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Abstract

The diketopiperazine scaffold can be found in gdanumber of natural products and
commercialised drugs. Conversely, the triketopip@eone is far less common in Nature and
scarce research has been conducted to determinglitis The project goal was to develop
enantioselective organocatalysis on these two fnaries. Chapter 1 gives an introduction on
their presence in Nature and the pharmaceuticaktng the most relevant synthetic advances

as well as an overview of the organocatalysis tpmsiously reported.

Although diketopiperazines have been the subjetttehse research, no asymmetric methods
have been previously reported despite the myriadvailable methodologies. Chapter 2
discusses the particular organocatalytic preceddatsmotivated this project and the initial
efforts devoted to develop such methodology. Unfoately, diketopiperazines showed

complete lack of reactivity under a wide range aiditions.

Our interest in developing this enantioselective thoé in heterocycles related to
diketopiperazines made us turn our attention tariketopiperazine scaffold. The successful
application of a cinchona alkaloid derived cataflyddichael addition on this scaffold is
described in Chapter 3. Progresses made in thepoiation of the chiral products are also

included.

An extension of the previously developed methodgloghere selected Michael acceptors
afford bicycle[2.2.2]diazaoctane derived produdgsa tandem Michael-ring-closure process,

is discussed in Chapter 4.



Acknowledgments

First and foremost, | would like to thank Profesdtigel S. Simpkins for giving me the

opportunity to work on this PhD project as well fas his encouragement, advice and
inspiration over this period. | would also like tttank Dr Christopher Davies for organising
my placement in AstraZeneca, his interest and dédic and for his willingness to assist on

my future career.

| am very grateful to the University of Birminghaand AstraZeneca for the financial support
of this work. The analytical facilities at bothesthave also played a key part in bringing this
project to fruition, particularly Dr Chi Tsang aieil Sumner. | would like to acknowledge

Dr Louise Male for acquiring and interpreting thera¢ data sets as well as for helping with

the Appendix 2.

| thank every member of the Simpkins group and rothlemates | have had the chance of
working with —Yang, Francois, Matt, Mike, Jen, PBiae, Jack, Gary, Pete Crick, Ryan and
Edgar— for their invaluable help, friendship andthe good times we have had. Special
thanks to Dr Sam Butterworth for his sincere commeitt, for taking his time to help me

expand my chemistry views and for giving me the arpmity to keep growing

professionally. It has been great working along $its group too.

Thanks to my friends, Miguel, Fer, Patri, Javi &whzalo, for always being there, no matter

how far we are. | also want to thank my family &tlrtheir support and encouragement.

Last but not least, thanks to Sara, nothing ofwasld have been possible without you, | love

you.



Table of Contents

Y 013 = Lo PSP PP PPPPPPPPP
ACKNOWIEAGMENTS ... e e e e e s e e e e e e e e e e et e e e e e eaea b s e e e e e e eeeaaeeeeeeees il
Table Of CONENLS ... e e e e e e e s iii
Glossary Of ADDIEVIAIONS .......coii it e e e e e e Vi

Chapter ONne: INtrOAUCTION .......ccoiiiieeeeeeeeeer e e e e e e e e e e e e eaaaes 1
O O B 11 =T (] o] 0= = VA | U= SRR 1
1.2  2,5-Diketopiperazines in Nature and drugS coe......ooeveviviviiiiiiiiniiee e eeeeeeeeeeeeee e 5
1.2.1 MediCiNal CREMIUSTIY ......uiiii oottt e e e e e e e e e e e ee e e e e e eeeeeeeenes 5
1.2.2 PePtAOMIMETICS ...vttiiiiieeee e eee e e e ettt e e e e e e e e e e e eeeaeeeeeeeeeennenes 10
1.2.3 Bioactive Natural 2,5-DiKetOpPIPErazZiNeS .ccae . ccoviiiieeeiiiiiiiiiiiieae e e eaaeeeens 10
1.2.4 Bioactive Bridged 2,5-DiKetOpiperazinesS..cccecccceeeeeeeveveeeieiicciieee e eeeeeenn 13
1.2.5 Synthesis and TranSfOrMAatiONS ....... . «eeeeennieeneeeeeeeeeeeeeeeeeeeeeree ... 17
O T I 112Gz (0] o] 1= = V4 1 24
1.3.1 Triketopiperazines iN NATUI ..........ccieeeeeeiiiittiieeee e e e e e e e e e e e eeeeeeeeeeeeeeeeees 26
N @ 1o =T g o o= = A L PP 28
1.4.1 Enantioselective OrganoCatalySiS.....cceceeeuerrrueiiiiiiieeeeeeeeieeeeeeeriesnsnnnnnrennnnnns 29
1.4.2 Hydrogen-Bonding CatalySIS ...........cccceemuveiiiiiiiiiieiee e eeeeeeeeeeeeavvv e 35



1.4.3 The Cinchona AlKaloid Family ..........occeeoeeiiiiiiieiiier e e e eee e 44

Chapter Two: Organocatalysis Chemistry of 2,5-Dokgterazines............cccceeeeeeeveennnnn. 55.
2.1, AIMS and ODJECHIVES.......cooiiiieeieiee e 55
2.2. Synthesis of 1,3-DicarbonylIN’-Alkyl protected DKPS............cccoeeevvivieeeeviniinnnn 63
2.3. Synthesis of 1,3-DicarbonylIN’-Carbonyl protected DKPS................cvvcemmmmnnnnn. 67
2.4.  Summary and FULUIE WOTK ...........uuicmmm e e e ennana e e e e e e e eaaes 71
Chapter Three: Enantioselective Synthesis of Palytfanal 2,3,5-Triketopiperazines......... 73
3.1, AIMS QN ODJECLIVES.....ceeiiiiiiiiiiieieee ettt e e e e e e e e e e e e e e e e eeeeeeeneees 73
3.2.  Synthesis of 2,3,5-TriKEtOPIPEIraZINES ..ccceeerveriieeiiiiiieeeee e eeeeeeeeeeeeeeeveeenneeeeennnnes 75
3.2.1. Synthesis of 6-Acyl Triketopiperazines.........ccccceeeeeeeiiieveieeiiiee e 79
3.3. Enantioselective Michael Reactions on 2,3 j&€lopiperazines derivatives............... 82
3.4. Synthesis of 6-Alkyl TriKEIOPIPEIrAZINES e eeeeeiieieiiiiiiiiiiiiiaiae e aeeeeee e 105
3.5.  Further TransformMationsS ..............uicommmmieeiiiii e e e 113
3.5.1. Reduction of the C-3 POSItION........eeiiiiiiiiie e 113
3.5.1.1 Cyclisationgia N-Acyl IMinium............coovvrimiiiiiiiiee e 128
3.5.1.2 Synthesis of Polyfunctional 2,5-Diketopgmne............cccccceeeeeeeeenn. 130
TR T2 I (ol B =T o o) (=T ox 1o o PP URPPPPP 131
3.5.3. Unveiling the AMIN0 ACIH ...........umimmmeeeeiiiiiiiaas e e e e e eeeeeeieenenaaaeeees 133
3.6.  Summary and FULUIe WOTIK ............uuuommmmmmiiaiee et 137



Chapter 4: Synthesis of Bridged [2.2.2] DIKEtOPFEBNES ...........coevevviivrmiiiiiiineeeeeeeeeeeens 139

4.1, AIMS AN ODJECHIVES.....ceiiiiiiiiieeei ettt e e e e e e e e e e eeaeeeeeeeaeeannees 139
4.2. Organocatalysed Tandem Michael-Aldol Reaabioi riketopiperazines ................ 141
4.3.  Further TransSformMatioNS .............uiiceemmmeeiiiiiieiee e e e e 151
4.4.  Summary and FULUre WOTK ........ccoooii oo e e e e ee e e e e 152
Chapter Five: Experimental Part....... ..o oot 154
5.1.  General MEtNOUS .........coooiiiiiiiiii oottt e e e e e e e e e e e e e eeeeaaeeeeeeeareannnes 154
5.2.  Experimental for Chapter 2 ... e 155
5.3.  Experimental for Chapter 3 ........coo oceeeeeiiie e e 166
5.4. Experimental for Chapter 4 .........oooocceeeeieiii e 240
Appendix 1 - NMR Spectra and HPLC TracCes ......cccevvviiiuiiimmiiiiiiieeeeeeeeeeeeeeeeeevieeeeeee 255
Appendix 2 - X-Ray crystal StruCture data ....cccccc..eeeeeeiiiieeeeieiieeeeece 289
BiDIOGIrapRY ..o ——————————————————aa—— 310



Glossary of Abbreviations

1,2-DCE 1,2-dichloroethane

1D one dimensional

2D two dimensional

Ac acetyl

acac acetylacetonate

AIBN azobisisobutyronitrile

AIDS acquired immune deficiency syndrome
BCRP breast cancer resistance protein
Bn benzyl

Boc tert-butoxycarbonyl

Bz benzoyl

CAN ceric ammonium nitrate

CCR5 C-C chemokine receptor type 5
COosy correlation spectroscopy

DABCO 1,4-diazabicyclo[2.2.2]octane

DABN 1,1-Bi(2-naphthylamine)

vi



DBU

de

DHQD

DIAD

DIPEA

DKP

DMAP

DME

DMEDA

DMF

DMP

DMSO

DNA

DPPA

dr

ee

er

ETPs

1,8-diazabicyclo[5.4.0Jundec-7-ene

diastereomeric excess

dihydroquinidine

Diisopropyl azodicarboxylate

diisopropylethylamine

diketopiperazine

N,N’-dimethyl-4-aminopyridine

dimethoxyethane

N, N’-dimethylethyldiamine

N,N’-dimethylformamide

Dess-Martin periodinane

dimethyl sulfoxide

Deoxyribonucleic acid

diphenylphosphoryl azide

diastereomeric ratio

enantiomeric excess

enantiomeric ratio

epipolythiodioxopiperazines

Vii



HIV

ESI

GSK

HMDS

HMPA

HOMO

HPLC

HRMS

HSQC

kcal

LDA

LHMDS

LUMO

MDR

MAP2

MOM

human immunodeficiency virus

electron spray ionisation

GlaxoSmithKline

hexamethyldisilazane/bis(trimethylsilyl)amide

hexamethylphosphoric triamide

highest occupied molecular orbital

high pressure (or performance) liquid chraygeaphy

high resolution mass spectrometry

heteronuclear single-quantum correlationtspscopy

infrared spectroscopy

coupling constant (in nuclear magnetic resonapeetroscopy)

kilocalorie

lithium diisopropylamide

lithium bis(trimethylsilyl)amide

lowest unoccupied molecular orbital

multi-drug resistant

Microtubule-associated protein 2

Methoxymethyl ether

viii



MS mass spectrometry

W microwaves

NHC nitrogen heterocyclic carbene

NMP N-Methyl-2-pyrrolidone

NMR nuclear magnetic resonance spectrometry
nOe nuclear Overhauser effect

NOESY nuclear Overhauser effect spectroscopy
oC Oxytocin

OTf trifluoromethanesulfonate (triflate)

PK pharmacokinetics

Ph phenyl

PHN 9-phenanthryl

PMB para-methoxybenzyl

PMP para-methoxyphenyl

ppm parts per million

PTSA para-toluenesulfonic acid

Py pyridine

rt room temperature



Rf retardation factor

SAR structure-activity relationship
SET single electron transfer
SOMO singly occupied molecular orbital
TFA trifluoroacetic acid

TFAA trifluoroacetic anhydride
THF tetrahydrofuran

TKP triketopiperazine

TLC thin layer chromatography
™S trimethylsilyl

TMSI trimethylsilyl iodide

uv ultraviolet spectroscopy

Note: eeis used in this document only for the literatuedues originally reported using this
nomenclature. All the enatiomeric data generatetthiwithis thesis using chiral HPLC is

reported irer.



Chapter 1 Introduction

Chapter One

| ntroduction

1.1 Diketopiperazines

The diketopiperazine framework has gained a pgetestatus due to the abundance
of this motif in natural products and the divergeldgical activities they display. Three
regioisomers of the diketopiperazine core can lemtitied: 2,3-diketopiperazine$, 2,6-

diketopiperazineg and 2,5-diketopiperazin&s(Figure 1.1).

H H H
[NIO OTNTO iNfo

N~ 0 N 07N

H H H

1 2 3

Figure 1.1 Structure of diketopiperazines

Herein we will focus on 2,5-diketopiperazin8s also known as 2,5-piperazinediones and
abbreviated as DKPs hereafter, which can be uratetsis constrained cycles formed by the

condensation of twa-amino acids.

Despite their apparent simplicity, the rigid scéffecan be substituted in up to four positions,
and stereochemistry controlled at both methylerstipns. This source of diversity has been

the subject of intensive synthetic research foroagl period of time. In addition, the
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pharmaceutical industry has also showed strongesittein these structures owing to the

relevance of amidic groups, as the ones presddiKPs, in the medicinal chemistry context.

Although the first report of a DKRyyclgLeu-Leu] or "Leucinimide", was in 1849 and the
first DKP synthesig,cycldGly-Gly], occurred in 1888 from the correspondigigcine estef,

it was not until the 20 century that DKPs were acknowledged as a unigasscbf
compounds. In the early 1900s, DKPs were no lorggarsidered mere by-products of
polypeptide manipulations. Their abundance in Nahecame evident as simple symmetrical
and unsymmetrical DKPs were found to exist in peptide hydrolysates as well
fermentation broths and cultures of yeast, lichemms fungi® From the determination of their
physical properties to their use in polypeptideusege elucidation, synthetic and naturally

isolated DKPs were broadly studied by the scientgéimmunity

H N—< H ) _407<H
& N
H>$_N H H%B_N' H
d H
4

o H
5
H H
O H (0]
H O
SOSCA = N0
o ONTOND H N,
H H H |, H

Figure 1.2 Planar 4), boat 6) and twist-boat) conformation for DKPsycldGly-Gly]

However, little was known about the precise confation these molecules adopted in the
solid phaseCycldGly-Gly] was shown to be plana#)(by the X-ray crystal structure solved
by Corey in 1938.This result highlighted the conformational strétie small six membered

ring was subjected to in the solid phase. NonesiselDKPs were shown to be flexible in

solution by NMR studies. Results from these studigggested that theycldGly-Gly] ring
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departs from planarity and its conformation intemfpes between two equally populated boat

5 or twist-boat6 states due to the low energy barrier between coreis (Figure 1.2.

Recent measures of the DKP ring microwave spectruthe gas phase have confirmed the
boat conformationS) to be the prevalent and preferred sfai. initio calculations have also
supported this statement although the predicteférdifice in favour of boat conformer is
negligible® These studies conclude that while the boat cordoroonstitutes the minimum
energy, the planar one is a transition state. Hewethe small energy difference between
forms is easily surpassed in the crystal environnaer thus,cycldGly-Gly] is forced to

stack in planar4) and linear hydrogen-bonded tages.

Substituted DKP conformers vary depending on tharaaof the amino acid side chains. If
the side chain is an alkyl group, the energy diffiee between forms becomes unimportant in
solution and NMR studies suggest the ring is plédnaR;=alkyl, R,=H). Contrarily, when R
incorporates an aromatic side chain, such as adylisthain, the boat conformation is
prevalent by close to 3 kcal/mol. The aromatic isiguggested to fold over the DKP rir@).(
This effect is not solvent dependent, which suggts presence of a strong enough dipole-
dipole interaction between the amide groups and atwenatic ringn-electron cloud for

dipolar solvents to compete (Figure 1°%).

o

N
H O L R R R H
N 1 1
R1>$N_ H HO H H/XN;A%QH H>XN_O
H R H =N H >—N
(e} "H
7 8 10

9

Figure 1.3 Substituted DKP conformations
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Boat or twisted-boat states become the generaltpbkshed conformation for the
symmetrically cis-disubstituted six-membered ring in both solid audution phase9).*
Empirical data was confirmed by different X-Ray stat structures such a&yclgL-Met-L-
Met]** or cycldL-Glu-L-Glu]*?>, where the boat geometry is adopted with the siukins
folded above the DKP ring. On the contrary, thefeonation oftrans-disubstituted DKPs

varies from planar to flattened-chaf, R;= R=alkyl).?

DKPs incorporating proline constitute a specialecas their own. The additional strain
imposed by the fused five-membered ring makes ikemembered one adopt a boat

conformation in almost every amino acid DKP combara(10).:

DKPs are a common scaffold embedded in numerouplexmatural products from the
fungus, bacteria, plant or animal kingdom. Thestesys not only constitute a novel and rich
biologically active family of compounds but are ala source of new structurally diverse
scaffolds for therapeutic applications. In additidhese small heterocycles have been
employed as peptide surrogates in many drug disgquejects because they are structurally
similar to peptides but allow the potential drugdiaates to bypass their undesirable physical
and metabolic propertiés.Owing to the wide diversity of possible chiral amiacids and
employing recent advances in solid-phase chemiBi§ps have been widely used to create
libraries of enantioenriched heterocycles validdombinatorial medicinal chemistry projects.
These chiral templates have also been exploitezhiaal catalysts and chiral auxiliaries as a

result of the reliable methods developed to acaesile variety of derivatives.
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1.2 2,5-Diketopiperazinesin Nature and drugs

In light of the broad diversity and complexity tB&P subunit can bear, there are an
ever-increasing number of structures exhibitingriesting biological activities both isolated
from natural sources and synthesised as part gf discovery projects. The conformationally
rigid scaffold enables these molecules not onlytorporate different functional groups with
defined stereochemistry but also to bind to mudtipiological sites and receptovea H-
bonds. The drug industry has taken advantage sfntatif by: (1) exploring the structure-
activity relationship (SAR) to develop pharmaceaiticompositions from the hit stage by
means of tuning the physicochemical propertieshi dptimization process, (2) confining
linear peptides into rigid and robust scaffolds le/maintaining their biological purpose and,

(3) using naturally occurring DKPs to both expkitd improve their biological activity.

1.2.1 Medicinal Chemistry

A variety of DKP cores have been found to be ercellexamples of how a hit can be
transformed and optimised through SAR studies teeld@ the most potent lead. These
studies are designed to understand the key furadti®s in the molecule triggering the
desired biological effect. Chemical, regiochemmaktereochemical modifications play a key
role in tuning the potency of the drug candidatee Tollowing examples of drugs developed

by the pharmaceutical industry help to illustrdte process that takes place.

Oxytocin (OC) is a nonpeptidic mammalian neurohyp@sial hormone whose main
function is the distension of the cervix and therus during labour. Atosiban is an oxytocin

antagonist aimed at repressing premature labous pblypeptidic drug is administrated
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intravenously and the pharmaceutical industry lestkd great efforts to find an appropriate
non-peptidic oral substituent for it. Researchets GlaxoSmithKline (GSK) screened
numerous compound libraries to detect effectivagonist activity at the OC receptor. DKP
11 (Scheme 1.1) showed promising results as an imhilwf human OC as am-aryl
glyciamide mixture of epimerS.Initial SAR studies pointed to DKE2 where the substituent
at C-3 evolved into an isobutyl chain. A four carbdaranched alkyl chain was found to be
optimal while smaller chains led to decreased amtesg activity. Position C-6 became an
indanyl residue as any other aromatic substituemiincshed the drug's activity.R
configuration on thex-aryl glyciamide was found optimal in this studyhel (R 4'R,6R)

compound was 10-fold more potent than the corredipgn3R,4’'R,6S) isomer.

ﬂ
o Z‘S\";OZ
e
-
5
N o Z‘E'!O_
"\

B

Scheme 1.1 Evolution of nonpeptidic DKP OC antagonist throl8#R studies

Initial SAR also highlighted the importance of mesng the DKPN-H and carbonyl C-2

unaltered to maximise potency. The aryl group aNhi-glyciamide could not be replaced
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by non-aromatic cycles without weakening the pogyerBy contrast,para and meta
substitutions on this aromatic ring, with a variefydifferent groups, enhanced it. Alkylation
of the glyciamide was also toleratddThese led to DKFR3 after optimisation of different
pharmacokinetics (PK) properties. Oral exposurdectigity toward the closely related
vasopressin receptors and safety profile improvephifscantly. Potency, compared to
atosiban, was over 60 fold superiarvitro at the human OC receptor and comparable in

rats®

DKP OC antagonist 11 12 13 14 15

Table 1.1 Potency values for SAR of nonpeptidic DKP OC aatast

However, solubility was poor and further transfotioles were required. Increasing the
polarity of both the amide and the aryl substitaedid improve solubility albeit with a
corresponding worsening of the PK profile. Maintagnthe good PK properties @B while
increasing its solubility was achieved by changimgaryl group for a more polar heterocycle,
a 2-methyl-1,3-oxazol. Final tuning included a ntmine amide substituent and a different
branching pattern in the C-3 position, which gasge to DKP14, so called retosiban. Despite
displaying similar potency levels to DKB, solubility, selectivity over vasopressin receptor
and safety profiles were significantly improved. vitwver, poor solubility still posed a
significant barrier to overcome and further chaniged to be made. Substituting the oxazole
by a 2,6-dimethyl-3-pyridyl ring lead to DKBE5, epelsiban, which not only had the best

solubility in the series but also displayed an #roé PK profile and selectivity. Newly
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discovered roles of OC antagonist, such as sexysfuction or prevention of benign

prostate hyperplasia, have motivated further studiel modifications of this drug molectfe.

The optimisation of aplaviroc also represents arekent hit-to-lead development example.
This drug is an intended antagonist of the CCR3nhkne receptor for inhibiting the entry
of HIV-1, constituting another approach to the tmeent of AIDS?° Spiro-DKP scaffoldl6
was identified as a lead compound using a comhiatohemistry approach. This readily
available template can be modified in three pasgiand stereochemistry can be introduced in

one of them (Scheme 1.2).

Initial SAR studies suggested the position to be @ara-functionalised benzyl for maximum
activity. An n-alkyl chain was preferred at,Ran unbranched 4 carbon chain being optimal
while a cyclohexamethyl or an isobutyl was the emosubstituent at ]eading to the first

bioactive DKP<l7, 18 and19.

This generation showed nanomolar activity, highvanad in vitro potency and high affinity
for CCR5 compared to related receptors. Howevex, RK profile was far from optimal,
having a high clearance rate in rats and poor itjuf® These issues were addressed by
either adding gara electron-withdrawing substituent to the ether kipjl chain, such as the
acid moiety in20, or asymmetrically hydroxylating thesRide chain to give spiro-DKPL.
Antiviral 20 has an improved potency comparedl1® (ICso = 13 nM to 28 nM), whilst
significantly overcoming the PK downsides. Oral esyre, bioavailability and solubility
were notably improved: Compoundl9 was also modified to give theR31'R) hydroxylated
adduct21 with the aim of improving the antagonist activagainst the CCR5 receptor. Not
only was21 more potent than DKR9, but also more selective and soluble. Combining th

configuration with the improved PK properties caAde20 was expected to yield the optimal
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CCRS5 antagonist. Spiro-DKB2, or Aplaviroc, did show potent activity against amay of
HIV-1 strains, with excellent selectivity for CCR&hile maintaining a good PK profifé.
Despite being a suitable HIV-1 antiviral treatmeat,small percentage of the patients

contracted hepatitis during phase Il clinicalltaad, therefore, the trials were halted.

(m%% saeve
" @@@?@

/\LN o) /\LN o3 ?H
e @@w% o O

l

/\LN O OH

22

Scheme 1.2 Evolution of spiro-DKP16 towards the final clinical drug2
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Further examples can be identified where medicofi&@mists have employed DKPs as the
central core to design drugs for different applma such as cancer inhibitors, antifungal,
antibiotic or anxiolytic agents. In addition, DKRse also used as a template for the
preparation of a small range of privileged heteotey, such as decorated piperazines,
through the manipulation of the DKP subunit in fif@rmaceutical industry. The excellent
properties of DKPs will surely be found suitabletive development of future drug discovery
projects. However, as it will be outlined, the sterhemistry displayed around the DKP core
is generally introduced by means of the chiral ratuand non-natural amino acids

constituting the central scaffold prior to the fatmon of the heterocycle.

1.2.2 Peptidomimetics

Embedding two amino acids in a closed heterocytitava building constrained peptide
analogues of the related linear sequence whilstegtiog the amino acids from possible
transformations the linear strand would suffer. d8ibve properties are mimicked by
displaying the appropriate residues in the samentation as the corresponding polypeptidic
secondary structure. The activities DKP derivativea mimic range from hormonal

regulation to opioid antagonists among otHérs.

1.2.3 Bioactive Natural 2,5-Diketopiperazines

The DKP motif has been identified in numerous imanatural products. Their distinctive

framework, often incorporated into complex struesjrhas attracted researchers’ attention,

10
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not only for the challenge of accomplishing theresponding total syntheses but also for the
intriguing and diverse biological activities thesempounds display. Thus, the scientific
community has relentlessly pursued more facile effidient syntheses or biosyntheses to

access these DKPs and exploit their medicinal piaien

It was noted in the 1970s and onwards that eversithplest DKP could show interesting
bioactive properties. Several studies led to theficoation that four unsymmetrical DKPs,
cycldHis-Pro]? cycldLeu-Gly],?® cycld Tyr-Arg],?” and cycldAsp-Pro]?® exhibited varied

biological activities in mammals. Later, an inciegsnumber of natural products were
discovered with DKP embedded in their structured sinuctural complexity ranging from
symmetrical cyclic peptides, such as fellutanin@3Ato highly functionalised and decorated

scaffolds such as okaramine2®or dimers such as ditryptophenal&(Figure 1.4).

23 fellutanine A 24 okaramine O 25 ditryptophenaline

Figure 1.4 Complex DKP structures

Various classes have been categorised dependitiggonDKP amino acid constituents and
numerous families have been reported based on comim@mework substituents and
functionalities. Among all, thecycldL-Trp-L-Pro] derivatives are a prevalent class of
compounds with dauntingly complex structures andnsing biological properties. The
recurrence of this scaffold can be understood astduoth the predisposition of the proline

amino acid about the tertiary amide bond to adopis@onformation and, thus, facilitating

11
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the formation of a DKP, and the high nucleophiliaitf the indole heterocycle and the vast
number of transformations this ring can undergatteaus functionalization often involves the
insertion ofisoprenyl (dimethylallyl) chains and different modefscyclisation towards the

indole ring.

MeO

26 tryprostatin A 27 fumitremorgin C 28 spirotryprostatin A

Figure 1.5 Examples otycldL-Trp-L-Pro] derived natural products

The bioactive molecules in Figure 1.5 are excelex@amples of the diversity and framework
complexity these scaffolds can display. This isamevolution starts from the annulation of
theisoprenyl chain in tryprostatin A26) to the DKP amide nitrogen to form the polycyclic
derivative 27, fumitremorgin C. The formation of the spiro mgietwith concomitant
oxidation of the indole, represent the highest éegof specialization in this family of
compounds rendering extremely intricate molecutahigectures, such as spirotryprostatin A
(28), that exhibit promising biological properties. Ang others, tryprostatin A and
fumitremorgin C deactivate the multidrug resistamretein (BCRP) responsible for the
resistance to chemotherapeutics in breast caneatnent$? whilst tryprostatin A and
spirotryprostatin A show cell cycle inhibitory agties at the MAP2, blocking microtubule
assembly, and the G2/M phase respecti¥el@wing to the combination of powerful
biological properties with their fascinating frammw, numerous research groups have

devoted considerable efforts to achieve their ssek’”

12
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1.2.4 Bioactive Bridged 2,5-Diketopiperazines

Bicyclic DKPs are an important and extensive claissompounds that can be divided based

on the nature of the bridge across the DKP subeititer a carbon backbone or a sulfur one.

A prevalent group of naturally occurring bicyclidKkBs are thecycldL-Trp-L-Pro] with a

bicyclo[2.2.2]diazaoctane core embedded withingtracture. In addition, they also have at
least ondsoprenyl chain present forming elaborated ring syst&mo groups can be clearly
distinguished, simply by categorising the natur¢heir ring architecture, whether it is a spiro
or a fused system. The spiro group is formed oélalkds such as brevianamide A and B,
sclerotamide, versicolamides or paraherguamideslewmotoamides, aspergamides,

avrainvillamide or stephacidin are members of theeél group (Figure 1.6).

These complex molecules, exhibiting intriguing bgital properties such as insecticidal,
antitumor, anthelmintic, or antibacterfalhave represented compelling targets and numerous

different approaches have resulted in several syrathese&®
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25 brevianamide B 26 (+) versicolamide B

28 notoamide F 29 aspergamide A 30 stephacidin B

Figure 1.6 Members of the bicyclo[2.2.2]diazaoctane family

Also noteworthy is the antibacterial agent bicycj@in 40, whose molecular structure,
relative and absolute stereochemistry were elueitl@mploying*H, *C NMR techniques
and X-ray crystal diffraction analysis.Isolated fromStreptomyces sapporoneridignd
Streptomyceaizunensis® this unique bicyclic DKP is specifically activeagst a wide array
of Gram-negative bacteria by inhibiting the RNAnsaription terminator factor rhg. This
useful characteristic combined with its efficiembguction from fermentation broth and its
low toxicity have helped to market this antibiottmgymmonly known as bicozamycin, as a
nonspecific diarrhoea treatment in humans and atntrent for bacterial diarrhoea in calves

and pigs®
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39 40
36 37 38

Scheme 1.3 Biosynthesis of bicyclomycin

The intricate bicyclic architecture of bicyclomydias motivated great efforts in the scientific
community. Biosynthetically, bicyclomycin has beehown to originate from the
condensation of-leucine35 andL-isoleucine36 to form DKP 37 as shown in Scheme 1.3
which, after sequential oxidations and dehydrogenss results in bicyclomycin4g).*
Several groups attempted the total synthesis dfterstructure determination, leading to
several synthetic studies of the bicyclomycin came, eventually, the racemate synthesis by

Gotd* in 1983 and the enantiopure synthesis by Williamko84*

Other members of the bridged DKP family are thepelythiodioxopiperazines (ETPS),
natural compounds with a disulfur bridge across & ring. Scaffold42 in Figure 1.7
represents the common architectural feature of EBBth the number of sulfur atoms and the
stereochemistry of the sulfur bridge vary betweerural products. Consequently, two
distinctive types of structure can be generatedbtadin and glionitrin A being two

representative members of them.
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O 0 M
R1%N/R4 SN
NS N§H}\/0H
o 0]
OH OyN
41 gliotoxin 42 43 glionitrin A

Figure 1.7 ETP containing DKPs

ETPs are secondary metabolites present in fungil@heéns exhibiting a wide array of
promising properties. Predominantly, they are kndavrtheir cytotoxic effect on tumour cell
lines. However, their associated high toxicity pascluded them from usage in clinical trials.
The sulfur bridge is directly linked with this higbxicity, as a result of: (1) inactivating
protein activity through the formation of mixed wlifsdde bonds with sulfur dependent
enzymes and (2) producing superoxide ions and kytn@adicals during redox cycles in

cells*

Apart from the already known chemotherapeutic prigee of gliotoxin4l, the most common
ETP also exhibits selective immunosuppressive ptigseand induces apoptosis in certain
cells, particularly in the immune system, by bregkDNA strand$?® Its extensive usage
prompted a flurry of synthetic advances that cuated in the enantioselective total synthesis

by Kishi**

Sulfur derived DKPs also form open ring systemsnasabolites in the same fungi species.
The absence of the polysulfur bridge, and its aasedin vivo side reactions, is the reason for

the greatly reduced toxicity exhibited in the bigtiedi(methylthio)DKP derivative&*
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1.2.5 Synthesis and Transformations

DKPs can be synthesiseda two distinctive methods: (1) amide bond formati@ither
sequential, by cyclisation of a dipeptide, or direendensation of two amino acids, or ()
alkylation. The most common and extensively useatesy, the amide coupling, has proven

effective under a varied range of conditions (Sohém).

i) HiO* A o
Ry O ii) Base, rt R
MeO NH, —,iii) pw, H0 Z%NH
N HN *
H
o) R, R4
(0]
44 45

Scheme 1.4 DKP formationvia amide coupling

Either acid catalysis, often coupled with high temgures? or basic medi&® although it has
caused racemisation of the DKP product on selecésés, have been found optimal in the
synthesis of DKPs. Thermal methods have also bewtoged to effect this key amide bond
formation although microwave assisted cyclisatiormfueous media has recently substituted
this approach in light of its simplicity and enviraentally friendly characteristié$.DKPs
embedded in the structure of many natural produetge been synthesised through this
approach,e.g. Williams and co-workers formation of the DKP caae a 1.1 mixture of

epimers 47 and48) in the synthesis of versicolamide B (Scheme £5).
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Et,NH

—_—

CH4CN, 65 °C,
97%

Scheme 1.5 Formation of DKP in the synthesis of versicolamigle

The second strategy for the synthesis of DKPs takleantage of the nucleophilic properties
of the nitrogen to cyclise onto a range of différetectrophiles such as alkyl halid®s,

carbonylS® or Michael acceptors (Scheme 1°6).

(0]

(0] R

NaOH, CH3CN, N~
/R [ —
C|\)J\N : |
H 82 °C R

(@]

49 50

Scheme 1.6 DKP synthesiwia alkylation

Either method, under the appropriate reaction ¢mrdi, has been demonstrated to deliver
enantiomerically pure DKPs. In fact, this is geffigrne chosen methodology to access non-

natural chiral DKPs, as the ones used in the sgighd Epelsiban or Aplavirad®:>

Although many transformations around the DKP caeehbeen reported over the years and a
vast number of enantioselective methods are cuyreviailable, no asymmetric strategies
have been described in the literature to date. €fbex, the main aim of this project was to
expand and build upon the existing methodology fubstituting the DKP ring

asymmetrically so a comprehensive review of previiterature was mandatory.
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As previously mentioned, DKPs are cyclic dipeptigesl hence, they will present usual
amide reactivity. Enolate chemistry can be exptbaéboth the C-3 and C-6 positions with a
variety of electrophiles, amidic nitrogens can ugdealkylation and related transformations,
and carbonyls can, under specific conditions, bdgested to nucleophilic reactions such as

reductions (Figure 1.8).

o] 0
Ej)J\NPMB HJ\NRg)
PMBN RsN
52 Li Base
NaH, DMF
R, = PMB 2 R, =R, =
R,=H NR1

B/W HCI(aq)
=R, =
C,ﬂ = (CHp);
ﬁ o

55 54
Figure 1.8 General DKP transformations

Using enantioselective methods, prochiral DBP could be conveniently converted into

chiral DKP52. However, such methodology is not available t@dat

Nonetheless, various diastereoselective methods baen published for the DKP core.
Davies and co-workers demonstrated that the valishe chain ircycldVal-Gly] 56 could be
used as a chiral auxiliary. DKB6 can subsequently undergo highly diastereoseletraves

alkylations (Scheme 1.75.
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J’/,'

56

Scheme 1.7 Diastereoselective alkylation 66

(@]
NPMB i) LHMDS, THF, -78 °C J/"'ANPMB

0
PMBN 7\) ii) R-X
0

Both bulky protecting groups on the amidic nitrogiéaspecially PMB) and the minimisation

of 1,2-torsional strain in the transition statetlod alkylation, which sterically protects tee

face by the C-3 substituent, were proposed by Batwe play an important role in the

diastereomeric outcome of the reaction (Figure.£.9)

MeO
RX
1,2-torsional )
strain minimised/ .
H OLi
N— —
Me N
(0]
Me H

OMe
56

MeO ]
R
H N\ |
Me® Me (0]
OMe
58 —

Favoured trans-alkylation

57

Figure 1.9 Conformation and transition state involved in ttas-alkylation of DKPs

It was later discovered that any alkyl group onniteogen would induce thigans-alkylation

by minimisation of the torsional strain with trempropyl chain>* Outstanding diastereomeric

ratios were also observed when using a racemidrefdulic source. The DKP enolate was

also capable of discriminating between the enardisnof the electrophile to affordans

alkylated product8§9 and60 in high de (up to 97.5:2.5, Scheme £3).
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. .
NPMB i) LHMDS, THF, -78 °C NPMB
PMBN\H) i)2.2ed Me. _Br PMBN M
0 l/ 0 "R Me
56 R = Ar, CO5Et R=Ar 59
R = CO,Et 60

Scheme 1.8 Diastereoselective alkylation 66 with racemic electrophiles

Oxidative conditions to remove the protecting gotgllowed by acidic treatments were used

to unveil the constituent amino acids of the DK#PRigh enantiomeric ratio (Scheme 1.9).

o) 0 o)
, o, .
“” "NPMB  CH,CN/H,O “c” "NH 2M, HCI, A “r” “OH
HN .

PMBN\H/K m/K NH, * NH,

R HO

0 o) R
57 61 62 %3

Scheme 1.9 Unveiling the chiral aminoacids

In a similar fashion, Simpkins and co-workers u#ed concept to synthesise a collection of
transalkylated DKPs65 from simple PMB-protected glycine anhydridd. Using two
equivalents of the lithium base and subsequent afuemth an excess of alkyl halide

furnished the desiremians-dialkylated DKPs (Scheme 1.19).

o) 0
i) 2 eq. LHMDS, R,
NPMB THF, -78 °C - NPMB
PMBN\H) ii) R-X (excess) PMBN\H)\R
o) o)
64 65

Scheme 1.10 Transalkylation of PMB-protected glycine anhydride
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Further alkylation of racemid¢ransDKPs 65, albeit problematic with standard lithium
bases, did afford the expected produé? as a single diastereocisomer with the less
aggregated basi (Scheme 1.11). As Davies predictédhe transition state of both thmns
andcis-DKP in this reaction were the same, due to digmwstowards epimerisation @b to
minimise torsional strains. Therefore, DIP was the only isolated product when either the

cis or trans starting material was employed.

0 ) /N 0
) BnN NBn 66

R, . . ,
"HJ\NPMB L Li "HJ\NPMB

PMBN THF, 78 °C PMBN .}
R ii) electrophile g E
o) o)

65 67

Scheme 1.11 Alkylation of transDKP with bases6

Attemps to conduct this reaction asymmetricallyingschiral lithium amides, only showed
very low levels of enantiomeric excess. Synthegisidialkylated-DKPs 65 from
corresponding chiral amino acids afforded enantrocalty pure produc67. This trend was
consistent with unsymmetrical proline DKB8 and different electrophiles were effectively
added into the proline side of the DKP vyielding thky-substituted carbon adducts as single

diastereocisomer®9 (Scheme 1.12).

