Projections gfotential stereoisomers fromtiary allylic azidel41

NOESY experiments were used to support the stereochemical assignment at the anomeric carbon. In
spectra ofl42b(Figure6.2), strong cross peaks betwe&Hs;, H-3 andH-5 indicated the metly

group at the anomeric carbon is downwards facing.
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pom

Figure 62 NOESY experiment fot42b
In contrast NOESY experiments ftwi2a(Figure6.3) showed strong crosspeak correlations leetw
H-2 and-CHs, indicating the methyl group is facing upwards. This was further confirmed by crosspeaks
between 6 and H8 and H-7. Thelatter correlation signifyingthe axial orientation of the vinylic

substituent.

1 (pom})

H-8, H-8' A0, L
50
. HO \’/\ ' 1
Lt @ Qe Me }, F
H-7 M O'N M (2]
. |  ad | 4
= o Wy 60

Figure6.3 NOESY experiment fad2a
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6.2.3 Preparation and cycloaddition of azide 141 anchored with atrans
isopropylidine restraint on the 3,4diol
While efforts of the cycloaddition from41 were promising, modification of the position of the

isopropylidine on aze 141 was proposed with a view to investigating if a higher yielding reaction
occurred. Based on previous literature repérté®and our results from Chaptey glacing the free

OH group in closer proximity to thesNunctionality was expected to increase the amount of hydrogen
bording thus promoting conversion of primary azide to the tertiary counterpart (Schemgitiaily,
azide 141 was deprotected by treatment with dilute HCI to affd#b Attempts to install the
isopropylidine group on the 3diol were norselective witha mixture of the acetonide produdi4l
andl45observed.

2MHCLt,  HO | pTsOH, 2,2-DMP,

Ns _8h76% _ Ny DCM, rt, 20 min, 80 %

N

O z
OH
141 145

HO/,, | / O/,, | /
@® >< o
Y N ¥ /N

121 0 B O-H
a5

3:7

74.%

Scheme 6.7 Nogtereoselective protection of aziti5and reacting conformers frobdland146

In an attempt to synthesise the destmads 3,4-isopropyl protecte diol it was expected an electron
withdrawing substituent should be implemented neeé © prevent anchoring of the isopropyl
substituent on the 2@iol. To achieve this, estet38 was deprotected using a combination of
TBAF/acetic acid to attairl47. This ester was subjected to 2M HCI to proviti8 Selective
installation of the acetonide protecting group on thed&#was subsequently observed by treafin§

with a catalytic amount of acid in 2R2MP and DCM. TheOH group at € of 149was then prtected

with triethylsilane to yieldl50. Esterl50was subsequently subjected to the same conversidi&8as

via. 151-152to afford azidel46. This azide was treated using similar conditions as optimised previously
(Table6.1) to afford the desired iminosugars as a mixture of isomers (0.79:0.21) with higher yields (68
%).
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TBAF (20 % AcOH),
THF, rt, 2h, 90 %

ﬁ\138

pTsOH, 2,2-DMP,

DCM, rt, 20 min, TES-CI, Im,4-DMAP o | DIBAL, DCM,
91 % DCM, rt, 16 h, 65 % >< O -78°C,4h,79%
0" > "0
OTES )
150
| DIAD, DPPA, PPh;, TBAF, THF,
0, 0,
>< ‘ OH THF, rt,12h,73 % rt, 12h, 85 % >< ' N3
N
07 ™ 07 ™Y
OTES OH
151 146
OH OH
1. AcOH, Tol, 100 °C, H H
4 days HO N + HO N
2.2MHCI, tt, 16 h HO oH "o or N\
N\
68 %
47a: 47b
0.79 : 0.21

Scheme 6.8 Preparation of piperidine derivatives firams 3,4-acetonide protected di@¥6

6.2.4 Preparation and cycloaddition of substituted azides
Attempts to improve reaction times, yields and selectivities were further investigated. Based on

previous reportd8, 2° azides could be utilised as a means of improving conversion rates to the 3°
counterpart. Moyniha#t in her PhD thesis work had previously attempted this strategy to increase

reaction yields however it wdound to be unsuccessful.

Alcohol 151 was subjected to Dess Martin oxidation and afford®8 The aldehydel53 was
subsequently subjected to the Grignard reaction conditions to achieve formdittatasfa mixture of
stereoisomers. Alcohdl54 underwat the same transformationsEslto afford156via. 155 Similar
reaction conditions as previously showrable6.1) were implemented and this gave the iminosugar

products Table 62), which were isolated after hydrogenation reaction usingG Rdd H.
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Dess Martin,
DCM, rt, 85 %

Chapter 6

OTES
153

pToylMgBr,
THF, rt, 78 %

(:)TES
157

DIAD, DPPA,
PPhg, THF,
rt, 20 %

xiué

OTES
158

Scheme 6.9 Preparation of azidé8and156

0, | MeMgCl, THF,
>< ’ ? 1, 86 %
N
o)

OTES
154

DIAD, DPPA,
PPhg, THF,
t, 62 %

|
xm
o N

OTES
155
TBAF, AcOH,

THF, rt,
4h,75%

As shown, various protected iminosugd&9a 159b and 160 were isolated but in lower yields

comparison to the cycloaddition frotd6. It is possible this result can be attributed to cleavage of the

acetonide protecting group under the acidic reaction conditions of the cycloaddition. The formation of

159aand159bcould be rationalised by tmaigration of the acetonide protecting group. Prodli6isa

and161bwere also formed from the conversion of azZi@éwithout any chromatographic purification

pre-deprotection and after acetate and acetonide removal usiA€hAqThis led to an improveemt in

yield compared to that in entry 1.