(0] O
H i) 1.3-3.0 eq. LHMDS, E
PMBN THF, -78 °C PMBN
R N ii) electrophile ~ N
] O

68 69

Scheme 1.12 Fully-substituted carbon DKR&a alkylation

22



Chapter 1 Introduction

This report discussed the possibility of compleragntonformational arrangements during
the alkylation step. Small groups such as R = N ndt seem to pose enough steric bulk to
direct selective alkylation only due to minimisatiof torsional strains in the pseudo-axial
conformation 70). Hence, other factors might play a key role tgplax the observed

diastereoselectivity. In fact, stereoelectroniceetf§ have been found to direct facial
alkylations on various lactam enolates. The alkytahas been shown to be more favoured
when the lone pair of electrons on the pyramidiliggrogen was in anti configuration, as
supported byab initio calculations® Hence, an additional transition stafd)(was proposed

(Figure 1.10).

Figure 1.10 Possible transition states involved in the alkglabf DKPs68

Nevertheless, these selective alkylations reliedthen shape of the DKP and the inherent

stereochemistry of the rest of the substituentshierobserved selectivity.

Various other attempts to develop stereocontrathethods and access enantiomerically pure
DKPs have been described, such as using chiratioduon nitrogen’ but no truly catalytic
method has been described to date. Thereforejthéoathis project was to develop a novel,
rapid and stereocontrolled route to access chifdP® using recently developed chiral

organocatalysts.
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1.3. Triketopiperazines

A formal oxidation in one of the methylene posisarf acycldGly-Gly] results in the
formation of a 2,3,5-triketopipeazine, TKP hereaff&2, Figure 1.11). Although we were
mainly focused on DKRB, the TKP can be regarded as a heterocycle wetbrak examples

of diketopiperazines are incorporated in the saystes.

H H H 0
N__O O<_N__O N__O
NH

HN! 3
N~ 0 N 07 "N 0
H H H

o)

1 2 3 72

Figure 1.11 TKP structure

Its core, compared to the DKP, can be theoretiGadbessedia a condensation of any amino
amide with oxalyl transfer reagents such as oxelfybride or dialkoxy oxalates. Owing to

this modification, properties and reactivity sigeéintly change.

This heterocycle is far less common than the DKé iaronly present in a handful of natural
products (see Figure 1.12). However, it can complanthe already known reactions DKP
can undergo and, hence, expand the knowledge skt thmall heterocycles. In addition,

transformations to convert the TKP core into theem@mmmmon DKP one can be investigated.

The first isolated TKP dates back to 1917, whemBaitter reported the-benzyl-TKP after a
reaction of racemic phenylalanine amide with oxalyloride®® The same TKP was obtained
by Bergmann and co-workers in 1927 in a seeminghg land inefficient process involving
amide couplings and ozonoly$isBoth results proved difficult to reproduce andvis not

until 1953 when Williams and co-workers reported tinst synthesis of a TKP structure from
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a variation of the barbituric acid skeleton as sulteof the effort to find new drugs with
related scaffolds. The reaction was performed wdiffierent free amino amides and an
equimolar amount of ethyl oxalafd in sodium methoxide and refluxing ethanol. Theraes
product was only isolated in moderate yield from siodium TKP saf? In 2001 Baileyet al.
used the same procedure with an enantiomericatly amino amid&3.°® Given the reaction
conditions, the expected racemisation occurredpraduct75 was afforded in a comparable

yield (Scheme 1.13).

AL )
0
/\)k Et0  OEt Ph/\)kNH
—_—
Ph NHz " 5) NaOMe-MeOH HN\H/§
NH, reflux 0
b) 1M HCI, o
73 63% 75

Scheme 1.13 Formation of TKP

Bailey introduced the first strand of research imP manipulation and functionalisation.

Nitrogen and enolate alkylations with differentidalderivatives were achievédf:

Makino and co-workers reported the first TKP systheon solid support using oxalyl
diimidazole77 as a mild cyclising agefitHis group accomplished the synthesis of a wide
variety of TKPs using enantiomerically pure amimida as the starting material. Although
the mild reaction conditions should allow the praduto retain their inherent chirality, as
opposed to Williams’s and Bailey’s TKP synthesbsytdid not comment on it in the report.
The necessity of alkylating the terminal nitrogen the amino acid in order to fully
accomplish the cyclised product in good yield waghlighted. Hindered and cyclic amino
amide precursors underwent the cyclisation sucaligsind the resulting TKPs were afforded

in high yields (Table 1.2).
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R o 0 R

Os_A...Me Y 7 o Me
Y\ N N ﬁ)\

O NMP, 25 °C, 16 h O o
S S

76 78
Entry R Purity (%) Yield
78a Bn 89 86
78b Ph 94 90
78¢c iBu 94 81
78d iPr 87 74

Table 1.2 Solid supported synthesis of several exampleKéfsT

1.3.1 Triketopiperazinesin Nature

In contrast to the ubiquity of the DKP architecturenature, the TKP subunit is considerably
less abundant. Only a small number have been ésblétom fungal sources, usually

coexisting with ETP and bisdethiodi(methylthio)DKdrerived natural products (Figure

1.12)%

Both dethiosecoemestrir® and neoechinuliB0 were isolated fronEmericella striataand
Aspergillus amstelodantiespectively. Its biological properties have noerbextensively

studied yet and no total syntheses have been ezpturtdate.
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<

)
0
(¢}
HO
79 dethiosecoemestrin 80 neoechinulin 81 gliocladin C

Figure 1.12 TKP containing natural products

On the other hand, gliocladin & has received more interest from the scientific camity.
Isolated from a strain ofSliocladium roseumby Yoshihide and Usani., together with
gliocladin A and B, glioperazine, leptosin D and888, (+)-gliocladin C81 is the only
natural product possessing a TKP within its stmgtwhose synthesis has been studied,
mainly due to its high cytotoxicity against cultdrB388 lymphocytic leukaemia ceffsThe

first synthesis was published in 2007 by Overreaal,’’

and more elegant and direct total
syntheses were accomplished by Stephenson, MovassatjOverman groups independently
soon aftef® Noteworthy was Overman’s 2011 synthesis as itessmted the first example of

the TKP subunit being synthesised under mild camubtin a non-solid-supported approach.
While Stephenson and Movassagui introduced thessacg groups and functionalities to

build the TKP within the molecule linearly, Overmand co-workers synthesised the TKP
separately to include it at a late stage in theusege in their convergent approach. The

cyclisation of the protected amino ami@lzwas performed under the same conditions Tsuji's

group used on solid support (Table ¥i2le infra and Scheme 1.1452
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OMe

- MeO i CHO

} +N\)J\ NaBH,CN, 3 A MS H\)L
3 NHMe MeOH. rt. 70% NHMe

OMe
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> O3
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OMe o

84
Scheme 1.14 Overman’s synthetic pathway towards TKP intermiedia

Since this seminal work, Overman has used protegliedladin C as a key intermediate to
accomplish an array of ETP and bisdethiodi(metlhy)iDKP derived natural products total

syntheses, showcasing promising reactivity of tk@ framework®

1.4  Organocatalysis

Catalysis is generally understood to be the addiiican external substance, often in a
substoichiometric quantity, to a chemical reactidrich increases the rate of the process by
lowering the energy barrier of the transition st@etivation energy), without affecting the
overall standard Gibbs energy change. The cataystesent in the entire reaction and does
not get consumed with the reactafftsTherefore, the term organocatalysis refers to the

addition of an organic compound playing the catay®le.
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Although the first examples of organocatalysts dsiek to the 1970s, it was not until the
early 2000s that the scientific community has fappreciated organocatalysis as a powerful

tool for the realisation of a wide variety of trémgnations.

Effective, achiral catalysts, such as DMAP or paaane in the Knoevenagel condensation,
are widely known but organic molecules particulakcel in the realm of enantioselective

catalysis’*

1.4.1 Enantioselective Organocatalysis

Nowadays organocatalysis is considered an equallyoitant branch in the myriad of
available enantioselective reactions, together vatizymatic catalysis and metal-based
catalysis. Although metals have undeniable benediteh as their enormous diversity and
reactivity patterns achieved by tuning the ligantigy also have some clear disadvantages
over organic catalysis that help us understan@xipéosion of interest and rapid growth of the
field. Often, metal catalysts need to be kept uialent conditions, and metals tend to be toxic
and are considerably more expensive. On the otlsdl,lorganocatalysis can be run under an
oxygen atmosphere and does not need ultra-driegrsisl or special experimental measures.
The organic precursors, amino acids or natural ymtsj are readily available as single
enantiomers in large quantities, and so, easily emglply transformed into the active
catalysts. Lastly, these organic molecules are rgédgenon-toxic so research can be carried
out in a safer environment and the risk of prodioeitamination is greatly reduced. All these
factors made this recently defined field very astde and numerous research groups have
quickly adopted it. This high interest helps to lekpthe exponential growth in the number of

publications on the topic during the 2008€nantioselective organocatalytic methods have
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proved robust and generally applicable and arenaesdent approach for medicinal chemists
to access enantiomerically enriched drugs, as ensimthesis of anticoagulant warfaB8

(Scheme 1.15%

87 (20 mol%) OH Ph O

succinic acid e} Q 0

/\)J\ (1 0 mol%) X NH HN_4/

”BuOH/HZO y
40°C, 12 h, o0 NH HNO
97%, 83% ee 88 87

Scheme 1.15 Organocatalysis applied to Medicinal Chemistry

Retrospectively, it is surprising how this reseaacha had been overlooked by scientists for
so long given the advances in understanding theepis and reaction profiles of enzymatic
transformations in the last century. But it beconwsarer when analysing the first

organocatalytic reports, the Hajos-Parrish tramsédion, in 1974 (Scheme 1.16).

D—com
N

(0]
H;C H 90 H;C
| 70%
0,
S DMF, rt 97% ee
(0] (0]
89 91

Scheme 1.16 Enantioselective aldol condensation using proline

Even though the similarities of this enantioselextaldol transformation to a simplified
biological system where proline acts as an enzyme \pointed out, they failed to underpin
the critical concepts around this particular mode astion and hence, expand its
applicability’* These studies were considered singular and exceptiexamples of

intramolecular chemistry rather than a discretet mdéra new research field, and their

overarching benefits were not extrapolated or destrated in further reactions.
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During the 1980s and 1990s chiral auxiliaries wre cutting-edge and almost unique
method for introducing asymmetrically a varietysobstitutions> This trend started to shift

with the independent studies on organocatalysediégiions of alkenes by Yang, Shi and
Denmark and their co-workers in 1996, using a coiaioon of chiral ketones and oxone as an

enantiomerically pure source of oxirafie.

However, it was not until 2000, when MacMillan awd-workers developed the first
enantioselective organocatalytic Diels-Alder reacti that organocatalysis became a
concept.’ In an effort to emulate Lewis acid catalysis, MalkA suggested the use of
secondary amines as a way of activating the LUM@,unsaturated aldehydes by forming
the corresponding iminium cation, a very electrefigient species, better suited to act as a
dienophile. In addition, iminium cations are lab#@mough so as an equilibrium can be
established with the aldehyde in aqueous soluiioitating Lewis-acid catalysts turnover.
Lastly, using a chiral amine in this process woaftbrd the enantioselective products. A
range of aldehydes were used to successfully yimccorresponding bicyclic adducts, albeit
in a mixture ofendoexo products (varying from 1:1 to 35:1). An example dze found in

Scheme 1.17.

94 (10 mol%), 0 Me
NN @ _ MeOH-H,0 _ prh Zb o N o
23 °C, 99%, Sho i )// 94
endo:exo 1:1.3, N
92 93 93% ee of exo 95 96 Ph

Scheme 1.17 Enantioselective organocatalytic Diels-Alder react

The importance of this work lied not only in thesabvery of a novel and particular mode of

activation for the Diels-Alder reaction, but alé@ trecognition that analogous transformations
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using this general activation strategy and effeddgdchiral organic molecules may be

possible.

Contemporaneously, Barbas, Lerner and List dematestrthe general applicability of the
intramolecular aldol reaction developed by Hagbsl. almost 30 years befof&Basing their
studies on the mechanism of action of aldolasesadsmlase antibodies, powerful catalysts
able to resolve aldol products on gram scale thramgamine intermediates in both intra and
intermolecular transformatiori$, they hypothesised proline should also be capalile o
performing the aldol reaction intermolecularly. Atttlsh of aceton®7 to a DMSO solution of

aldehyde98 and 30 mol% of cataly€0 yielded enantioenriched produ@®, as shown in

Scheme 1.18.
o} O OH
9o 90 (30 mol%) O‘COZH
N DMSO N 90
NO, 68% NO,
97 98 76% ee 99

Scheme 1.18 Enantioselective organocatalytic intermoleculdoafleaction

The authors expressed their initial surprise wabpect to the selectivity of the reaction and
the absence of side products apart from dehydrabaiferent aryl aldehydes gave similar
outcomes whilasobutyraldehyde, gave the aldol product in exceligelid andee (97% vyield
and 96%e¢. However, more importantly, a metal-free steremamled aldol condensation
was proved to take place in the presence of a shégp catalyst readily available in either
enantiomeric form. Additionally, it was shown howoline can play a biomimetic roleja
comparable mechanisms to those used by enzymegr€bemding the underlying principles
of the transformation allowed them to successfpligdict the existence of novel and more

selective catalysts and their use in a wide rarigelated reactions.
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These two studies initiated a new era for orgambgsis. Improved and unique
organocatalysts, as well as sometimes unexpecttsftrmations, were reported with
increasing frequency. The scientific community a&greon the identification of generic
activation modes, elementary mechanism of catagsvation, induction and reactivity, to

categorise different enantioselective reactionsrispacommon reactive species (Figure

1.13)%
S
o) Me
N R\ )J\ N
e N
—_ _N +/7, 1
N ‘Me Ho H NR'
R.F;D\OFH\ o Ph |l X
RO | Nu: R)J\R
v/ ‘j 2
R Nu
A B c
" S
/Ej/R ° N ° Ry oy OH R
3 M N /
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RN E g}q)’M H.-H NR% RN N
— ! e N
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Figure 1.13 General enantioselective organocatalysis modastofation

Enamine catalysisA): Originally discovered by Hajos’s and Eder’s gostsimultaneously in
the 1970s, it was not until 30 years later thatrgmction mechanism was determined. The
catalyst, typically proline, acts as a bifunctionatalyst forming the enamine of the
corresponding carbonyl which interacts with thecetghilic partner electrostatically or by
hydrogen bonds. The HOMO energy is increased soadloser to the LUMO energy of the

electrophile®*

Iminium catalysis B): Specifically designed as masked Lewis acid gaisl this chiral

catalysis, typically with imidazolidinone derivaéis, relies on the formation of,f-
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unsaturated iminium derivatives, with lower LUMO eegies, to effect several

transformations inherently related to Lewis acithbeis®?

Hydrogen-bonding catalysisC}. Although there were some early studies in th&0&9

suggesting that hydrogen bonding between the omgaalyst and nucleophile in the
transition state was responsible for promoting tiems®® this mode of action was not
completely accepted until Jacobsen’s and Coregsareh groups published their works on

the Strecker reactiott. This topic will be covered in depth in the nexttien.

Phase transfer catalysiB){( Originally reported in 1984 and mechanisticadistablished in
1986, the first stereocontrolled version, alkylatiof a glycine derivative, dates back to
1989% The catalyst, typically a chiral quaternary amnuomisalt, forms a unique ion pair
with the deprotonated nucleophile, normally locatetl the interface constituted by
organic/aqueous or solid phases, and diffusestir@amrganic media to undergo subsequent

reaction €.g.alkylation)®®

SOMO (single-electron occupied molecular orbit&é) &and counterion catalysis) These
are novel methods, their modes of action have shbannew reaction pathways and hence,
modes of action might be left to discover. In tH@MBO catalysis, one-electron oxidation of a
proline-enamine yields a highly reactive threelectron radical which undergoes rapid
trapping with a range of “SOMOpbhiles”-nucleophilesch as allylsilanes or enolsilafé©n

the other hand, electrostatic binding of chloringhwa thiourea catalyst forms a chiral
counterion with the electrophile, strong enougltaadition the approach of the nucleophile

to a unique face of the stabilised cationic speties

NHC (G): Although the first examples of nitrogen heterdaycarbene (NHC) date back to

1943, when a thiazolium salt was discovered to ptenthe benzoin condensatiththe
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catalytic activity remained unclear until 19%8when the C-2 position of thiazoliums was
postulated to hold a carbene. NHCs can be emplagddjands in organometallic chemistry
as well as enantioselective organocatalysts whemalcHunctionalities decorate the
framework. A variety of asymmetric transformatiohave been achieved including the

benzoin condensation, Stetter reaction and sewgcidadditions’”

Organocatalysis is now regarded as a powerful ndett construct organic bonds
enantioselectively. Research groups have takeméalya of the recognised generic activation
modes to develop novel reactions and more selecialyst families that has helped to
understand the field better. However, organocalysten complements rather than
competes with metal-catalysis, as some fundamdrdaakformations in modern synthetic
chemistry, such as C-H activation or photoredoxalgats, are unlikely candidates for
organocatalysis. In addition, new reports alreadyows how these rather different

methodologies can greatly benefit from each othentcal influencé?

1.4.2 Hydrogen-Bonding Catalysis

Generally, the aim of enantioselective organocatislis to complete the reaction between an
electrophile and a nucleophile in a stereoconttiotteanner. Thus, activationa a chiral acid

or a chiral base can be conceived as plausibleormptio achieve this transformation.
Historically, Lewis-acidic metals coupled with dchidigands or chiral lithium amides were
some of the most typical choices to promote sueltiens and little was investigated about
the possibility of using chiral organic bases iast& As aforementioned, organocatalysis was

born as a way to address this underexplored figlthough early reports suggested that
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hydrogen-bonds were playing a fundamental role ifier@nt reactions such as the
asymmetric Michael addition of thiols ta,f-unsaturated cycloakenones, catalysed by
cinchonidine102, or the stereocontrolled cyanohydrin synthesisnfioenzaldehyde using
DKP cycldL-Phet-His] 105 (Scheme 1.19), hydrogen bonding catalysis was ele\ued to

establish strong enough interactions to directaially biased approact®*

o SH o
102 (1 mol%)
benzene, 23 °C
f ArS
Bu
100 101 103
75% ee
HCN
0] cyclo[L-Phe-L-His] 105 OH o
(2 mol%) /\)J\
; toluene, —20 °C CN |Ph NH HN/\\N
HNM
104 106 0
97% 105
97% ee

Scheme 1.19 First asymmetric examples of hydrogen-bond caislys

A few years later a chiral version of the Strecteaction was independently developed by
Jacobsen’s and Corey’s groups, followed by Jacdbgeamino acids synthesis (Scheme

1.20), proving the hidden potential of this activatmode®**°
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HO CO,(Bu)
108
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N 24h toluene, -78°C,  F,c” SNTNF T8%

)|\ - - 91% ee
107 109
N
Ph Ph""(;l\ Ph Ph
A NTON A 969
N” Ph HN” PR 9 0§°
> ee
Ph)'\H i) HCN (2 eq.), 111 (1 mol%) Ph)\CN °
20 h, toluene, —40 °C
110 112
i) 108 (2 mol%)
OTBS N-Boc 48 h, toluene, —40 °C O NHBoc 90%
S R e
ipro Ph H ") TFA PrO Ph
113 114 115

Scheme 1.20 Jacobsen and Corey first hydrogen-bond methodology

Furthermore, the previously mentioned modes ofoactivere also proven to have key
hydrogen-bond interactions for the reaction to sasfully proceed. Regardless of the type of
mechanism, the catalyst is often engaging in sjgeltyfdrogen bonds to arrange both reagents
in a well-defined three-dimensional transition stdtefore the stereocontrolled reaction
happens. Proline, for instance, is not only invdlve the formation of the enamine with the
secondary amine but the acid is also establishirigractions with the electrophileia
hydrogen bonding in the transition state prior ke treaction. The contribution of the
hydrogen-bond is key to explain the facial selegtiof the newly formed carbon-carbon

bond and to delocalise the charge increase irrdnsition staté®
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In light of these results, novel bifunctional cgtdé based on the proline structure and
catalytic mode of action were developed with a widariety of hydrogen donating
components. Additionally, catalysis only based gdrbgen-donor interactions started to be
considered viable for an array of transformatiddsually, a typical bifunctional hydrogen-
donor catalyst was proposed to display a singlelual acidic hydrogen-bond donor site
surrounded by functionalities aimed at secondatgratction with the rest of the reactants,
such as weakly basic or acidic moieties, necestaryigger the desired reactiéh.The
hydrogen-donor is typically a thiourea, phenolgyoanidines, with K.s ranging from 14 to
21, while the flanking sites are normally chiralgBsted base¥.With those characteristics
taken into account, different catalysts have beeund optimal for enantioselectively
promoting transformationse.g. aldol or Michael reaction, and the most distinetiv

transformations will be briefly discussed, basedhantype of electrophiles.

Carbonyl electrophiles

After List, Lerner and Barbas published their stgdion the proline catalysed aldol
reactions’® many research groups shifted their interests tdsvateveloping new proline-
based catalysts with increased enantio and diastelectivity. Despite the proline-catalysed
reactivity scope having been expanded since this ékamplé-°® and its clear advantages,
i.e. enantiopure accessibility of both catalyst isoniérshere were also undeniable
disadvantages such as poor solubility in organieests or low selectivity. The hydrogen-
donor site was targeted for subsequent modificatiand functionalities, such as acyl

sulfonamide or tetrazole, replaced the originatl #8icheme1.21°
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% O OH
0 90 or 116 (10 mol%) With 90: 42%
)J\ " DMSO, 23 °C 73% ee
NO ’ No,  With 116: 96%
g 2 97% ee
4 98 99
O OH
90 or 117 (20 mol%) With 90: 44%
)J\ dioxane, 23 °C 55% ee
’ No,  \With 117: 66%
2 88% ee
99
j@ OYH
o” \\o , N 1N
Pr N-N
17

Scheme 1.21 Enantioselective organocatalytic transformatiosiag carbonyl electrophiles

Reversible addition of non-hindered tertiary amjrasch as DABCO, to electron-deficient
a,f-unsaturated carbonyls results in the formationaohucleophilic enolate capable of
reacting with aldehydes. The versatility of the nfied a-methylenes-hydroxycarbonyl
compounds (as in Scheme 1.18) is showcased in yhnadrof manipulations these substrates
can undergo or the natural products that can besaed. With the advent of enantioselective
organocatalysis this process, known as the Baylisaen reaction, became the focus of
considerable attention and asymmetric variants wereloped® For instance, development
of catalysts based on the axially chiral scaffold>@&BN, such as thioure&20, has shown

remarkable results (Scheme 1.3%).
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o) OH O CFs
j\ 120 (10 mol%) s
o cn ner R
R” H CH4CN, 0°C g
NN e
118 119 121
=
R = CH,CH,Ph R = cyclopentyl R = o0-CIPh
80% 71% 55%
83% ee 90% ee 60% ee 120

Scheme 1.22 Stereocontrolled Baylis-Hillman organocatalyseattisn

Pro-nucleophile nitromethane can be enantiosekldgtadded to carbonyl groups in a process
known as the nitroaldol or Henry reaction. Bifuoatl cinchona alkaloid catalysi23
induces high levels of asymmetry deliverifidhydroxynitro compounds (Scheme 1.2%).

Cyanation of carbonyls can be understood as am@mas reaction, as shown in Scheme 1.19

(vide supra.
CF;

o 123 (10 mol% OH

U meno, 2R 2T o
R H THF, -20°C R/\/ 2

118 122 124
R =Ph R =Py R = 2-Bocpyrrol
90% 91% 95%
92% ee 86% ee 91% ee

123

Scheme 1.23 Enantioselective nitroaldol reaction
Imine electrophiles

Imines are arguably better electrophiles than aarlso owing to their markedly directional

hydrogen bond acceptor characteristics. Thus, sixtenmesearch has been conducted in this

area and a broad range of applications have bgentee.
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Addition of an enolateg.g.carbonyl, malonate or silyl enol ether, to thenencarbon centre,
the Mannich reaction, is a widely employed methodrganic synthesis. The stereocontrolled
version has become a powerful way of acces§iamino substituted carbon frameworks as in

Scheme 1.24%

PMP<

_PMP o NH O
N 117 (5 mol%) H 65%
)l\ —°> EtO,C O 99% ee
Et0,C~ “H CH5CN, 0°C 2 99:1 dr
Ar
125 126 127 OO
Q o
j\ 0 0 0 v
/ “OH
N~ “Ph HNJ\ 130 (0.05 mol% Ph)J\NH NJ\ O
)|\ %I\ 130 (0.05 mol%) /_\)l\
R™OH Ph CH4CN, 0 °C R Ph Ar
130
128 129 131 Ar = 9-anthryl
R = Ph R = p-OMePh R = CHCHPh
85% 82% 81%
93% ee 92% ee 93% ee

Scheme 1.24 Asymmetric Mannich examples using hydrogen-bomghoocatalysis

Nucleophiles are not just limited to carbonyl eteta as asymmetric versions of the nitro-

Mannich!® aza-Baylis-Hillman® Strecket* or aza-Friedel-CraftS’ have also been

developed (Scheme 1.25).
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Boc
.B >
)Nl\ o¢ g, 134 (10mo%) NH " CF,
2 o 2
A H CH,Cl,, —20 °C Ar/H/ s
R J
132 133 135 FsC N N
NMe,
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Boc\NH Boc\NH Boc\NH
(0] Me (0] OH Bn
96% 95% 85%
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15:1dr 6:1dr 4:1dr

Scheme 1.25 Selected transformations of imine electrophiles

a,f-Unsaturated electrophiles

Addition onto the electrophilic conjugated positioha a,f-unsaturated carbonyl adduct of
soft nucleophiles constitutes a very importanttegga to form new carbon-carbon and carbon-
heteroatom bonds. Enantioselective versions ofrgastion have been largely explored and
cinchona alkaloid derived catalysts have playedeaglent role, demonstrating in numerous
cases that their bifunctionality is perfectly sditer performing this particular transformation.

An extended discussion in Section 1.4.3 will follow

Since the addition of thiolOl to cyclohexenond00 catalysed by cinchonidin#02, first
example of an asymmetric Michael additfSrg wide range of Michael acceptors have been
reported in the literature, such @g-unsaturated aldehyd&® ketones?® nitroethylenes or

maleimide$' among others. Some examples are depicted in Sch@®e
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NC
0 )C\OZE’( 138 (10 mol%) >&3H/H
s Ar
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136 137 139
NC_ CO,Et NC. CO,Et NC. CO,Et
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Scheme 1.26 Enantioselective Michael additions using hydrogener organocatalysis

Heteroatomic electrophiles

Heteroatoms can be added to a nucleophilic posti@versatile manner using heteroatomic
electrophilic sources. Only scarce examples ofest@ntrolled reactions with electrophilic
sources are available, compared to the volume dblighed Iliterature around the
enantioselective formation of carbon-carbon bonsisigiorganocatalysis. However, a few
specific substrates are able to provide electraphileteroatoms and oxygenations,
aminations:** halogenation's* or oxyaminatioh*> were achieved using chiral hydrogen-

donor Brgnsted bases (Scheme 1.27).
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0 OOH 0
O 146 (20 mol%) O
CH,Cl,, —60 °C ~
R OHR
145
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0 0 0
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Scheme 1.27 Stereocontrolled reactions employing heteroatat@ctrophiles

All these catalysts fulfilled the prerequisite afrentioned stating that next to the hydrogen-
donor sites there are always flanking functioneditacting as secondary activators helping to
prearrange the reagents spatially and electrogitaliacilitate the enantioselective formation

of the new bonds.

1.4.3 The Cinchona Alkaloid Family

Endocyclic basic nitrogen containing molecules asadl from natural sources, excluding
amino acids and their derivatives, are commonlykmas alkaloid$® This extensive group
of molecules are all extracted from a variety ahaails, plants, fungi or bacteria. The effects
these molecules exhibit range from medical(anesthetic, antibacterial or anticancer) to
stimulant {.e. psychoactive substances) and even toxic for theanubody. Due to the

absence of structural resemblance among most alkatloere is not a uniform classification
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of them. However, different families have been gatesed based on carbon skeleton

similarities or common natural source.

The cinchona family is one of the most prominerd hast known alkaloid groups owing to
their medicinal properties. Quinine and quiniditiee two most abundant family members,
with chemical structures constitutingpaeudeenantiomeric pair, have been used for more
than 300 years thanks to their respective antin@land antiarrhythmic activity (Figure

1.14)M6

OMe

142 quinidine 148 quinine 149 cinchonidine 102 cinchonine

Figure 1.14 Natural members of the cinchona alkaloid family

These alkaloids, together with the myriad of otbempounds belonging to this family are
isolated from the bark of the cinchona trees, efRlubiaceagamily, native to the western
part of Amazonas. Despite their formal total systsebeing achieved in 1945 by Woodward
and Doerind*’ and more updated total synthesis being publishethgl the last decade®
quinine and quinidine are still extracted from thechona bark for commercial use. Apart
from their therapeutic properties, the cinchonaalaiikls have other industrial applications,
encompassing the addition of quinine to carbonatatr, also known as tonic water, or the
use of cinchonine and cinchonidine crystallisatpoperties for the resolution of racemic
mixturesvia their diastereomeric saft¥’ In the last two decades the cinchona alkaloid fami

has gained considerable interest across the daeodimmunity due to its chiral inductive
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properties, as shown in the extensive literaturglipied on the matter, particularly marked

from their use within the asymmetric dihydroxylaticatalyst:*°

Based on the pioneering advances by Bredig andefFisko reported the first reaction
catalysed by quinine in 19t2" Wynberg and co-workers studied several transfdonst

where cinchona alkaloids yielded stereocontrolleddpcts®™*% The catalysts were
showcasing bifunctional activating properties, magkithem exceptional candidates for
simultaneously activating the nucleophile and tHecteophile and, hence, capable of
catalysing a wide range of 1,2 and 1,4-additionswfleophiles. In addition, owing to their

constrained scaffolds enantioselectivity could bauced in the reaction products (Scheme

1.28).
0
H H 148 (2 mol%)
)=C=0 )=0 » 0
H Cl,C Toluene, -50 °C CI3C\\‘
150 151 152

Scheme 1.28 Early examples of cinchona alkaloid catalysis

In light of these results, the mechanism of actbninchona alkaloid catalysed reactions was
studied in an attempt to comprehend the closeioakttip between the alkaloid conformation
in the transition state and the induced asymmeétthe reaction products. Initial analysis of
the alkaloids reveals that the two rigid subunitss@nnected within the scaffold by a flexible
carbon chain. Torsion of the carbon-carbon bondslved, the C8-C9 and C4-C9 (Figure
1.14), defines the spatial arrangement between ghbunits. Molecular mechanics

optimisation carried out by Wynberg and co-workégd to the identification of four

minimum energy conformations for the cinchona alidlfamily.*®> They have been
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designated based on the different torsional pdasbiof the aforementioned carbon-carbon
bonds as app-open, app-closed, gauche-open, amtiegalosed (Figure 1.155* App and

gauche refers to the torsion angle around the Ca&r@hence, the relative orientation of H8
and H9, beinganti in the app confirmation ansgyn in the gauche. The open and closed
conformers are related to the C4-C9 rotation and tiee quinuclidine bicycle relates to the
qguinoline heterocycle. The more compact dispositddrboth subunits corresponds to the

closed conformer whereas the open conformer hdsdutistituents far from each other.

App Gauche
side view top view side view top view
H_] OR o, 74 ';l
RO, —

N H . LN~/ ~Ns _

Hor LY==, e
| RO H
/ H Rl
N open
F
closed

Figure 1.15 Minimum energy conformers of quinidine relatedctiona alkaloids members

The substitution pattern on the framework, solven&additives are all known to alter the
preferred conformation of each specific catalyssaiution. nOe experiments were conducted
in various solvents with differently functionalisechtalysts to determine the solvent
dependency of the conformers. For instance, dilguradine (R = variable, R= OMe and

R’ = Et; DHQD) was chosen to conduct the first corelstudy for this family>® When
bulky substituents (R -CIBz, CONMe or Ac) were placed on O9 the observed

conformation was app-closed, as inferred from t@e rorrelations between H9 and some
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aromatic and quinuclidine protons simultaneoushhisTwas additionally supported by
calculations of dihedral angles based on an enapinmdification of the Karplus equatidft.
Further analysis using X-Ray diffraction confirm#dtht these molecules display a closed
conformation in the solid state. On the contrang, matural adduct and methyl ether adduct (R
= H or Me) had different nOe correlations and cowuplconstants from the previous

examples, suggesting that an open (gauche-opefromation was preferred.

Concurrently, NMR spectra in a range of differemlvents were measured from a
representative member of each class. While clossdommer (R =p-CIBz) remained
practically unchanged, only showing some degreepeiing in toluenel open conformer
(R = Me) drastically changed its conformation wimeeasured in dichloromethangidto the

closed one. Distinctive nOe correlations and cagsliconfirmed this change.

Furthermore, additional experiments demonstratatighbstrate interactione. acidic media,
was responsible for major disruption in the grostate conformations in all cases. When the
cinchona alkaloids are used as chiral bases, thie baiety in the catalyst, the quinuclidine
tertiary nitrogen, accepts the proton forming am pair with the deprotonated substrate. In
the present case, thel NMR spectrum of DHQD (R $-CIBz) in trifluoroacetic acid-d
revealed that all nearby protons suffered from msitee line broadening coupled with a
transition from the coupling constants typical fioe closed conformer to those typical for the

open conformer.

Similar studies have been subsequently conductedhmar cinchona alkaloids members, such

as quinind”? or cinchonidine derivative’$® showing that, regardless of depicting variable
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conformations in solution depending on the naturéhe solvent or substitution pattern, they

all adopt an open-gauche disposition while intengotvith acidic substrates.

However, only mediocre levels of asymmetric inductivere obtained across a wide range of
transformation and the natural members of the analalkaloids were unable to consistently
deliver outstanding induced enantioselectivityOnly the previously shown examples by
Wynberg and co-workers were reported to give gaoexcellent enantioselective results.
Wynberg suggested that substitution of the C-9 dwylrposition would negatively influence
the asymmetric reaction as the bifunctional praperand thus, the ability to interact with
both nucleophile and electrophile and prearrangethefore the new bond is formed, would
be lost. The versatility of the catalysts to proentirther transformations enantioselectively
could not be demonstrated due to the difficultiesoeintered during the catalyst development
stage during the 1990s. Simultaneously, the cinaladkaloids gained tremendous popularity
owing to the Sharpless dihydroxylation reaction amdilar catalysts also started being used
in desymmetrisation and kinetic resolution proce$€dt was not until Li Deng published his
first results on the Michael reaction of malonatesitroalkenes that a functionalised catalyst
was able to yield virtually perfect stereocontrdlleesults with both catalyst enantiomers

(Scheme 1.29)1%2
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CO,Me
R (20 mol%) « NO;
MeO,C N0, Ghch 60 °C
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94% ee with 156 96% ee with 156 92% ee with 156

Scheme 1.29 Deng's first reported Michael addition with moeii catalysts

Key to the catalyst success was demethylating tloenatic ether to unveil a second
electrophilic activator in the catalyst. Not ongya phenolic hydroxyl group more acidic than
an aliphatic one, and therefore more prone to kstabn H-bond with electrophiles in the
transition state, but it also allows functionalisatof the C9 hydroxyl group to force the
catalyst to adopt a more reactive conformation.sThonclusion was reinforced by
consecutive reports from Deng’s group, where a ibulkther substituent was adopted to
enhance the open-gauche conformer of the catalytbtei transition state. This change made

the catalyst able to deliver outstanding resultsrforeasingly complex substrat&&%°

Based on Deng’s findings, the members of the cinahalkaloid family were subjected to
major optimisation studies to appropriately suitwade array of different enantio and
diastereoselective transformations. Shortly aftetwa the concept of evolving the
electrophilic interaction site on the cinchona &ildh catalysts coalesced with the possibility
of including a thiourea proton donor site, widelged by Jacobsen. The C9 thiourea-
substituted cinchona alkaloids were simultaneoteshprted by the S&, Connon and Dixon

groups to perform Michael additions with nitro alks159 and chalcone462 respectively
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(Scheme 1.30%*° As part of the synthetic route to afford the desicatalysts, an inversion of
the C9 stereochemistry occuwsa a Mitsunobu nucleophilic substitution of the hyxybfor

an azide. This non-natural diastereoisomer happémdae more reactive than its natural
counterpart when in combination with the thiouregdrbgen donor functionality.
Interestingly, and despite this change, Connon r@bsge no inversion in the product

configuration when compared to their natural stgralkaloids.

R OMe
JOME R, IBOGmo%) rNOZ /P]
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Scheme 1.30 Thiourea based cinchona alkaloids catalysed Michdditions

Mechanistically, the mode of action of this newatgic approach has been thoroughly
studied using computational calculations and Takemmoproposal regarding thiourea

bifunctional catalysts was generally accepted. Tim#uced asymmetry of these chiral
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catalysts relies on the double interaction, elgtiile with thiourea and deprotonated
nucleophile with the protonated tertiary amine forgna ternary complex with an extensive
hydrogen-bonding network! Papai and co-workers set about to theoreticallpatestrate

this hypothesis by calculating minimum energy comiations for the catalyst, energy
involved in the proton transfer and formation oe thinary catalyst-nucleophile and the

corresponding energies for the reaction transsiate.

OMe /% N
R~ _0
\/\NO2 N+ / 0

Os O
H--0""3

0] _H | 3
158 A | _ 161

0
LR 160

Catalyst OMe ; _ \‘>

160 FaC CF NS -0

_-0=N O

H = | N,H E\L/
--0O-

| ( N~ S N,H ]
R
o, jol
FsC CF,
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Scheme 1.31 Theoretically proposed modes of action for a treauderived cinchona catalyst

These computational mechanistic studies of theutk®s bifunctional catalysts revealed

important features of the reaction pathway (Sch&rgg):

52



Chapter 1 Introduction

* The catalyst has a preferred conformation but imtatan freely occur in solution.
Substrate binding is often responsible for thecstmal organization of the catalyst in
a more reactive arrangement.

« Binding of any substrates to the thiourea is ertergiéy favored for both the
electrophile and the nucleophile. However the di&fim reactive conformer is adopted
after proton transfer of the nucleophile to theibaentre occurs. The nucleophile
forms an ion pair with the catalystg)(where the anionic enolate is stabilisad
multiple hydrogen bonds involving all three pogitso

* Formation of the ternary complex can be accompdish& two distinctive pathways.
Association of the electrophile either to the pratied quinuclidine ) or to the
thiourea () with concomitant displacement of the enolate.hBobmplexes have
exothermic energies associated and an equivaleatggnbarrier to yield the
stereogenic centre.

* Attempts to calculate the energy of the transistates corresponding to the opposite
product stereoisomer resulted in an unfavorablerggnelifference of about 2.5
kcal/mol. In addition, the transition state with ethadequate pre-arranged
enantioselectivity has both substrates aligned inmare favorable staggered
conformation to minimize steric interactions whilde opposite enantiomer
corresponding substrates in the transition staeaarly eclipsed, and thus, sterically
biased.

e Takemoto’'s proposed mechanism is, therefore, viabtgh kinetically and

thermodynamically, although imprecise about thet fiteps in the catalytic cycle.
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New hydrogen donor moieties.§. squaramides) have been incorporated into ther{ibyh
the cinchona alkaloid catalyst§. Updated theoretical data is needed to explain the

mechanistic phenomena for each of the reported @&yt transformations.

The cinchona alkaloid family is an excellent exaenpf how the establishment of multiple,
weak hydrogen donor interactions can be powerfaugh not only to catalyse a simple
electrophile-nucleophile reaction but also to spgtiarrange the substrates for the new bond
to be formed asymmetrically. These catalysts haeoime a landmark for any synthetic
chemist and their wide applicability allows thembi reliably employed by those in industry
similarly to any other enantioselective method kndw date. Other aforementioned benefits,
e.g. inexpensive or robust to atmospheric conditiong extra reasons to choose this

chemistry when possible.
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Chapter Two

Organocatalysis Chemistry of 2,5-Diketopiperazines

2.1. Aimsand Objectives

Numerous total syntheses of natural products irmatpng DKPs in their complex structures
have been successfully accomplisfetf® However, it is worth noting that the heterocyclic
ring is often formed in a late stage step, with hadshe final target functionalities in place,
as previously seen in the total synthesis of velamide B by Williams and co-workers

(Scheme 1.5%°

As far as the total synthesis of bicyclo[2.2.2]diaztane natural products is concerned, the
formation of the bridge DKP core during the finss of the synthetic plan often represents
the most challenging step in the process. Thendibte strategies adopted to access the alkyl
bridge have become prominent landmarks of natuxaduyrt total syntheses in recent times.
The approaches used to trigger the bridge-closieny sange from Diels-Alder reactiofis,

P135t5 radicat®® or cationic cascadéd? For instance, the bridge-forming

enolate coupling
reaction in Baran’s total synthesis of stephac#li(Scheme 2.1) is an excellent example of
how a methodology applied to a unique synthetidlehge prefaced the rebirth of an area of

research. Firstly investigated in the 19%¥8she access to 1,4-dicarbonyls by means of intra
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and intermolecular enolate couplings, using a ktometric amount of oxidant (Feor

cu"),**® was expanded owing to the interest motivated ytthal synthesis.

MeO (0]
0 LD
BOC\N MOM. . AL
— | N \> Fe(acac),
N 41% + 15%
0 3 recovered of 165
165 166

R = MOM
Scheme 2.1 Key bridge-closing step in stephacidin A synthesis

In this particular example, DKB65 could be envisioned from a hypothetical asymmetric
Michael addition between methyl acrylate and thePD&nolate selectively formed at the
proline side. However, this chemistry is not avagato date and the stereochemistry at this
guaternary centre is established by means of Skedatreproduction of chirality by-

alkylation of ©-proline in an early stage of the synthésis.

The limited examples on the manipulation of DKRsesdbchemistry are the reason why the
DKP core is usually formed once the correct sulpstits, with the desired stereochemistry,
have already been introduced. Scarce literaturdegound on this topic apart from the well-
established diastereoselective alkylation of DKRsngi unsymmetrical PMB protected
cycldVal-Gly] DKPs as a chiral auxiliary by Davies ancb-workers’>® and the
investigations into the synthesis of quaternargagenic centres of DKPs by Simpkins and

co-workers (Schemes 1.7-1%).

As mentioned in the introduction, the initial prgab was aimed at developing a rapid,

selective and stereocontrolled route to access DK®aring key functionalities within their
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Chapter 2 Organocatalysis of 2,5-dikgtepazines

frameworks, by applying recently discovered enaaiective organocatalytic methods. We
envisioned utilising protectecycldGly-Gly] DKPs 167 as prochiral nucleophiles combined
with alkaloid derivatives to promote asymmetricngBrmations with selected electrophiles.
These enantiomerically enriched products would uiesasquently subjected to bridge-closing

conditions to access a wide range of non-natucgichc DKPs (Scheme 2.2).

0 0 0
alkaloid OH
NR Base NR derivative NR LHMDS
RN J T > RN H ™ RN A~ T = RN ©
HCOOEt Z>CHo z CHO TMSCI NR
o o o CHO O 0OHC

167 168 169 170
R = Me, Bogc, Bn,...

Scheme 2.2 Initial project sequence

Aware of the lack of examples of asymmetric orgatalysed reactions using simple amides
as nucleophiles, an additional activating group e@sluded to be necessary to facilitate the
asymmetric step, for example a formyl group as showDKP 168. Whilst the requirement
for an extra carbonyl group may appear to be adesatage, this handle could become useful
to add key functionalities in a diversity orienthtapproach for the final DKPs. The
electrophilic partner for this reaction was chosenas to allow subsequent treatment to

transform chiral DKPL69 into a bridged productyO).

Extensive literature can be found where a wide eanf Michael acceptors have been
employed in asymmetric Michael additions using d¢lmss different types of nucleophiles.
Several alkaloid families have been reported teekeellent catalysts to effect asymmetric
1,4-additions. As shown in the introduction, theactiona alkaloid family is considered a
privileged framework in this regard, consistentgfidering good results in Michael additions.

These catalysts have been quickly adopted by thentfec community due to their
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effectiveness, their easy accessibility, cheapaadsflexibility towards modification. In fact,
selected cinchona alkaloid derivatives have affdrdecellent levels of induced asymmetry

using 1,3-dicarbonyl nucleophiles and Michael atmepas shown in Scheme 2%12%

catalyst 172
@ 0 10 ?Inol% up to 99% yield
R1MOR3 \)J\H ~ercoin Ri %, OR3 up to 99% ee
) R - h
R, 2v2 2 /H/\:O in <1min
171 136 173
0] catalyst 172 O
0 Cl 10 mol% —_CN up to 99% yield
/J\ T S up to d.r. 20:1
CN toluene, rt o<l up to 99% ee
OR RO
174 175 176

O‘ = PHN

Scheme 2.3 Examples of organocatalysis using Deng’s catalyst

Arylation of the 9-hydroxyl position of quinidineith phenanthroline (PHN) followed by
demethylation of the 6-aryl OMe yields the bestfgraning catalystl72 as demonstrated in
many different examples in the literatdf&?°*12% As depicted in Scheme 2.3, highly
reactivef-ketoesters were added into acrol€liif) or a-chloroacrylonitrile {75) in excellent

yields, enantio and diastereomeric excesses. Weedan apply the great potential of this

chemistry in the context of DKP modification, whichd scarcely been examined previously.

Hence, the key step to determine the viability vk tproject was recognised to be the
asymmetric Michael addition. Only a handful of exdes of this transformation in which the

1,3-dicarbonyl group featured an amide function beein reported in the literature. As shown
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in Scheme 2.4, Dixon and co-workers subjected e#stngbxylactam178 to asymmetric

140 Once this reaction was completed, imine

Michael conditions using thiourea catalys®o.
181 was added to the reaction mixture and underwemtra-Mannich/lactamisation tandem

sequence to furnish polycyclE82 in very goodee This strategy was used in the total
synthesis of (-)-nakadomarin A to fix, in one stepo out of the four stereogenic centres of

the final target*

catalyst 179
o PN MeO\H/QN\ 10 mol% |
2 o 20 °C, THF

177 178

[l 181
N

THF:H,0 (1:4)
70 °C, 48 h

182
62%, 90% ee

Scheme 2.4 First enantioselectivg-esterlactam example

This cascade was the first example where an araglpart of a 1,3-dicarbonyl, was employed

for an asymmetric Michael addition using a cinchahaloid derived catalyst.

Similarly, the 1,3-ketoamido systed83 has recently been demonstrated to effectively
undergo Michael additions using squaramide deriaddchona alkaloid184 as the
organocatalyst (Scheme 2.5). Interestingly, thesgmee of an amide as part of the
nucleophilic partner seemed to suppress the uraddsirbias towards racemisationa

epimerisation of the 1,3-acidic proton at one @& tiewly created stereogenic centre48s,
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as opposed to theketoester casé? The increased acidity of the correspondfirketoester,
expected to be around four orders of magnitudetgréathyl acetoacetate has l§,f 14.2

while N,N’-dimethylacetoacetamideKp is 18.2) was likely to be responsible for this

phenomenon.
0 H 0
i i Ph 5 _OMe
o -
e Ay ove ] 184 @0mot, Me%m
| CHQClz, —60 °C 7, Me
Me NO, PR
NO,
183 177 185
92% 184
18:1 d.r.
98% ee F5;C CF,

Scheme 2.5 p-ketoamide asymmetric Michael addition

Furthermore, secondary amides have also been eglporthe literature as successful Michael

donors (Scheme 2.6%°

0O O 0o 134 (10 mol%) o 9 Ph CFs
N’Ph HJ\ toluene, rt B H /@\ )SJ\
H | 99% S

FsC : ;
0,
4L 87% ee g' NMe,

N~ N
H H
@) 134
186 188 189
/H\
o O
N
187

Scheme 2.6 Secondary amide organocatalytic example

The presence of the amidic hydrogen and, in pdaticihe role of the secondary amide
tautomer, in combination with Takemoto’s thiouraesatyst134, played a crucial part in the
reaction pathway. In fact, the more electron widtwdng the secondary group on the amide

was, the greater the contribution of the imidicdaéorm (187) was to the tautomeric
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equilibrium and thus, a highexe was recorded for the corresponding product, reachi
complete selectivity when using tosyl instead of fphenyl substituent i186. Tertiary

amides, under the same reaction conditions, didleloter any Michael product.

As far as organocatalytic chemistry using the DK&miework is concerned, the closest
precedent available to date were the investigatcamged out by Olenyuk and co-workers,
using a-tert-butyl ester sarcosine anhydrid80. The activated DKP was found to undergo
o-sulfenylation using quinine as organocatal§stHowever, only moderate results were

obtained across all examples, up to /&8t the example shown in Scheme 2.7.

0 148 10 mol% 0]
_ benzene/ _
N FN\N s—ph toluene N
N N/ = (3:1) /N\H/»{ f
g TW)\CO?B“ 120 h, ~10 °C I's CO,Bu
0
68% Ph
190 191 75% ee 192

Scheme 2.7 Organocatalysed sulfur transfer

The same group also aimed at developing a methggdto rapidly access tryptophan DKP

containing natural products (Scheme 2:8).

0 Ph o
- SO,Ph  catalyst 148 %N/
N 15 mol% | OBy
/N\H)\CO By N—Me KF/ alumina 2
2 N CH,Cl, I pn
(0] H 48 h, rt M J
e
55% HN
5:1dr
190 193 194

Scheme 2.8 Organocatalysed indole transfer
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An organocatalysed nucleophilic substitution of sifonyl group in indold93 by DKP 190
was explored. Despite achieving no degree of eoemtirol, the desired products were

isolated in a modest 5:1 ratio of diastereoisomers.

These few but promising examples utilising DKP stiees in asymmetric organocatalysis
clearly suggested there was room to expand thisares to include different kinds of

electrophiles such as Michael acceptors.

Once conditions for the asymmetric Michael addivd®KP 168 were devised, the exocyclic
carbonyl functional group would be the perfect Hartd explore a broad range of different
options to close the bridge on the DKPs. Claisamdeasation is a perfectly feasible option,

and has previously been reported by Wetghl. (Scheme 2.9}

0 0
BnN NBn BnN NBn )
o \\X_[/ i) _||-_||:|||'\:/|DS, \\\_/ HyO* BnN\“_/NBn
e
)/._/ O ii) TMSCI MeO @) 85% 0
3 (Me)3SiO o)
194 195 196

Scheme 2.9 Dieckmann condensation to bridge-close a DKP

Enantioenriched DKR94 was accessed from the condensationSp{utamate and glycine.
Treatment of this DKP with LHMDS triggered Diecknmaoondensation with the side-chain
ester followed by trimethylchlorosilane quench telg mixed acetal95. Hydrolysis of this
compound furnished the desired bicyclo[2.2.3]diaremel96, in good overall yield. This
short sequence emphasises how Claisen-type chenvigtuld be a proven strategy to
accomplish the final bridge-closing step in the tegsis of closely related bicyclomycin
analogues. In addition, a handful of other appreadimave been envisioned to effect similar

processes such as radical or cationic reactions.eXbcyclic activating carbonyl group could
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also be targeted for further functionalisataa different strategiese.g. nucleophilic attack

by a Grignard reagent.

2.2. Synthesisof 1,3-Dicarbonyl N,N’-Alkyl protected DK Ps

Although the literature precedents for the propokey step were somewhat limited, the
previously outlined synthetic plan (Scheme 2.3)dbee the starting point of this project. The
first priority was to access a small arrayNo&llkyl protectegs-carbonyl DKPs for initial tests

of the organocatalytic reaction.

Consequently, the synthesis of thecarbaldehyde adduct from commercially available
sarcosine anhydrid#97 under reported conditions was accomplished (Sctea®*’ The

isolated compound was exclusively the correspondimalic DKP198 in 98% vyield.

Q i) KO'Bu, THF, 78 °C, Q
/NW) i) HCOOMe, -78 °C to /NWH
0,
5 t, 5 h, 98% 0. 0
H
197 198

Scheme 2.10 Formylated DKP reaction

Following Olenyuk’s protocol, methyl est®@00a, methyl 200b and phenyl keton&00c
substituted DKPs (R= Me) were synthesised in a Claisen type reactismg three
equivalents of potassiurtert-butoxide solution in THF, followed by quenchingthiithe
specific electrophilé?* Benzylated DKP (R= Bn), simply synthesised by treating glycine

anhydride with sodium hydride in DMF followed bydiiibn of benzyl chloridé?® underwent
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acylation using the same reaction conditions asrbefrhe desired monoacylated DKPs were

afforded as the only product of the reaction indygelds (Scheme 2.11).

o} o o}
HJ\N,R1 ')f%%g’ T1HhF’ HJ\N/& 200a, R, = Me, R, = OMe 62%
: 200b, R; =Me, R, =Me 80%
R(N\H) if) RCO,Me, R1/N Rz 200c, R;=Me, R,=Ph 55%
—78°Ctort, 3h O O  200d,R;=Bn, R,=Me 56%
R; = Me 197 200
R;=Bn 199

Scheme 2.11 Acylated DKP examples

With these four examples gf-carbonyl DKPs in hand, a number of popular cinéhon
alkaloids were synthesised. Starting from naturahmoers quinine, quinidine, cinchonine and
dihydroquinine, modified catalysts were synthesieewloying reported procedures, and are

summarised in Figure 214921302.148

142, R, = OMe, R, = OH R, 148, R, = OMe, R, = OH, Rs = CH=CH,
201, R, = OH, R, = OBn R, aj 204, R, = OH, R, = OBn, Ry = CH=CH,
202, R, = OH, R, = OBz [ 205,Ry=OH. R,= 0Bz, Ry = CH=CH,
172, R, = OH, R, = OPHN 206, Ry = OH, R, = OPHN, R3; = CH=CH,

N R 146, R, = OMe, R, = OH, R; = Et
2 207, R, = OH, R, = OBn, Ry = Et

N~
R4 102, R, = H, R,= OH, R3= CH=CH,
= 208, R, = H, R, = OBn, Ry = CH=CH
R, 203, R; = OMe, R, = K e 3 2
X N 163, R; = OMe, R, = M
Nl P Rs 209, R, = OMe, R, = K, R3 = CH=CH,
R, 210, R; = OMe, R,= M, R; = CH=CH,
y } 7 211,Ry=H,Ry=K, Ry=Et
N. N CF, N. _N CF, 160, R;=H,R, =M, R; = Et
Y Y “N["“R,  212,R;=H,Ry =K, R;= CH=CH,
O S N 213, R, = H, R,= M, R; = CH=CH,
CF,4 CF,
K M

Figure 2.1 Cinchona alkaloids used in the project
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Catalyst syntheses could be divided into two disive groups, depending on whether the
hydroxy group in the aromatic quinoline was unwkite not. In the first case, synthesis starts
with protection of the 9-hydroxy group by eitheébenzyl or a phenanthryl group, followed by

demethylation of the aromatic ether (Scheme 2.12).

= PHN-I, NaH, 110 °C, = =
OMe DMSO. Cul OMe OH
N pyridine, 72 h N NaSEt N

or °
| " “oH BnCl, NaH, DMF, | Y “oR DMF’JQO c | Y oRr
N~ 0°Ctort,15h N__— N~
R =PHN or Bn
148 214,R=PHN 63% 204, R=PHN 51%
215,R=Bn  91% 206,R=Bn  80%

Scheme 2.12 Phenol derived catalyst strategy

In the second case, Mitsunobu reaction of the Jdwyd function in the presence of
diphenylphosphoryl azide affords an azide derivathvat wasn-situ reduced to the 9-amino
compound. As expected, an inversion of the sterdtry was observed® Nucleophilic

attack of this amine on eithesocyanate217 or isathiocyanate218 resulted in the formation

of urea and thiourea derived compou88 and210 respectively (Scheme 2.13).

FsC CF,

) IS oS
OMe i) PPhy, DPPA, DIAD, M€ NCX OMe
N THF,0°Ctort, 4 h N N oF
3
ii) PPhs, THF, 50 °C THF, 15 h
| Y “OH i) CH,Cl,, HCI (2N) | 7 NH, X=0217 | TN
N~ N~ X=S 218 N~ X \

H CF;

148 216 86% 209, X=0 69%
210, X=S 64%

Scheme 2.13 Urea derived catalyst strategy
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With all materials in hand, the organocatalysedhdal reaction could be attempted. Enolic

DKP 198 was reacted under similar conditions to thosenteddoy Deng and co-workers with

acrolein as the electrophit®® Using a substoichiometric amount (10 mol%) of quenl48,

the reaction proceeded to give the desired pra2il{Scheme 2.14).

=
H
= OMe
0 /\”/ 136 (e /%
o N
#N/ 148 (10 mol%) N~
X “
/N\H)\/H CH,Cl, /NMH N| _ OH
0 H
O OH 35% oMo 5
198 219 148

Scheme 2.14 Organocatalysed Michael reaction

However,219 was judged to be racemic, based on a zero polaroweading. Although the
catalyst was needed for the completion of the r@acho product was observed when it was
excluded; it was not delivering asymmetric results. stereoselectivity improvements were

noted upon varying the organocatalyst.

The rest of theg-carbonyl DKPs were also subjected to these reaaatanditions (Scheme
2.15). Unfortunately, none of the desired prodwetse ever observed and only the staring

materials and the catalyst were recovered frommeéaetion mixture.

=
OMe /Bj
o :
Aoyt |
Ri COR, N~

H
O /\ﬂ/ 136 0]

0
#Nﬂ 148 (10 mol%)

X "y,
Ry o >
0 O 0] 0
200 220 148

Scheme 2.15 Organocatalytic Michael reaction on acyl DKPs
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These results were in clear contrast to the firgthislel adduct formed from DKR98.

Consequently, the preformed enol was concludedliag @ crucial role for the reaction to
proceed. In the rest of the cases, the bifunctica#édlysts, having a simple tertiary amine,
embedded as the quinuclidine bicycle, were presiymabt strong enough bases to

deprotonate the active site within the 1,3-dicagthamthe DKPs.

The low acidity of the alkyl protected DKPs wasiéebd to be responsible for the lack of
reactivity towards the cinchona alkaloids derivathtysts f-Ketoesters (K, around 15yide
suprg were likely to be at thel, limit where this type of chemistry was still effte, while
the DKP system was known to be less acidic. Thehegms of acyl protected-DKP, by
changing the nitrogen protecting groups for carbbbtaged ones.g.Boc, to bring the ¥, of

the distal proton down into the reactive range, thasnext aim of the project.

2.3. Synthesisof 1,3-Dicarbonyl N,N’-Carbonyl protected DKPs

The main distinctive feature that makes imédprotons more acidic than those of amides is
the possibility of the former to delocalise thedguair of electrons in the conjugate base over
two carbonyl groups instead of one for the lattasec Accordingly, imides have a lower

electron density on each carbonyl making them ret@etrophilic than amides and somewhat
similar to ketones in terms of acidity. Theoretiaalculations have been conducted to

specifically determinelf, values in acyclic and DKP subunits (Figure 23).
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| Haist MeOC  Hai MeOzS  Hist
N _N N
0 o o}
PKa (Haisy) = 30.9 PKa (Haisy) = 20.8 PKa (Haisy) = 19.7
Ho Ha Hprox O

Oﬁ)\NH OY\N/ Oﬁ/\NJk
HNWAO /NY&O /Nw/go

Ha Ha Hdist

pK, (Ha) = 24.0 pK, (Ho) = 26.6 PKa (Hprox) = 28.8
PKa (Hyisy) = 18.4

Figure 2.2 Theoretical §, of acyclic and cyclic amides and imides, using BBI6-31+G(d) method

for the geometries and frequencies in the gas-pin@seenergy calculations

The K, decreases by ten units from acyclic amides to imiddiat enormous difference
brings the E,value of this subunit to the range of a standasdlacketone. The same trend
Is observed within the DKP framework. Although thi€, of unprotectectycldGly-Gly] is
substantially lower compared with that of an aayelnide, and also lower than the sarcosine
anhydride DKP, there is a significant differencenpared to the acidity of the-proton, or
distal proton, of an imide embedded as part ofgletecting group. Thus, acetyl nitrogen
protection induces a decrease in thg pf the distal proton of five units. Therefore, lwamyl
nitrogen protection should bring th&pof acyl DKPs to an amenable range for the key
asymmetric reaction to work. In additioN;butyl succinimidyl esters had previously been
reported in the literature, using typical thiouoagalyst222 and nitro-styren@21, to form the
corresponding Michael adduc223 in very good yieldee and moderate diastereoselectivity

(Scheme 2.16%°
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NO B NO
BuN CO,Me 2 BuN” 2 HN SN
o 2
10 mol% 222, CO,Me /g |/N

0] -20°C, 48 h 0] HN S

220 85% 223 222
451d.r. Ar = o-CIPh
96% ee F3C CF

Scheme 2.16 Asymmetric Michael additions of succinimides

In light of this information N,N'-diacetyl andN,N’-diBoc protected DKPs were synthesised.
Glycine anhydride204 was subjected to literature conditions to affdrd tlesired protected

DKPs225a and225b in very good yields (Scheme 2.17.

0 Boc,0, DMAP, DMF,

ANH 50°C, 15 Hk
HN\H) or RN 7% 225b R = Ac, 90%
Ac,0, reflux,
0
2

o 5h
224

NR 225a R = Boc, 84%

o}
25
Scheme 2.17 N,N’-dicarbonyl protection of DKPs

Both DKP products were initially treated under agaius Claisen conditions to those

performed on the dialkyl protected DKPs to affaneé torresponding acyl DKPs. However,

the reaction did not proceed as smoothly as inatter case due to the increased reactivity of
these systems. In the case NyN'-diBoc DKP 2253, the potential intermolecular enolate

acylation was overridden by an intramolecular &ttatcthe formed enolate onto the second
carbonyl group within the heterocycle, forming sannulated produc£26.*'**%? No

inclusion of the electrophile 226 or traces of the desired produg27 were observed

(Scheme 2.18).
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0 H
HJ\NBOC AcOEt Boc’N o
BocN KO'Bu, THF Msoc

5 _78°Ctort,5h  HO
75%
225a 226

Scheme 2.18 Transannular rearrangement of Boc-DKP

Nevertheless, this problem could be simply overc@aspehanging the conditions to lithium
amide bases, at low temperature combined with higdgdctive benzoyl chloride as shown in

Scheme 2.19.

Q i) LHVMIDS, THF,
HJ\NBOC -78°C,0.5h HJ\NBOC
BocN ii) CICOPh, 3 h, BocNm)\WPh

0,
0] 65% O O

225a 228

Scheme 2.19 Acylation of Boc-DKP

Difficulties were also encountered in the casehaf acylation ofN,N'-diacetyl DKP 225b
under classical Claisen conditions. A 22% vyieldtioé final product was the maximum
achieved in a very sluggish reaction with numenaudesired by-products, despite attempts at
optimisation®>® A much cleaner reaction with an easier purificatiprocess was
accomplished by means of LHMDS base, low tempezaaind an acyl chloride reagent

(Scheme 2.20).

Q i) KO'Bu, THF, Q i) LHMDS, THF, Q
NAC ~78°C,1h #NAC -78°C,05h NAC
AcN i) ACOE, ACNTW) i) CICOPh, 3 h ACNW)\WPh
1t -78°Ctort,3h 8 I
229 22% 225b 230 52%

Scheme 2.20 Acylation of Acetyl-DKP
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With robust routes to access substituted DKPs,kthe step was tried prior to building a
library of N,N’-dicarbonyl protected acylated DKPs. To our swggriall of the tried reactions
failed to furnish the desired products. A wide marmd conditions were screened, including
different catalysts, solvents and Michael acceptasulting only in the recovery of starting

materials (70-85%, Scheme 2.21).

H =
o /\n/ 136 o OMe /%
o N
NR; 148 (10 mol%)‘ HJ\NR1 '
R1N\H)\H/R2 CH,Cl, R1NMH N| N “OH
R4 = Boc, Ac COR; Z

(0] (0]
R, = Ph, Me, OMe 231 148

228-230

Scheme 2.21 Michael additions oN,N’-dicarbonyl DKPs

Disappointingly, the expected increased acidityhefacyl protected systems did not translate
into enolate formation by the cinchona alkaloidabadts action. At this point, the lack of

reactivity of DKPs under standard organocatalysedditions seemed conclusive and no
further transformations on the DKP core were pulste achieve the organocatalysed
Michael addition. Devising a reliable route to a&xdhe TKP core and determining the

optimal conditions for the key 1,4-addition steptbis system became the next goal.

24. Summary and Future Work

It has been shown how different protected DKPswatergo acylating chemistry under two
different type of conditions, accessing a wide swof 1,3-dicarbonyl DKPs. However, we

have been unable so far to successfully manipulliiese DKPs under standard
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organocatalytic asymmetric Michael conditions. Theed for stronger, more basic
organocatalysis has become apparent for this chegmig these types of catalysts are

developed and optimised then reinvestigation ofgated acyl DKPs may be fruitful.

Out of current catalysts, it might be recommendetry squaramide based catalysts, which
have been shown to be slightly more reactive thang>s catalysts. Alternatively, a phase

transfer catalytic approach may be more successful.

Having seen the asymmetric organocatalytic liteearounds-ketoamides, how little their
pK, theoretically differs from the synthesised DKRs] aubsequent information generated by
this project; it might be worth considering thathet factors that will be later discussed might

be playing a fundamental role in impeding this clstm.
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Chapter Three

Enantioselective Synthesis of Polyfunctional 2,3,5-
Triketopiperazines

3.1. Aimsand Objectives

The lack of reactivity exhibited by acylated DKRsith either alkyl or carbonyl
protecting groups on the nitrogen, encouraged usxpore further possibilities where an
organocatalysed Michael addition could be performiédte aim was to develop a molecule
with an increased acidity of the-protons by including an imide within the molecular
framework, without drifting away from the originagoal. The synthesis of the
triketopiperazine (TKP) framework addressed allséheonditions. We were determined to
check whether the key organocatalytic 1,4-additwould now proceed successfully,
furnishing the desired enantioenriched productstaswvn in the proposed synthetic plan

(Scheme 3.1).

o) O O cinchona

O
alkaloid R,0C
Hk R Be RH\)?%NR derivative OHCMNR

232 233 234
R =Me, Bn, PMB,...

Scheme 3.1 TKP proposed sequence
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TKP 232 bears an imide which has been included withincyadic skeleton of the molecule

and so there is only one methylene position aviglédy further functionalisation.

Once the TKP was in hand, the synthetic plan waeadnalogous to the one devised for the
DKPs. The first step would be acylation of the TKRe extra reactivity provided by the
activating group would probably still be necessafgllowed by the key step, the
stereocontrolled Michael addition, catalysed bychona alkaloid derivatives. To the best of
our knowledge, the development of organocatalytethods on this system has not been
explored. At this point, different options could tensidered, involving either bridge-closing

chemistry or carefully selected transformationafford enantioenriched DKP.

As previously mentioned, there is not much literatavailable for the synthesis of the TKP
framework itself. Hence, the biggest challenge womitially be to develop a streamlined
synthesis of the TKP on gram scale. To date, twg sinilar methods have been reported to

synthesise TKPs under mild conditions (Scheme®3$%.

S
Os A\, ~ 77 0) -
Y\N NN }j\N
K ND @N Nj(go

NMP, 25 °C, ©
16 h, 86%
N~ O N~ O

0] o)

Y~

N N
MeO I I\
P NP AN e l
NHVle  DME, i, 65% NY%
OMe
83

Scheme 3.2 Previous examples of TKP formation
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It is worth noting that no oxalyl chloride is usedperform these cyclisations, possibly due to
its highly reactive nature which was probably namepatible with either reactants or
products. Instead, oxalyl diimidazol& was the oxalyl surrogate in the cyclisation step i
both cases. Either under solid supported conditimn# solution, this method was very
effective at furnishing the desired TKPs. No comtaam the stereochemical outcome of the
triketopiperazines in the solid supported synthestse made by the authors in the first

example, leaving the experimental assignment in¢et@p

3.2. Synthesisof 2,3,5-Triketopiperazines

Similarly to the literature procedures, the formatof the TKP system was devised to
comprise a di-protected aminoamide, either with ghme or different groups on nitrogen,
followed by the cyclisation step, using oxalyl didazole as described in the literature
examples. A fully stepwise approach was developédlly, involving the benzyl protection
of the primary amine of glycine est@35 via reductive amination followed by amide
formation through long exposure of the aminoesteleénzyl amine to finally furnish,N'-
dibenzyl aminoamid@37 in a 31% vyield across the two steps (Scheme!ZRlthough it
was a good starting point for the synthesis of aamide237, the overall synthesis had to be

thoroughly optimised were gram quantities of TKbéoproduced.

o i) THF, PhCHO, 5 5
NH3, MgSO4 MeOH, NHan
HN L, - BnHN._JL BN
HCl ii) NaBH,4, MeOH OMe n,72h NHBn
32 % 98 %
235 236 237

Scheme 3.3 First two steps sequence into aminoamides
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One of the main advantages of this first approaek that it would allow us to introduce
different protecting groups on each nitrogen ang treflect that reactivity difference in the
final TKP core. However, as a proof of concept mms\etrically protected aminoamide would
be equally valid. Consequently, a second generatigoroach was envisioned to afford
compound237. Starting from methyl bromoacetat238), a one pot process furnished the
desired aminoamidea initial nucleophilic substitution of bromine by fmylamine followed

by slow ester group interchange to form the finalirmamide using an excess of benzyl

amine (Scheme 3.4).

0
o) NH,Bn
———————  BnHN
Br\)J\OMe MeOH, \)J\NHBn
97%, 72 h
238 237

Scheme 3.4 Methyl bromoacetate approach to dibenzyl aminadami

Naturally, the first substitution occurs rapidlyittvconcomitant formation of one equivalent
of the ammonium bromide salt, which remains in a&ction mixture. Although it did not
seem to prevent the next transformation from hajpgerthe salt did interfere with the
purification process given that the crude matewak directly chromatographed when no
more ester intermediate could be detected. Thee laxress of benzylamine was also
problematic as it often co-eluted with the desipedduct. Finally, when applied on large
scale, the reaction time for the complete formatbnhe desired product was unpractically
lengthy, sometimes taking weeks. In an attemptvimdasome of these difficulties a third
approach was investigated. Highly reactive bromtyh@eomide £39) was employed to form
the desired benzyl bromoacetamide at low tempexagecond bromine substitution occurred

overnight to yield237 in twelve hours (Scheme 3.5},
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(0]
o) NH,Bn
_— BnHN
Br\)J\Br n \)J\NHBn

MeCN, 0 °C to

rt, 15 h, 88%
239 237

Scheme 3.5 Established method to access dibenzyl amino amigeam scale

One equivalent of excess amine for each substituti@s necessary to neutralise the hydrogen
bromide generated in the course of the reactionfaktt, the corresponding salt was

precipitated out of the reaction and successfuidiyjoved by an aqueous extraction. These
reaction conditions enabled us to overcome alialiffies previously encountered: no large

excess of amine was needed in the reaction to reactpletion, the bromide salt was no

longer interfering with the purification and theaction time was short and reproducible.

However, these two steps in a one-pot sequenceneeiceefficient when using other primary

amines, such aparamethoxy benzyl amine, as different molecular aggtes could be

identified from the reaction mixture over a comeaeaction time (Scheme 3.6).

o NH,PMB \)?\ \)?\ jv
Br\)J\Br ————  PMBHN NHpMp  PMBHN N NHPMB

MeCN, 0 °C to
ft, 15 h, 95% 1 _ ':'V'B

239 240 241

Scheme 3.6 Side product present in PMB amino amide formation

In light of this result, this option was no longaursued under the present project. With a
robust reaction to provide high quantities of amamade237 the synthesis was taken forward

to the cyclisation step. The first reaction cormfis tried were those published by Overman
and co-workers using 1,1’-oxalyldiimidazdf&.In this case, reaction @87 in DME afforded

the desired cyclic adduct in 68% (Scheme 3.7).
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) o)

H 77

N N
0 '\’l//j @N HJ\NBn
BnHN\)J\NHBn DME, rt, 12 h BnN o
68% I
237 242

Scheme 3.7 TKP formation using oxalyl diimidazole

Although the yield o242 was not outstanding, it was comparable with tisalte Overman
and co-workers observed for the formation of tA&P in solution. Despite being a reliable,
robust route to access the TKP scaffold, it wassiclaned that new conditions for this last
step needed to be found due to the high cost ofctmamercial oxalyl reagent. Gram
quantities of the desired TKP had to be readilyilabke, and so affordable oxalyl cyclising
surrogates were screened. 1,1’-Oxalyldiimidazolettsgsis was attempted, using oxalyl
chloride, DIPEA and imidazole in various solventdyato see poor conversion into the TKP
system, with a maximum yield of 10-15%, upibrsitu reaction with aminoamid@37.>
Oxalyl 1,1’-dibenzotriazole, developed by Katritskyas employed next® Originally used
for the formation of substituted oxamides usingoseary amines, its synthesis was easily
accomplished but, treatment 287 only afforded little amounts of the desired pradlicwas
subsequently found that this was directly linkedh® inherent lower reactivity of oxalyl 1,1'-
dibenzotriazole compared to the corresponding di@mole. However, this issue could be
easily overcome by subjecting the reaction to hargionditions,i.e. THF at 150 °C in a

microwave reactor, to give comparable yields to gheviously developed method (Scheme

3.8).
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O 237
QAP 244 o o BnHN\)J\NHBn 0
@:NH c’ ¢l VAR LW, 150 °C, 1 h #NBn
N N 5
243 245 242

Scheme 3.8 Developed TKP formation using oxalyl dibenzotrilezo

At last, an optimised, reliable sequence that wasilsle for producing gram quantities of the
desired product quickly and in an affordable manmas achieved. This method enable the

production of TKP242 in up to 10 gram batches.

3.2.1. Synthesis of 6-Acyl Triketopiperazines

Having established a route to access the TKP 242e the project could be continued as
outlined in the plan. Introduction of an acyl groumas considered essential for the key
Michael reaction to be successful. We wished tddbseveral examples of acylated TKPs
suitable for undergoing the asymmetric 1,4-additidtenyuk’s conditions for the acylation
of N,N’-alkyl DKPs were screened first on the TKP systaum, unfortunately, no product was

recovered from the reaction crude (Scheme 3.9).

Q i) KO'Bu, THF, Q 0
HJ\NBn -78°C, 1h MeOMNBn
BnN o i) CO(OMe), BnN o

-78°Ctort,3h
242 246

Scheme 3.9 First acylation attempt on TKEI2
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The formed enolate was hypothesised to be incoblpatvith the acylation with dimethyl
carbonate as the reaction mixture warmed up to r@wnperature, and a complex mixture of

products was formed that could not be separatédkatified.

As explored with the acyl protected DKPs, more tigacelectrophiles in combination with
LHMDS and lower temperatures were subsequentlyg.t@everal acyl chloride reagents were

tested to form the desired TKP derivative (TablB.3.

Q i) LHMDS, THF, Q 0
HJ\NBn -78°C, N RMNBn

BnN\H/gO ii) i BnN\H/go

0 clI” "R 0

242 246-248
Entry R Eq of CICOR Yield (%)
246 OMe 3 23
247 Ph 3 56
248 Me 5 -

Table 3.1 Acylation results LHMDS and acyl chlorides

Reactions were somewhat sluggish and the finalymtodas isolated in an acceptable yield
only with benzoyl chloride247) as the electrophile. In the case of methyl clitoroate, the
reaction afforded a mixture of mono and di acylaié&Ps together with som@®-acylated
adduct. Separation of this crude mixture was ex¢tgrdifficult and only a small amount of
the desired material46) was successfully recovered. Acetyl chloride mainirnished the
O-acylated adduct and no trace of the desired ptodwas observed. It was therefore

concluded that this approach was unreliable fofahmation of acylated TKPs.

Further exploration of different options was neaegsFrom our point of view, the perfect

acylating agent would have an intermediate elebitogy between an acyl chloride and an
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ester or a carbonate. Thus, we turned our attetidhne work developed by Mander and co-
workers. Their team synthesised a different kinelettrophile where the leaving group was
a cyanide anion instead of the chlorfdeTheir reports included reactions where this reagen
was able to furnish the desired acylated produntteu soft conditions. It was also worth
noting that full transformation was accomplishedlétying the crude mixture warm up from
-78 °C to around 0 °C, thus hinting that the acttrahsformation needed a higher

temperature for completion compared to the acydrities.