Entry Reaction Conditions Results
1 AcOH (4&quiv), Tol, OAc OAc OAc
° H
100 °C, 4 days HO N H ¥

PdC, MeOH, H2 h

(0] o
0.45:0.36:0.19
159a 160: 159b(30 %)

2 AcOH (4 equiv), Tol, OH OH
100 °C, 4 days HO N H
PdC, MeOH, K 2 h HOA—" M0
2M HCI, 161 OH

71:29
161a: 161b(44 %)
Table 62 Cycloaddition ofL56
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NOESY experiments were used to verify the stereochemical assignments of the products. As shown in
Figure 6.4, a strong crosspeak exists betwed and H2 in the major product. This correlation
suggests the major product has the methyl substituent e@lisitorientated. The minor product shows
a strong crosspeak betwe&H; and H3, H-5. This indicates the methyl group is axially orientated in
the minor product.

I 1M
(S ! L WA

| i
" LA .
I"""n. | J|I LG & minor

—

CH
minar / __.C'"I'_i H-3 minor
1 et NH H-5 minor a

CH

major =

f2 (pom}

Figure 64 NOESY experiments di61aand161b

In an attemptd further promote the conversion of the azidgy-taluoyl group was employed. To
synthesise tholuoyl moiety, aldehydd53was reacted with the appropriate Grignard reagent to afford
157 as a mixture of isomers. Further transformations using Mitsungieudonditions to afford azide

158 were undertaken. However, this azide reacted at room temperature and attempts to convert it to
piperidines were made but no productive product could be identified upon NMR analysis. While the
reaction did not give rise fgiperidines, it was encouraging that transformation to the intermediates of
the rearrangement and cycloaddition could be achieved at room temperature as obsgitstBRy

analysis.

The use of dieng&65was also investigated as to whether it would ugdéhe tandem rearrangement
cycloaddition. This azide was synthesised frb89 (through intermediate462-164) as shown in

Scheme 6.6, using similar conditions to those previously discussed for the preparation th@zide

The rearrangemertycloadditionof 165 was investigated and TLC analysis showed that even after
prolonged heating (2 weeks) b85in toluene in the presence of acetic acid, starting mateaslstill

remaining. Due to degradation of intermediates (as observed by TLC) the cycloasdgistopped at
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this point and subsequent treatment with HCI (aq), yieldi#hthe desired iminosugar with a minor

impurity, suggested to be the minor anorh@8b. These anomers were inseparable.

VinylMgBr,
Dess Martin, THF, rt, TESO,,
DCM rt, 84 % 4h, 86 % ‘
OH QI o
ATO 163
DIAD, DPPA, - ACOH’O
PPhs, THF, TBAF, THF, r, Tol, 100 °C,
rt, 24 h, 64 % N3 16h,73% 2 weeks
—_—
2. 1M HCI,
r, 12 h
OH
HO NH HO
HO T Ho NN
OH OH
X
166a:166b
_ 87:13
23 %

Scheme @ Preparation of azid&65and cycloaddition to formi66a& 166b

The use of NOESY experiments supported this structural assignment. As shieignra 6.5 in the

major product there is a stronger cross peak betwegrahtl H7 in comparisorto the cross peak
between H7 and overlapping ¥2 andH-4. This suggests H is downwards facing thus the diene
substituent would be axial orientated in the major product. In the minor product, no cross peak is
observed between-lAand H3 but a strong css peak exists betweentand the overlapping-2and

H-4 signal. This verifies the diene substituent as upwards facing in the minor product. Although the
yield and reaction time were poor for this cycloaddition, the selectivity observed was highah#ran o

examples shown above.
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300

H-2 & H-4
major & minpr

H-3 major 2

mt o
= i
PR

& minor

....................................................
6.24 632 620 E.1E 16 614 613 610 60 606 504 502 GO0 598 595 504 507 590 558 586 5.64 582 580 578 576 574
f2 (ppm)

Figure 65 NOESY experiment o166a & 166b

6.2.5 Preparation and cycloaddition of mannose substrates 169 and 172
Due to the success of the allylic azide rearrangementedtpthe Huisgen aziemkere cycloadlition

to synthesise quaternacgntre containing iminosugars with glucose configuratl@7,was subjected

to a similar reactiond38 (through intermediate$67-169 in an attempt to achieve the analogous
mannose derivatives. Isolation of thetegied iminosugar intermediatéd0aand170bwas achieved

but the reaction was low yielding and slow. The analysis of the reaction using TLC indicated incomplete
conversion ofLl69. Poor selectivities were also observed for this cycloaddition. Convefsigidel65

under conditions that would give the fully deprotected iminosugar (without any purificatien pre

deprotection) led to intractable mixtures.