Treatment of TKP242 with Mander’s reagen?49 under the previously outlined conditions
led to the formation of the desired derivativelas dnly product in very good yields (Scheme

3.10).

i) LHMDS, THF,
HJ\NBn -78 °C, N, MeOMNBn

BHN%O ii) )OJ\ 249 BHN%O

o NC~ ~OMe o
-78°Ct00°C
87%

Scheme 3.10 Acylation of TKP242 using Mander’s reagent

Not only could this compound be made using thig@gagh but different acyl groups could be
theoretically accessed should the appropriate regdmein hand. Under these conditions, the
proposed Michael donor was finally accessed inbmgband short route with a good overall

yield of 57% over three steps linearly from comnadlg available materials.
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3.3. Enantioselective Michael Reactionson 2,3,5-Triketopiper azines derivatives

With a reliable access to acyl TKPs, the asymmetrganocatalysed 1,4-addition to
different Michael acceptors was explored. Firstiywias necessary to check whether the
reaction would take place with the TKP substratg§son subjecting substrag6 and vinyl
ketone 188 to substoichiometric amounts of triethylamine, dithloromethane, we were
delighted to observe full conversion to Michael actd?50 in less than one hour at room

temperature (Scheme 3.11).

BnN 10 mol% Et3N
CH,Cls, rt
99%

246 250

MeO.C Hj\ MeO,C
o %NB" I 18 _ %
o

Scheme 3.11 First attempt of a Michael addition using TKPs

The optimisation of the reaction conditions for #eymmetric version of this transformation
was targeted next. Some of the cinchona alkaloggd@Figure 2.%ide supra in hand were
employed in this optimisation study using differesaivents and varying temperature with
methyl vinyl ketone as the Michael acceptor incalées. A summary of these results is given

in Table 3.1.

0]

0O O Hk O\ 0,c 9
MeOMNBn | 188 WNBn
BnN 10 mol% cat. BnN\H/§
\H/&O solvent 0

) )
246 250
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Temp.

Entry Catalyst 0 Solvent timé  Yield (%)  er (%)
1 142 r.t. CH,Cl, 20 94 82:18
2 148 r.t. CH,Cl, 20 91 25:7%
3 210 r.t. CH.CI, 20 98 31:69
4 201 r.t. CH,Cl, 20 99 96:4
5 201 r.t. THF 20 98 95:5
6 201 r.t. toluene 20 98 94:6
7 201 r.t. MeCN 20 99 94:6
8 201 0 CH,Cl, 60 99 98:2
9 201 0 CH,Cl, 120 9f 97:3
10 204 0 CH.Cl, 20 82 2:98

[a] Minutes. [b] Isolated yield after chromatogrgplc] Determined by HPLC analysis. [d]

Enantiomeric product with respect to entry 1. [epBtion conducted using 1 mol% catalyst.

Table 3.1 Reaction optimisation

The naturally occurring members of the cinchonalalkl family, quininel48 and quinidine
142 furnished the desired product in good chemicdbyibeit, not unexpectedly, thex was far
from optimal (entry 1 and 2). As expected, théeudeenantiomeric pair of catalysts afforded
enantio-complimentary results of TKIB0. Surprisingly, although the thiourea derivatRi®
furnished the Michael addu@50 in very good yield, theer was disappointing. This is in
contrast to the literature examples previously ghomhere this catalyst was found to be the
most efficient in a wide range of transformatioest(y 3). The optimal catalyst for this
transformation was found to be benzyl deriva@2@d (entry 4). Further conditions screening
suggested that dichloromethane was the best solmewhich to run the reaction. Lower
temperatures afforded the desired compound in caabfeyields and highar. Under these
conditions, the catalyst loading could be dropmedl tnol% without any downside apart from
the extended reaction time (entry 9). As expechtmmhzyl derived quinine derivative04

yielded the opposite enantiomer of the TKP Miclaluct with equivalerdr (entry 10).
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The scope of the reaction was subsequently explosaug differently substituted enones
under the previously optimised conditions and tssafte depicted in Figure 3.1. Catalyst
loading was maintained at 10 mol% and the temperdtad to be even lower (-20 °C) to
guarantee consistently high levels of induced asgtryracross the full set of examples with

corresponding longer reaction times.

0
o 0 HL o}
R
MeOMNBn | RWNBn
BN o  10mol% 201 o BnN 7‘/&0
S CH,Cly, 20 °C o
246 250-256

o) 0
WNBn HWNBn /\‘M(e%y)J\NBn
S BnNm/gO S anj(go S Ban(go

(0] (0] (0]
250 99% 251 99% 252 90%
99:1 er 96:4 er 97:3 er
(0] (0]

MeO,C,, 253 MeO,C.,. 254
Q\/\B/NHH'B" 99% MN% 98%
o Bn 0 973er o Bn o 99:ter
0 0

0 0

ooy weoe, Mg, a8 ey weoe, L, 2
o o
O BnN\H/go 99:1 er o BnN\H/go 99:1 er

o] o]
Figure 3.1 Scope of the asymmetric Michael reaction

Very good results, both in terms of yields and Isew# induced asymmetry, were observed in
all examples. A variety of alkyl or aryl groupsthar with electron withdrawing or electron
donating properties were placed on the enone. Tis®late stereochemistry of all the

examples was inferred from the X-ray crystallogregiata of a compound appearing later in
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this section. The possibility of incorporating éifént substitution patterns on the Michael
acceptor, either at the or g-position on the conjugated alkene was explored. i¢owever,
no reaction took place when using the methyl stilistl versions of acrolein, methacrolein
257 and crotonaldehyd@58, under the optimised conditions, and only TRRB6 was

recovered from the crude mixture (Scheme 3.12).

0
0 \”)J\H O peo,c ©
MeO,C 257
NBn H NBn
B"Nm/go 10 mol% 201 B"Nm/go
CH,Cl,,
© -20°C ©
246 259
0

CO,Me
o) [ oH 0 o
MeO,C 258
NBn H NBn
B"Nm/&o 10 mol% 201 B"Nm/&o
CH,Cl,,
—20°C
246 260

Scheme 3.12 Sterically hindered electrophiles showed an alesefnceactivity

The increased steric was probably the reason bethisdlack of reactivity and it was
concluded that when using enones, no alkyl sulestitan the alkene was tolerated. However,
Michael additions with enones bearing electron dnsting groups ins-position, which
should enhance the electrophilicity of the alkenght be reactive under the present reaction
conditions. Upon subjecting TKRP46 to the optimised conditions in the presence methyl
E-4-oxo0-2-pentanoat@61, the reaction afforded the desired Michael ad@6&t Similarly,
reacting the same starting material with the dowddtivated ethylZ-(5-cyano)acrylate?62

also furnished the desired prod&&4, albeit only the racemic product could be formed.
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Perhaps, due to the low basicity of the chiral lgata compared to trimethylamine, no

reactivity was observed in this case (Scheme 3.13).

0]

0 MeOzC/\)J\

MeOZCj)J\NBn 261

92:8 er
B“Nm/&o 10 mol% 201
) CH,Cl,, 20 °C
246
0

=
Me0,C 7 COst
NBn CN 262
B“N\H/&o 10 mol% Et;N,

o CH,Cl,, -20 °C
246

Scheme 3.13 Doubly activated electrophiles used in Michaeliaoids

Interestingly, only one diastereoisomer was obgkfvem the reaction mixture (see crystal
structures data of compouné63 and264 in Appendix 2). While it was expected tHzg1l
would react as an activated enone, rather thaoghesite way, as anf-unsaturated ester, it
was pleasing to observe that the cyanoester onmiydd product264 resulting from the

reaction of the activated unsaturated ester.

Other types of activation of thieposition of enones were explored next, with weatectron
withdrawing substituents. Chalcone was the seledledtrophile as it is commercially
available. Disappointingly, no desired product waserved upon reaction of TKE6 with

chalcone265 under the optimised conditions (Scheme 3.14).
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o COZMe
o} O Ph|O
A~ 268
MeOZCj)kNBn Ph™ N7 "Ph PhWNBn
BnN\H/go 10Cr:n|-(|)|z)l 201 BnN\H/§O
2Vi2,
° -20°C °
246 266

Scheme 3.14 Chalcone Michael addition with TKE46

As this reagent was only slightly electronicallyhanced, it is probable that the steric

hindrance was overriding this factor and impedimg transformation from occurring.

In our desire to increase the number of examplesrevithis catalytic approach could be
applied, other Michael acceptors that had been usqutevious literature examples were
sought. Deng and co-workers reported an organgsatl reaction using
a-chloroacrylonitrile*?® Analogously, TKP246 was treated with this Michael acceptor under
the optimised reaction conditions (Scheme 3.15eréstingly, thiourea cataly@10 was

found optimal for this particular transformation.

0 NC.__Cl 0
Meozcw)kNB T 175 NCWNB
n 5 "%

BN o 10 mol% 210 Cl BnNm/&O 96:4 er
CH,Cl,,
° —20°C °
246 267

Scheme 3.15 Activated acrylonitrile Michael addition

The electron withdrawing properties of the choriméhe a-position of the Michael acceptor
are probably contributing to increase the reagtioit 175 equivalent to a ketone adduct. It is
also small enough not to hinder the reaction abencase of methacroleitb7. Product267
was afforded in good yield anel an only one diastereoisomer was observed (se¢atrys

structures data for compour267 in Appendix 2). The same group published anotlzgrep
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employing vinyl sulfones as the Michael acceptBiLikewise, this electrophile could also be

applied to the TKP system (Scheme 3.16).

o) PhO,S._SO,Ph o)
MeOZCw)J\ 268 Pho,s.e92¢
NBh " NBn 98%
Ban(&O 10 mol% 210 PhO,S Ban‘/&O 64:36 er
CHQC'Q,
—20°C
246 269

Scheme 3.16 Vinyl disulfone Michael addition

In this case, disulfone TKR69 was produced in good yield but with poor seletjivi
Therefore, although269 shows the expected stereochemistry from this the@210
organocatalysed reaction, in the absence of thawatlsconfiguration information, we are not
completely certain of the predominant stereoisofieis result suggested that further reaction
optimisation was required for this Michael accep#od reflects the chemical disparity
between this:,f-unsaturated derivative and the enones. Neverthetdé®wing such a broad
reactivity was a great asset for this system t@imecmore useful to the scientific community.
Lastly, the widely used nitro olefins were tried thve TKP246. Typically nitro styrenes are

the most commonly used systems and so two exarmpkest on the TKP were synthesised.

Michael reaction with the TKP system gave the @esproducts as depicted in Scheme 3.17.
O,N_  COzMe 271a
: R=H

o o NO2
MeOzC%NBn R 178 or 270 78%

61:39 er
B”N\H/go 10 mol% 201 R B”Nm/&o

CHCl, 271b
° ~20°C © R=F
246 271 61%

Scheme 3.17 Nitro olefins Michael addition
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Both reactions gave the desired products in goeldi yand only one diastereocisomer could be
observed from the crude reaction mixture (althotlyh relative stereochemistry is already
known from an X-ray crystal structure data, the gl@nrhas not been fully refined to date).
However, the present conditions did not induce tgeagels of asymmetry (61:3&) and the
shown isomer in Scheme 3.17 reflects only the egeproduct in accordance with the
relative configuration information obtained in tKeray and the employed catalyst. Expecting
a similar er value for theparafluoro nitro TKP derivative, the HPLC value wastno
determined. Despite showing great potential, thghoaptimisation studies will have to be
carried out, screening different catalysts, to i&hnproducts with greater levels of
enantioselectivity. Although further Michael acaagtwere tried for these systems, they will

be covered in-depth in the next chapter due todkgrences in the reaction outcome.

To gain more insight on the catalyst-substrateraat#on before the Michael addition, various
NMR studies were performed. Stoichiometric amouwftsatalyst201 and TKP 246 were
mixed and their proton NMR spectra recorded andpaoed against those of pure compounds
in deuterated acetonitrile (Figure 3.2). No sulis@wariations were observed in the mixed
spectra. The presence of thgroton in the lower NMR, as well as the rest of #ignals
corresponding to the TKP, in the same position satggthat the enolate form of the TKP was

not present.
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Figure3.2 H NMR spectra of TKR46 (a), catalysR01 (b) and mixture (c) in CECN

However, slight variations between the pure catalgad the one in the mixture were present.
Although no direct conclusion can be made, theatifes might be related to the presence of
H-bonds between the TKP and the catalyst. The tsiblit (A = 0.02 ppm) observed in the
signals corresponding to the AB system of the bemmsthylene, as in the left expansion of
Figure 3.3, is a clear example. The significantabiening in the NMR region that belongs to
the protons surrounding the basic nitrogen (3.35-@pm), in the right expansion, may be

related with the likely H-bond created on that cent
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b)

4.:1-& -'r.:il:l 435 .30 -1..25- 420 33 32 3.1 3.0 3:9 2‘..3 .7 Zl.ﬁ 1.5
Figure 3.3 Expansions comparirﬁb—l NMR spectra o201 (a) and mixture with TKR246 (a)

In order to identify the nature of the enolate byMR| stoichiometric amounts of TKR46

and DBU were used in an analogous study (Figure 3.4

R
» J‘\LJLUM\;
o T

T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0

. . . . . . .
45 4.0 35 3.0 25 2.0 15 1.0 0.5
f1 (ppm)

Figure3.4 'H NMR spectra of TKR46 (a), DBU (b) and mixture (c) in GCN
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DBU, which is considerably more basic than any leoma alkaloid catalyst Ky of DBU is
12.5 in DMSO while quinuclidine is 95) was capable of fully deprotonati@g6. In the left
expansion of Figure 3.5 it could be seen how the benzylic AB systems became broad
singlets and were strongly shifted downfield, frdm3 ppm to 5.46 ppm and 4.70 ppm to
5.06 ppm respectively. Simultaneously, the singtetesponding to the-proton disappeared
in the presence of DBU. These changes were in danoe with the presence of the enolate
form. DBU signals were also drastically changed nvhexed with TKP246, as seen in the

right expansion, indicative of the transformatidrit@ structure upon protonatioff.

K ek M e
b) B

T T T T T T T T T T T T T
62 60 58 56 54 52 50 48 46 4.4 3.0 2.5
f1 (ppm) f1 (ppm)

2.0 1.5

Figure 3.5 Expansions comparirfgb-l NMR spectra of pure samples signals (b) and mextay of

TKP 246 and DBU

In our desire to understand the different reagtiat TKP 246 in comparison with the less
acidic parent TKP, the DBU study was extended tommund242. In an analogous manner,
the NMR spectra of pure TKP, DBU and an equimolatune of both were obtained and
compared (Figure 3.6). Interestingly, noticeabl#edences could be observed in contrast
with the experiment with carboxymethyl TKR6. First, although the integrals for the three
methylene positions remain the same, the signaesponding to the-position (4.27 ppm)

showed significant broadening, indicative of arrattion with the base.

92



Chapter 3 Synthesis of 2,3,5-triketopiperazines
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Figure 3.6 'H NMR spectra of TKR242 (a), DBU (b) and mixture (c) in GGN

Likewise, the DBU signals in the mixture, albeingeally shifted compared to the signals of
pure DBU, were at different ppm values from thesonbserved in the previous experiment

with TKP 246 (Figure 3.7).

The combination of these two features might indicttat DBU K, might not be strong
enough, or thex-protons not acidic enough, to fully form the enelaf TKP 242. Hence,
protonated DBU was not observed as in Figure 3 anly the interacting acid-base
complex is present in the mixed spectrum. Signéisshn the case of DBU, and broadening,
in the parent TKP, can be associated with the Hibmtwork that was probably established

in the crude mixturé?®®
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Figure 3.7 Expansion comparin]g-l NMR spectra of pure DBU (c), in combination witKF 246 (b)

and242 (a)

In light of these experiments, it became evidert thKP 242 might display interesting
reactivity on its own as a nucleophile due to thaswally low K, Overall, the reactivity and
good levels of stereocontrol achieved with the cayimethyl TKP246 was remarkable but
somehow predictable as it was essentially a 1,8ddanyl system embedded in a cyclic
scaffold, similar in K5 to the system reported in the literature. Howewar,were curious to
explore the limits of the Michael addition’s readty in the context of the less activated TKP

242.

It was clear that TKP syste@#6, in sharp contrast with the corresponding DKPagcted
under literature conditions for the organocatalybidhael addition very rapidly. Although
no direct measure of TKB46 pK, has been carried out, and only taking the chensicidtl of

the a-proton as an approximation of its acidity, thisH'Kystem seemed to be considerably

less acidic in comparison with tlheproton of acyl protected DKPs (5.94 ppm of DREO
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compared to 4.82 ppm of TKR6 in chloroform). Although it may appear counterititie,
this result implies that not only might the aciddfythe system be playing a fundamental role
in this transformation. It could be hypothesiseat #h TKP, bearing an extra’sgentre within
the ring, could form a more stable aromatic intatiae 274, in equilibrium with the reactive
enolate 273, which, overall, enhances its reactivity towardsci\el acceptors (Scheme

3.18)%

Scheme 3.18 Proposed reactive TKP intermediate

Should the proposed intermedi&#®&l be part of the reaction and bearing in mind trghly
reactive system in hand, as shown by the NMR stwidyKP 242 with DBU, it was
hypothesised whether any extra activating groupw3$ necessary for the Michael addition
to occur. TKP242 might be reactive enough under the present optnieaction conditions
and so, in order to check this premise, it waseaibgl to the Michael addition reaction with

trimethylamine at room temperature (Scheme 3.19).

o
O 0} O 0]

0]
o) Hk
#NBn | 188 WNBn NBn
0] CHzclz, I’t, 2:1 e) 0]

242 276 277

Scheme 3.19 Initial Michael addition test on parent TKP
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In the absence of literature references, the rapigsumption of the starting material to
furnish an approximate 2:1 mixture of two produafi®r one hour of reaction, resulting from
the mono 276) and double Michael additio2{7) to the parent TKP was surprising. As seen
in the'H NMR spectrum of the reaction mixture in Figur8,3oth products can be readily
identified (see Chapter 5: Experimental Part fodedailed analysis of the mono addition

compound).

02-13-Simpkins-18
AXC342F1.1, CDCI3, AVIII300Mz

3 ’A8
<
I

Benzylic signals for
double adduct

T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

Figure3.8 'H NMR spectra of the mixture of mono and double Melhadducts

Not only the activating group was unnecessary lier Michael addition to proceed but the
double Michael product observed meant that ewvaikyl TKPs could undergo this reaction.
Furthermore, by carefully controlling the stoichietny and temperature, different tandem
1,4-additions could be sequenced to furnish dolbtrael products where two different

electrophiles were used (Scheme 3.20).
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Q H’k O
R R
%NBn -------- ‘ ----------- > R MNBn
1
BnN\H/g 10 mol% catalyst O BN 5
o solvent

278
R = Alkyl and aryl derivatives

Hk ................... - R '
BnN\H/go 10 mol% catalyst 0 B"N\H/go
solvent

Scheme 3.20 Proposed reactivity of alkyl-TKB78 and TKP242

It is also worth noting that this reaction is oné the first examples of asymmetric

organocatalysis using a purely mono-activated myptide. Only a handful of examples of

this type have been described, for example Barbdxa-workers reported an organocatalytic
Michael addition of nitro olefins to pyrazoleamidebstrates using a urea-based cat&@§at

(Scheme 3.2

OMe
B
) ON N N
. Ph ON Z/N,N 28210 mol% 2 \© N O CF
o m CHCl3, -20 °C "o O I Q
NO,
3

0 95% N CF,

20:1 d.r. Ph'
178 281 95% ee 28

Scheme 3.21 Barbas mono-activated amide surrogate

Although this example constituted the first report organocatalysis of mono-activated
amides, this substrate could not be consideredralatd amide. ThB-pyrazole substituent

was likely contributing to bring thekp of the a-proton lower than that of a normal amide.
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The authors commented on how the ester or the lmimg amide showed a complete lack of
reactivity under these conditions while the elattrieh pyrrolyl amide showed less
enantioselectivity, underlining the importance ohet more electron withdrawing
characteristics of the pyrazole amide. In addititve, combination with an electron deficient
aromatic ring makes this substrate more prone tsvadeprotonation by typical
organocatalysts. Nevertheless, excellent resulte wobtained across all examples in the
paper, reaching high levels of diastereo and eoselctivity. Also noteworthy is the ability
to furnish the desired product in very goed Although the acidic hydrogens in the final
product could have been problematic, excerosion or byproducts were reported. The same
group published another organocatalysed reactiamimg nitro olefins and oxindoles using

a newly synthesised thiourea-based cat@§5t(Scheme 3.22)2

CFs
S
Bh 28510 mol% Q )J\ /@

A < NN CF
OaN CHCly, —20°C. E I 3

Boc 96% Boc N((CH2)3Ph),

10:1 d.r.
99% ee 285

Scheme 3.22 Barbas monoactivated imide surrogate

An imide is the sole activating group in this cadthough reactivity of the system was
probably enhanced by both the nature of benzylgitiom and the aromatic enolate. An alkyl
group is tolerated in the-position and did not seem to interfere with thacteon outcome.
Hence, we were confident about the potential ofalkgl TKPs to become valuable substrates
for the asymmetric organocatalytic approach. Défersimple imides have also been reported

in the literature to perform well under typical argcatalytic conditiong-Butyrolactam287,
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in essence an imide surrogate, has also been eegplayasymmetric vinylogous Michael

additions (Scheme 3.2%3°

142 10 mol% Ph 81%
OQN/\/Ph p m’ /\c N ZOI:d.r.
N 3 N H NO 89% ee
0 Boc 0 Boc 2 °
178 287 288

Scheme 3.23 y-Imide Michael addition

N-Boc protection proved of utmost importance to aechithe vinylogous reaction, providing
the appropriate imide functionality within the st Enolate attack has also been explored

on this same system, although an activated carbwayithe electrophile in that caSé.

With this limited number of precedents the samectiea previously explored with the
activated TKP was investigated with the parent commo under analogous conditions

(Figure 3.9).

The scope of the reaction was highly reproduciatel good yields were obtained across all
substrates. However, enantiomeric excesses werevgaah inconsistent. This was probably
due to the presence of a highly acidic proton anfthal products which, as seen in the initial
experiment, was prone to form the double-Michaaduatl In fact,er erosion could be
witnessed wheR90, with the enantiomeric ratio of 96:4 already detieed, was re-exposed
to the same reaction conditions without the elgttile in the mixture. After two hours, the
isolated materiaér had been eroded to 89:11. So in this particukmsfiormation, reaction
time and low temperature were crucial to averderosion and further addition of another

electrophile to the TKP core.
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Figure 3.9 Scope of mono-activated Michael addition

In the present study, chalcones were very wellrasdel by the nucleophilic substrate,

presumably due to the absence of the extra hindrahthe reactive centre. Longer reaction

times compared to the non-substituted enones, mexessary, typically five to seven hours.

However, it was noteworthy that no overreaction eser observed in these cases, very likely

due to the extra bulkiness around the reactivereeRroducts in excellent yields and very

good levels of enantioselectivity were afforded

oth cases, and only a single

diastereoisomer could be detected in the crudgiomamixture.
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X-Ray quality crystals were grown from TKP addu2® and296 to help us determine the
absolute and relative stereochemistry of the csimlyproducts. Compoun@96 (Flack

parameter: -0.027(3)) is depicted in Figure 3.1028% can be found in Appendix 2.

Figure 3.10 TKP 296 crystal structure with 50% of ellipsoid probalyilit

As observed in the X-ray crystal structure, botldrbgens at the reactive centre of the TKP
and p-position are staggered along the newly createdocacarbon bond, while the phenyl
substituent at the$-position and the TKP ring seem to arrange themeseim a gauche
conformation. This feature enabled the larger broimeayl ketone group and the heterocycle
adopt an antiperiplanar disposition. This crystalgure helped to propose and rationalise an
interaction model that explained the observed stdremistry. Basing this proposal on
Deng’s previous reports, a model where the threepoments of the reaction were arranged

was suggested as depicted in Figure 3.11.
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0 O. BnN

’ // _— 68
H H Ar = 0-CgH,Br , NBn
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’ H N O HpPh O
OR
— 4 296
\

Figure 3.11 Proposed interactions in the transition state ef\lichael addition

In this model, the nucleophile and electrophileamiged themselves spatially in the required
manner for the newly formed carbon-carbon bondeftect that specific disposition of the
substituents in the final product. Although #redoarrangement of thg-phenyl group from
the Michael acceptor with respect to the TKP cyul@y appear sterically disfavoured, this
stacked conformation is plausible owing to thesaflplanar nature of both rings and explains
the disposition observed in the crystal structufeking this model into account, the
stereochemistry for all previous asymmetric 1,4Haalts was confidently expected to remain

consistent at the-position of the TKP ring witl296 X-ray.

In an attempt to extend the scope of the reacstandard alkyl group in either theor S

position, such as those in methacrolein and crédehgde, on the electrophile were found
unable of delivering the desired product under daesh conditions. Again, the lack of any
form of activation combined with the increase hambre around the reactive centre was

considered responsible for the absence of reactivit

Conversely, employing activated Michael acceptavgh electron withdrawing groups in

either of the two positions of the alkene, such2é% or 262 dicarbonyl derivativesa-

102



Chapter 3 Synthesis of 2,3,5-triketopiperazines

chloroacrylonitrile or nitro olefinsl78 and 270, as used in the case of TKH2, did not
furnished a clean product. Instead, the high reiagtof these substrates was hypothesised to
be responsible of yielding a mixture of diasteremisrs of both the mono and double Michael
products. The separation of this mixture provedntiag and these reactions were concluded
to be impractical from a synthetic point of viewowever, exclusive mono-substituted TKP,
albeit in a complex mixture of inseparable diasiesy@mers was isolated when the reaction
was interrupted after only 20 minutes of reacti@ween the parent TKP and nitro olefin

270, as it was inferred from spectroscopic data amalgcheme 3.24).

0]
270 H
NBn F /@ NBn
BI’]N\[(&O 103.;_'0'2/:0' 201 F BnN\H/gO
201,
O -20°C 0
242 297

Scheme 3.24 Nitroolefins Michael addition to TKP42

In light of these results, the absence of the estbstituent on the TKP was not only reducing
the theoretical acidity of the-proton and, evidently, opening up a second pasiio further
nucleophilic attacks should the conditions be optjnbut it also appears to have a clear
impact on the diastereoselectivity, especially whaghly reactive electrophiles were
employed. When the carboxymethyl TKE46 was employed, the nucleophilic TKP
resembled a 1,3-dicarbonyl moiety. It is conceigatilat a more tightly locked catalyst
arrangement during the catalyst arrangement, withgher number of H-bonds, could be

responsible for the increased diastereocontrolfaster reaction rate observed with this TKP.
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It is also worth mentioning how different reactwitvas observed when two very similar
electrophiles, such as nitroolefih78 and chalcone265 were employed. While th¢g
substitution is the same for both, they differ he tnature of the electron withdrawing
carbonyl or nitro group. The nitro group is knovenbie more electron withdrawing, resulting
in a more reactivex,f-unsaturated derivative. However, both Michael ptws played
different, yet revealing, roles in the scope wheaduin this reaction. Whilst the nitro olefin
was reactive enough when TKH6 was screened, the high reactivity was presumdidy t
origin of the lack of selectivity in the scope oKH 242. Conversely, chalcone’s lower
reactivity did not meet the necessary reactivitgureements in the TKR246 scope when
combined with the high steric clash between thenata@ ring and the methyl ester at the
nucleophilic reactive centre. However, in the abseaf the ester group in TKB42, this
Michael acceptor had the perfect reactivity balatoc&rnish a diastereoselective product of

the mono-Michael adduct.

Further electrophiles, such as 1,1-vinyldisulfo2&3, were employed in this scope. As
expected from its lower reactivity compared withata-activated Michael acceptors and the
absence of any diastereoselective challenge, theonMichael product298 was the only

isolated product from the reaction mixture (Schénab).

o) PhO,S.__SO,Ph e,
268 PhO,S
NBn o NBn 61%
BnN o  10mol% 210 PhO,S Ban‘/&O 61:39 er
CH,Cly,
O OOC O
242 298

Scheme 3.25 Vinyl disulfone Michael addition
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The rather low yield could be associated with tberpsolubility of formed TKF298 and its
immediate crystallisation out of the reaction mmetuwhich could also be linked with the
absence of any double Michael product. However ctitalyst did not induce great levels of
stereocontrol in this example and TKRB8 represents the expected isomer but we are not

absolutely certain about it.

3.4. Synthesisof 6-Alkyl Triketopiperazines

Having established the limits of the asymmetric ih\iel transformations on the activated
TKP 246 and the inactivated pare2, we next sought to explore the possibility of efiieg
these reactions omalkylated TKPs. Bearing in mind the possible diffties, in particular
the likely steric clash between the alkyl chain #melelectrophile, combined with the absence
of further activation and, thus, probable decreafseeactivity, we set about optimising a
method that would allow us to introduce differeldybchains effectively. The first approach

consisted of employing LHMDS and allyl bromide (8ofe 3.26)

i) LHMDS, THF, S 0
HJ\NBn -78°C, Ny \/\)J\NBn
BnN ii BnN
n m/&o ii) Br/\/ n m/&o
0]

o) -78°Cto0°C

242 299

Scheme 3.26 TKP alkylation using lithium bases

Unfortunately, the desired product was never olexermost likely due to the incompatibility
of the highly reactive lithium enolate in the temgiare ranges where alkyl halides are

reactive enough. More typical alkylation conditionsing sodium hydride and higher
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temperatures were subsequently envisaged. InitigHy- at 0 °C was tried, but optimal yields

were achieved using DMF as solvent (Table 3.3)

o i) NaH, DMF, 0
HJ\NBn 0°C, Ny _ R%NBn
BnNm/&O ii) RX, 4 h RSN
0 0
242 299-302
Entry RX Yield (%)
299 AllylBr 82
300 BnBr 83
301 "Prl 81
302 Mel 80

[a] Combined vyield for the mono and dimethylatedPTK

Table 3.3 Alkyl TKP formation

The temperature had to be carefully controlledeesly when smaller electrophiles were
employed so as to avoid double alkylation. Howewdren the methyl iodide was employed,
no experimental variations avoided the formationcofsiderable amounts 802 together

with dialkylated product, in an approximate ratfa2al. Apart from this case, three alkylated

TKPs were successfully synthesised in very goolllyias shown in the previous table.

The organocatalysed asymmetric Michael addition walssequently tried employing the
optimised conditions previously used. Since thesbstates could not undergo double
addition, all experiments were conducted at 0 °@docelerate the reaction rate. In spite of
this, sluggish transformations with considerablyeexled reaction times, between five to

seven days, were observed across all examplesndiegeon the nature of the electrophile

(Figure 3.12).
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Figure 3.12 Scope of asymmetric Michael additions on alkyl BKP

The enantiomeric excess was only determined fomtathyl vinyl ketone and phenyl vinyl

ketone adducts303-305, 310 and311). A maximumer of 77:23 was measured and it was not
expected to drastically improve in the rest of éxamples. The low basicity of the catalyst,
combined with the extra hindrance at the reactsatre was considered responsible for the
poor reactivity and selectivity. Nevertheless, thwas a remarkable transformation only
reported once before in the Barbas example of agmalysed Michael additions to alkyl

oxindoles, a benzylated centre which was inhereantlye activated than this present example

(Scheme 3.22).
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It was initially conceived that only one enantioneéithe starting material would react faster
than the other in the presence of the cinchondysatae. a kinetic resolution. However, due

to the yield of the reaction being over 50% comsiy and the absence of any enantiomeric
excess in the unreacted starting material fromnistied experiments that assumption proved

to be invalid.

An improvement of the selectivity was pursued amteasing the basicity of the catalyst, in
order to have a higher enolate concentration inr¢laetion, was believed to be crucial. Few
examples where stronger bases have been employedjanocatalysis are reported in the
literature. We became interested in the triarylammphosphorane derived catalysts optimised
by Dixon and co-workers for the stereocontrolledniyereaction of nitromethane and

substituted\-diphenylphosphinoyl ketimines suchaist (Scheme 3.27F°

Ph/Y\N/,PPh3

_P(O)Ph
NP (OPh, 10moi% 315 HNT QPN SN
P MeNO2 — oah  Meh N0 [FC NH
Ph Me ’ PH :
314 122 93% yield 316 315

78% ee
CF;

Scheme 3.27 Dixon superbase catalyst example

Typically, tertiary amines have aKpy:+ of 18.8 in acetonitrile while these new
aminophosphoranes were in the range of 22.7, appataly four orders of magnitude more
basic than the commonly used triethylamine. Chorfainctional derivative815 combines this

basic moiety with the recurrent thiourea proton afosite in a chiral skeleton, using the
corresponding amino acid, phenylalanine in thisecass the starting material. Whilst a

standard cinchona alkaloid catalyst showed no ikegctin this study, a range of
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enantioselective Henry products suct3a6 were isolated when cataly31t5 was employed.
More interestingly, asymmetric Michael reactionenfr Scheme 2.4, previously optimised
with cinchona alkaloid derived thiourea catal{3® were completed in a matter of hours

rather than days with comparable levels of stenetwob

Inspired by this result, cataly315 was synthesised as reported in this paper tattestalkyl

TKP 300 asymmetric 1,4-additions. Unfortunately, the oathfailed to deliver the desired
results as the level of enantioselectivity achiewas only 60:4Cer. Nevertheless, reaction
time was drastically shortened and the producteviermed in only one day at -30 °C

(Scheme 3.28).

0]

0 HL 0
Me
Bnﬁ)J\NBn | Bn,,, NBn 85%

Me
B“Nm/&o 10 mol% 315 Y Ban(go 60:40 er
S CH,Cl, ~30 °C, I

300 1 day 305

Scheme 3.28 Dixon base application on alkyl TKPs

In conclusion, although the reaction rate was imedp the spatial layout of the bifunctional
catalyst was not probably suit able for substra@® in the asymmetric reaction. In
comparison with structure of cinchona alkaloidsidgives, this catalyst appears to be much
more flexible and different minimum energy conformenight be present in solution. This
feature could justify the low level of induced asyetry as a high bond rotation around the
active sites in the catalyst may not be capabldooking the substrates into a fixed

arrangement before the carbon-carbon bond was made.
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Having both active sites very close together indhglyst, only separated by a two carbon
chain, seemed to be suitable for Dixon’s work. Heeveit is evident that both electrophile
and nucleophile involved in this reaction were e¢desably larger in size than these literature
substrates. Thus, optimal interaction in such cfmeimity might be considerably hindered,

and the new bond could not be formed entirely sgakectively (Figure 3.13).
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Figure 3.13 Comparison of proposed models leading to T3P with catalyst201 and315

Taking this input into accounitge. in terms of reactivity and conformation, a comelgtnew
catalyst could be tailored to meet the specificdseef our reaction system. Although this
issue was not cover under the present projectwgpfeposals will be outlined in the future

plans based on the ideas generated from all thegat information.

Lastly, sequential Michael additions with differexéctrophiles were explored by controlling
temperature and stoichiometry. Essentially, thet fivlichael could be run as the ones
optimised from Figure 3.12, where a low temperat(#20 °C at least) and addition of
equimolar amount of the acceptor furnished the mdratael product. Once the reaction was

finished, a superstoichiometric amount of a seccweptor was added. This second reaction

110



Chapter 3 Synthesis of 2,3,5-triketopiperazines

could be treated as an alkyl TKP Michael additemthe temperature could be raised to 0 °C

and the reaction times were extended. The in#éstistare depicted in Scheme 3.29.

0 0
0 i) i) O, 0
%Et ﬁR Et)\,/“'
NBn . R NBn 317aR=H 85%
BHN%O 10 mol% 201 0 Banw/&O 317b R=Me 79%
CH,Cl,, -30 °C to 0 °C,

0] 0]
242 317

Scheme 3.29 Sequential Michael addition

Sequential use of ethyl vinyl ketone, under theesaonditions of the mono Michael product,
followed by addition of acrolein or methyl vinyl tame at 0 °C for two days afforded
products317a and317b in good yield. Interestingly, the reaction timetbé& second addition

was shorter if compared with the standard alkyugeopreviously tried. Although the reaction
was run with a chiral catalyst, rey could be determination due to lack of separatibthe

racemic adducts in any of the chiral columns abéela

Further tests, with other electrophiles were puiisitighly reactive nitro olefins were chosen
to take part as the second Michael acceptor. Tlvere some concerns about the reactivity of
this class of electrophiles as they feature ayfdidlky group at the reactive centre. The lower
reactivity of alkyl TKPs could prevent the secorttliion of these electrophiles from even
occurring. However, we were pleasantly surprisedstdate not the expected product but

spiroTKP 318 (Scheme 3.30).
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i) (J\Melo /Jr HO < -
NBn Ph o,N l n
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CH,Cl,, —30 °C to 0 °C, o
O 69%

Scheme 3.30 Spiro TKP formation

Product318 arose from the Henry reaction between the nitdadae and the electrophilic side
chain ketone. This transformation proved to be lyiglastereoselective as only one product
was observed in a reaction forming four contigustsreogenic centres. However, the
stereochemical assignment could not be completdteasrystallographic data has not been
elucidated yet. Lastly, upon subjecting the pafB&dP to phenyl vinyl ketone followed by
nitrostyrene under the previous reaction conditisEroTKP 319 was isolated from the

reaction (Scheme 3.31), similarly to the previoxameple.

0 No, P o
) i) ii)
[P | HO - AN\B
NBn Ph O,N ! n
BnN o 10 mol% 201 Ph gar o
CH,Cl,, -30 °C t0 0 °C, 0

7%
242 319

Scheme 3.31 Attempt to Spiro-TKP dehydration

Analogous to spiro TKRB18, the reaction was highly diastereoselective. Nanéomeric
ratios could be determined in these last two exas@s none of the available columns prove
effective for any of the spiro-TKPs. Although artiopal catalyst might need to be found for
these transformations, the possibility of perforgnisequential stereoselective Michael

additions represents a remarkable and unprecedtsdrae to date.
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3.5. Further Transfor mations

Having established organocatalytic methods for émantioselective synthesis of
various TKPs, and having set the scene for thehegig of other TKPs to be optimised in the
near future, we became interested in the diffeolieimical alternatives our enantioenriched
products could undergo given the key functionaifeesent within the molecules. Therefore,
we focused our efforts on developing routes to sschiral DKPs starting from the TKPs and
using chiral TKP systems to form bridged DKPs. tddiely we aimed to devise a mild
method that would enable us to either hydrolyse ik ring so the newly formed
enantiopure non-natural amino acid could be undeleremove the benzyl protecting groups

from the nitrogens. Work carried out in these thassas will be subsequently described.