DIBAL, DCM, TESO,, DIAD, DPPA, PPhs,

TESO,,, O -78°C.7h,74% OH THF, rt, 24 h, 50 %
X
o N0 o)
%\o 137 ) %’O 167
PAC
TBAF, THF AcOH, Tol 0
’ ’ HO/, ’ ’ -
rt, 4 h, 83 % ‘ N3 100 °C, 2 weeks Hok Nt
~ 70
o N
O 169 1;007
(o]
1. AcOH, Tol,
100 °C, 2 weeks,
2.2M HCI, 16 h

Intractable mixture

Scheme @. Preparation and cycloadditiar azide169
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Due to the poor yields, reaction times and selectivities obtained in the preparation of the mannose
derivatives, it was decided to explore a different substrate. In the previous chapter, it was shown that
removal of the acetonide conformat&bmrestraint could lead to improved Huisgen cycloaddition
(Chapter 5, Table 5.2). It was also envisaged (based on previous results, see Chapter 5) that selection
of a nonpolar solvent such as toluene, could suppress products resulting from plaervay As such
precursor azidel72 was prepared with a benzyl moiety inplace, to increase the solubility of the
precursor azide in toluene. Furthermore, the isopropylidine restraint was removed in an attempt to

improve formation and breakdown of the triazolintermediate.

To synthesise the azide precur@g, a benzyl group was initially installed @69. The isopropylidene
protecting group was subsequently removed figihto yield 172 Notably, the cycloaddition df72
proceeded with increased yields, stikdty and shorter reaction times. However, the stereochemistry
observed at € was unexpected based on previous observations in the formation of mannose
derivatives where the bulkier group (gthowed a preference to be axial in the piperidine product.
Based on previous results frob69 (Scheme6.7), 173b might have been predicted to be the major
product.lt is uncertain why this transformation is an outlier. Hydrogenatidiy 8aprovided access to

the deproteted iminosugaf.74.

BnBr, NaH, DMF, BnO,,, BnO,,,

N; 2M HCI : MeOH
0°C-rt,4h, 86 %

(9:1), 11,16 h, 73 %

HO

%o 171 OH172

1. AcOH, Tol,
100 °C, 1 day
2.2M HCI, 16 h

OH OH
OH Pd-C, H,, OH

~NH
MeOH, rt,24h  Bno
HO <L L 27 nHO

174 173a s
80 % 62 %

OH
OH
-NH

173b
7%

Scheme @& Preparation and cycloaddition 72

2D NOESY experiments artth NMR J values were used to determine the stereochemical assignment
of 173aand173h Upon analyis of the'H NMR spectrum o733 the signalforH4 (G 3 . B4 (t ,
9.7Hz,1H)and H5(U 2 . 7 0=104 4.2 2.8 Hz, 1H)indicatedthe Js s as approximately 9.9

Hz. A Jvalue of this magnitude could only be possible if the orientation®fid-hxially orientated.
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Subsequent 2D NOESY experiments showed a cross peaks betvBegmdHH7, H-8 & H-8 6 ,
indicating the vinylic substituent is downwards facing. A weak cross peak was also evidence between
CHs and H4 equatorial orientation of the mettstbstituent at the anomeric carbon.

I l
H7  H-88&H8 | | ' il | A
W ..HuL m..-' d_.u\ﬂ ,.*n'“._.'ﬂ.g_
o, —M . M A W
1 - 1.0
—_:‘:'_j_ o =S “{ﬁ,o -
14
16
| .
:: 2.0
: .
| 24 E
'_-rj | 2.6 ‘g
! - o o= 28
:: 30
|

61 &0 59 58 57 56 55 54 53 52 51 50 48 4B 47 46 45 44 43 42 41 40 39 3B IT 36 35
f2 (pom}

Figure6.6 2D NOESY experiment fat73a

In the case of the contending minor anomésh, the'H NMR spectrum showed signals for4{Ui
3.69 (t,J = 9.8 Hz, 1H) indicating theJss as 9.8 Hz. As mentioned previously, a J value of this
magnitude could only be possible if thebHs downwards facing. 2D NOESY experiments were also
performed on the minor anomé&73b. As shown inFigure 6.7, strong correlations were observed
between the methyl substituent on the anomeric carbon @hd+8 andH-5, indicating the methyl

substituent is downwards facing1@3h.

| H-2 |
Il ) . H-5
W] ‘ .”H_J“/ II'\,_.U.,Jll — .t_g,_fﬂLﬂ__-th,_n._;‘ (T, S
CHy N . »
-  ee o

T {ppe)

66 64 62 &0 58 56 54 52 50 46 46 44 42 40 3B 36 34 32 30 2B 26 24 22 20
f2 (pam)

Figure 67 2D NOESY experiment fot73b
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6.2.6 Competitive reaction: azidealkyne vs. azidealkene
A couple of easily accessible compounds containing the allylic azide with both alkyne and alkene

functionalities were also prepared with a view to determining the releagaivities of dipolarphiles
in the intramolecular Huisgen cycloaddition reaction with azides. The azide preduisavas
synthesised by protection of fre@H in 141 with a propargyl group. Heating of the azide for 12 h in
toluene lead to a number ofgalucts. The major product obtained was theriEdnbered rind.77 (31
%). X-ray crystallography was used to confirm the structure7gf(Scheme @&). The iminel76and
unreacted azid&75were also isolated. Theeseochemical assignment of imihé6 was determined
using 2D NOESY experiments. The-tembered ring systeti77 was deprotected using dil HCI to
providel78

This particular model suggests reactivity of the alkyne is greater than that of the alkeneeikitvigv
example could have been affected by a decreased conversion rate of primary to teritary azidelas no
group was available for intramoleculardending with the azide functionality.

Propargyl-Br,

NaH, DMF, 80 % Tol, 12 h, 100 °C

+ 175 + Undetermined mixture
6 % 28 %

X-Ray Crystal
Structure of 177

Scheme & Cycloaddition of azidd75and Xray crystal structure of main cycloaddition prodli¢?

To further investigate this model, aziti®lwas prepared3cheme @.0). Alcohol 149was treated with

sodium hydri@ and propargyl bromide to afford the alkyti#9. This alkyne was subjected reduction
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with dibalH to yield 180which was subsequently subjected to Mitsuntlpe reaction conditions to
achieve the synthesis 481 However, upon cycloaddition of the azideisomeric products were
obtained182aand182h The stereorientation of these products could be confirmed using 2D NOESY
experiments and the preference could be explaisgd) Newman projectior(§igure 68).

[ I
H3C
N; OR N; OR
R=propargyl

Figure 68 Newman projections of potentiartiary allylic azidegrom 87

Diene 182awas then subjected to ring closing metathesis conditions. Both Grubbs Il and Hoyveda
catalysts were reaatevith a view to maximising the yield of the riagpsed product. Neither catalyst
carried out the transformation with high yields due to poor conversion of the starting material. The
addition of of additive 2 &lichloro-1,4-benzoquinone in combinationthiHoyvedaGrubbs Il enabled
formation of thecis-isomer selectively, as observed ¥y NMR analysis of the crude product. This
residue was treated with 2M HCI and subsequently purified using flash chromatography to give novel
scaffold183as a white sati. Based on this model, it was possible to confirm the higher reactivity of

alkynes with azides in comparison to the alkene dipolarphile.

0, | o, |
>< m Propargyl-Br, NaH, >< m DIBAL, DCM, >< mH
0, 0O 0,
S TN DMF, 4 h, 70 % /\78C4h86/o o 5 N
OH 149 X_0 180
HO,,
>< 1. Hoyveda Grubbs /@\Me
. .
I, Tol, 80°C,5h |\ s\~ N,

OIAD. DPPA | 2.2M HCI, 12 h 6\)§/N
pphs: THE. ) o, DMF, 1823 183
it 12 h. 69 % >< 100°C, 12 h 66 % 15 %, over 2 steps
> \ >
\O : N3
\\/O O/,, |
181 >< Me o=
-N
O Y N7\
C \)\/N
S
182b

20 %
Scheme A.0 Cycloaddition ofl81to form new scaffa

6.2.7 Hemiacetal formation from aldehyde intermediate 72
Aldehyde72was a molecule of interest as hemiacetal formation arises in the presence of carbonyl and

alcohol functionalities. With this mind, it was found that treatment of the aldehyde wiEthpRchaily

reduced the alkene (as visualised by TLC), but progressed rapidly to remove the triethylsilane protecting
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group with subsequent intramolecular nucleophilic attack of the alcohol on the aldehydagyield

hemiacetall84

Pd-C, H,, o
1h,68% OH
@)

DO
184

Figure 69 Hemiacetal formation from aldehyd&4
6.3 Conclusion
This chapter e x pdisabstiuted iminosugeastusing the abyiic akide kbarrangement
coupled to the Huisgen cycloaddition with subsequent decomposition of the resulting triazoline. It was
established that while the presence of a redti@imdered the formation of the manaonfigured
compounds, removal of the conformational restraint resulted in increased yield, efficiency and reduced
reaction times yielding the piperidine qguater na
disulstituted iminosugars prepared wedetermined using 2D NOESY experiments. Competitive
reactions between dipolarphiles, alkenes and alkynes, with azides showed alkynes as the more reactive
functionality in the 1,3lipolar cycloaddition. During these studie®vel 10membered and bicyclic
fusedscaffolds, 178 and 183 were prepared. The olefin geometry of themi€mbered triazole was
verified by X-ray crystallography of intermediald’7.
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Summary and future work

A note on summary and future work

This thesis consisted of twoaim components; (i) the preparation of macrocycles derived from
glucuronic acid as a means of accessing potent inhibitors of tumour cell migration and (ii) the
exploration of the Huisgen cycloaddition in tandem with the allylic azide rearrangement te acces

piperidines, pligubstitotédipideridness and U, U

From the first part of this work, two inhibitors of tumour cell migration were identified. Further work
in this area to access more potent analogues could come from the preparation of gyadactanne

configured derivatives.