3.5.1. Reduction of the C-3 position

Selective reduction of the carbonyl group belongimdpoth the imide and the oxalyl
moieties, also referred as the C-3 carbonyl, wauéide us with a very wide set of tools to
access different types of molecules. For instaosmplete reduction to the methylene group
would furnish the chiral DKP while radical reductiavould likely affect this position and the
side chain carbonyl group furnishing various bridesed structures. Fortunately, the C-3
position has been demonstrated to show distin@igetrophilic properties compared to C-2
and C-5. The possibility of a Grignard reagentdiestively attack this position was shown to
be completely selective on this position in theecakunsaturated TKB20 by Overman and

co-workers (Scheme 3.3%f
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MeMgClI
THF, -78 °C
86%
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Scheme 3.32 First hint of TKP reactivity

Furthermore, in the same publication, a unified hodt to access various ETP natural

products was described based on the reactidtydroxylactam321 displays, mainlyia

nucleophilic substitutions of thd-acyl iminium centre generated under acidic treatmehis

approach could be easily adopted should the regicsgty of any nucleophilic attack be the

same for the TKPs. Hence, a simple experiment empénent TKP in the presence of a simple

aldehyde or ketone reductant, such as sodium bdrimley helped us to determine whether or

not the attack on the C-3 carbonyl occurred exeglgi(Scheme 3.33).

0
#NBn NaBH, #NBn
3
BnN\H/gO MeOH, 0 OC, BnN\H/Lh\OH
1h, 62%

0]
242 322

Scheme 3.33 Reduction on a model TKP

Typical reaction conditions afforded hydroxy-DKR2 in good yield. The use of the same

reductant afforded dioB23 from TKP 251 by reducing the side chain aldehyde witch

concomitant attack to the TKP C-3 position exclagn(Scheme 3.34).
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3 BnN
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1h, 70%

251 323

Scheme 3.34 Reduction of a chiral TKP

Dihydroxy adduct323 was isolated in a 1:1 diastereomeric mixture. Mattyer reducing
agents were tried on a range of chiral TKPs toea@hselectivity on the C-3 carbonyl over the

diverse side chain groups.

Bulky reducing agents were also screened in aalésionly affect the more rigid and less
encumbered region of the molecule. In fact, thetrea of L-selectride with chalcone TKP
295 afforded hydroxy DKF324 as the only product of the reaction in good yehd only one

single diastereoisomer (Scheme 3.35).

-] H -] H
Ph S NBn L-selectride Ph S NBn
_
BnN._3 o BnN
n \H/§O THF, -78 °C A \H)\OH
1h, 87%
o 0]

295 324

Scheme 3.35 Selective reduction of C-3 carbonyl

The steric clash provided by the two phenyl substits around the side chain ketone was
probably hindering the approach of the large reuyieigent and preventing any reaction on it.
As it can be inferred from produ25, not only were the side chain substituents obstrgc
the reduction of the ketone but they were alsoymesl to impede the approach of the
reductant from the top face where the side chais amd thus, explaining why only one

diastereoisomer could be observed in the cruddiosamixture. The assignment was also
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confirmed by indirect nOe correlation. Whilst neatit H-3/H-6 correlation was detected in a
NOESY experiment, there was a correlation betwéenQH and the sidechajithydrogen

that could only exist in the shown diastereoiso(Régure 3.14).

LMJ I .

T T T T T T T T T T T T T T T T T T T
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
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f1 (ppm)

Figure 3.14 NOESY spectra of hydroxyDKB24

However, this method could not be generally appleedll cases sincgsubstitution proved
essential for the selective reaction of the C-daayl. A mixture of ketone, C-3 and both
functionalities reduction were observed from tha&cten crude upon subjecting TKF6 and
292 to these reaction conditions and only very smiadbants of the desired products were

eventually isolated.

Hence, the aim was to discover a particular sepoflitions that allowed the C-3 position of
the TKPs to be reduced selectively. Further redueaigents were tried in order to convert the

TKP into a DKP as desired (Scheme 3.36)
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O O
MeO,C., MeO,C.,
MeM NBn - MeM NBn
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Scheme 3.36 Desired reduction

Borane is very well known for reducing carbonylgps such as carboxylic acids or amides,

in the presence of esters and sometimes ketonherf®c3.37}°°

CO,Me CO,Me
(0] N reflux, 1 h, 54% N
Bn Bn
326 327

Scheme 3.37 Borane amide reduction

However, upon applying these conditions to the Bg¢Btem no reaction took place and only
the starting material was recovered from the reactnixture. It is known that sodium
borohydride reduction worksgia hydride addition to the electrophilic centre, ahds, the
more electrophilic the carbonyl is, the more fagile reduction. On the other hand, borane is
reactive towards amides or acids due to the paatiguhigh electron density these carbonyls
have via successive coordination of borane molecules eropbytals to the lone pair of
electrons of the oxygen in the carbonyl group. Hertbe more electron density on the
carbonyl, the better it would be reduced. In thePTKase, the cyclic carbonyls are not

particularly highly charged, as they are imidebeathan amides.

Other amide reduction methods were investigatedh g silane hydrides (triethyl silane

hydride and triethoxy silane hydride) in the preseof the Lewis acid, boron trifluoride and
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TFA. Unfortunately, only the starting materials weecovered after the reaction in all cases
but one. The side chain ketone was reduced inrésgepce of Bf* OEt, and (Et}SiH to the
alcohol leaving the C-3 position completely untoedthand furnishing the product in 81%

yield and a 1:1 mixture of diastereoisomers (Schargg).

0] O

EtSiH,

MeWNBn _BFyEL0_ MeMNB“ f:1dr
BnNm/go CH4Cl,, 0°C, OH B“Nj(go

J 1h, 81% o

250 328

Scheme 3.38 Silane reduction of side-chain ketone

Although few catalytic methods are available in literature for the selective reduction of
amides, there have been recent reports by Beltkcatworkers where zinc complexes, in the
presence of silane hydrides, have been employe&dféot such transformations, notably, in

the presence of ketones (Scheme 3'%0).

40 °C, 83%

o}
©)J\’\(\AI\ Zn(OAc), (10 mol%) ©/\’\(\AI\
o (Et0)3SiH, THF, 22 h o
329 330
Scheme 3.39 Zn(OAc), catalysed amide reduction

Unfortunately, upon treatment of chiral TKBO under the same conditions, no reaction took

place and the starting materials could be recovered

Mechanistically, these reaction conditions wereppsed to form the reactive complex
between the zinc acetate and the silane beforeaitts with the carbonyl centre. The
hemiaminal silane-ether intermediate was presunoetiet formed after the first hydride

addition. At this stage, the lone pair of electrénosn the nitrogen expelled the oxygen as part
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of a zinc-silane aggregate, furnishing the iminioation intermediate that got subsequently
reduced by a second zinc-silane complex. The lamreqgb electrons from the amidic nitrogen

was reported to play a key role in the amide radocin the TKP cases, they are delocalised
among more than one centre, forming an imide andxatyl amide and, hence, they are not

as readily available as this method demands.

Given the low success with hydride type of redudijowe shifted our attention to radical
based reducing methods. The TKP system was hyps#ite excel at forming the radical
anion intermediate due to both the possibility efodalising the electron into the contiguous

carbonyl and the anomeric stabilisation providedhgyimidic nitrogen (Scheme 3.40).

o] o] o]
R1/ * R1/ R1/,
R, NV—R R, NBn R, NBn
O BnN THF o BnN o= O BnN
o) o) 0
o} Ne! B
331 L 332 333

Scheme 3.40 Proposed radical stabilisation on standard TKRegys

Typical radical conditions, such as AIBN or light ¢he radical initiators and tributyltin
hydride, tris(trimethylsilyl)silane or bis(tributyh) were firstly screened in refluxing toluene
with no succes¥® Hereafter, we focused our attention on single tedactransfer (SET)
reagents. Our interest in this type of chemistrg wtirred by the work recently published by
Procter and co-workers in which they selectiveluee the most electrophilic carbonyl group

within the ring of barbituric acid derivativé84 (Scheme 3.41)*°
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0 0 0
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Scheme 3.41 Procter mono-reduction of barbituric acid derivas

Samarium iodide, in THF with superstoichiometricoamts of water, was employed as the
reducing agent in this SET followed by acid quenahurnish hydroxy lactam836. The
reducing potential of samarium iodide had to bghsly modified so it could reduce the
imidic position by forming a more reactive complaith water'’® Likewise, the same
activated imidic position was devised to be readi#ygluced intheTKPs. The side chain
carbonyl group reductive potential would also béhimi range so it was assumed that two
molecules of Smlwould be necessary to reduce the Michael addiitsdical reaction
intermediate338 would then collapse, forming a new carbon-carbondp and furnishing
bicyclo[2.2.3]diazanonane structures such3a8, essentially a bridged DKP, in a formal

reductive carbonyl coupling (Scheme 3.42)

o 0

(0] H
MeO,C., Sml,, additives MeO,C,, =R
RMaNBn ........... - R— NBn I EEEE OBn OH
BnN BnN ~_..Sm MeO,C N
(0] \H/go THF, rt Smlll/o \H)\O 2~ BnN

0 o) 0
337 338 339

Scheme 3.42 Proposed Srmalreaction sequence on TKP adducts

With this proposal in mind, trials with Michael adds in dry THF were firstly carried out to
check whether or not these systems were reactigerithose conditions, as Procter stated in
the barbituric derivatives chemistry. Inthis case,were delighted to isolate a new compound

from the reaction mixture. However, upon thoroughecroscopic analysis, this novel
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structure did not match with the proposed reagtiiburse, but with fused bicyclic

compounds340-346. The reactivity profile was maintained throughautwide range of

different TKP Michael products both asymmetric, lsas TKPs250 and 276, and racemic,

like alkyl TKPs303, 304, 305, 308 and309 (Figure 3.15).

R20H

RZMNBn Sml;(2eq), R~ "NBn

O BnN 2 o THF BnN.__ 3 o
o o

331 340-346

OH OH
WOH “OH
MeO,C'" NBn H NBn

Ban(&O BnN\H/&O

o) o)
340 341
66% 82%
\\OH N
\OH
By NBn  pp
BnN BnN
n n 7‘/&0
0
344

Figure 3.15 Scope of reactions with Spih THF

The reaction proved highly diastereoselective, iy one single diastereoisomer could be

observed in the reaction mixture. X-Ray crystalcure from compoun840 unequivocally

demonstrated the structure and absolute stereostrgnfiFlack parameter: -0.01(4)) of this

product (Figure 3.16).
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Figure 3.16 Crystal structure d840 with 50% of ellipsoid probability, d (O-H) = 1.85(1&

As it can be seen in the crystal structure,diH2KP substituent and the two newly generated

hydroxy groups are all directed to the back ofrti@ecule.

In order to thoroughly explore this chemistry, tkaction of the same TKP substrates to the
conditions first proposed, Sgin THF/water, was also set to check whether theeoked
reactivity was maintained under a more reactive imedd whether the envisioned radical
cyclisation was feasible. To our surprise, no tsagkthe fused DKP systems were observed
and the predicted bicyclic systems were solelyaigal from the reaction mixture. However,
only the more stable alkyl TKPs underwent this sfarmation and in a lower overall yield

compared with the previous examples (Figure 3.17).
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Figure 3.17 Scope of reactions with Spih THF/H,O

The reaction was not completely diastereoselecteved inseparable mixtures of
diastereoisomers, on the bridge fully-substitutadbon, from 2.5:1 to 4:1, were furnished.
Likewise, the structural conformation was furthdrecked by X-ray crystallography to

confirm the proposed bicyclic DKP from compousd8 (Figure 3.18).
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Figure 3.18 Crystal structure d848 with 50% of ellipsoid probability

The crystal structure 0848 clearly showed the three carbon bridge over the DKire
structures from both diastereocisomers can be foartie crystal set, the major one being
displayed in Figure 3.18. Although the set of ressfilom this last transformation may not
appear to be optimal, the possibility of changing teaction outcome by the simple addition
of water is an outstanding feature of these pdeiciKP Michael products. In the literature,
there are only a handful of examples showcasing ititeresting property. Procter and co-
workers published a samarium iodide mediated tomnsition where lacton&53 was
subjected to radical reducing conditions using tlifterent additives, MeOH an®uOH "
Interestingly, two set of results could be easilgtidguished. MeOH mediated reaction

afforded spirolacton852 while using'BuOH furnished cyclobutanol derivatids4 (Scheme

3.43).
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Scheme 3.43 Example of additive dependant Smdaction

The mechanistic insight behind this phenomenon besed upon the relative rate of proton
donation by each of the additives. Fast protonaiotme anion generated in tfieposition of
the unsaturated lactone by MeOH affords the racicalate of the ester that attacked the
ketone electrophilic position after a second etecttransfer by samarium affording spiro
lactam adducB52. On the other hand, if that protonation was slasvin théBuOH case, the
anion could live long enough to attack the ketoagbanyl forming the cyclobutanol ring.
Second electron donation, followed by relactonisgtifurnished producss4.'’? Two more
types of examples by the same group are availabbrava change of additive swapped the
reaction outcomé’® However, the first comprised a reaction betwedwras and ketones
while the last one was essentially an additive miaah transformation after the samarium
reduction is over. There are no examples in tleeditire where an additive is responsible for
a change in the reaction regioselectivity involvohfferent carbonyl centres and furnishing

two different pinacol outcomes.

Mechanistically, the formation of fused bicyclicafnework 357 could be explained by

determining which carbonyl was the most susceptiblbeing reduced. In spite of the C-3
position being a very good radical receptor, aviptsly stated, the side chain carbonyl still
had, in comparison, a more accessible reductivengiat. Since the initial potential of the

standard Smlin THF solution is not high enough to affect tmeidic carbonyl, only the
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ketone or aldehyde gets an electron transferredh upsatment with superstoichiometric
amounts of the samarium solution. This new speisgsrobably forming an intermediate
where Sm (lll) is tethered to the closest, lessi&iad carbonyl group, being the C-5 carbonyl
as in355. This intermediate presumably exists before treoseg SET as suggested in the
literature’” The second electron might be transferred whilenie carbon-carbon bond is
made in a 5-exo-trig manner to form the fused beyElowever, this electron can also get
transferred before the new bond is formed, asemtievious examples by Procter. Hence, the
transformation could be considered a formal unpplagclisation of the side chain ketyl
carbanion to the C-5 carbonyl position. The highstBreoselectivity could be reasoned due to
the proposed tethered transition state where thlee daygen atoms are forced intoces

conformation which, as a result, dictates the apatirangement of the rest of the groups

around the newly created bond (Scheme 3.44, k) si

On the contrary, when there was water presentarrélction mixture the reducing potential
was increased. Although the first SET was presutoextcur on the same centre, addition to
the carbonyl with the lowest potential energy, dmmaof a second electron could rapidly
occur to the next most electrophilic carbonyl ie tholecule given the increased potential of
the Smj solution. As previously envisioned, homocouplingdfadical specie§59 would

form a new carbon-carbon bond furnishing bicycl®[2]diazanonane type of structures in a

formal reductive cyclisation (Scheme 3.44, rigklesi
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Scheme 3.44 Proposed mechanistic pathways for the S3e@ctions

The poor diastereoselectivity was proposed to eetbe absence of a tethered intermediate
between the di-radical centres which allowed freadorotation of the side chain radical. If
this intermediate could live long enough for thgaadnt bond to rotate freely a 1:1 mixture of
diastereoisomers would be furnished as a resuk. félot that some diastereocontrol was
observed could indicate that both these phenontkadree rotation and the formation of the
new bond, are in a similar half-life scale. Chaggihe additives, such as an alcohol with a
slower proton release rate,g.'BuOH, may also result in a better diastereoseligtof this
type of bicyclic DKPs. It is also worth noting thad byproducts were the C-3 carbonyl was

the only reduced centre was observed in any dfwbepathways.
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In summary, SmImediated transformations successfully furnish tifferent sets of pinacol
products depending on the addition of water to rtiedia. Combined with the previously
reported reductive approaches, a wide range o$fibamations, affording very diverse results,

could be accomplished for the TKP substrates.

3.5.1.1 Cyclisationsvia N-Acyl Iminium

Overman and co-workers employed the hydroxy lactiat@rmediate321 to synthesise a
myriad of ETP natural products by meand\Ne&cyl iminium chemistry. In a similar manner,
Procter and co-workers showed how the reduced thadadduct336 could be reacted with
very useful nucleophilic building blocks using, enenore, N-acyl iminium chemistry

(Scheme 3.45).

o) o)
R i) MeOH, HCI, R i) MesAl, rt, R
SNTNSR, t, 3 h, 99% SNTNSR, 3h, 78% SNTONSR,
O)\N Ny i) Et;SiH, BFgEt,0, O)\N Non iv) allyl-TMS, O)\N ~R
| H t, 3 h, 96% ' A BF4+Et,0, ' h
t, 2 h, 86%

361, X = OMe 336 363, R = Me
362, X =H 364, R = allyl

Scheme 3.45 Scope oN-acyliminium driven reactions of mono-reduced btanc acids

In our desire to build bicyclic DKPs with a cleanstural relationship to bicyclomyc#0 we
focussed our attention on Williams and co-workanantioselective total synthesis of this
natural product!?® with dihydroxy DKP 365 in hand, an intramoleculdx-acyl iminium
cyclisation was triggered upon addition of silvefldte as the Lewis acid. The nitrogen lone
pair of electrons expelled the thioaryl group, didey the Lewis acid, with concomitant

nucleophilic attack of this new electrophilic canboy the side chain hydroxy groups. [2.2.4]
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Bicycle 366 was formed in preference to the [2.2.3] optionhwitigh diastereoselectivity

(Scheme 3.46).

N
N
Z 5 H
S, AgOTf, THF o
’ NPMB 25°C PMBN .4 OH
PMBN (10:1) OAN 0
A L“H PMB
0] OH
HO
365 366

Scheme 3.46 Bridged DKP formation during bicyclomycin synthesi

Likewise, dihydroxy adduc®23 , resulting from the reduction of TKB1, was envisioned to
behave similarly under William#l-acyl iminium conditions. Unfortunately, silver ftate

conditions did not prove reactive enough for DB23. However, employing TMS triflate, the
desired intermolecular cyclisation was accomplishadless than an hour affording

bicyclomycin surrogat867 in good yield and selectivity (Scheme 3.47).

M602C/,, (o)
HO\/\/\)J\ NBn M BnhflioéMe

OH CHyCl,,0°C, O HOoN 96:4 er
o) 0.5h, 87% Bn
323 367

Scheme 3.47 Bridged DKP formation from TKP addug23

Since aldehydes were not compatible with the abkalddPLC chiral columnser of TKP
adduct251 was determined using this approach. Bicyclic D867 was a valid substrate for
further N-acyl iminium reactions and, consequently, it walsjected to a second iteration. In
order to determine whether the ether bridge waddsmit any stereochemical information, a

subsequent nucleophilic addition of a thiol to §hisition, promoted by TFA, was envisioned
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(Scheme 3.48). The aim was to determine if thetimatappened in a concerted way, rather
than reacting in a stepwise process where the oplcile independently attacks the iminium

ion.

o)
MeO C/,
BN COMe  __EtSH HOMNBH 11 dr
o"—7LH N TFA/MeCN, BN SEt
Bn 0°C, 3h, 48% 5
367 368

Scheme 3.48 N-acyliminium promoted bridge opening

No retention of the stereochemical information whserved and produ868 was isolated as
a 1:1 mixture of diastereocisomers as determinedNMR spectroscopy. Hence, it was
concluded that further acidic conditions would geg full formation of theN-acyl iminium
intermediate on this position prior to the nucleibptattack. No diastereoselectivity at the C-

3 position was enhanced by the fixed stereocenite C

3.5.1.2 Synthesis of Polyfunctional 2,5-Diketopiperazine

As seen in Scheme 3.45, internal cyclisations tacksvia chalcogen nucleophilic attacks
were not the sole possibilities for this transfotiora but a wide range of nucleophiles could
be used in combination with a Lewis acid to ad@ itte iminium position. Taking Procter’s
examples into account, hydroxy DKR4 was subjected tbl-acyl iminium conditions with

BFs*Et,O using triethyl silane as the nucleophilic redatt® furnish enantioselective DKP

369 (Scheme 3.49).

130



Chapter 3 Synthesis of 2,3,5-triketopiperazines

o HPh o o HPh o

=] H =] H
PhWNBn Et;SiH, DCM PhWNBn '
e —— 99:1 er
BnN\H)\OH BF 3¢OEt,, BnN\H)
-78 °C to rt,

0 3 h, 82% 0
324 369

Scheme 3.49 DKP formation viaN-acyl iminium chemistry

This process afforded chiral DK389 from the product of a stereocontrolled Michaeliadd

with no erosion oér in comparison with original TKR95 and in an overall yield of 71%.

Although DKPs from Michael adducgs6 and292 were also synthesised, the poor selectivity
of the initial reduction step only afforded smallaaptities of the desired hydroxy DKP
intermediate. Not until a selective agent for tixelesive reduction of the C-3 carbonyl is
found can this approach become routinely appliedHe formation of chiral DKPs from the

corresponding TKPs.

3.5.2. TKP Deprotection

TKPs and DKPs present in nature are usually fourtowt substituents on their amidic
nitrogens. Thus, we also became interested in igvésset of conditions that would allow us
to take the benzyl groups off once the desiredsttamations around the core were finished.
With this proposal in mind different methods toiliéatte removal of the benzyl groups were
investigated. Although benzyl protecting groups wardely used in organic chemistry, and
various deprotection strategies have been optimised soon realised that the removal
appeared to be a daunting challenge on many ocsasidhe past for many research groups.

For instance, the total synthesis of bicyclomycaa o be fully redone with PMB protecting
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groups instead of benzyl ones due to the impogsilof removing them in a late stage of the
synthesis without altering the rest of the funcalomroups'™® Likewise, Simpkins and
Frebault chos®-benzyl hydroxylamine in their total synthesiserftmalbrancheamide B to
avoid dealing with the highly resilient standarchbg group®* Since all the TKP examples

had been accomplished with benzyl protecting groupsamides, establishing a method to

remove them effectively became highly important.

Firstly, hydrogenolysis was investigated as ithe tmost commonly used method to remove
benzyl groups. Typical conditions were applied ®PT250, i.e. 1 atmosphere of Hin the

presence of palladium on carbon (Scheme 3.50).

o 0
B M o
0 BHN%O 85% OH B"Nj(go
O O
250 328

Scheme 3.50 Attempt to remove benzyl protecting groups

Unfortunately, no debenzylation was observed. Thly @roduct of the reaction was the
reduction of the side chain ketone, affording paic28 as a 1:1 mixture of diasterecisomers
as observed in the £3iH reduction. Birch reduction is also a very widelsed method to
deprotect benzyl groups, although harsher conditame required’® Upon treatment of TKP
250 to the standard sodium in liquid ammonia condgiomo desired product was observed
after 30 minutes of reaction and all starting matewas fully degraded. The same reaction

176

outcome was observed when other methods, such &i*™r AICI;*"® were employed

(Scheme 3.51).
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Scheme 3.51 Failed conditions for benzyl group removal

No desired deprotected TKP was ever observed wardenf the tried conditions. Should the
deprotection became of utmost importance, relat€sT with similar protecting groups such
as PMB, could be synthesised. Owing to their waledl more facile deprotection strategies,
and assuming they would display similar reactivitiey would become good candidates to

try in the future.

3.5.3. Unveiling the Amino Acid

Lastly, we were very interested in developing delecconditions to remove the oxalyl

moiety from chiral TKPs. As a result, a non-natwaantioenriched amino amide would be
furnished. Developing new methods to synthesisetifie of compounds is always one of the
highest priorities of organic chemists. Synthetiareo acids can often be found active against
particular diseases and its prospective applicatiothe drug discovery process can be of
crucial importance. This asymmetric Michael additwas affording masked all-substituted
amino acids derivatives, using glycine amide as dfagting material. Hence, opening the
cyclic system would yield the desired amino acidcprsors. Firstly, the TKP systems were

hypothesised to behave similarly to the pseudoaptednd oxazolidinone chiral auxiliaries
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during their final deprotection stéf. Essentially, we envisioned to break similar bowtide

preserving the stereochemical information of thelpereated stereocentre (Scheme 3.52).

0 Me;PhNOH, 1:4 2- 0]

BuOH : H,0, reflux
Wmn or WNHBn
0 BnN\”/gO HCI / H,S0, e} NHBn

(6] Dioxane, reflux
250 371

Scheme 3.52 Oxazolidinone and pseudoephedrine deprotectioditons on TKP addu@50

Acidic and basic conditions similar to the optintisaethods to break both oxazolidinone and
pseudoephedrine auxiliaries were employed with BKPstrate250. However, application of
these conditions did not yield the desired aminadaminstead, either the starting material
was recovered or the TKP was fully degraded incthse of the reaction. It is worth noting
that full conversion to compour8¥2 was observed when subjecting alkyl TRE5 to basic

conditions (Scheme 3.53).

Scheme 3.53 Unexpected reaction of TKB5

Surprisingly, product372 was cleanly furnished as the only product of tleaction.

Mechanistically, this compound arose from the etiecddtack of the side chain ketone into the
C-3 carbonyl of the TKP. Instead of fully dehydnati impossible due to the bridge-head
location of the hydroxy group, and rather than dagnnormal retroaldol, the carbonyl was

regenerated with concomitant breakage of the C48hénd. It seemed that the newly formed
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molecule preferred an enol resonance form as eoafirby NMR spectroscopy and X-ray

crystallography (Figure 3.19).

Figure 3.19 Crystal structure a872 with 50% of ellipsoid probability, d (O-H) = 2.05(é

Although noer was determined, the stereochemical informatiomf805 was presumed to be

transferred t@l72 as the transformation did not interfere with thietfcreated stereocentre.

Nicolaou and co-workers found trimethyl tin hydrde&iwas an excellent reagent to mildly
cleave esters and amides bonds when more classidaiarsher options failéd Subjecting
TKP 295 to these reaction conditions failed to deliver tlesired product but an inseparable

mixture of starting material and bridged DRIP3 was formed (Scheme 3.54).

o H/?Pl"\:| 0 Ph, H COPh
PhWNBn Me3SnOH | OBn +40% of S.M.
BnN o DCE, 60 °C H N/ “OH
3h, 38% """
o)
295 373

Scheme 3.54 Trimethyl tin hydroxide attempt to cleave TIB5
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No matter how much conditions were altered, withteedled reaction times,
superstoichiometric amounts of tin and solvent geanfull conversion was never achieved.
The tin derivative acted as a Lewis acid, catatysire aldol reaction of the side chain ketone
to the C-3 carbonyl. The desired aminoamide wasdetécted in the reaction mixture.
Interestingly chromatographic purification only fiished 75% of the starting material back,

demonstrating the instability of bridged DI8IPP3, which was never isolated.

Finally, the possibility of expelling the amino afaiby reaction of the TKP systems with a
bidentate nucleophile, such as a diamine, was devisirst addition onto the most reactive
centre C-3 would yield an acyclic system that woltgbefully reactin situ, driven by the
entropic component of the reaction, to form a newlic product plus the desired amino
amide. It is conceivable that the overall losstefis clashes would drive the whole process
forward under mild conditions. Initial studies withparent TKP 242 and
dimethylethylenediamine (DMEDA) were conducted. Tdtarting material was consumed
overnight to presumably form intermediate acycliddiact 374 that was subsequently
transformed under slightly more forcing reactiomditions, mild heating and extended

reaction times, to the dibenzyl amino am&3& (Scheme 3.55).

o o
0
HJ\NBn DMEDA, THF Hk NHBn
BnN 50 oC BnN O HN/ 2 d, 670/0 NHBn
0 LIL NHBn
0 o)
242 374 237

Scheme 3.55 Initial test of proposed TKP cleavage

However, upon subjecting chiral TKRS0 and295 to these reaction conditions, the isolation

of the starting material was the only observed phamon. It was not until alkyl TPR05
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was exposed to similar reaction conditions oveer@og of 4 days that no starting material in

the reaction mixture was observed. Instezdh was the only isolated compound (Scheme

3.56)
o] HZN\/\OH 0
Mo NBn THF B NHBn
S BnNm/&O t, 4 d, 72% Nen
0
305 375

Scheme 3.56 Alkyl TKP 305 cleavage

The side chain ketone formed a hemiaminal grouph whte secondary amine after the
aminoamide was extruded from the oxalyl moietyhAitgh this result is the only example of
this type of chemistry we are confident the mildat®on conditions will make the rest of alkyl

TKPs undergo the exact same transformation.

3.6. Summary and Future Work

TKPs have been demonstrated to be highly flexibtiduats for the asymmetric
organocatalysed Michael addition reaction. A widenber of enantioenriched products have
been synthesised using TKR2 and246 as the nucleophiles and important breakthroughs in
the inclusion of alkyl TKPs have been made. AltHoumt all of the examples have been
furnished in higher, the inclusion of mono-activated and hindetedlkyl TKPs in this type

of catalysis is an extremely remarkable feature itself that may help to extend
organocatalysis to other related substrates. A waage of subsequent transformations are

possible onto the Michael TKP adducts. The samariadide chemistry is particularly
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noteworthy owing to the unique possibility of vargithe reaction outcome by the simple

addition of superstoichiometric amounts of wateth media.

Subsequent research in this project will be neeadedhed light on some unclear areas.
Optimising the catalyst to furnish highly enantioehed Michael products from alkyl TKPs
should be one of the first priorities by eitherdimg the right catalyst in the literature or
developing an entirely new one to suit our speaigeds based on recent advances in the
literature such as the inclusion squaramides in dimehona alkaloid scaffolds. Studies

presented in this chapter should be of great metpa process.

Different TKPs, such ag-arylated ones, can also be synthesised to exp@neaction scope.
Likewise, various other electrophiles can be sademot only carbon based one&sg.
carbonyls or Mannich ones, but also heteroaromaiites such as dithiols or

azadicarboxylates.

As far as the TKP deprotection is concerned, studie our laboratory have already
demonstrated that PMB can be a suitable protegtiagp, prone to deprotection and reliably
delivering higher across many examples. Amino acid unveiling wilvdn@o be thoroughly

explored but, as aforementioned, the initially deped conditions should prove consistent

across all carbon substituted alkyl-TKPs and, fabgsaryl ones in the future.
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Chapter Four

Synthesis of Bridged [2.2.2] Diketopiperazines

4.1. Aimsand Objectives

Methodology orientated projects often have thandte goal of applying the targeted
reaction to the total synthesis of natural produtlte Simpkins group in particular has had a
longstanding interest in the synthesis of natum@dpcts with DKPs embedded in their
structure, especially those belonging to the bimjP.2]diazaoctane family. Their intricate
frameworks, coupled with the potent antitumouralparties they displa3?® have motivated
many research groups worldwide to attempt theal teyntheses. Different approaches have
been adopted for the cyclisation step, and diffecascade processes were developed in our

group to tackle the total synthesis of some membfettsis family (Scheme 4.1, 4.3331%62

H
N Cl
\ TMSOTf prenyl
CH,Cl,, trapping
64%
376 P =0Bn
y _
Cl
N indole
/{'\/\ trapping
OP~ and aromatic
N regeneration
o 378

Scheme 4.1 Cationic cascade to form bicyclic DKP coreeoftmalbrancheamide
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BusSnH,
ACCN prenyl
toluene, trapping
reflux, 79%
P = Boc

indole
trapping

_ =

Scheme 4.2 Radical cascade to form bicyclic DKP core of stgptin A

Cationic and radical cascades were optimised toidhrkey intermediates in the total
syntheses oéntmalbrancheamide and stephacidin A in a diasterdomatio of 4:1 and 3:1

respectively, favouring the desired epimer at thdged DKP position. The stereochemical
outcome can be explained by minimisation of stdrindrance between the nitrogen

protecting group and thgemdimethyl of the prenyl chain in the respectiventiion states.

Although these reports, in combination with thet rek the bridge closing strategies, are
impressive pieces of research, we aimed to appdy TKP methodology to synthesise
bicyclo[2.2.2]diazaoctane derivatives. Chiral TKiPsre hypothesised to be capable of bridge
closing under specific conditions after the MichadHition step as shown in Scheme 4.3.
Specifically, the possibility of developing a tamg@rocess where the enolate intermediate
from the Michael addition would be reactive enoughattack the proven electrophilic C-3

position was particularly appealing.
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T IS e
RﬁANR derivative EWGNNR ........ . R@}OH
RNm/go ZEWG RNT\/&O " RN 5

3%4 L 385O J 386

R = Me, Bn, PMB,...

Scheme 4.3 Bicyclic DKP proposed sequence

As outlined in the previous chapter, several coos such as trimethyltinhydroxide or
potassium hydroxide achieved this goal albeit eitiod to completion or the bicyclic system
was cleaved due to the very reactive media. ClgtnréyMichael acceptors would have to play
a fundamental role for the tandem transformatiorbéosuccessful. Ketones or aldehydes
would not fulfil this role as previously observell. a,f-unsaturated carbonyl derivatives
whose resulting enolate from the Michael additionsld be reactive enough to perform an
aldol-type condensation onto the C-3 carbonyl wdodéd needed. For instance, ketame
protons are very labile K < 20) and hence, the corresponding enolates argvetjastable
and not so reactive, whilst other derivatives, sashnitriles or esters, have less acidic
protons and so their enolates are less stable amwd neactive. Therefore, using Michael
acceptors that produce highly reactive enolatanmeeiates might trigger the desired tandem

process and furnish the bicyclic structures in a-$tep-one-pot sequence.

4.2. Organocatalysed Tandem Michael-Aldol Reaction on Triketopiperazines

Initially, the literature was examined to find exales of Michael acceptors different
from the ones used in the previous chapter andrieghao participate in asymmetric

organocatalysed Michael additions. Disappointinglyst a handful of publications were
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available with different acceptors. For instandegmyl vinyl sulfone, a fairly stable Michael
acceptor, was employed in the 1,4-addition of Y&aoesters using thiourea derived chiral

catalyst389 (Scheme 4.4)"°

SO,Ph CFs
Ph___CO,Et 389 (20 mol%) Ph S
T ZUS0Ph —— = Ph [.COEt |p
CN oluene, ! N7 N CFsy
96 h, 4A MS, N e H  H
387 388 86%, 94% ee 390 2 389

Scheme 4.4 Previous examples with phenyl vinyl sulfone

Good yields andee were obtained, not only using this Michael accefiot the disulfone
analogue too. As far as simpigf-unsaturated esters were concerned, two studies lesn
recently published where ketone enolates are rasiglenfor the intramolecular attack to
furnish chiral cyclic structures, such283, and three stereocentres are generated enantio- an

diastereoselectively (Scheme 4'%).

0) 0]
S
N">F COoMe 392 (5 mol%) N COMe Me\N)J\N\vQ
PhCO,H (2.5 mol%) H o H  \H,
o CH,Cl,, 50 °C, 96 h, o
0, 0, .
391 83%, 97% ee, 98:2 dr 393 392

Scheme 4.5 Intramolecular Michael addition eff-unsaturated ester

This desymmetrisation was promoteth enamine catalysis, similarly to List's proline
catalysed aldol reaction. Lastly, the work publghey Shenet al. showed a similar
transformation to the envisioned tandem sequendeguguanidine chiral catalysB96

(Scheme 4.6)%*
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o o) 0
396 (10 mol%) N-Ph _(\N”
soshs o S
CH,Cl, -20°C,4h, T
o) 92%, 99% ee O :
cl cl
394 395 397 396

Scheme 4.6 Organocatalysed formal Diels-Alder reaction

Nucleophilic attack 0894 onto the unsaturated position of thgphenyl maleimide, followed

by aldol-type condensation furnished bicyclic add887, in a formal Diels-Alder type
reaction. DifferentlyN-substituted maleimides were employed in this stadywell various
fumarate ester derivatives, such as the ones nsgdheme 3.13. Hence, we were determined
to use maleimides as part of the scope to determivether they would fall under the open

TKP category or it would do the tandem sequence.

Although literature precedents were scarce, siniiehael acceptors were explored to
determine whether they show any reactivity. Typamalditions were used with activated TKP

246 and acrylonitrile as the Michael acceptor to affachiral DKP398 (Scheme 4.7).

o CN H
Hen
MeO,C r 2
NBn OR
PP 7 OH
B”Nm/go 10 mol% Et;N MeO,C N N
0 CH20|2, rt O
99%
246 398, R =Bn

Scheme 4.7 First attempt to synthesise bicyclic DIBB8 using acrylonitrile

Pleasantly, not only could this Michael adduct potenthe desired 1,4-addition, but also the
envisioned tandem process was spontaneously tedderthe reaction mixture with no other
additives required in a completely diastereoselecfirocess. The greater nucleophilicity of

the enolate intermediate was presumed to be plagifgndamental role in the subsequent
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bridge closing reaction. The reaction conditionsen@ptimised using this type of electrophile

(Table 4.1).
Q CN b
MeOZCj)J\NBn W @OH
BnN\H/gO 10 mol% cat MeO,C BnN N
0] solvent, 0 °C (0]
246 398, R=Bn
Entry Catalyst Solvent tife  Yield (%)  er (%f
1 142 CH,Cl, 8 99 84:16
2 148 CH.CI, 8 98 88:13
3 201 CH,Cl, 24 80 95:5
4 207 CH,Cl, 24 82 90:16
5 204 CH,Cl, 30 82 96:4
6 210 CH.CI, 8 88 97:8
7 210 THF 8 50 85:1%
8 210 Toluene 10 80 96%
9 210 MeCN - - -
10 210 CHCl; 8 78 95:§

[a] Hours. [b] Isolated yield after chromatographi] Determined by HPLC analysis. [d]

Enantiomeric product with respect to entry 1. [epBtion conducted using 1 mol% catalyst.

Table 4.1 Reaction optimisation

Due to the inherent lower reactivity of the eleptiide, all reactions were run at 0 °C in order
not to extend the reaction times excessively. Notdw, use of the natural catalyd#? and
148 (entry 1 and 2), as well as thiourea derived gat&l10 (entry 6), resulted in complete
reaction in shorter periods of time compared tovipresly optimal benzyl derived catalysts
201 and 204 (entry 3, 4 and 5). The distance between the ik@acentres in the catalysts

seemed to have a clear relationship with this ptmeammn, being closer in the first cagaq),
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just a two carbon chain linking both functionalgtievhile remaining further apart in the latter

(201, Figure 4.1).