The latter component raised questions regarding the source of stereoselectivity of the reaction and the
requirement of a conformational restraint for the cycloaddition. To explore these ideas further, azide
substrates wh different protecting groups should be explored as a means of further understanding the
transition state pathways that can potentially occur in the cyclisation. This route has also identified the
Huisgen cycloaddition as a potential route to-ni®@mbered heterocyclic scaffolds. Further
investigations could be undertaken to explore the limitations of thidifgkar cycloaddition in the

formation of 10ring systems of this nature.
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Experimental

7.1 Experimental introduction
NMR spectra were recorded with5®0 and 600 MHz spectrometer. Chemical shifts are reported

relative to internal MeSiinCDCk( U 0. O )3( ©Br 7 CDE) ,O HAQD 4 .06 QD a(hr@d CD
331) for'Hand CDC§ (U 77 .3060) ,( UC@E YC. OIyR speztra were analysed using
MestReNova softwaréH NMR signals were assigned with the aid of COSE.signals were assigned

with the aid of HSQC and HMBC. Coupling constants are reported in Hertz. Low and high resolution
mass spectra were measured on a Waters LCT Premier XE Spectrometer in positive/negative mode as
indicated using solvents; ACN,.8 and/or MeOH. FIR Spectra were morded with a Perkin Elmer
Spectrum 100 FTIR Spectrometer with a polarized UATR accessory. TLC was performed on aluminium
sheets preoated with Silica Gel 60 (HE, E. Merck) and spots visualised by UV and charring with
cerium (IV) molybdate, ninhydrinradl phosphomolybdic acid solutions. Flash chromatography was
generally employed and was carried out using silica gel 60 (@.0830 mm, Aldrich) using a stepwise
solvent polarity gradient correlated with TLC mobility. Chromatography solvents used wedeyrat

ether (4660 °C, Fischer Scientific), diethyl ether, EtOAc, £ and MeOH (Sigma Aldrich). lon
exchange chromatography was carried out using DOWEX X8 (208400 mesh) resin. THF, toluene,
CH,Cl,, DMF, EtO and methanol were used as obtained fadPureSolv™ solvent purification.All

previously published experimental data from Chapter 4 can be accessed from referemcldt8l184.

All other experimental data is provided.
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7.2 Experimental Data for Chapter 2

(e}
O o)
o AcO OAc
H OAc
HO 32

1,2,34-Tetra-O-acetytb-D-glucopyranosiduronic acid, methyl ester 3%

Glucuronolactone (10.0 g, 56.8 mmol) was suspended in dry MeOH (160 mL) and triethylamine (0.1

mL) subsequently added dropwise. The reaction mixture was stirred at rt for 16 h. The solvent was then
removed under reduced pressure, followed by the addition of acetic anhydride (50 mL) and sodium
acetate (5 g, 61.0 mmol). The reaction was shaken for 2 paysed onto ice (300 mL) and stirred

oV er ni g-&cetate wadseparéted by filtration and recrystallisation from EtOH 8Baxla white

solid (7.63 g, 35 %).

R: = 0.52 (EtOAehexanes, 1:1)

FTIR 2955, 1752, 1455, 1443, 1371, 1265, 1206, 1144, 18R, 1077, 1038, 980, 934, 906, 890,

779, 736, 692 crh

'H NMR (500 MHz, CDCJ) U 5J.=7.8 Hz( 1H, H1), 5.31 (tJ = 9.1 Hz, 1H, H3), 5.24 (tJ =

9.5 Hz, 1H, H4), 5.14 (dJ = 8.3 Hz, 1H, H2), 4.18 (dJ = 9.6 Hz, 1H, H5), 3.74 (s, 3H, C}}, 2.12

(s, 3H, OAc), 2.04 (s, 6H, 2 x OAc), 2.03 (s, 3H, OAc)

BCNMR (126 MHz, CDG)) 4 169.9, 169.4, 169:1)73.0(C5)8718, 166.
(C-3), 70.1 (G2), 68.9 (G4), 53.0 (OMe), 20.8, 20.6, 20.5, 20.5 (each OAc)
HRMS (ESI):m/z calcfor CisH20011Na: 399.0903, found: 339.0906 [M+Na]

OMe OMe
(@] (e}
(@] (o]
AcO OA — > AcO
c
AcO OAG AcO ACO
33 Br

1-Bromo-1-deoxy-2,3,4tri -O-acety+U-D-glucopyranosiduronic acid, methyl ester 33?2

Methyl ester32 (5.0 g, 13 mmol) was dissolved in &, and solution cooled to 0 °C. HBr (33 % in
AcOH, 20 mL) was added and solution stirred at O °C for 7 h. Ice water was amitiéek arganic
layer separated. The organic layer was washed wifh sat. NaHC®solution (x 2), brine, dried
over NaSQ, filtered and solvent removed under reduced pressure to give brdg(@& g, 70 %).
R: = 0.6 (EtOAchexanes, 1:1)

H NMR (500 MHz, CDCk) U 6J.=@.0 Hz( 1tH, H1), 5.61 (tJ = 9.7 Hz, 1H, H3), 5.24 (tJ =
9.9 Hz, 1H, H4), 4.85 (dd,J = 9.9, 4.0 Hz, 1H, k), 4.58 (d,J = 10.3 Hz, 1H, FbB), 3.76 (s, 3H,
OMe), 2.10 (s, 3H, OACc), 2.05 (s, 3H, OAc), 2.05 (s, 3H, OAC)
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3C NMR (126 MH, CDCE) o 169.6, 169. 6, 1691),420(G5580.36 (each
(C-2), 69.3 (G3), 68.5 (G4), 53.1 (OMe), 20.6 (2 x OAC), 20.4 (OAC)

OMe OMe
o) o)
o) o)
AcO - - AcO
ACO—= o 1 ACO™= 10 OH
33 °f 34

2,3,4Tri -O-acetylU-D-glucopyranuronic acid, methyl ester 33

Bromide33(9.5 g, 13.0 mmol) was dissolved in acetone (200 mL) and water (20 mL). The reaction
vessel was then wrapped in tinfoil and-8@s (1.8 g, 6.5 mmol) then addebhe reaction mixture
stirred at rt for 16 h. The reaction was filtered through celite, washed wi@I£ahd solvent

removed under reduced pressure. Flash chromatography (HEt€xaoes, 1:1) afforded the mixture

of hemiacetal84 (1:0.35) as a white sdli(3.1 g, 71 %).

R: = 0.3 (EtOAchexanes, 1:1)

'H NMR (500 MHz, CDCJ) U 1 5.52qn, 2H, overlapping signals; H& H-2), 5.30 (tdJ = 9.4,

1.5 Hz, 1H, GH*), 5.261 5.14 (m, 2H, overlapping signalsH& C-H*), 4.941 4.87 (m, 2H,
overlapping signalH2 & C-H*), 4.79 (dd,J= 7.7, 1.4 Hz, 1H, &4*), 4.58 (dd,J = 10.1, 1.4 Hz,

1H, H-5), 4.14i 4.07 (m, 1H, @&H*), 3.75 (d,J = 1.4 Hz, 1H, OMe*), 3.74 (dJ= 1.5 Hz, 3H, OMe),
2.0971 2.06 (m, 6H, 2 x overlapping OAc signals), 2i03.00 (m, 12H, 4 xverlapping OAc signals)
BCNMR (126 MHz,CDG) 4 170.0, 170.0, 169HY)690.3(CH8E2.8 (each
(C-H*), 72.6 (GH*), 71.3 (GH*), 70.7 (G2), 69.5 (G4), 69.4 (CH*), 69.0 (G3), 68.1 (C5), 53.0 ¢
CHs*), 52.9 (CHs), 20.6, 20.5 (6 x OAc peaks)

HRMS (ESI):m/z calc for GsH1g010Na: 357.0798, found: 357.0789 [M+Na]

* = minor product

OMe OMe
(@] (@]
(0] (e}
AcO —> AcO
AcO ACO AcO ACO
34 OH 35 O\H/CCls
NH

2,3,4Tri -O-acetyk1-(2,2, 2trichloroethanimidate) -U-D-glucopyranuronic acid, methyl ester 3%
HemiacetaB4 (10 g, 29.9 mmol) was dissolved &, (500 mL). The solution was cooled to 0 °C,
followed by the addition of GCCN (30 mL, 299.15 mmol) and DBU (0.1 mL). The t&atwas

stirred at 0 °C for 5 h. The solvent was removed under reduced pressure and flash chromatography
(EtOAc-hexanes, 3:2) afforded trichloroacetimida®(10.7 g, 75 %) as a white solid.