N CFs
210 201

Figure 4.1 Optimal catalysts for tandem Michael-aldol reattio

The effect of this feature might be also linkedhnmihcreased recorded reaction times, an
average of three times longer. Owing to the redueadtion time, and the greatarrecorded
(entry 6), catalys210 was chosen to be optimal for this asymmetric fansation. It was
also worth mentioning that certain solvents hadearcnegative influence on the reaction
outcome. During the reaction optimisation in thevous chapter, the solvent was only
witnessed to have a minor effect on the asymmegaction. Conversely, in the present case,
some solvents made the reaction sluggish, suchHs (Entry 7), or prevented it from
happening, like acetonitrile (entry 9). Dichloromm&te, in combination with cataly2t0, was

found to be the optimal conditions.

With these optimised conditions in hand, other Mighacceptors that could undergo this

tandem transformation were screened (Figure 4.2).

Q X Hx
R1%N8n ﬂ 5 R'
- 2—OH
BnN 10 mol% 210 or 201 R N
(@) Ol or BnN
o CH,Cl,, 0 °C 0
242 or 246 R{=CO,Me, H 398-409,
R2 =Bn
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HeN H 50,Ph Hco,me
O Bn O Bn O Bn
" —OH > —OH " —OH
N
MeO,C NS MeO,C NN MeO,C NN
o) o) o)
398 399 400
99% 97% 98%
7:93 er with 2102 39:61 er with 2102 24:76 er with 2102
95:5 er with 201 98:2 er with 201 87:13 er with 201
H so,Me
O Bn
= —OH
MeO,C T NS-N
o)
401
97% 94 % 94%
. H a
28:72 er with 210 8:92 er with 2102 20:80 er with 2102

78:22 er with 201

Figure 4.2 Scope of the reaction utilising TKH6. [a] Enantiomeric product of displayed compound

Simultaneously, the same optimised conditions vieeel on the parent TKR42 to check

whether the reaction outcome was maintained (FigL8e

Hen H so,Ph Hco,Me
B B B
H- K7 —OH 1S —oH H-SLK7—OH
BnN BnN BnN
404 © 405 © 406 ©
98% 82% 89%
1:99 er with 2102 93:7 er with 201 83:17 er with 201

91:9 er with 201

84%
40:60 er with 2102

95%
50:50 er with 2102

Figure 4.3 Scope of the reaction utilising TKF2. [a] Enantiomeric product of displayed compound

This reaction proved to be remarkably diasterectigte as three stereogenic centres were

formed, albeit two of them were fixed by initiacagnition. Bicyclic structures were afforded
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as the only product of the reaction regardleshefiikKP starting material used and only one
diastereoisomer was isolated in all cases. No spaare had to be taken during the
asymmetric Michael addition of TKR42 as the enolate could not be formed using the

bridgehead proton and only the mono Michael bicyatiduct was observed.

Previously optimised conditions did not seem ursa#ly applicable to all cases. Every
electrophile used in this scope was different frome another, so this lack of homogeneity
was not entirely surprising. Employing catalétl, which was also found to deliver great
results in this case albeit extended reaction tingese improved results in some cases.
Arguably, it could be inferred that cataly&l0 was optimal when the size of the Michael
acceptors remained small (acrylonitrile or maleiesid When largera,f-unsaturated

electrophiles were employed,g. acrylic esters or vinyl sulfones, the distancenseein the

active sites in the catalyst was reasoned not tenloeigh for an optimal interaction between

nucleophile and electrophile in the transitionestat

As far aser were concerned, mixed results were observed atiedsoard, and no consistent
trend could be easily extrapolated, which was ntitedy surprising due to the great disparity
among the electrophiles. Pleasingly, maleimidesabeti in the same fashion as previously
reported by Sheat al. although the levels of enantioselectivity weredjaasing TKP246, to
poor with TKP242. Absolute stereochemistry (Flack parameter: 0.04{@s assigned by X-
ray crystal determination of structud06 (Figure 4.4). X-Ray crystal structure from

compound407 was also elucidated and is included in Appendixes
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Figure 4.4 X-Ray crystal structure of bicyclic DK#06 with 50% of ellipsoid probability

As inferred from the crystal structure, the substitt on the bridged chain was located above
the less hindering of the two possible functionedups,i.e. the carbonyl instead of the
benzylated nitrogen selectively. Also noteworthys tconfiguration was in accordance with
the relative stereochemistry observed in the baffcP.2]diazaoctane natural products so a
total synthesis using this approach might be addes®nce the full potential of this

methodology was explored.

The reactivity of these types of electrophiles bwpdifferent substituents in eitheror g
position was explored next. The scope of this stwdyg limited by the electron withdrawing

properties of the substituents in either positibthe double bond. Analogous to the previous
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chapter, Michael acceptors having a methyl sulesiitin either of the positions were tested

under the optimal catalytic conditions (Scheme.4.8)

CN
0 \W Meon
R, 409 <
NBn
Q Bh—0oH
Ban(&O 10 mol% 210 Ri AN
3 CH,Cl,, 0°C o
242 or 246 41
CN
0 | Me Hcoy
Rﬁ)k 410 He %
NBn
Q Boy—oH
BnNm/&O 10 mol% 210 R BN
I CH,Cly, 0 °C o}
242 or 246 412

Scheme 4.8 Attempts with botlx andg methyl substituted acrylonitrile

Disappointingly, no reaction took place employimy af the methyl acrylonitrile derivatives

in Scheme 4.8. However, this lack of reactivity veapected given the aldehyde counterparts
did not give any sign of reactivity either. No maugbstitution patterns were explored as they
were presumed either unreactive or unable to frfe bicyclic adducts in a tandem process,

as it was demonstrated in the previous chapter.

The tandem Michael-aldol type reaction on alkylalé{Ps was subsequently investigated.
Using TKP299 and the optimised conditions, prodddB8 was successfully isolated from the

reaction mixture (Scheme 4.9).

149



Chapter 4 Synthesis of bridged [2.2.2] diketepizines

o CN H CN
NNBH W _— 0 En OH
Ban(&O 10 mol% 201 BnN
5 CH,Cl,, 0 °C, o
299 2 days 413
27% + 54% RSM
89:11 er

Scheme 4.9 Alkyl TKP Michael reaction

Moderate yields of product were isolated albeigaod levels of induced asymmetry and as a
single diastereomer. This feature was in sharprasntvith the reaction outcome using the
more basic Dixon’s triarylamino phosphorane cataBi$.'®> Upon subjecting TKR299 to

the same reaction conditions, and only changingotiganocatalyst, a separable mixture of
diastereoisomers were isolated in a 1:1 ratiopalgh the reaction time was notably reduced

and no starting material was recovered (Schemg.4.10

o N N o \#PPhs

NBn O Bn Sy NH

= K/ OH
B"Nm/go 10 mol% 315 BnN FsC NH
5 CH,Cl,, 0 °C, o
315

1 day
299 413, 74%

CF;

Scheme 4.10 Alkyl TKP Michael reaction

This lack of diastereocontrol could be related® winrestricted rotation of the catalyst, which
might not adopt a fixed conformation during thensiéion step, affording an epimeric even
distribution on the nitrilex-position, despite the increased hindrance of @@yl nitrogen

position.
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4.3. Further Transformations

With a set of optimised conditions to afford enamterically enriched bridged DKPs
in hand, we turned our attention to develop newtsgies to make those products more
synthetically attractive. For this type of moleguhath a structure clearly related to the DKP
core of an extremely important class of naturaldpois, a mild deprotection method was

thought to be critically important should the natiproduct structure ever be attempted.

Similar conditions to the ones applied to the ofé&Ps were also tried here. The most

common benzyl deprotection procedures were usdte(Be 4.11).

H e Na, NH3, ~78 °C Hen
" or TMSI, CH5CN, rt to 60 °C <
Q Bh—0H QH—0H
MeO,C BAN N or AlCl,, toluene, reflux MeO,C AN
(0] (0]
398 414

Scheme 4.11 Attempts to debenzylated DK3®8

Unfortunately, and similar to previous resultstlditsuccess was observed in any of the
explored conditions. Once more, amidic benzyl mitg groups proved highly resistant.
However, an analogous outcome to the open TKP arensias observed when the bicyclic

system was subjected to soft basic media (Scheh2¢. 4.

H Bn
»CN MGOQC/,, N (0]

0B o, FEtN.CHCL, BnHN
MeO2C g rt, 82% O A on
o)

CN
398 415

Scheme 4.12 Bicyclic opening
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Deprotonation of C-3 hydroxyl group followed by esgration of the carbonyl moiety with
concomitant TKP ring opening by breaking the adphcearbon-nitrogen bond and enol
formation afforded product#l5. Although noer was measured, it was expected to remain

unvariable from the starting materg8.

4.4. Summary and Future Work

An unprecedented tandem asymmetric Michael addaldol type transformation, in
a formal Diels-Alder manner, was optimised to yibldyclic DKP adducts equivalent to the
core present in the bicyclo[2.2.2]diazaoctane mhtproduct family. An ample range of
uncommon electrophiles, scarcely used in the tieea were employed. The different
functionalities on the bridge would give enoughe sielective reactivity for subsequent

transformations.

Catalyst optimisation to furnish DKP adducts intbeer will be necessary for selected
electrophiles, such as maleimides, and possiblye dhis methodology is extended to the
alkyl TKPs. In addition, other conditions shouldédelored in order to access an even wider
range of electrophiles that are unreactive underpitesent condition®.g. a,f-unsaturated

amides.

Further studies on different TKP starting materadswell as on the reactivity of the products
will be of utmost importance so as the bicycle[2]@azaoctane products resemble more
closely the natural members were a total synthegs attempted. Firstly, this methodology
should be applicable to a proline TKP adduct. Agamng PhD project in the Simpkins

laboratory has demonstrated that this system iy wapable of doing an analogous
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transformation with an even larger number of etgattiles, probably due to the conformation
forced by the fused five member ring. Secondly, ilal strategy for the removal of the C-3
hydroxy group should be devised as it is not presethe structure of natural products. This
could also be used to introduce further functidresineeded in this position. As this hydroxy
lactamic group is located in a bridge head positranN-acyliminium chemistry is likely to
work due to the impossibility for this centre tooatl a sp conformation. Hence, other

approaches, such as radical chemistry could pregtulin this particular case.

Lastly, a deprotection strategy needs to be op#ichiff this chemistry is easily reproduced on
the PMB or OBn protected TKPs, it may be recommdnmeuse them instead due to the

theoretically more feasible and milder deprotecttategies.
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Chapter Five

Experimental part

5.1. General Methods

Reactions were carried out under nitrogen using siyents. All reagents were used as
received from commercial suppliers unless othenmdeated. Melting points were measured
using a Gallenkamp melting point apparatus and wreorrected. Infrared spectra were
recorded on a Perkin Elmer Spectrum 100 FT-IR spewter. Absorption maximafay are
reported in wavenumbers (@n NMR data were recorded on a Bruker AVII300, or
AVI111400 spectrometer. Chemical shift8)(are quoted in ppm and coupling constadjsafe
shown in Hz to one decimal place. Spectra wererdecbin deuterated chloroform (unless
otherwise indicated) and calibrated using residaétent resonance$H = 7.26 ppm:*C =
77.16 ppm). The multiplicities dH NMR signals are abbreviated as follows: s (sifgle
(doublet), t (triplet), q (quartet), m (multiplefata for'H NMR spectroscopy is reported as
follows: chemical shift (multiplicity, coupling catant, number of protons, assignment); and
for 3C NMR spectra: chemical shift (assignment). 2-Disienal homonuclear-*H) and
heteronuclear'd-=*C) NMR experiments, as well as PENDANT spectra,enegularly used
for unequivocally assignments. All atoms are ladklito simplify assignments. These
numbers do follow IUPAC naming conventions as #jri@as possible. The progress of

reactions was monitored by thin layer chromatogyapéing Merck silica gel 605, plates,
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which were visualized with UV light angtanisaldehyde, acidic potassium permanganate or
ninhydrin. Flash column chromatography was cardetlusing Davisil 60A silica gel and the
indicated solvent systems. Optical rotations weeasared as dilute solutions in the indicated
solvent in a 25 mm glass cell using an Optical AgtiPolAAr 2001 automatic polarimetre
fitted with a sodium lamp. High performance liguidromatography (HPLC) analysis was
performed using a P580 Pump from Dionex, Chromel€btant, version 6.80 SP1 Build
2238, Daicel Chiralcel OD Column (250 x 4.6 mm);d@h Chiralpak AD Column (250 x 4.6
mm); Daicel Chiralpak IB (250 x 4.6 mm); Phenomehax Cellulose-3 (250 x 4.6 mm), and
Waters 996 Photodiode Array Detector for the U\edgon, monitored at 210 nm, 220 nm or

230 nm.

5.2. Experimental for Chapter 2

Preparation of catalysts
Catalystsl42, 148, 149 and102 were purchased from Aldrich Inc. and Acros Inc.
Catalystsl160, 163, 172, 201 — 213 and 315 were prepared according to reported procedures

and the spectroscopic data matches the corresppliirature!>%-16>182

General Procedure A

To a solution of thé&l,N'-dialkyl-2,5-DKP in dry THF under an atmospherenitftogen at —78
°C, a 1.0 M in THF solution of KBu (2.5 eq) was added. After the mixture was difo 5
min, the electrophile (5 eq) was added dropwisesyringe and the solution was stirred for 15
min at the same temperature. The reaction was atldey warm to room temperature and left

to stir for 5 hours. When the starting material wassumed the reaction was quenched with
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saturated NECI and diluted with EtOAc. The aqueous phase wasieted with EtOAcC (3 x
20 mL) and the resulting organic layers were washigd brine (15 mL), dried over MgSO
and concentrate under vacuum. The crude was pliyecolumn chromatography on silica

gel (CHCl,/acetone) to afford the product.

Synthesis of£)-3-(hydroxymethylene)-1,4-dimethylpiperazine-2j6rie 1984’

Q i) KO'Bu, THF, —78 °C, 0
- 4_-
N 1h 6%513\N
> 1 3
/Nf ii) HCOOMe, 78 °Cto 7 ~N5 N\ H
o . 5h O OH
197 198

To solution of sarcosine anhydrid87 (250 mg, 1.8 mmol) in dry THF (20 mL) under an
atmosphere of nitrogen at =78 °C, a solution ofkf®Bu 1.0 M in THF (4.6 mL, 4.6 mmol)
was added. After 5 min ethyl formate (0.528 g, B:80l, 0.54 mL) was added dropwiga
syringe. The solution was stirred for further 15rat the same temperature, allowed to warm
to room temperature and left to stir for 5 h. Tinede was cooled to 0 °C and the resulting
cake was filtered and washed with THF, leaving Bowesh, sticky solid. This solid was
subsequently dried under vacuum for 12 h. The doakke was redisolved in water and
acidifies with HCI 1.0 M until pH 3-3.5. The wateras evaporated under reduced pressure
and the resulting solid was washed with CEQhe organic layer was evaporated affording
product198 (295 mg, 97%) as a white solid. m.p. 92 - 95 ®yhax /cm* 3356, 2951, 1738,
1661, 1424, 1405, 1323, 1255, 1165, 1043, 988, B2D, 678:'H NMR (300 MHz, CDCJ) &

12.50 (d,J = 11.2 Hz, 1H, OH), 7.00 (d,= 11.2 Hz, 1H, H-9), 4.05 (s, 2H, H-6), 3.10 (8, 3
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H-7), 2.99 (s, 3H, H-8)*C NMR (100 MHz, CDGJ) § 163.6 (C-5), 159.7 (C-2), 146.0 (C-9),

111.7 (C-3), 51.6 (C-6), 32.7 (C-8), 28.2 (C4Tyz(ES) GH1:N,0s [MH] * 171.1.

Synthesis of methyl 1,4-dimethyl-3,6-dioxopiperazcarboxylat€00a

o iy KO'Bu, THF, 01 10
N~ ~78°C, 1h 576N
/Nf i) CO(OMe),, g/N: 2708
5 ~78°Ctort, 3h S &

197 200a

General procedure A using sarcosine anhydt#¥e(500 mg, 3.52 mmol), dimethyl carbonate
(1.3 mL, 10.6 mmol), THF (30 mL), 1.0 M solution KD'Bu in THF (9.2 mL, 9.2 mmol)
was followed to synthesise prodfi0a (432 mg) as a white solid in 62% yield after being
purified by flash column chromatography (gradie@it,Cl,/acetone = (8:2) to (7:3). m.p. 123
- 125 °C; IRvmax/cmit 2956, 2902, 1733, 1674, 1438, 1402, 1239, 1215,11@39, 1066'H
NMR (300 MHz, CDC}) & 4.60 (s, 1H, H-2), 4.20 (d, = 17.3 Hz, 1H, H-5b), 3.86 (d,=
17.3 Hz , 1H, H-5a), 3.86 (s, 3H, H-8), 3.01 (s, BH10), 2.97 (s, 3H, H-9)-*C NMR (100
MHz, CDCL) 5 166.9 (C-7), 164.6 (C-3), 160.1 (C-6), 66.0 (C53,7 (C-8), 51.7 (C-5), 33.9

(C-9), 32.9 (C-10)m/z(ES) GH12N20O4 [MNa]+ 223.1.
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Synthesis of 3-acetyl-1,4-dimethylpiperazine-2,6n&i200b

9 i) KO'Bu, THF, o L
N~ -78°C,1h _ G%N/
/Nf ii) ACOEt, -78°C /NW °
tort, 3 h
o) 0O O
197 200b

General procedure A using sarcosine anhydtie (1.0 g, 7.05 mmol), EtOAc (3.1 g, 35.2
mmol, 3.2 mL), THF (60 mL), 1.0 M solution of KBu in THF (18.3 mL, 18.3 mmol) was
followed to synthesise produ2®0b (1.03 g) as a white solid in 80% yield after bemugified

by flash column chromatography (gradient: LLH/acetone = (8:2) to (7:3). m.p. 134 - 135
°C; IR vmax /cmi* 2986, 2946, 1721, 1658, 1487, 1446, 1405, 13286,12170, 1026H
NMR (300 MHz, CDC}) & 4.75 (s, 1H, H-3), 4.01 (d, = 17.3 Hz, 1H, H-6b), 3.78 (d,=
17.3 Hz, 1H, H-6a), 2.94 (s, 3H, H-10), 2.85 (s, BH7), 2.41 (s, 3H, H-9)**C NMR (100
MHz, CDCk) § 199.7 (C-8), 164.8 (C-2), 160.1 (C-5), 73.1 (CH),7 (C-6), 33.9 (C-7), 33.1

(C-10), 27.9 (C-9)m/z(ES) GH1.N,05 [MNa]" 207.1.

Synthesis of 3-benzoyl-1,4-dimethylpiperazine-2i&ad 200c

@) O

i) KO'Bu, THF, 4 13
N~ ~78°C,1h 6%N/ 12
/N% ii) PhCO,Me, 7/N; &5 . 11
0 ~78°Ctort, 3h S o
197 200c

General procedure A using sarcosine anhydif@le (250 mg, 1.76 mmol), methyl benzoate

(719 mg, 5.28 mmol, 0.66 mL), THF (15 mL), 1.0 Muiwn of KO'Bu in THF (4.6 mL, 4.6
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mmol) was followed to synthesise prod@00c (236 mg) as a white solid in 55% vyield after
being purified by flash column chromatography (geatt CH.Cl,/acetone = (8:2) to (7:3).
m.p. 114 - 116 °C; IRimax /cmi* 3054, 3008, 2923, 2895, 1675, 1663, 1594, 1482914
1399, 1262, 1231, 1216, 1020, 960, 688NMR (300 MHz, CDC}) & 8.26 (dt,J = 8.6, 1.7
Hz, 2H, H-10), 7.66 (m, 1H, H-12), 7.52 (m, 2H, H}15.62 (s, 1H, H-3), 4.22 (d,= 17.3
Hz, 1H, H-6b), 3.84 (dJ = 17.3 Hz, 1H, H-6a), 2.92 (s, 3H, H-13), 2.8738l, H-7).2°C
NMR (100 MHz, CDCY) § 191.7 (C-8), 166.1 (C-2), 160.4 (C-5), 134.8 (G;133.9 (C-9),
130.1 (C-Ar), 128.9 (C-Ar), 68.6 (C-3), 52.1 (C-84.0 (C-7), 33.1 (C-13)m/z (ES)

Ci13H14N05 [M Na]+ 269.1.

Synthesis of 1,4-dibenzylpiperazine-2,5-did8e'®

0 0
4 5 6 7
NH  NaH, DMF, BnCl @ N/\Os
HNTW) 0°C,16h 5‘7&3 9
o} o}
224 199

To a suspension of glycine anhydri2id (570 mg, 5 mmol) in dry DMF (10 mL), NaH (600
mg, 60% suspension in mineral oil, 15 mmol) andzlgechloride (1.30 g, 1.18 mL, 10.25
mmol) were added sequentially at 0 °C, warmed tmréemperature and stirred overnight at
room temperature. The reaction was quenched witerw@5 mL) and dissolved in EtOAc
(12 mL). Both layers were separated and the aqueltase was extracted with EtOAc (3 x 10
mL), the combined organic layers were washed wialtew(2 x 10 mL), brine (10 mL), dried
over MgSQ and condensed under reduced pressure. The crude pwdfied by

recrystallization with EtOAc to afford the title mpound199 (1.05 g, 71%) as a white solid.
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m.p. 149 - 151 °C; IRmax /cm* 3029, 2936, 1650, 1469, 1455, 1423, 1331, 127@9,1934,
745, 722, 697*H NMR (300 MHz, CDC}) & 7.41 — 7.26 (m, 10H, H-Ar), 4.60 (s, 4H, H-5),
3.95 (s, 4H, H-3)!*C NMR (100 MHz, CDGJ) § 163.3 (C-2), 134.9 (C-6), 129.0 (C-Ar),

128.6 (C-Ar), 128.2 (C-9), 49.3 (C-3), 49.2 (C-B)z(ES) GgH1sN-0,, [MNa]" 317.1.

Synthesis of 3-acetyl-1,4-dibenzylpiperazine-2 &rei200d

0
i) KO'Bu, THF, 0
_.Bn 12
N -78°C,1h 4
N .. ° 65N "
Bn~ i) AcOEt, -78 °C 1 3
tort, 3h N 9 ~10
o} ’ 85 2
O O
199 200d

General procedure A using DKE99 (294 mg, 1 mmol), EtOAc (440 mg, 0.45 mL, 5.0
mmol), THF (15 mL), 1.0 M solution of KBu in THF (2.6 mL, 2.6 mmol) was followed to
synthesise produ@00d (189 mg) as a white solid in 56% yield after bemugified by flash
column chromatography (gradient: gH,/acetone = (8:2) to (7:3). m.p. 125 - 126 lymax
/emit 3031, 2930, 1729, 1686, 1659, 1494, 1451, 14386,18319, 1267, 1229, 1157, 1071,
946, 729, 695*H NMR (300 MHz, CDCY) & 7.40 — 7.32 (m, 6H, H-Ar), 7.24 — 7.15 (m, 4H,
H-Ar), 4.99 (d,J = 14.7 Hz, 1H, H-7b), 4.75 (s, 1H, H-3), 4.63 Jc 14.6 Hz, 1H, H-11b),
4.48 (d,J = 14.6 Hz, 1H, H-11a), 4.11 (d,= 14.7 Hz, 1H, H-7a), 3.97 (d,= 17.2 Hz, 1H,
H-6b), 3.82 (dJ = 17.2 Hz, 1H, H-6a), 2.23 (s, 3H, H-16JC NMR (100 MHz, CDGJ) 5
200.0 (C-9), 165.0 (C-2), 160.5 (C-5), 134.7 (C;1184.5 (C-8), 129.1 (C-Ar), 129.0 (C-Ar),

128.4 (C-Ar), 128.3 (C-Ar), 128.1 (C-Ar), 69.9 (G;3!9.8 (C-11), 49.5 (C-6), 48.7 (C-7),
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27.8 (C-10); 1 signal in the C-H aromatic regiorswet observed due to having equivalent

resonancesn/z(ES HRMS) GoH2oN,O3Na, 359.1374, found [MN&B59.1372.

Synthesis of 1,4-dimethyl-3,6-dioxo-2-(3-oxopropyberazine-2-carbaldehy@i9

H
(0] 74 (0]
/\g 136 § 12
N~ 576N
0,
CH,Cl, [l cHo

O OH 07 0
198 219

To a solution of DKPL98 (51 mg, 0.3 mmol) in CkCl, (0.7 mL) catalysfi48 (9.73 mg, 0.03
mmol) was added. When the mixture became homogsnaowlein (42 mg, 5@L, 0.75
mmol) was added dropwisga syringe and the reaction was left to stir at raemperature
for 24 h. The crude was filtered through a siliad @nd washed with EtOAc (5 mL) to
remove the catalyst. The reaction was purified blurmn chromatography on silica gel
(CH.Cly/acetone (1:1) to afford compourzd9 as a colourless oil (23.7 mg, 35%R vmax
femit 2921, 1720, 1650, 1452, 1400, 1338, 1249, 1124110016, 734'*H NMR (300 MHz,
CDCl;) § 9.75 (t,J = 1.0 Hz, 1H, H-10), 9.46 (s, 1H, H-7), 4.06 (A}, H-5), 2.99 (s, 3H, H-
12), 2.86 (s, 3H, H-11), 2.77 (m, 1H, H-8b), 2.50 @H, H-9), 2.21 (m, 1H, H-8a)°C NMR
(101 MHz, CDC#) 5 199.5 (C-10), 193.1 (C-7), 164.2 (C-3), 161.5 (C7.9 (C-2), 51.0 (C-
5), 37.8 (C-9), 33.9 (C-12), 29.6 (C-11), 23.3 (C18/z (ES HRMS) GoH1sN,O4 requires

227.1032, found [MH]227.1024]a]3!= 0.00 ¢ 1.24, acetone)
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Synthesis of dtert-butyl 2,5-dioxopiperazine-1,4-dicarboxyl&t25a

Hk

o)
4
NH Boc,0, DMAP, DMF \‘/ N)sj\o
6
HN\[H 50 °C, 15 h O\n/'?‘ 53 )<7
0 0]
2

0]
24
To a suspension of glycine anhydrig&4 (2.00 g, 17.5 mmol) in dry DMF (20 mL), DMAP
(0.43 g, 3.5 mmol) and dertbutyl dicarbonate (8.03 g, 36.8 mmol) were addepisstially.

The mixture was heated at 50 °C and stirred ovhtnithe reaction was quenched with water
(15 mL) and dissolved in EtOAc (20 mL). Both layersre separated and the aqueous phase
was extracted with EtOAc (3 x 20 mL). The combimedanic layers were washed with brine
(3 x 20 mL), dried over MgS9and condensed under reduced pressure. The crusle wa
purified by column chromatography on silica gel t(BBEtOAc (8:2) to afford compound
225a (4.60 g, 84%) as a white solid. m.p. 125 - 1261BCymay /cm* 2976, 1787, 1721, 1674,
1323, 1291, 1185, 1136, 945, 838; NMR (300 MHz, CDCJ) 6 4.42 (s, 4H, H-3), 1.52 (s,
18H, H-7);*C NMR (100 MHz, CDCJ) § 164.5 (C-2), 149.5 (C-5), 85.1 (C-3), 49.5 (C-6),

27.9 (C-7),m/z(ES) G4H22N20g, [MNa]+ 327.1.

Synthesis of 1,4-Diacetylpiperazine-2,5-di@25b

0] 0]

0
Ac,0, ref 4
HJ\NH Co0), refiux N)Ske
HN% 5h \WN 3
1
2

O 0O O
224 225b

162



Chapter 5 Experimental

A suspension of glycine anhydri@24 (1.53 g, 13.4 mmol) in acetic anhydride (8 mL) was
refluxed for 5 h. The reaction was allowed to cdalvn to room temperature, the solvent was
azeotropically removed under reduced pressure (Ma@HToluene) and the resulting brown
solid was purified by recrystallization @&x), to afford compoun@25b (2.39 g, 90%) as a
white solid. m.p. 97 - 98 °C; IRnax/cmi* 2926, 1700, 1416, 1358, 1306, 1261, 1225, 1179,
1129, 1078, 1040, 975, 94'H NMR (300 MHz, CDC}) & 4.60 (s, 4H, H-3), 2.59 (s, 6H, H-
6); *C NMR (100 MHz, CDGJ) § 170.7 (C-5), 165.9 (C-2), 47.2 (C-3), 26.7 (C18)z (El)

CsH1oN204, [M]* 198.1.

Synthesis of tert-butyl 3-((tert-butoxycarbonyl)amino)-4-hydroxy-2w2,5-dihydro-1H-

pyrrole-1-carboxylat@26

0 0

AcOEt 2Lo N
NBoc 11 16{9]3':24/
(@)

e
t
Bocl KO'Bu, THF N
—78°Ctort, 5h HO™4 s O7®
0

225a 226

General procedure A was followed using di-tert-b@tp-dioxopiperazine-1,4-dicarboxylate
225a (160 mg, 0.48 mmol), EtOAc (220 mg, 0.23 mL, 2.5noh), THF (7 mL), 1.0 M
solution of KOBu in THF (1.3 mL, 1.3 mmol). Compour®6 was obtained (122 mg, 75%)
as a white solid. m.p. 64 - 66 °C; WRay /cm’ 3333, 2982, 1770, 1710, 1681, 1658, 1532,
1360, 1279, 1257, 1152, 936, 774; NMR (300 MHz, CDCJ) 5 11.26 (s, 1H, OH), 6.57 (s,
1H, NH), 4.14 (s, 2H, H-5), 1.55 (s, 9H, H-12), @.6, 9H, H-8);*C NMR (100 MHz,
CDCls) 6 165.0 (C-2), 155.7 (C-6), 150.7 (C-4), 148.9 (G;1®M4.0 (C-3), 83.3 (C-11), 83.0

(C-7), 47.0 (C-5), 28.1 (C-12, C-8); (ES)482:N-06, [MNa]* 337.1.
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Synthesis of dtert-butyl 3-benzoyl-2,5-dioxopiperazine-1,4-dicarbat@228

Q o
) LHMDS, THF, ¢ .
#NBOC ~78°C,0.5h \{go\ﬁ/Nz o

ii) CICOPh, 3 h, 12

To a solution of DKP225a (78.3 mg, 0.25 mmol) in dry THF under an atmosphef
nitrogen at —78 °C, a 1.0 M in THF solution of LHN3O0.26 mL, 0.26 mmol) was added.
After the mixture was stirred for 10 min, the etephile (30.5 pL, 0.26 mmol) was added
dropwisevia syringe and the solution was stirred for 45 mingler at the same temperature.
When the starting material was consumed the reaeti@ms quenched with saturated )XOH
and diluted with EtOAc. The aqueous phase was eetlawith EtOAc (3 x 20 mL) and the
resulting organic layers were washed with brine ifil5, dried over MgS@and concentrate
under vacuum. The crude was purified by column riatography on silica gel (Petrol/EtOAc
(8:2) to afford compoun@28 (68.1 mg, 65%) as a white solid. m.p. 141 - 143 IFCviax
lemit 2986, 1780, 1728, 1686, 1451, 1401, 1370, 1298712143, 1083, 978, 723, 68H
NMR (400 MHz, CDC}) 6 8.27 (m, 2H, H-12), 7.77 (m, 1H, H-14), 7.55J& 7.8 Hz, 2H,
H-13), 6.47 (s, 1H, H-3), 4.73 (d,= 17.9 Hz, 1H, H-6b), 4.26 (d,= 17.9 Hz, 1H, H-6a),
1.52 (s, 9H, H-9), 1.49 (s, 9H, H-17fC NMR (101 MHz, CDG)) § 190.6 (C-10), 164.5 (C-
5), 160.6 (C-2), 149.9 (C-15), 149.4 (C-7), 133Ct14), 130.3 (C-11), 129.3 (C-12), 128.9
(C-13), 85.6 (C-8), 85.4 (C-16), 65.8 (C-3), 49Cx-Q), 27.8 (C-9, C-17)m/z (ES HRMS)

C,1H26N207Na requires 441.1638, found [MNa}41.1651.
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Synthesis of 1,3,4-triacetylpiperazine-2,5-di@26"?

o O

i) KO'Bu, THF, 4
NAc -78°C,1h B%J\N 1112
= 8
ACN\[H ii) AcOEt, WNW1O
o -78°Ctort,3h o o O
225b 229

General procedure A was followed using 1,4-diagébgrazine-2,5-dion€25b (100 mg,
0.51 mmol), EtOAc (66.7 mg, 68.5 pL, 0.76 mmol),AE mL), 1.0 M solution of K&Bu in
THF (0.76 mL, 0.76 mmol). Compour®9 was obtained as a colourless oil (25.8 mg, 22%).
IR vmax /cmi* 2941, 1682, 1598, 1449, 1369, 1229, 1086, 966, 3%;'H NMR (300 MHz,
CDCl) § 5.94 (s, 1H, H-3), 5.04 (d,= 18.1 Hz, 1H, H-6b), 3.90 (d,= 18.1 Hz, 1H, H-6a),
2.63 (s, 3H, H-12), 2.60 (s, 3H, H-8), 2.49 (s, 3H10); **C NMR (101 MHz, CDGJ) 5
197.5 (C-9), 171.2 (C-11), 170.6 (C-7), 165.0 (C3H2.3 (C-2), 68.5 (C-3), 46.5 (C-6), 27.4

(C-8), 26.8 (C-10), 26.6 (C-120/z(ES) GoH1:N,OsNa, [MNa]* 263.1.

Synthesis of 1,4-diacetyl-3-benzoylpiperazine-2Adnd 230

o)
o) eﬁskﬁl
i) LHMDS, THF, 8

1 3
HJ\NAC 78°C.050 3

AcN . o)
ii) CICOPh, 3 h
0}

225b 230

15

To a solution of DKP225b (198.2 mg, 1 mmol) in dry THF under an atmosploéneitrogen
at =78 °C, a 1.0 M in THF solution of LHMDS (1.09.mL.05 mmol) was added. After the

mixture was stirred for 10 min, the electrophil&@41uL, 1.5 mmol) was added dropwiga
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syringe and the solution was stirred for 45 minglemat the same temperature. When the
starting material was consumed the reaction wasanesl with saturated Nj@I and diluted
with EtOAc. The aqueous phase was extracted wiDAEt(3 x 30 mL) and the resulting
organic layers were washed with brine (20 mL), diiver MgSQ and concentrate under
vacuum. The crude was purified by column chromatplgy on silica gel (Petrol/EtOAc (8:2)
to (2:1) to afford compoun®30 (158 mg, 52%) as a colourless oil. WRa /cm* 1701, 1418,
1366, 1201, 1169, 1089, 1040, 963, 680;NMR (400 MHz, CDCJ) & 8.27 (m, 2H, H-11),
7.73 (m, 1H, H-13), 7.58 (m, 2H, H-12), 6.85 (s,, HH43), 5.09 (d,) = 18.2 Hz, 1H, H-6b),
4.14 (d,J = 18.2 Hz, 1H, H-6a), 2.66 (s, 3H, H-15), 2.5538, H-8);*C NMR (101 MHz,
CDCl;) & 190.0 (C-9), 171.4 (C-14), 170.8 (C-7), 166.0 (CH62.4 (C-2), 135.3 (C-13),
132.9 (C-10), 130.3 (C-11), 129.0 (C-12), 64.0 (C4F.0 (C-6), 27.0 (C-8), 26.6 (C-15)yz

(ES HRMS) GsH14N-OsNa requires 325.0800, found [MN&25.0787.