Rr = 0.4 (hexane&tOAc, 1:1)

FTIR 3325, 2957, 1750, 1678, 18131368, 1286, 1205, 1150, 1038, 969, 909, 834, 795, 728 cm
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'HNMR (500 MHz,CDCJ) G 8. 7 H), 6.62(dJ4346,Hz,NH, H1), 5.67i 5.54 (m, 1H,

H-3), 5.32i 5.20 (m, 1H, H4), 5.14 (dddJ = 10.2, 3.7, 1.1 Hz, 1H, ), 4.48 (dJ = 10.3 Hz,1H,

H-5), 3.74 (dJ = 1.2 Hz, 3H-OMe), 2.05 2.02 (m, 6H, 2 x OAc), 2.00 (s, 3H, OAc)
BCNMR (126 MHz,CDGE) U 169.7 (C=0), 169.7 (C=0), 169. 4
92.6 (C1), 70.4 (G5), 69.4 (G2), 69.1 (G4), 68.9 (C3), 53.0 (OMe), 26 (OAc), 20.5 (OAc), 20.4

(OAC)

HRMS (ESI):m/z calc for GsHi1sNO1gNaCk: 499.9894, found 499.9878 [M+Na]

OMe OMe
(e (0]
AcO R AcO O
O
X
AcO ACO | ol AcO ACO
35 \H/ 3 36
NH

2,3,4Tri -O-acetyl1-O-allyl-b-D-glucopyranuronic acid, methyl ester 36

Trichloroacetimide85 (10.0 g, 20.9 mmol) was dissolved in &Mk (250 mL). 4 A Moleculasieves

were added followed by allyl alcohol (1.85 mL, 27.2 mmol). The solution was stirred at rt for 30 mins
and then BEELO (1.3 mL, 10.5 mmol) charged. The reaction mixture adjusted to rt and solution
stirred for 3 h. Reaction mixture was quenchednupddition of satd. NaHC{olution, organic layer
separated, dried over bP&O, filtered and solvent removed under reduced pressure. Flash
chromatography (hexan€gOAc, 7:3) afforded the estd6 (4.5 g, 58 %).

R: = 0.23 (hexanektOAc, 7:3)

FTIR 2952, ¥52, 1436, 1370, 1212, 1163, 1092, 1072, 1045, 980, 953, 897, 781, 695,669 cm

!H NMR (500 MHz, CDG) i 5 . 8 B=16.% #0t7,5.2 Hz, 1H,H), 5.32i 5.18 (m, 4H,

overlapping signals 18, H-8 6 ;4 &H-3), 5.04 (tJ=8.1 Hz, 1H, H2), 4.60 (dJ=7.7 Hz, 1H, H

1), 4.36 (dd,) = 13.3, 4.7 Hz, 1H, k), 4.10 (dd,) = 13.2, 6.2 Hz, 1H, ), 4.03 (d,) = 8.8 Hz, 1H,

H-5), 3.76 (s, 3H, OMe), 2.04 (s, 3H, OAc), 2.02 (s, 6H, OAc)

BCNMR (126 MHz,CDGE) UG 170.1, 169. 3, 1-891178B,(CB8)19.3(C2 ( C=0)
1), 72.6 (G5), 72.1 (GH), 71.2 (G2), 70.1 (G6), 69.4 (CH), 52.9 (OMe), 20.6QAc), 20.6 (OAc),

20.5 (OAc)

HRMS (ESI)m/z calc for GeH2:0:10Na: 397.1122, Found 397.1111 [M+Na]

OMe OH
O O
AcO © > AcO ©
O~ c 0
X \/\
AcO ACO AcO ACO
36 37

2,3,4Tri -O-acety+1-O-allyl -U-D-glucopyranuronic acid 37
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Ester36 (3.8 g, 10.2 mmol) was dissolved in dry EtOAc (20 nar)d lithium iodide (12.23 g, 91.36
mmol) charged. The solution was refluxed for 9 h and the reaction mixture then diluted with EtOAc.
The organic layer was washed with 1M HCI and this acidic aqueous layer wasxbacited with
EtOAc (x 2). The combinedrganic layers were then washed with satd3@s solution, dried over
NaSQy, filtered and solvent removed under reduced pressure to afford the desir@daxia pale
yellow solid (2.9 g, 79 %).

FTIR 3303, 3255, 2953, 1737, 1697, 1432, 1409, 1388,113%6, 1242, 1199, 1164, 1119. 1076,
1024, 926, 889, 838, 766, 704, 670tm

'HNMR (500 MHz,CDCJ) U 5. 8317.0,d@8d&d2, 4.8 Hz, 1H-A, 5.32i 5.17 (m, 4H,
overlapping peaks 3, H4, H8 & H-8 6 ) , T 488 (,7LH, H2), 4.64 (dJ=7.5 Hz, 1H, H1),
4.391 4.34 (m, 1H, H6), 4.16i 4.06 (m, 2H, overlapping signals@16 &), 2:04 (s, 3H;OAc),
2.03 (s, 3H;OAC), 2.01 (s, 3H;0Ac)

BCNMR (126 MHz,CDG) U4 170.7, 170. 3, 1-891180,C8)19.9(G4 ( C=0)

1), 72.0 (GH), 71.9 (G5), 71.1 (G2), 70.3 (G8), 69.1 (GH), 20.6 (OAC), 20.6 (OAC), 20.5 (OAC)
HRMS (ESI):m/zcalc for GsH16010: 359.0978, found 359.0964 fi]

0
I

OH _g5—
M MO §
38 39 o

1-(methylsulfonyl)pent-4-ene 39
Alcohol 38 (1.0 mL, 9.8 mml) was dissolved in dry Ci&l, and triethylamine (2.17 mL, 19.7 mmol)

charged. The solution was cooled to 0 °C, followed by the addition of methanesulfonyl chloride (1.14
mL, 14.7 mmol). The reaction mixture was stirred for a further 2 h at 0 °C andjsebdg poured

onto an icecold solution of 1M HCI. The organic layer was separated and washed with brine, dried
over NaSQ, filtered and solvent removed under reduced pressure to afford the mésythate g, 80

%) as a palgellow oil.

FTIR 2942, 13481869, 958, 915, 830, 771, 724¢tm

H NMR (500 MHz, CDC) U 5 .JZ% 96.9(16.2] 6.7 Hz, 1H,H), 5.11i 4.99 (m, 2H, H5 &
H56), MX-6B5Hz ZHHL&H-16) , 3 . -CHB), 2(24i ,2.133(H, 2H, overlapping

signals H3 & H-3 6 ) , T 1B1 (8,@H, overlapping signals®& H-2 6 )

13C NMR (126 MHz, CDCE) U 1-3)611651 (G5)C69.2 (G1), 37.4 (CH), 29.4 (G3), 28.2 (G

2)

H
OH N
0 0 \/\\§
AcO O AcO Q
O\/\ O\/\
X X
AcO ACO AcO ACO
37 41
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2,3,4Tri -O-acetyl1-O-allyl-b-D-glucopyranuronic acid, amide 41

Mesylate39(2.73 g, 16.7 mmol) was dissolved in MeOH (7 mL) andN&ly (7 mL) was

subsequently added. The solution was stirred at 60 °C for 2 days and the reaction then quenched with
the addition of water. This mixture was diluted with £CH, and the organic layer separated. The

organic layer was then dried overJS&y, filtered and solvent removed under reduced pressure to

afford the intermediate amir as a yellow oil.

Simultaneously, aci87 (2.0 g, 5.6 mmol) was dissolved in THF (60 mL), followed by the addition of
HBTU (4.2 g, 11.1 mmol) and DIEA (0.79 g, 6.11 mndhe reaction mixture was stirred for 10 min

and amine (approx. 3 equiv) was subsequently added. The reaction was stirred at rt overnight and then
guenched upon addition of 1% HCI. The organic layer was separated and aqueous layer extracted with
CH.CI,. The combined organic layers were then washed with satd. Nastfh@ion, dried over

Na:SQ,, filtered and solvent removed under reduced pressure. Flash chromatography (hexanes

EtOAc, 3:2) afforded amidél (2.14 g, 82 %) as a white solid.

R: = 0.45 (hexareEtOAc, 3:2)

FTIR 3355, 3330, 2166, 1746, 1666, 1541, 1435, 1409, 1368, 1291, 1243, 1218, 1171, 1083, 1036,
997, 917, 903, 772, 677 cm

'H NMR (500 MHz, CDCJ) U 6J=8.BHz,(1H,,NH), 5.93i 5.71 (m, 2H, overlapping peaks

H-7 & H-12), 5.32i 5.20 (m, 3H, overlapping peaks-8 H-8 6 &), 33/ 4.95 (m, 4H,

overlapping peaks ¥4, H2, H-13&H-1 30 ) , J48.6Hxz, 1Hd,d41), 4.33 (dd,J = 13.3, 4.9 Hz,

1H, H-6), 4.18i 4.09 (m, 1H, H6), 3.88 (dJ = 9.8 Hz, 1H, H5), 3.24 (dhJ = 27.0, 68 Hz, 2H, H

9), 2.12i 2.04 (m, 2H, H11), 2.06 (s, 3H;0ACc), 2.05 (s, 3H;OACc), 2.01 (s, 3H;OAc), 1.62 (pJ

= 7.2 Hz, 2H, H10)

BCNMR (126 MHz,CDG) G4 169.9, 169.7, 169-123,1330&H,. 5 (each
118.0 (G8), 115.4 (C13), 99.6 (C1), 72.6 (G5), 72.0 (C3), 71.1 (C2), 70.7 (G6), 69.7 (G4), 38.6

(C-9), 31.0 (C11), 28.3 (C10), 20.7 (OAc), 20.6 (OAcC), 20.6 (OAc)

HRMS (ESI):m/z calc for GoH2eNOgNa: 450.1740, found 450.1755 [M+Na]

OAc
41

2,3,4Tri -O-acetylb-D-Macrolactam 42
Amide 41 (0.1 g, 0.2 mmol) was dissolved anhydrous degassed toluene (500 mL). The solution was

heated to 80 °C, followed bhe addition of 2,&lichloro-1,4-benzoquinone (16 mg, 0.1 mmol) and
HoyvedaGrubbs Il (14.0 mg, 0.02 mmol). The reaction mixture was stirred at 80 °C for 5 h. The
97






















































































































































































































