5.3. Experimental for Chapter 3

Preparation of triketopiperazine precursors

1,1'-(1,2-Dioxoethane-1,2-diyl)bisH-benzotriazole was synthesised according to lieeat

procedures>®
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Synthesis ofN-benzyl-2-(benzylamino)acetami@g7*>*

NH,Bn O
e Ot
Br L MeCN, 0 °C to EI\AJ\N 2
Br rt, 15 h H
239 237

To a solution of benzylamine was added (50 mL, #®dol)dissolved in dry acetonitrile (500
mL) bromoacetyl bromide (10 mL, 115 mmol) portionsevat 0 °C over a period of 10
minutes under nitrogen. The reaction was left waymoom temperature overnight. After the
reaction went to completion, it was quenched wdlusated NaHC® (100 mL), extracted
with EtOAc (3 x 200 mL), the organic layer was weghwith brine (1 x 200 mL), dried over
MgSQ,, filtered an evaporated to afford a colourless Bile crude product was purified by
column chromatography on silica gel (EtOAc/PetrblR] to EtOAc (100%) to afford the
desired produc?37 (25.8 g, 88%) as a colourless oil. ¥Ray /cmi* 3303, 3063, 3030, 2924,
2879, 1650, 1523, 1496, 1454, 1426, 1266, 1028, TAD, 696;H NMR (300 MHz, CDGJ)
§7.59 (s, 1H, H-3), 7.44 — 7.19 (m, 10H, H-Ar),&@,J = 6.0 Hz, 2H, H-4), 3.78 (s, 2H, H-
7), 3.38 (s, 2H, H-2), 1.90 (s, 1H, H-8%C NMR (100 MHz, CDGJ) § 171.4 (C-1), 139.3 (C-
8), 138.4 (C-5), 128.7 (C-Ar), 128.6 (C-Ar), 1280-Ar), 127.7 (C-Ar), 127.4 (C-Ar), 127.4
(C-Ar), 54.0 (C-7), 52.0 (C-2), 43.0 (C-4%/z (ES HRMS) GgH1oN,O requires 255.1497,

found [MH]* 255.1501.
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Synthesis of 1,4-dibenzylpiperazine-2,3,5-tried@

uw, 150 °C, 1h- @ @
BnHN\)J\NHBn Q ‘/@ 8 1

237 242

To a suspension of 1,1'-(1,2-Dioxoethane-1,2-dightH-benzotriazole (153.2 mg, 0.53
mmol) in dry THF (1.5 mL) in a microwave vidll-benzyl-2-(benzylamino)acetamide (127.0
mg, 0.50 mmol) was added in one portion. After vied was closed and the reaction was
stirred for 10 min the crude was subjected to therowave reaction for 1h at 150 °C. The
solvent was then evaporated and the residue wi#sedury column chromatography on silica
gel (CHCl,/acetone (95:5) to afford the desired prodi#& (102 mg, 67%) as a yellow solid.
m.p. 177 - 180 °C; IRimax /cmi* 3062, 3036, 2956, 2923, 1748, 1670, 1604, 1429213
1359, 1341, 1264, 1211, 981, 954, 723, 68BNMR (400 MHz, CDGJ) 6 7.37 (m, 2H, H-
Ar), 7.31 — 7.26 (m, 3H, H-Ar), 7.25 — 7.19 (m, BH-Ar), 4.93 (s, 2H, H-9), 4.61 (s, 2H, H-
7), 4.12 (s, 2H, H-6)**C NMR (101 MHz, CDGJ) § 164.7 (C-5), 156.3 (C-3), 152.1 (C-2),
135.1 (C-10), 133.7 (C-8), 129.7 (C-Ar), 129.2 (€);4.29.0 (C-Ar), 128.8 (C-Ar), 128.6 (C-
Ar), 128.3 (C-Ar), 50.5 (C-7), 49.8 (C-6), 44.2 6F-m/z(ES HRMS) GgH17/N-,O3 requires

309.1239, found [MH]309.1231.
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Synthesis of 6-benzoyl-1,4-dibenzylpiperazine-2{@idne 247

o O

0 i) LHMDS, THF, 12 N e A 2
5°N
-78°C, N, 1 10
NBn — 13 7 N\[(:Sg
BNN i) 0o 230
0 P 8l o

0] Cl Ph

242 247

Triketopiperazine242 (69.3 mg, 0.25 mmol) was dissolved in dry THF (B)rand cooled
down to -78 °C. LHMDS (1M in THF, 0.26 mmol, 0.26 mL) washsequently added
dropwise and the mixture was left to stir for 45hnniBenzoyl chloride (105 mg, 0.75 mmol,
0.09 mL) was added in one portion and the reactias further stir at =78 °C for 3h. When
the starting material was consumed by TLC the cwa®e quenched with Ni&I (5 mL). Both
layers were separated and the aqueous phase wastectwith EtOAc (3 x 10 mL) and the
combined organic layers were washed with brine (15xmL), dried over MgS9and
condensed under reduced pressure. The crude weiglay column chromatography on
silica gel (Petrol/EtOAc (4:1) to Petrol/EtOAc (21b afford247 (57.1 mg, 56%) as a white
solid. m.p. 154 — 155 °C; IRnax /cmi* 3030, 3012, 1747, 1682, 1437, 1358, 1233, 1182, 93
919, 731, 697, 683, 6351 NMR (400 MHz, CDCY) § 7.84 (m, 2H, H-Ar), 7.66 (m, 1H, H-
Ar), 7.49 (m, 2H, H-Ar), 7.32 — 7.18 (m, 8H, H-A®),14 (td,J = 7.7, 3.2 Hz, 2H, H-Ar), 5.86
(s, 1H, H-6), 5.08 — 4.95 (m, 2H, H-7b, H-9b), 4(85J = 13.9 Hz, 1H, H-9a), 4.29 (d,=
14.6 Hz, 1H, H-7a)**C NMR (101 MHz, CDG)) § 190.1 (C-11), 162.6 (C-5), 156.7 (C-3),
154.6 (C-2), 135.3 (C-13), 134.9 (C-10), 132.9 @;132.7 (C-8), 129.7 (C-Ar), 129.1 (C-

Ar), 129.0 (C-Ar), 128.8 (C-Ar), 128.6 (C-Ar), 1Z8(C-Ar), 128.1 (C-Ar), 65.1 (C-6), 49.7
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(C-7), 44.7 (C-9); 1 signal in the C-H aromatic icegwas not observed due to having

equivalent resonancasyz(ES HRMS) GsHaoN.04Na, 435.1321, found [MN&®35.1322.

Synthesis of methyl 1,4-dibenzyl-3,5,6-trioxopipene-2-carboxylat@46

O o
o i) LHMDS, THF, 10 P
N 1
BnN Iy Vo0 e ’ me/sgo
n
8
O NG~ “OMe O
O ~78°Ct00°C
242 246

Triketopiperazing42 (252.4 mg, 0.82 mmol) was dissolved in dry THF (L) and cooled
down to -78 °C. LHMDS (1M in THF, 0.90 mmol, 0.90 mL) washsequently added
dropwise and the mixture was left to stir for 45nmMethyl carbonocyanidate (209.2 mg,
2.46 mmol, 0.20 mL) was added in one go and theticgais left to stir for 20 min at78 °C
and it was let to warm up over 2h to 0 °C. When dteting material was consumed the
mixture was quenched with NBI (5 mL) and EtOAc (5 mL). Both layers were sepedaand
the aqueous phase was extracted with EtOAc (3 mllpand the combined organic layers
were washed with brine (1 x 20 mL), dried over MgSihd condensed under reduced
pressure. The crude was purified by column chrografthy on silica gel (Petrol/EtOAc (3:1)
to afford 246 (262.5 mg, 87%) as a yellow solid. m.p. 89 — 91 IF-Cvinax /cmi* 2988, 2903,
1748, 1732, 1686, 1435, 1239, 1171, 1059, 731, 89%MR (400 MHz, CDC)) 6 7.43 —
7.22 (m, 10H, H-Ar), 5.07 — 4.92 (m, 3H, H-7b, H)}14.82 (s, 1H, H-2), 4.40 (d,= 14.6
Hz, 1H, H-7a), 3.59 (s, 3H, H-10%*C NMR (101 MHz, CDG)) § 165.1 (C-3), 161.9 (C-9),

155.9 (C-5), 153.0 (C-6), 134.7 (C-12), 133.1 (CH9.5 (C-Ar), 129.1 (C-Ar), 129.0 (C-
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Ar), 129.0 (C-Ar), 128.7 (C-Ar), 128.3 (C-Ar), 64(C-2), 54.2 (C-10), 49.9 (C-7), 44.8 (C-

11); m/z(ES HRMS) GgH1gN,OsNa requires 389.1113, found [MN&89.1105.

Preparation of Racemic adducts:

To a solution of triketopiperazine (0.1 mmol) in £&H (0.7 mL) at-78 °C, triethylamine (10
mol%) was added followed by the Michael acceptob @q). The mixture was allowed to
warm to—-20 °C and left to react until the starting matewals consumed. The crude mixture

was directly purified by flash chromatography.

General procedure B for enantioselective Michael addition of triketopiperazines to a,p-

unsaturated ketones and aldehydes

R2/ R3
o) \/\W O R, O

R1\HJ\ 2504 W
NBn R3 NBn
Ban(&O Chiral cat. 10 mol%, B”Nm/go
o CH,Cl, (0.7 mL), -20 °C o
4aor4b 6a-m

To a mixture of triketopiperazine (0.1 mmol) andrahcatalyst (4.0 mg, 10 mol%) dissolved
in CHxCl, (0.7 mL) at-78 °C, the Michael acceptor was added neat overinlten The
reaction mixture was allowed to warm to —20 °C &eftto react. After the starting material

was completely consumed the crude was directhyfipdrby flash chromatography.
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Synthesis of methyl§)-1,4-dibenzyl-3,5,6-trioxo-2-(3-oxobutyl)piperaei2-carboxylat50

O O
MGOZC 15
O M 1$/M\V/A\i;ﬂ\4
e 13N11""3°N
16
MGOZC\HJ\NBn | 127 1N\H/5g\©
6 (@]
B”Nj(& 10 mol% 201

(@] 8 o)
3 CH,Cl,, —20 °C

246 250

General procedure B using triketopiperazid#é (37.5 mg) was followed to synthesise this
product (43.6 mg) as a colourless oil in 99% yiffoin a reaction catalysed 801 (10
mol%) at-20 °C for 1.5 hours. Purification by flash columhr@matography (gradient:
hexane/ethyl acetate = (9:1) to (3:1) g&8@ with 99:1 er as determined by HPLC analysis
[Phenomenex Lux Cellulose-3, acetonitrile:water68001 mL/minA 210 nm, t(major) = 10.0
min, t(minor) = 11.1 min]. IRvmax jcmt 2960, 2922, 1768, 1740, 1687, 1415, 1371, 1243,
1079, 705, 698*H NMR (400 MHz, CDCJ) & 7.41 (m, 2H, H-Ar); 7.36 — 7.26 (m, 8H, H-
Ar); 5.11 (d,J = 13.7 Hz, 1H, H-15b); 5.05 (d,= 13.7 Hz, 1H, H-15a); 4.71 (d,= 15.0 Hz,
1H, H-7b); 4.60 (d,) = 15.0 Hz, 1H, H-7a); 3.33 (s, 3H, H-10); 2. 61 @h, H-11); 1.91 (m,
2H, H-12); 1.84 (s, 3H, H-14)°C NMR (101 MHz, CDGJ) & 204.9 (C-13), 165.8 (C-9),
165.5 (C-3), 155.2 (C-5), 154.2 (C-6), 134.8 (C;134.8 (C-8), 129.2 (C-Ar), 129.2 (C-Ar),
128.7 (C-Ar), 128.7 (C-Ar), 128.4 (C-Ar), 72.3 (§-53.7 (C-10), 47.7 (C-7), 44.8 (C-15),
36.2 (C-12), 29.6 (C-14), 27.6 (C-11); 1 signathe C-H aromatic region was not observed
due to having equivalent resonancesz (ES HRMS) G4H2sN.OgNa requires 459.1532,

found [MNa] 459.1539]«]3!= —25.5 ¢ 1.5, CHCH).
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Synthesis of methyl §-1,4-dibenzyl-3,5,6-trioxo-2-(3-oxopropyl)piperaer2-carboxylate

251

o) e} 10 9 e}
. S AP
MeOzC\HJ\ A Hospm Y3 N/1\5©
= 7 N6 50

NBn Tf&
B”Nj(&o 10 mol% 201 S
S CH,Clp, 20 °C
246 251

General procedure B using triketopiperazi#é (36.3 mg) was followed to synthesise this
product (41.4 mg) as a colourless oil in 99% vyiglmn a reaction catalysed B01 (10
mol%) at -20 °C for 1 hour. Purification by flash column chratography (gradient:
hexane/ethyl acetate = (9:1) to (3:1) gave pro@6it IR vmayx /cmi* 3035, 2956, 1786 1757,
1689, 1440, 1386, 1282, 1008, 702, 6844:NMR (400 MHz, CDCJ) 6 9.36 (s, 1H, H-13),
7.47 — 7.14 (m, 10H, H-Ar), 5.10 (d,= 13.7 Hz, 1H, H-14b), 5.05 (d,= 13.7 Hz, 1H, H-
14a), 4.70 (dJ = 15.0 Hz, 1H, H-7b), 4.64 (d, = 15.0 Hz, 1H, H-7a), 3.35 (s, 3H, H-10),
2.71 (m, 2H, H-11), 2.00 (m, 2H, H-1¥¢ NMR (101 MHz, CDGJ) & 197.1 (C-13), 164.8
(C-9), 164.3 (C-3), 154.1 (C-5), 153.2 (C-6), 13@815), 133.7 (C-8), 128.1 (C-Ar), 127.7
(C- Ar), 127.7 (C-Ar), 127.5 (C-Ar), 127.4 (C-ArJ1.3 (C-2), 52.8 (C-10), 46.8 (C-7), 43.9
(C-14), 36.0 (C-12), 24.9 (C-11); 1 signal in thédGromatic region was not observed due to
having equivalent resonancesyz (ES HRMS) GsHxN.O¢Na, 445.1376, found [MN3]

445.1365]a]3! = -4.5 € 0.8, CHC}).
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Synthesis of methyl )-1,4-dibenzyl-3,5,6-trioxo-2-(3-oxopentyl)piperaet2-carboxylate

252

0] ') 10 9 ')

Et 13711 30N

MeOZC\HJ\NBn | 14712 17
” 7 Ner 50
B”Nm/go 10 mol% 201 ol &
o CH,Cl,, -20 °C
246 252

General procedure B using triketopiperazid® (28.8 mg) was followed to synthesise this
product (31.7 mg) as a colourless oil in 90% vyiglmn a reaction catalysed 801 (10
mol%) at —20 °C for 2 hours. Purification by flash column amatography (gradient:
hexane/ethyl acetate = (9:1) to (3:1) g&62 with 97:3 er as determined by HPLC analysis
[Daicel Chiralpak AD, hexanes:IPA, 80:20, 1.0 muAmk 210 nm, t(major) = 17.4 min,
t(minor) = 22.4 min]. IRvmax lcmi* 3034, 2970, 1743, 1685, 1417, 1367, 1231, 1158, 73
701;'H NMR (400 MHz, CDCY) & 7.39 (m, 2H, H-Ar), 7.36 — 7.25 (m, 8H, H-Ar), 5.4d,J

= 13.7 Hz, 1H, H-16b), 5.05 (d,= 13.7 Hz, 1H, H-16a), 4.73 (d,= 15.0 Hz, 1H, H-7Db),
4.59 (d,J = 15.0 Hz, 1H, H-7a), 3.33 (s, 3H, H-10), 2.66 @hl, H-11), 2.06 (m, 2H, H-14),
1.90 (m, 2H, H-12), 0.90 (f = 7.3 Hz, 3H, H-15}°C NMR (101 MHz, CDGJ) § 207.7 (C-
13), 165.9 (C-9), 165.6 (C-3), 155.2 (C-5), 154226), 134.9 (C-17), 134.8 (C-8), 129.2 (C-
Ar), 129.2 (C-Ar), 128.6 (C-Ar), 128.4 (C-Ar), 128(C-Ar), 72.4 (C-2), 53.7 (C-10), 47.7
(C-7), 44.8 (C-16), 35.7 (C-14), 34.9 (C-12), 2{C*11), 7.6 (C-15); 1 signal in the C-H
aromatic region was not observed due to havingvatgnt resonances)/z(ESI) GsH27N2Og

requires 451.1857, found [MH}51.1869{a]3!= - 30.9 ¢ 1.3, CHCH}).
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Synthesis of methylg)-1,4-dibenzyl-2-(3-cyclohexyl-3-oxopropyl)-3,5,6exopiperazine-2-

carboxylate253
0]
®) 10 9 e}
o 19 ., | MeOC | 4 20
MeOzC\HJ\ | 18 ERFNEE N/}©

Ban(&O 10 mol% 201 16 ol &

o CH,Cl,, —20 °C

246 253

General procedure B using triketopiperazid#é (34.5 mg) was followed to synthesise this
product (48.6 mg) as a colourless oil in 99% yifloin a reaction catalysed 801 (10
mol%) at —-20 °C for 3 hours. Purification by flash column amatography (gradient:
hexane/ethyl acetate = (19:1) to (4:1) gaad with 97:3 er as determined by HPLC analysis
[Daicel Chiralpak AD, hexanes:IPA, 85:15, 0.7 muAmk 210 nm, t(major) = 30.8 min,
t(minor) = 34.7 min]. IRvmax /cmi® 3035, 2931, 2854, 1743, 1685, 1496, 1417, 1363412
1150, 1030, 733, 706H NMR (400 MHz, CDC}) § 7.45 — 7.37 (m, 2H, H-Ar), 7.35 — 7.23
(m, 8H, H-Ar), 5.12 (dJ = 13.6 Hz, 1H, H-20b), 5.04 (d,= 13.6 Hz, 1H, H-20a), 4.72 (d,

= 15.0 Hz, 1H, H-7b), 4.58 (d,= 15.0 Hz, 1H, H-7a), 3.33 (s, 3H, H-10), 2.65 @hl, H-
11), 1.99 — 1.81 (m, 3H, H-12, H-14), 1.75 — 1.67 @H, H-16b, H-18b), 1.63 (m, 1H, H-
17b), 1.56 — 1.44 (m, 2H, H-15b, H19b), 1.23 — QU895H, H-15a, H-16a, H-17a, H-18a, H-
19a)*C NMR (101 MHz, CDGJ) & 210.3 (C-13), 165.9 (C-9), 165.7 (C-3), 155.2 (C-5
154.2 (C-6), 134.9 (C-21, C-8), 129.3 (C-Ar), 129CAr), 128.6 (C-Ar), 128.3 (C-Ar),
128.3 (C-Ar), 72.4 (C-2), 53.6 (C-10), 50.6 (C-147,8 (C-7), 44.7 (C-20), 33.1 (C-12), 28.3

(C-15), 28.1 (C-19), 27.9 (C-11), 25.6 (C-16), 263517), 25.4 (C-18); 1 signal in the C-H
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aromatic region was not observed due to havingvatpnt resonances)/z(ESI) GgHs3N2Og

requires 505.2385, found [MHB05.2339{a]3!= -39.7 € 1.3, CHCH}).

Synthesis of methyl j-1,4-dibenzyl-3,5,6-trioxo-2-(3-0x0-3-phenylprojpiberazine-2-

carboxylate254
O O 10 9 O
MeO,C | Ph 1355112 3N 49
NBn 15 N
17 7 5 0
BnN 16 6
0 10 mol% 201 8 0
o CH,Cl,, =20 °C
246 254

General procedure B using triketopiperazidé (34.5 mg) was followed to synthesise this
product (46.0 mg) as a colourless oil in 98% vyiglmin a reaction catalysed 801 (10
mol%) at -20 °C for 1 hour. Purification by flash column chratography (gradient:
hexane/ethyl acetate = (9:1) to (4:1) g2 with 99:1 er as determined by HPLC analysis
[Daicel Chiralcel OD, hexanes:IPA, 80:20, 1.0 mldmk 210 nm, t(major) = 28.9 min,
t(minor) = 40.9 min]. IRvmax lcmi* 3065, 2956, 1763, 1743, 1682, 1599, 1496, 13672212
1151, 1080, 733, 696H NMR (400 MHz, CDCJ) 6 7.59 — 7.53 (m, 3H, H-15, H-17), 7.47 -
7.14 (m, 12H, H-24, H-Ar), 5.15 (d,= 13.6 Hz, 1H, H-18b), 5.09 (d,= 13.6 Hz, 1H, H-
18a), 4.86 (dJ = 15.0 Hz, 1H, H-7b), 4.57 (d, = 15.0 Hz, 1H, H-7a), 3.32 (s, 3H, H-10),
2.87 (dd,J = 9.0, 6.8 Hz, 2H, H-11), 2.56 (m, 1H, H-12b), R@n, 1H, H-12a)°C NMR
(101 MHz, CDC¥) 5 196.6 (C-13), 165.9 (C-9), 165.7 (C-3), 155.2 (C154.3 (C-6), 135.9
(C-14), 134.9 (C-19), 134.7 (C-8), 133.4 (C-17)9.R(C-Ar), 129.1 (C-Ar), 128.7 (C-Ar),

128.6 (C-Ar), 128.5 (C-Ar), 128.4 (C-Ar), 128.3 @&), 127.95 (C-Ar), 72.4 (C-2), 53.7 (C-
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10), 47.7 (C-7), 44.8 (C-18), 31.5 (C-12), 28.1 AO: m/z (ESI) GgH.7N.Os requires

499.1867, found [MH]499.1869{]3!= -39.3 € 1.8, CHC}).

Synthesis of methyl  §-1,4-dibenzyl-2-(3-(4-methoxyphenyl)-3-oxoprop$,s,6-

trioxopiperazine-2-carboxylab5

O
0110 9 o
o ﬁj\@ 14 MeOZC_: 419
13 1Y 3 N
MeOZC\HJ\NBn OMe 18 17 12 1N2 /2\0©
BnN MeO 16 1 7 8] 5O
e} 10 mol% 201 o
o CH,Cl,, 20 °C
246 255

General procedure B using triketopiperazid#é (26.1 mg) was followed to synthesise this
product (38.5 mg) as a white solid in 87% yieldnira reaction catalysed 201 (10 mol%)
at—20 °C for 1.5 hours. Purification by flash colummamatography (gradient: hexane/ethyl
acetate = (9:1) to (3:1) gav@b5 with 99:1 er as determined by HPLC analysis [Daice
Chiralcel OD, hexanes:IPA, 80:20, 1.0 mL/min210 nm, t(major) = 56.1 min, t(minor) =
86.7 min]. m.p. 167 — 168 °C; R /cmi* 2957, 1763, 1743, 1684, 1600, 1419, 1369, 1259,
1233, 1172, 1028, 735, 70'H NMR (400 MHz, CDCJ) 6 7.53 (m, 2H, H-15), 7.42 (m, 2H,
H-Ar), 7.34 — 7.12 (m, 8H, H-Ar), 6.84 (m, 2H, H)16.12 (d,J = 13.6 Hz, 1H, H-19b), 5.06
(d,J = 13.6 Hz, 1H, H-19a), 4.90 (d= 15.0 Hz, 1H, H-7b), 4.48 (d,= 15.0 Hz, 1H, H-7a),
3.87 (s, 3H, H-18), 3.26 (s, 3H, H-10), 2.83 (m, 2H11), 2.51 (m, 1H, H-12b), 2.35 (m, 1H,
H-12a);*C NMR (101 MHz, CDGJ) § 195.1 (C-13), 165.9 (C-9), 165.7 (C-3), 163.7 (01

155.3 (C-5), 154.3 (C-6), 135.0 (C-20), 134.7 (CH0.2 (C-15), 129.3 (C-Ar), 129.2 (C-
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Ar), 129.0 (C-14), 128.7 (C-Ar), 128.6 (C-Ar), 128(C-Ar), 128.9 (C-Ar), 113.7 (C-16),
72.4 (C-2), 55.5 (C-18), 53.6 (C-10), 47.6 (C-73,74(C-19), 31.1 (C-12), 28.3 (C-11jv/z
(ESI) GH2gN2O;Na requires 551.1801, found [MNap51.1794;[a]3!= -28.8 ¢ 1.3,

CHCL).

Synthesis of methyl §-1,4-dibenzyl-2-(3-(4-bromophenyl)-3-oxopropyl 6H-

trioxopiperazine-2-carboxylab6

0 9
o 10 )
o KJ\O\ 14 MeO,C 4 18
1357112 3N
MeOQC\HJ\NBn Br 17 , 12 | /1\9©
BnN Br™ % 780
0 10 mol% 201 8 o
o CH,Cl,, -20 °C
246 256

General procedure B using triketopiperazi#é (32.1 mg) was followed to synthesise this
product (56.4 mg) as a white solid in 98% yieldnira reaction catalysed 291 (10 mol%)
at—20 °C for 1.5 hours. Purification by flash columr@matography (gradient: hexane/ethyl
acetate = (9:1) to (3:1) gavgb6 with 99:1 er as determined by HPLC analysis [Dlaice
Chiralpak AD, hexanes:IPA, 80:20, 1.0 mL/min210 nm, t(major) = 34.0 min, t(minor) =
47.1 min]. m.p. 124 — 127 °C; WRuax /cmi 3052, 2954, 1764, 1743, 1684, 1585, 1496, 1368,
1229, 1071, 1009, 734, 7084 NMR (400 MHz, CDCYJ) 6 7.43 (m, 2H, H-15), 7.35 (m, 2H,
H-Ar), 7.30 (m, 2H, H-16), 7.25 — 7.18 (m, 5H, H)AY.16 — 7.04 (m, 3H, H-Ar), 5.05 (d=
13.6 Hz, 1H, H-18b), 4.99 (d,= 13.6 Hz, 1H, H-18a), 4.69 (d,= 15.0 Hz, 1H, H-7b), 4.52
(d, J = 15.0 Hz, 1H, H-7a), 3.25 (s, 3H, H-10), 2.75 @hl, H-11), 2.35 (m, 2H, H-12}°C

NMR (101 MHz, CDCY) § 195.6 (C-13), 165.9 (C-9), 165.6 (C-3), 155.2 (C1%54.3 (C-6),
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134.9 (C-19), 134.8 (C-8), 134.6 (C-14), 131.8 @);1.29.4 (C-Ar), 129.1 (C-Ar), 128.7 (C-
Ar), 128.7 (C-Ar), 128.4 (C-Ar), 128.3 (C-Ar), 72(€-2), 53.7 (C-10), 47.8 (C-7), 44.8 (C-
18), 31.5 (C-12), 28.1 (C-11); 2 signals in the Guidmatic region were not observed due to
having equivalent resonances/z (ESI) GgH¢N-Os *Br requires 577.0968, found [MH]

577.0974{a]3'= -17.4 € 2.0, CHC}).

Synthesis of methyl &-1,4-dibenzyl-2-(R)1-methoxy-1,4-dioxopentan-2-yl)-3,5,6-

trioxopiperazine-2-carboxyla63

Meozc\HkNBn " eOZC/\)J\

Ban(&O 10 mol% 201
CH,Cl,, —20 °C

General procedure B using triketopiperazid® (32.0 mg) was followed to synthesise this
product (27.8 mg) as a white solid in 67% yieldhira reaction catalysed 291 (10 mol%)

at 0 °C for 48 hours. Purification by flash columimromatography (gradient: hexane/ethyl
acetate = (4:1) to (7:3) gav@3 with 92:8 er as determined by HPLC analysis [Daice
Chiralpak IC, Heptane:Ethanol, 60:40, 2 mL/min210 nm, t(major) = 7.1 min, t(minor) =
11.8 min]. m.p. 93 — 95 °C; IRmax /cmi* 3035, 2956, 1741, 1687, 1497, 1434, 1367, 1235,
1172, 1080, 1030, 910, 728, 698 NMR (400 MHz, CDCY) & 7.37 (m, 2H, H-Ar), 7.30 —
7.13 (m, 6H, H-Ar), 7.10 (m, 2H, H-Ar), 5.03 (@ = 13.7 Hz, 1H, H-17b), 4.99 (d,= 13.7

Hz, 1H, H-17a), 4.87 (d] = 15.8 Hz, 1H, H-7b), 4.61 (d,= 15.8 Hz, 1H, H-7a), 4.36 (dd,

=10.5, 1.9 Hz, 1H, H-11), 3.46 (s, 3H, H-13), 3(813H, H-10), 2.57 (dd} = 17.3, 10.5 Hz,
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1H, H-14b), 2.26 (dd) = 17.3, 1.9 Hz, 1H, H-14a), 1.82 (s, 3H, H-18¢ NMR (101 MHz,
CDCl) 6 203.2 (C-15), 169.9 (C-12), 165.3 (C-9), 164.83)C154.7 (C-5), 154.6 (C-6),
134.8 (C-8), 134.6 (C-18), 129.5 (C-Ar), 128.8 (€);4.28.6 (C-Ar), 128.3 (C-Ar), 128.0 (C-
Ar), 127.8 (C-Ar), 73.7 (C-2), 53.8 (C-10), 52.9-{B), 48.8 (C-7), 45.2 (C-17), 44.9 (C-11),
40.0 (C-14), 29.5 (C-16)m/z (ES HRMS) GgH»7N-Og requires 495.1767, found [MH]

495.1770{a]3'= 11.0 ¢ 1.5, CHC}).

Synthesis of methyl  §-1,4-dibenzyl-2-(R)-1-cyano-3-ethoxy-3-oxopropyl)-3,5,6-

trioxopiperazine-2-carboxyla@64

O CN O

Meozcw)kNBn \)J\OEt

B”Nj(go 10 mol% Et;N
CH,Cl,, —20 °C

246 264

General achiral procedure B using triketopipera24t(35.6 mg) was followed to synthesise
this product (22.3 mg) as a white solid in 97% ¢yigslom a reaction at 0 °C for 48 hours.
Purification by flash column chromatography (gradticnexane/ethyl acetate = (4:1) to (3:2)
gave compoun@64. m.p. 148 — 149 °C; IRmax lemt 2957, 1745, 1690, 1497, 1433, 1373,
1253, 1080, 1009, 734, 6984 NMR (400 MHz, CDCJ) 6 7.37 (m, 2H, H-Ar), 7.30 — 7.15
(m, 8H, H-Ar), 5.08 (dJ = 13.5 Hz, 1H, H-17b), 5.01 (d,= 13.5 Hz, 1H, H-17a), 4.59 (s,
2H, H-7), 4.00 — 3.91 (m, 3H, H-11, H-15), 3.343kl, H-10), 2.19 (dd] = 16.5, 9.4 Hz, 1H,
H-13b), 2.01 (ddJ = 16.5, 4.7 Hz, 1H, H-13a), 1.12 Jt= 7.2 Hz, 3H, H-16)*°C NMR (101

MHz, CDCk) § 167.5 (C-14), 163.8 (C-9), 162.8 (C-3), 154.0 (C¥53.5 (C-6), 134.1 (C-
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18), 133.8 (C-8), 129.5 (C-Ar), 129.0 (C-Ar), 1288-Ar), 128.7 (C-Ar), 128.6 (C-Ar),
128.4 (C-Ar), 116.1 (C-12), 71.8 (C-2), 62.2 (C-15%.4 (C-10), 48.1 (C-7), 45.1 (C-17),
32.3 (C-11), 31.8 (C-13), 13.9 (C-16)/z (ES HRMS) GgH2sNsO-Na requires 514.1590,

found [MNa] 514.1599.

Synthesis of methylR)-1,4-dibenzyl-2-(R)-2-chloro-2-cyanoethyl)-3,5,6-trioxopiperazine-2-

carboxylate267
IV1IOO 9C Q
o) Cl_CN NG 129112 . 614
MeO,C T 5 3
€0, \HJ\NBI'I o 1N
7 5
BnN DI
o) 10 mol% 210 8 o
o CH,Cl,, —20 °C
246 267

General procedure B using triketopiperazidé (36.6 mg) was followed to synthesise this
product (32.0 mg) as a white solid in 71% yieldnira reaction catalysed 310 (10 mol%)
at—20 °C for 0.5 hours. Purification by flash colummamatography (gradient: hexane/ethyl
acetate = (9:1) to (3:1) gav@7 with 96:4 er as determined by HPLC analysis [Daice
Chiralpak AD, hexanes:IPA, 85:15, 0.9 mL/min210 nm, t(minor) = 44.3 min, t(major) =
56.7 min]. m.p. 154 — 155. °C; NRwax /Cmit 2981, 2954, 1744, 1687, 1498, 1449, 1349, 1232,
1208, 1159, 1074, 6984 NMR (400 MHz, CDCJ) § 7.42 — 7.34 (m, 7H, H-Ar), 7.34 — 7.28
(m, 3H, H-Ar), 5.13 (dJ = 13.8 Hz, 1H, H-14b), 5.08 (d,= 13.8 Hz, 1H, H-14a), 4.75 (d,

= 15.1 Hz, 1H, H-7b), 4.68 (d,= 15.1 Hz, 1H, H-7a), 3.96 (dd,= 8.6, 6.4 Hz, 1H, H-12),
3.32 (dd,J = 15.5, 8.6 Hz, 1H, H-11b), 3.32 (s, 3H, H-109&(dd,J = 15.5, 6.4 Hz, 1H, H-

11a); **C NMR (101 MHz, CDGCJ) & 164.8 (C-9), 164.1 (C-3), 154.4 (C-5), 153.7 (C-6)
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134.3 (C-8), 134.2 (C-15), 129.1 (C-Ar), 129.1 (€);4.29.0 (C-Ar), 128.6 (C-Ar), 128.4 (C-
Ar), 115.2 (C-13), 71.0 (C-2), 54.2 (C-10), 48.6 1% 45.3 (C-14), 38.5 (C-11), 36.7 (C-12);
1 signal in the C-H aromatic region was not obsgrgee to having equivalent resonances;
m/z (ES) GaH20N305>°CINa requires 476.0989 found [MNad76.0977{a]3'= 30.2 € 1.2,

CHCl).

Synthesis of methylR)-1,4-dibenzyl-2-(2,2-bis(phenylsulfonyl)ethyl)-35trioxopiperazine-

2-carboxylate269a

16

0o PhO,S

MeOQC \[r
\HJ\NBn 2 3 N
Ban(&O 10 mol% 210 13
S CH,Clp, 20 °C ©/
269a

General procedure B using triketopiperazid® (31.5 mg) was followed to synthesise this

SO,Ph
2 15 MeOZC 0 4 17

product (56.0 mg) as a white solid in 97% yieldnira reaction catalysed 210 (10 mol%)

at 0 °C for 30 hours. Purification by flash columimromatography (gradient: hexane/ethyl
acetate = (4:1) to (3:2) gag69a with 36:64 er as determined by HPLC analysis [Blaic
Chiralpak ID-3, Heptane:Ethanol-Methanol, 70:30n2/min, X 220 nm, t(minor) = 11.1 min,
t(major) = 15.1 min]. m.p. 158 — 161 °C; iRax /cmi* 3070, 2925, 1765, 1744, 1685, 1498,
1446, 1376, 1313, 1226, 1149, 1080, 734, 6BAMR (400 MHz, CDC}) § 7.98 — 7.91 (m,
3H, H-Ar), 7.88 (ddJ = 8.4, 1.1 Hz, 2H, H-Ar), 7.77 (m, 2H, H-Ar), 7.697.59 (m, 5H, H-

Ar), 7.37 (m, 2H, H-Ar), 7.33 — 7.21 (m, 6H, H-AH,63 (d,J = 15.0 Hz, 1H, H-7b), 5.10 (s,
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2H, H-17), 4.38 (dd] = 9.4, 2.9 Hz, 1H, H-12), 3.87 — 3.76 (m, 2H, H-Aal1b), 3.27 (dd)
= 17.0, 9.4 Hz, 1H, H-11a), 2.87 (s, 3H, H-18 NMR (101 MHz, CDG) § 165.7 (C-3),
165.4 (C-9), 154.9 (C-5), 154.3 (C-6), 136.5 (C;1836.1 (C-15), 135.3 (C-14), 135.2 (C-
16), 134.8 (C-18), 133.8 (C-8), 130.2 (C-Ar), 12@09Ar), 129.9 (C-Ar), 129.5 (C-Ar), 129.3
(C-Ar), 129.0 (C-Ar), 128.5 (C-Ar), 128.5 (C-Ar)28.4 (C-Ar), 128.0 (C-Ar), 79.3 (C-12),
70.0 (C-2), 53.4 (C-10), 47.1 (C-7), 44.9 (C-18,®2(C-11):m/z(ES HRMS) GsH3:N:0sS;

requires 675.1471, found [MH$75.1484]a]3'=-2.5 ¢ 1.1, CHC}).

Synthesis of methyl  R)-1,4-dibenzyl-2-(R)-1,2-bis(phenylsulfonyl)ethyl)-3,5,6-

trioxopiperazine-2-carboxyla@69b

15 10
0,S CO,Me

9
M PhO,S. _~
eOZC\HJ\NBn 297" 50,Ph M“ 17
12
Ban(&O 10 mol% 210 13®/8z111 2 3 N/1\e©
o CH,Clp, 20 °C 7 Nﬁo

6

)
246 269b

General procedure B using triketopiperazid® (36.6 mg) was followed to synthesise this
product (35.0 mg) as a white solid in 52% yieldnira reaction catalysed 210 (10 mol%)
at 0 °C for 20 hours. Purification by flash columimromatography (gradient: hexane/ethyl
acetate = (4:1) to (3:2) gave compow&®b. m.p. 126 — 128 °C; IRmax /cmi* 3069, 1765,
1745, 1686, 1496, 1448, 1383, 1309, 1226, 11527,10023, 910, 741, 699H NMR (400
MHz, CDCE) & 7.91 (m, 2H, H-Ar), 7.83 (m, 2H, H-Ar), 7.75 (mH2H-Ar), 7.67 — 7.57 (m,

4H, H-Ar), 7.32 (m, 2H, H-Ar), 7.29 — 7.21 (m, 6H;Ar), 7.17 (m, 2H, H-Ar), 5.61 (d] =
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15.0 Hz, 1H, H-7b), 5.10 (d,= 14.0 Hz, 1H, H-17b), 5.06 (d,= 14.0 Hz, 1H, H-17a), 4.42
(dd,J = 9.4, 2.8 Hz, 1H, H-11), 3.79 (d,= 15.0 Hz, 1H, H-7a), 3.77 (dd,= 17.1, 3.2 Hz,
1H, H-14b), 3.26 (m, 1H, H-14a), 2.85 (s, 3H, H:18C NMR (101 MHz, CDG)) § 165.7
(C-3), 165.4 (C-9), 155.0 (C-5), 154.4 (C-6), 13@412), 136.0 (C-15), 135.3 (C-13), 135.3
(C-16), 134.8 (C-18), 133.7 (C-8), 130.2 (C-Ar) 912 (C-Ar), 129.5 (C-Ar), 129.3 (C-Ar),
129.0 (C-Ar), 128.5 (C-Ar), 128.5 (C-Ar), 128.4 @), 128.0 (C-Ar), 79.1 (C-11), 69.9 (C-
2), 53.5 (C-10), 47.1 (C-7), 44.9 (C-17), 28.9 (@:11 signal in the C-H aromatic region was
not observed due to having equivalent resonanmoés(ES HRMS) G4H31N2.OgS, requires

675.1471, found [MH]675.1487]a]3'= 8.4 € 1.0, CHC}).

Synthesis of methyl §-1,4-dibenzyl-2-(§)-2-nitro-1-phenylethyl)-3,5,6-trioxopiperazine-2-

carboxylate271a

0
NO,
MGOZC\HJ\ NBn Ph/\/

B“Nm/go 10 mol% 201
R CH,Clp, —20 °C

246 271a

General procedure B using triketopiperazidé (35.2 mg) was followed to synthesise this
product (38.1 mg) as a white solid in 78% yieldnira reaction catalysed 291 (10 mol%)

at —20 °C for 1.0 hour. Purification by flash columrr@imatography (gradient: hexane/ethyl
acetate = (9:1) to (3:1) gavE7la with 61:39 er as determined by HPLC analysis

[Phenomenex Lux Cellulose-3, acetonitrile:water;685 1 mL/min,A 210 nm, t(minor) =
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19.1 min, t(major) = 22.1 min]. m.p. 168 — 169 I&; vmax /cm* 2955, 1749, 1685, 1550,
1496, 1433, 1369, 1242, 1208, 1190, 1079, 1030, 760;'H NMR (400 MHz, CDCJ) &
7.55 (m, 2H, H-Ar), 7.48 — 7.42 (m, 3H, H-Ar), 7.367.28 (m, 3H, H-Ar), 7.27 — 7.20 (m,
3H, H-Ar), 6.99 (t,J = 7.3 Hz, 2H, H-Ar), 6.63 (d) = 7.3 Hz, 2H, H-Ar), 5.49 (d) = 15.2
Hz, 1H, H-7b), 5.27 (dd] = 13.6, 2.4 Hz, 1H, H-13b), 5.02 @z= 13.4 Hz, 1H, H-14b), 4.91
(d, J = 13.4 Hz, 1H, H-14a), 4.84 — 4.69 (m, 2H, H-1118#&), 4.16 (dJ = 15.2 Hz, 1H, H-
7a), 3.08 (s, 3H, H-10}°C NMR (101 MHz, CDQ) § 165.2 (C-3, C-9), 154.0 (C-5), 152.6
(C-6), 134.2 (C-8), 133.6 (C-15), 131.2 (C-12), B3(C-Ar), 129.9 (C-Ar), 129.6 (C-Ar),
128.9 (C-Ar), 128.8 (C-Ar), 128.5 (C-Ar), 128.2 @), 75.3 (C-13), 73.1 (C-2), 53.4 (C-10),
47.0 (C-7), 46.4 (C-11), 45.1 (C-14); 2 signalghia C-H aromatic region were not observed
due to having equivalent resonarnce¥z (ESI) GgH2sN3O;Na requires 538.1590, found

[MNa]* 538.1574{a]2!= 29.9 € 0.9, CHC}).

Synthesis of  methyl §-1,4-dibenzyl-2-(§)-1-(4-fluorophenyl)-2-nitroethyl)-3,5,6-

trioxopiperazine-2-carboxyla@r1b

Ban(&O 10 mol% 201 F
CH,Cly, —20 °C

General procedure B using triketopiperazid® (36.6 mg) was followed to synthesise this
product (32.4 mg) as a white solid in 61% yieldnira reaction catalysed 201 (10 mol%)

at —20 °C for 1.0 hour. Purification by flash columrr@imatography (gradient: hexane/ethyl
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acetate = (9:1) to (3:1) gave compoud¥db. m.p. 139 — 141 °C; IRmax /cmi* 2962, 1752,
1687, 1606, 1550, 1512, 1431, 1375, 1234, 12072,10031, 844, 757, 737, 70%4 NMR
(400 MHz, CDC}) 6 7.57 (m, 2H, H-Ar), 7.51 — 7.44 (m, 3H, H-Ar), 7.3 7.29 (m, 3H, H-
Ar), 7.25 (m, 2H, H-Ar), 6.62 (t) = 8.5 Hz, 2H, H-Ar), 6.55 (dd] = 8.5 Hz, 5.1, 2H, H-Ar),
5.46 (d,J = 15.2 Hz, 1H, H-7b), 5.25 (m, 1H, H-16b), 5.03J¢ 13.3 Hz, 1H, H-17b), 4.92
(d, J= 13.3 Hz, 1H, H-17a), 4.78 — 4.67 (m, 2H, H-1116&), 4.16 (dJ = 15.2 Hz, 1H, H-
7a), 3.10 (s, 3H, H-10}*C NMR (101 MHz, CDGJ) § 165.1 (C-9), 165.1 (C-3), 162.9 (#=
251.3 Hz, C-15), 153.9 (C-5), 152.6 (C-6), 134.68[C133.6 (C-18), 130.7 (C-Ar), 130.1 (d,
J = 8.4 Hz, C-13), 129.1 (C-Ar), 128.9 (C-Ar), 12§6-Ar), 128.6 (C-Ar), 128.4 (C-Ar),
127.0 (d,J = 3.1 Hz, C-12), 116.8 (d, = 21.9 Hz, C-14), 75.4 (C-16), 73.0 (C-2), 53.5 (C
10), 47.0 (C-7), 45.8 (C-11), 45.2 (C-1®)/z(ESI) GsH24N30;NaF requires 556.1496, found

[MNa]* 556.1500{a]2!= 66.8 € 1.3, CHCH).

Synthesis of9-1,4-dibenzyl-6-(3-oxobutyl)piperazine-2,3,5-tre?/6

0] 0] (0]
0 Hll a2
| 14 131211165N 10
NBn g\
BnN 2re o
0 10 mol% 201 8 o)
S CH,Cly, -20 °C
242 276

General procedure B using triketopiperazid (29.5 mg) was followed to synthesise this
product (28.9 mg) as a colourless oil in 80% yiffoin a reaction catalysed 801 (10
mol%) at —20 °C for 4 hours. Purification by flash column amatography (gradient:

hexane/ethyl acetate = (4:1) to (1:1) g&vé with 93:7 er as determined by HPLC analysis
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[Daicel Chiralcel OD, hexanes:IPA, 80:20, 2.0 mldmk 210 nm, t(major) = 17.7 min,
t(minor) = 44.6 min]. IRvmax /cmi® 3034, 2958, 1743, 1685, 1497, 1429, 1361, 1328112
1211, 1164, 1077, 1030, 745, 762; NMR (400 MHz, CDCY) & 7.43 (m, 2H, H-Ar), 7.39 —
7.35 (m, 5H, H-Ar), 7.34 — 7.29 (m, 3H, H-Ar), 5.8% J = 14.5 Hz, 1H, H-7b), 4.99 (s, 2H,
H-9), 4.20 (dJ = 14.5 Hz, 1H, H-7a) 4.19 (dd,= 8.5 Hz, 3.1 Hz, 1H, H-6) 2.34 (m, 1H, H-
11b), 2.24 (tJ = 6.7 Hz, 2H, H-12), 2.03 (s, 3H, H-14), 1.91 (K, H-11a);"*C NMR (101
MHz, CDCk) § 206.0 (C-13), 168.0 (C-5), 156.5 (C-3), 152.9 (C485.2 (C-10), 134.5 (C-
8), 129.4 (C-Ar), 129.1 (C-Ar), 129.0 (C-Ar), 128C-Ar), 128.6 (C-Ar), 128.3 (C-Ar), 58.6
(C-6), 48.0 (C-7), 44.3 (C-9), 36.8 (C-12), 29.944), 27.3 (C-11)m/z(ESI) GzH2:N204,Na

requires 401.1481, found [MNa#01.1477{«a]3'=-157.1 ¢ 1.0, CHC}).

Synthesis of9-1,4-dibenzyl-6-(3-oxopropyl)piperazine-2,3,5-tr&289

O )

O
0 S
| H H131211165N 10
NBn ; N
BnN 230
) 10 mol% 201 8 o)
CH,Cl,, —20 °C

242 289

General procedure B using triketopiperaz24@ (30.6 mg) was followed to synthesise this
product (26.9 mg) as a colourless oil in 74% vyiflum a reaction catalysed 01 (10
mol%) at -20 °C for 3 hours. Purification by flash column @matography (gradient:
Hexane/Ethyl acetate = (4:1) to (2:1) gave compaB8 IR vmax /cmi* 3064, 2927, 2847,
1743, 1721, 1680, 1496, 1431, 1386, 1361, 13222,1PA10, 1161, 1078, 1030, 976, 731,

700:™H NMR (400 MHz, CDCJ) § 9.61 (s, 1H, H-13), 7.42 (m, 2H, H-Ar), 7.39 —4 (3n,
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5H, H-Ar), 7.34 — 7.29 (m, 3H, H-Ar), 5.33 (d,= 14.6 Hz, 1H, H-7b), 4.99 (m, 2H, H-9),
4.28 — 4.19 (m, 2H, H-7a, H-6), 2.47 — 2.33 (m, BH12, H-11b), 1.95 (m, 1H, H-114&)C
NMR (101 MHz, CDC}) § 199.2 (C-13), 167.8 (C-5), 156.4 (C-3), 152.8 (CiB5.2 (C-
10), 134.4 (C-8), 129.3 (C-Ar), 129.2 (C-Ar), 128©-Ar), 128.7 (C-Ar), 128.3 (C-Ar),
58.6 (C-6), 48.1 (C-7), 44.4 (C-9), 37.7 (C-12),828C-11); 1 signal in the C-H aromatic
region was not observed due to having equivalesbnancesm/z (ESI) GiH21N2O4

requires 365.1505, found [MHB65.1501{a]3!= -25.7 € 1.06, CHC}).

Synthesis of9-1,4-dibenzyl-6-(3-oxopentyl)piperazine-2,3,5-tr&290

o
Et 41 10
NBn
B“Nj(&o 10 mol% 201
CHCly, ~20 °C

242 290

General procedure B using triketopiperazid2 (30.9 mg) was followed to synthesise this
product (34.0 mg) as a colourless oil in 86% yiffoin a reaction catalysed 801 (10
mol%) at —20 °C for 4 hours. Purification by flash column amatography (gradient:
hexane/ethyl acetate = (4:1) to (2:1) g&98 with 96:4 er as determined by HPLC analysis
[Daicel Chiralcel OD, hexanes:IPA, 80:20, 2.0 mldmk 210 nm, t(major) = 13.3 min,
t(minor) = 41.3 min]. IRvmax /cm* 3065, 3034, 2976, 2940, 1744, 1683, 1497, 1453114
1361, 1260, 1158, 728, 70'H NMR (400 MHz, CDC}) & 7.43 (m, 2H, H-Ar), 7.39 — 7.34
(m, 5H, H-Ar), 7.34 — 7.29 (m, 3H, H-Ar), 5.35 @= 14.6 Hz, 1H, H-7b), 4.99 (s, 2H, H-9),

4.21 (d,J = 14.6 Hz, 1H, H-7a), 4.19 (dd,= 8.3 Hz, 3.2 Hz, 1H, H-6), 2.35 (m, 1H, H-11b),
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2.26 (m, 2H, H-14), 2.20 (m, 2H, H-12), 21.96 (nh, H-11a), 1.01 (t) = 7.3 Hz, 3H, H-
15);**C NMR (101 MHz, CDGJ) § 208.8 (C-13), 168.0 (C-5), 156.5 (C-3), 152.9 (C135.3
(C-10), 134.5 (C-8), 129.4 (C-Ar), 129.1 (C-Ar),812 (C-Ar), 128.7 (C-Ar), 128.6 (C-Ar),
128.3 (C-Ar), 58.7 (C-6), 48.0 (C-7), 44.3 (C-95.3 (C-14), 35.4 (C-12), 27.4 (C-11), 7.67
(C-15); m/z (ESI) GH2sN,04 requires 393.1812, found [MH[393.1814]a]3!= -77.1 ¢

1.5, CHCY).

Synthesis of9-1,4-dibenzyl-6-(3-cyclohexyl-3-oxopropyl)piperae+2,3,5-trion€01

HJ\O 6° N 10
NBn 1N
Bn 7(& 10 mol% 201

CH,Cl,, —20 °C

242 291

General procedure B using triketopiperazid2 (29.6 mg) was followed to synthesise this
product (42.6 mg) as a white solid in 99% yieldnira reaction catalysed 291 (10 mol%)

at —20 °C for 6 hours. Purification by flash column @matography (gradient: hexane/ethyl
acetate = (9:1) to (2:1) ga291 with 89:11 er as determined by HPLC analysis [Bhenex
Lux Cellulose-3, acetonitrile:water, 40:60, 1 mUAyi 220 nm, t(minor) = 34.5 min, t(major)
= 39.3 min]. m.p. 117 — 119 °C; Rnax lcmi' 3004, 2928, 2853, 1744, 1675, 1496, 1432,
1363, 1321, 1252, 1209, 1145, 740, 718, BBONMR (400 MHz, CDCJ) 6 7.44 (m, 2H, H-
Ar), 7.39 — 7.33 (m, 5H, H-Ar), 7.33 — 7.29 (m, 3HKAr), 5.34 (d,J = 14.6 Hz, 1H, H-7b),
4.99 (s, 2H, H-9), 4.26 — 4.15 (m, 2H, H-7a, H®&R1 (m, 1H, H-11b), 2.20 (m, 2H, H-12),

2.12 (dddJ = 10.5, 7.4, 2.8 Hz, 1H, H-14), 1.97 (m, 1H, H-11a83 — 1.72 (m, 2H, H-16b,
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H-18b), 1.70 — 1.60 (m, 3H, H-15b, H-17b, H-19b%21— 1.09 (m, 5H, H-15a, H-16a, H-17a,
H-18a, H-19a)!°C NMR (101 MHz, CDGJ) § 211.4 (C-13), 168.0 (C-5), 156.5 (C-3), 152.9
(C-2), 135.3 (C-10), 134.5 (C-8), 129.5 (C-Ar), 1R4C-Ar), 128.9 (C-Ar), 128.7 (C-Ar),
128.6 (C-Ar), 128.3 (C-Ar), 58.9 (C-6), 50.7 (C-14Y.9 (C-7), 44.2 (C-9), 33.7 (C-12), 28.4
(C-15), 28.2 (C-19), 27.3 (C-11), 25.7 (C-16), 256-17), 25.5 (C-18):m/z (ESI)

C27H31N,0, requires 447.2285, found [MHB47.2284{a)3'= -76.4 € 0.9, CHC}).

Synthesis of9)-1,4-dibenzyl-6-(3-0xo-3-phenylpropyl)piperazing B-trione292

O
@)
Ay "7 @
NBn 1N

Ban(&O 10 mol% 201
S CH,Clp, -20 °C

242 292

General procedure B using triketopiperazid? (36.5 mg) was followed to synthesise this
product (34.6 mg) as a white solid in 79% yieldnira reaction catalysed 291 (10 mol%)
at—20 °C for 2 hours. Purification by flash column @matography (gradient: Hexane/Ethyl
acetate = (4:1) to (2:1) gave compol28®. m.p. 146 — 148 °C; IRmax /cmi* 3063, 2921,
2851, 1748, 1673, 1598, 1497, 1435, 1363, 133%,18286, 1215, 1161, 1081, 1030, 739,
718, 692;'H NMR (400 MHz, CDCY) 6 7.73 (ddJ = 8.3, 1.1 Hz, 2H, H-15), 7.60 (m, 1H, H-
16), 7.49 — 7.44 (m, 4H, H-Ar), 7.44 — 7.33 (m, HHAr), 7.32 — 7.27 (m, 3H, H-Ar), 5.44
(d, J = 14.5 Hz, 1H, H-7b), 5.03 (s, 2H, H-9), 4.31 (dd; 8.1, 3.3 Hz, 1H, H-6), 4.26 (d=
14.5 Hz, 1H, H-7a), 2.79 (m, 2H, H-12), 2.54 (dt&; 11.0, 7.7, 3.3 Hz, 1H, H-11b), 2.18 (m,

1H, H-11a);**C NMR (101 MHz, CDGJ) § 197.5 (C-13), 168.1 (C-5), 156.5 (C-3), 152.9 (C-
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2), 136.1 (C-14), 135.3 (C-10), 134.5 (C-8), 13@0616), 129.5 (C-Ar), 129.1 (C-Ar), 129.0
(C-Ar), 128.7 (C-Ar), 128.7 (C-Ar), 128.6 (C-Ar)28.3 (C-Ar), 127.9 (C-Ar), 58.8 (C-6),
47.9 (C-7), 44.3 (C-9), 32.0 (C-12), 27.7 (C-1a)z (ESI) GoHsN,O4 requires 441.1841,

found [MH]* 441.1814{a]3!= -57.1 ¢ 1.5, CHC}).

Synthesis of $-1,4-dibenzyl-6-(3-(4-methoxyphenyl)-3-oxopropyperazine-2,3,5-trione

293

18 17 N
B NHJ\ MeO™ N2 10 T a3
n o) 10 mol% 201 8

o) CH,Cl,, 20 °C

General procedure B using triketopiperazid2 (30.5 mg) was followed to synthesise this
product (43.2 mg) as a white solid in 93% yieldnira reaction catalysed 201 (10 mol%)
at—20 °C for 2.5 hours. Purification by flash colummamatography (gradient: hexane/ethyl
acetate = (4:1) to (2:1) ga93 with 88:12 er as determined by HPLC analysis [Blaic
Chiralpak AD, hexanes:IPA, 80:20, 1.0 mL/min210 nm, t(minor) = 43.8 min, t(major) =
49.4 min]. m.p. 153 — 154 °C; HRnax /lemit 3018, 2956, 1744, 1672, 1598, 1575, 1455, 1434,
1365, 1318, 1250, 1212, 1172, 1082, 1030, 992, B3d, 699:'H NMR (400 MHz, CDCJ) &
7.70 (m, 2H, H-15), 7.48 (m, 2H, H-Ar), 7.42 — 7 @, 8H, H-Ar), 6.93 (m, 2H, H-16), 5.43
(d,J = 14.6 Hz, 1H, H-7b), 5.01 (s, 2H, H-9), 4.30 (dd; 8.0, 3.2 Hz, 1H, H-6), 4.24 (d,=
14.6 Hz, 1H, H-7a), 3.90 (s, 3H, H-18) 2.72 (m, 2H12), 2.52 (m, 1H, H-11b), 2.18 (m, 1H,

H-11a);*C NMR (101 MHz, CDGJ) § 195.9 (C-13), 168.2 (C-5), 163.8 (C-27), 156.63)C-
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152.9 (C-2), 135.3 (C-10), 134.5 (C-8), 130.3 (Q;129.5 (C-Ar), 129.2 (C-14), 129.1 (C-
Ar), 129.0 (C-Ar), 128.7 (C-Ar), 128.6 (C-Ar), 138(C-Ar), 113.8 (C-16), 58.8 (C-6), 55.5
(C-18), 47.8 (C-7), 44.3 (C-9), 31.5 (C-12), 27G-11): m/z (ESI HRMS) GgH»6N,OsNa

requires 493.1730, found [MNa493.1739]{a]3'= -34.7 ¢ 1.3, CHC}).

Synthesis of9)-1,4-dibenzyl-6-(3-(4-bromophenyl)-3-oxopropyl)piazine-2,3,5-trion294

0
0 0
O ﬁ‘\@\ 1 11 |:| 4 9
HJ\NBH Br 17 A 12 1N6\[5(1 10
15 7
B”Nj(&o 10mol%s201 B 16 S Ace
o CH,Cly, —20 °C o
242 294

General procedure B using triketopiperazid (30.4 mg) was followed to synthesise this
product (50.3 mg) as a white solid in 97% yieldnira reaction catalysed 201 (10 mol%)

at —20 °C for 2 hours. Purification by flash column @matography (gradient: hexane/ethyl
acetate = (4:1) to (2:1) ga@94 with 79:21 er as determined by HPLC analysis [Blaic
Chiralcel OD, hexanes:IPA, 91.6:8.4, 0.4 mL/nir210 nm, t(minor) = 179.2 min, t(major) =
192.2 min]. m.p. 173 — 176 °C; IRnax /cmi* 3006, 1744, 1675, 1586, 1433, 1391, 1368,
1252, 1214, 1199, 1070, 993, 833, 744, 717, BANMR (300 MHz, CDXJ) 6 7.62 — 7.51
(m, 4H, H-15, H-16), 7.47 (m, 2H, H-Ar), 7.41 — 8.8m, 8H, H-Ar), 5.41 (dJ = 14.6 Hz,
1H, H-7b), 5.01 (s, 2H, H-9), 4.34 — 4.21 (m, 2H7& H-6), 2.73 (m, 2H, H-12), 2.51 (m,
1H, H-11b), 2.16 (dt) = 14.3, 7.4 Hz, 1H, H-11a)*C NMR (101 MHz, CDG)) 5 196.4 (C-
13), 168.1 (C-5), 156.5 (C-3), 152.9 (C-2), 135310), 134.8 (C-14), 134.5 (C-8), 132.0 (C-

16), 129.5 (C-Ar), 129.4 (C-Ar), 129.2 (C-Ar), 1R9(C-Ar), 128.8 (C-17), 128.7 (C-Ar),
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128.7 (C-Ar), 128.4 (C-Ar), 58.7 (C-6), 48.0 (C-#4.3 (C-9), 32.0 (C-12), 27.5 (C-11yz
(ESI) G7H2aN0sNa"Br requires 541.0739, found [MNap41.0733{a]3!l= -17.4 ¢ 2.1,

CHCL).

Synthesis of9)-1,4-dibenzyl-6-(§)-3-o0xo0-1,3-diphenylpropyl)piperazine-2,3,5-trioc2@5

i /\)?\
%NB” Ph” X" “Ph .
1
Ban(&O 10 mol% 201 7 '\'2\H/3g
S CH,Cl,, —20 °C o 5
242 295

General procedure B using triketopiperazid? (28.7 mg) was followed to synthesise this
product (47.8 mg) as a white solid in 98% yieldnira reaction catalysed 291 (10 mol%)

at —20 °C for 6 hours. Purification by flash column @matography (gradient: hexane/ethyl
acetate = (9:1) to (3:1) gav®d5 with 99:1 er as determined by HPLC analysis [Dlaice
Chiralpak AD, hexanes:IPA, 80:20, 1.0 mL/min210 nm, t(major) = 32.8 min, t(minor) =
45.4 min]. m.p. 144 — 147 °C; Rnax /cmi* 3063, 3034, 2955, 1743, 1692, 1682, 1593, 1495,
1449, 1425, 1378, 1356, 1345, 1255, 1215, 11911,1985, 759, 736, 693H NMR (300
MHz, CDCk) & 7.75 (m, 2H, H-16), 7.59 (m, 1H, H-17), 7.51 —57(&, 4H, H-Ar), 7.34 —
7.19 (m, 9H, H-Ar), 7.13 — 7.01 (m, 4H, H-Ar), 5.4d, J = 14.9 Hz, 1H, H-7b), 4.80 (s, 2H,
H-9), 4.54 (dJ = 5.6 Hz, 1H, H-6), 3.95 (dd, = 15.2, 5.6 Hz, 1H, H-11), 3.58 (d= 14.9
Hz, 1H, H-7a), 3.37 (dd] = 17.9, 7.0 Hz, 1H, H-13b), 3.23 (di= 17.9, 7.0 Hz, 1H, H-13a);
%C NMR (101 MHz, CDCJ) 6 196.3 (C-14), 167.8 (C-5), 156.5 (C-3), 154.3 (C187.9 (C-

12), 136.1 (C-15), 135.1 (C-10), 134.5 (C-8), 13EEAr), 129.7 (C-Ar), 129.3 (C-Ar), 129.2
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(C-Ar), 128.7 (C-Ar), 128.6 (C-Ar), 128.5 (C-Ar)28.4 (C-Ar), 128.3 (C-Ar), 128.2 (C-Ar),
128.0 (C-Ar), 64.3 (C-6), 49.8 (C-7), 47.1 (C-144,4 (C-9), 40.1 (C-13); 1 signal in the C-H
aromatic region was not observed due to having vatpnt resonancesm/z (ESI)

CssH2eN,04Na requires 539.1968, found [MN&39.1947{a]3!=-101.3 € 1.1, CHC}).

Synthesis of 9-1,4-dibenzyl-6-(§-3-(2-bromophenyl)-3-oxo-1-phenylpropyl)piperazine

2,3,5-trione296

Ban(&O 10 mol% 201 7 NZ\H/§
CH,Cly, —20 °C 8

General procedure B using triketopiperazid2 (30.8 mg) was followed to synthesise this
product (53.9 mg) as a white solid in 91% yieldnira reaction catalysed by 201 (10 mol%)
at —20 °C for 7 hours. Purification by flash column @matography (gradient: hexane/ethyl
acetate = (9:1) to (3:1) ga#96 with 88:12 er as determined by HPLC analysis [Blaic
Chiralpak AD, hexanes:IPA, 84:16, 0.75 mL/min210 nm, t(major) = 61.7 min, t(minor) =
69.2 min]. m.p. 124 — 125 °C; Rnax /omi* 2971, 2902, 1742, 1680, 1585, 1496, 1408, 1384,
1354, 1294, 1231, 1068, 981, 751, 742, 687NMR (400 MHz, CDGJ) 6 7.59 (m, 1H, H-
17), 7.39 (m, 2H, H-Ar), 7.34 — 7.21 (m, 11H, H-AN.13 (dt,J = 4.3, 3.2 Hz, 2H, H-Ar),
7.07 (m, 1H, H-Ar), 6.96 (m, 2H, H-Ar), 5.44 (d= 14.9 Hz, 1H, H-7b), 4.84 (d,= 13.8

Hz, 1H, H-9b), 4.80 (dJ = 13.8 Hz, 1H, H-9a), 4.45 (d,= 5.7 Hz, 1H, H-6), 3.85 (df =

8.4, 5.7 Hz, 1H, H-11), 3.56 (d,= 14.9 Hz, 1H, H-7a), 3.41 (dd,= 17.5, 8.4 Hz, 1H, H-
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13b), 3.27 (dd) = 17.5, 5.7 Hz, 1H, H-13a}*C NMR (101 MHz, CDGJ) 5 200.0 (C-14),
167.6 (C-5), 156.4 (C-3), 154.2 (C-2), 140.5 (C;1186.7 (C-15), 135.0 (C-10), 134.4 (C-8),
133.8 (C-Ar), 132.1 (C-Ar), 129.6 (C-Ar), 129.3 @), 129.2 (C-Ar), 128.8 (C-Ar), 128.6
(C-Ar), 128.5 (C-Ar), 128.4 (C-Ar), 128.2 (C-Ar)21.5 (C-Ar), 118.7 (C-16), 64.4 (C-6),
49.8 (C-7), 47.6 (C-11), 44.5 (C-9), 44.4 (C-13xsig@nals in the C-H aromatic region were
not observed due to having equivalent resonanoeg;(ESI) GssHagNoOs'°Br requires

595.1245, found [MH]595.1232{a]4'=-83.9 ¢ 1.5, CHC}).

Synthesis ofR)-1,4-dibenzyl-6-(2,2-bis(phenylsulfonyl)ethyl)pijgeine-2,3,5-trion298

14

0 PhO,S_SO,Ph © o
HJ\ \H/ 13 11 HQ 409

NBn

10
B”Nj(go 10 mol% 210 15 /\©
S CH,Clp, 20 °C ©/
242

General procedure B using triketopiperazid? (31.7 mg) was followed to synthesise this
product (50.6 mg) as a white solid in 82% yieldnira reaction catalysed 210 (10 mol%)

at 0 °C for 20 hours. Purification by flash columimromatography (gradient: hexane/ethyl
acetate = (3:1) to (1:2) ga298 with 61:39 er as determined by HPLC analysis [Blaic
Chiralcel OD, heptane:EtOH, 60:40, 2 mL/min210 nm, t(minor) = 8.2 min, t(major) = 13.7
min]. m.p. 165 — 166 °C; IRmax /cmi’ 3066, 1746, 1687, 1672, 1496, 1447, 1392, 1330,
1182, 1147, 1078, 724, 6854 NMR (400 MHz, CDC}) § 7.94 (m, 2H, H-Ar), 7.79 (m, 2H,

H-Ar), 7.71 (m, 2H, H-Ar), 7.64 — 7.51 (m, 5H, H)A7.48 — 7.36 (m, 4H, H-Ar), 7.36 — 7.27
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(m, 5H, H-Ar), 5.28 — 5.18 (m, 2H, H-12, H-7b), 8.(1,J = 13.9 Hz, 1H, H-9b), 4.85 (dd,

= 11.3, 3.2 Hz, 1H, H-6), 4.67 (d,= 13.9 Hz, 1H, H-9a), 4.32 (dd,= 14.5, 2.2 Hz, 1H, H-
7a), 2.96 (dddJ = 15.3, 9.5, 3.2 Hz, 1H, H-11b), 2.57 (m, 1H, Hak1°C NMR (101 MHz,
CDCly) & 167.6 (C-5), 155.9 (C-3), 152.4 (C-2), 137.8 (Q;1E36.4 (C-13), 135.0 (C-8),
134.9 (C-16), 134.7 (C-14, C-10), 129.8 (C-Ar), B8C-Ar), 129.3 (C-Ar), 129.2 (C-Ar),
129.2 (C-Ar), 129.1 (C-Ar), 128.7 (C-Ar), 128.7 &), 128.3 (C-Ar), 77.9 (C-12), 58.4 (C-
6), 48.6 (C-7), 44.7 (C-9), 29.8 (C-11); 1 sigmathe C-H aromatic region was not observed
due to having equivalent resonanae#z (ES HRMS) GoH2oN,0,S,, 617.1416, found [MH]

617.1413]a]2!= 8.0 € 0.95, CHCY).

General procedure C for the alkylation of triketopiperazines

To a suspension of NaH (1.05 eq) in dry DMF (0.2pa¥*+10 °C, triketopiperazing42 (1.0
eq) was added and left to stir for 5 minutes. Alkglide (3.0 eq) was subsequently added and
the mixture was left to react at that temperatur@ the starting material was observed to be
consumed by TLC. The crude mixture was quenchel witer, extracted with AcCOE3B x
30 mL) and washed with water (4 x 30 mL) and bifhex 30 mL), dried over MgS{£and

condensed under reduced pressure. The crude wéisgpby flash column chromatography.
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Synthesis of 6-allyl-1,4-dibenzylpiperazine-2,3;e 299

BN2 o
0 i) NaH, DMF, 1% ,fl 2
Ban(& ii) AllylBr, 3 h reTo

© 0

@)
242 299

General procedure C using compow#2 (308.4 mg) was followed to synthesise TRED
(284.7 mg) in 3 hours as a colourless oil thatdgiotis on standing in 82% yield after being
purified by flash column chromatography (gradidr@xane/ethyl acetate = (4:1) to (2:1). m.p.
73 — 74 °C; IRvmax /om* 3033, 2928, 1744, 1682, 1496, 1431, 1385, 13581,12192, 1080,
723, 699 'H NMR (300 MHz, CDCJ) § 7.42 (m, 2H, H-Ar), 7.38 — 7.24 (m, 8H, H-Ar), 8.3
(d,J=14.7 Hz, 1H, H-7b), 5.24 (m, 1H, H-12), 4.98 (d& 10.2, 1.3 Hz, 1H, H-13cis), 4.94
(s, 2H, H-9), 4.85 (dd) = 17.0, 1.3 Hz, 1H, H-13trans), 4.28 (dds 4.9, 3.6 Hz, 1H, H-6),
4.17 (d,J = 14.7 Hz, 1H, H-7a), 2.64 (m, 2H, H-13¢ NMR (101 MHz, CDGJ) & 168.0 (C-
5), 156.7 (C-3), 153.3 (C-2), 135.1 (C-10), 1343]), 129.7 (C-Ar), 129.2 (C-Ar), 128.9 (C-
Ar), 128.7 (C-12), 128.5 (C-Ar), 128.3 (C-Ar), 12&C-Ar), 122.8 (C-13), 59.6 (C-6), 48.1
(C-7), 44.3 (C-9), 36.6 (C-11jn/z(ES HRMS) G;H,:1N,O3 requires 349.1552, found [MH]

349.1394.
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Synthesis of 1,4,6-tribenzylpiperazine-2,3,5-triG08

13
i ) NaH, DMF,
HJ\NBn 0°C, N, S
BnN\[(&O ij) BnBr, 3.5 h m%
0
242 300

General procedure C using compow#2 (326.0 mg) was followed to synthesise TRB0
(339.1 mg) in 3.5 hours as an oil that solidifiesstanding in 83% vyield after being purified
by flash column chromatography (gradient: hexahgletcetate = (4:1) to (2:1). m.p. 78 — 81
°C; IR vmax fomit 3032, 1743, 1677, 1494, 1455, 1427, 1364, 13258,12215, 1176, 979,
743, 699'H NMR (400 MHz, CDCY) § 7.46 — 7.25 (m, 10H, H-Ar), 7.22 {,= 7.5 Hz, 1H,
H-15), 7.09 (tJ = 7.5 Hz, 2H, H-14), 6.78 (m, 2H, H-13), 5.59 Jd= 14.6 Hz, 1H, H-7b),
4.75 (d,J = 13.5 Hz, 1H, H-9b), 4.71 (d,= 13.5 Hz, 1H, H-9a), 4.49 (dd,= 4.6, 3.6 Hz,
1H, H-6), 4.13 (d,) = 14.6 Hz, 1H, H-7a), 3.28 (dd,= 14.0, 4.6 Hz, 1H, H-11b), 3.20 (d#,
= 14.0, 3.6 Hz, 1H, H-11a}’C NMR (101 MHz, CDGJ) 5 168.0 (C-5), 155.8 (C-3), 153.3
(C-2), 134.8 (C-10), 134.1 (C-8), 132.2 (C-12), DB(C-Ar), 129.4 (C-Ar), 129.3 (C-Ar),
129.0 (C-Ar), 129.0 (C-Ar), 128.8 (C-Ar), 128.5 (g}, 128.2 (C-Ar), 128.2 (C-Ar), 60.4 (C-
6), 47.9 (C-7), 44.2 (C-9), 38.3 (C-11y3W/z (ES HRMS) GsH2oN,O3Na requires 421.1528,

found [MNa] 421.1522.
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Synthesis of 1,4-dibenzyl-6-propylpiperazine-2,8idne 301

13
12 0]
9
7 i) NaH, DMF, (ERNCEE Ny
HJ\NBn 0°C, N, 1 10
7 N 30
Ban(& i) "Prl, 3 h 2
o) s 5
o)

242 301

General procedure C using compow#2 (616.0mg) was followed to synthesise TKI®1
(567.1 mg) in 3 hours as a colourless oil thatdgiotis on standing in 81% yield after being
purified by flash column chromatography (gradidr@xane/ethyl acetate = (4:1) to (2:1). m.p.
75 — 77 °C; |Rvmax /cmi* 3032, 2976, 2955, 2872, 1747, 1684, 1671, 14986,14375, 1323,
1243, 1190, 1083, 745, 70'H NMR (400 MHz, CDC}) & 7.44 (m, 2H, H-Ar), 7.40 — 7.34
(m, 3H, H-Ar), 7.34 — 7.27 (m, 5H, H-Ar), 5.35 @& 14.7 Hz, 1H, H-7b), 5.04 (d,= 13.6
Hz, 1H, H-9b), 4.99 (d] = 13.6 Hz, 1H, H-9a), 4.21 (dd= 6.1, 3.3 Hz, 1H, H-6), 4.15 (d,

= 14.7 Hz, 1H, H-7a), 1.94 (m, 1H, H-11b), 1.82 (thl, H-11a), 1.15 (m, 1H, H-12b), 0.92
(m, 1H, H-12a), 0.77 () = 7.2 Hz, 3H, H-13)**C NMR (101 MHz, CDGJ) 5 168.4 (C-5),
156.7 (C-3), 153.2 (C-2), 135.2 (C-10), 134.3 (CH9.5 (C-Ar), 129.2 (C-Ar), 128.7 (C-
Ar), 128.6 (C-Ar), 128.6 (C-Ar), 128.2 (C-Ar), 59(8-6), 48.0 (C-7), 44.3 (C-9), 34.9 (C-
11), 16.5 (C-12), 13.3 (C-13m/z (ES HRMS) GiH22N,OsNa requires 373.1528, found

[MNa]*373.1519.

General procedure D for the preparation of Racemic Alkyl-TKP adducts:

To a solution of alkyl triketopiperazine (0.1 mmaot) CH,Cl, (0.7 mL) at room temperature,

triethylamine (10 mol%) was added followed by theh&el acceptor (2.5 eq). The mixture
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was left to react until the starting material wamsumed. The crude mixture was directly

purified by flash chromatography.

Synthesis of 6-allyl-1,4-dibenzyl-6-(3-oxobutyl)pi@zine-2,3,5-trion803

0O

o) HL
Me
B”Nj(go 10 mol% Et;N 7NN
o) CH,Cly, rt 8 O
299 303

General procedure D using triketopiperaz2® (35.3 mg) was followed to synthesi3@3
(31.1 mg) in 15 hours as a white solid in 73% yiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate:® (6 (2:1). m.p. 137 — 138 °C; HRnax
lemt 3071, 2972, 1738, 1711, 1673, 1496, 1456, 14296,18309, 1269, 1257, 1172, 1130,
1080, 934, 756, 703H NMR (400 MHz, CDCJ) & 7.49 — 7.38 (m, 4H, H-Ar), 7.35 — 7.22
(m, 6H, H-Ar), 5.21 (dJ = 14.7 Hz, 1H, H-7b), 5.20 (m, 1H, H-12), 5.06 {d; 13.4 Hz, 1H,
H-9b), 5.02 (d,) = 13.4 Hz, 1H, H-9a), 4.95 (dd= 10.2, 1.1 Hz, 1H, H-13cis), 4.85 (dbs
17.0, 1.1 Hz, 1H, H-13trans), 4.28 (b 14.7 Hz, 1H, H-7a), 2.70 (qd= 14.2, 7.5 Hz, 2H,
H-11), 2.33 (m, 1H, H-14b), 2.18 (m, 1H, H-14aB6.(m, 1H, H-15b), 1.73 (m, 1H, H-15a),
1.67 (s, 3H, H-17)*C NMR (101 MHz, CDGJ) 5 205.3 (C-16), 169.9 (C-5), 155.9 (C-3),
155.2 (C-2), 136.6 (C-8), 135.1 (C-10), 129.7 (Q;A29.0 (C-Ar), 128.9 (C-Ar), 128.6 (C-
12), 128.5 (C-Ar), 128.3 (C-Ar), 128.2 (C-Ar), 122C-13), 70.8 (C-6), 46.5 (C-7), 44.5 (C-
9), 43.5 (C-11), 37.1 (C-15), 31.7 (C-14), 29.310): m/z(ES HRMS) GsH»7N,O. requires

419.1971, found [MH]419.1955.
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Synthesis of 1,4-dibenzyl-6-(3-oxobutyl)-6-propylprazine-2,3,5-triond04

)

o HL
n Me
PF\HJ\NBn |
Ban(&O 10 mol% Et;N 7 Nz\ﬂ/sgo

CHLCly, rt 8 o)

General procedure D using triketopiperazi®d (35.0 mg) was followed to synthesi’@4
(38.1 mg) in 15 hours as a white solid in 89% vyiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate:f) (6 (2:1). m.p. 129 — 131 °C; HRax
femt 2962, 1742, 1708, 1678, 1495, 1455, 1421, 13656,18267, 1216, 1173, 1077, 745,
701;*H NMR (400 MHz, CDCJ) & 7.46 — 7.38 (m, 4H, H-Ar), 7.34 — 7.24 (m, 6H, KA
5.11 (d,J = 13.4 Hz, 1H, H-9b), 5.05 (d,= 13.4 Hz, 1H, H-9a), 4.92 (d,= 14.8 Hz, 1H, H-
7b), 4.51 (dJ = 14.8 Hz, 1H, H-7a), 2.21 (m, 2H, H-14), 2.00 @thi, H-11b), 1.86 (m, 1H,
H-11a), 1.75 (m, 2H, H-15), 1.72 (s, 3H, H-17),3(, 1H, H-12b), 0.79 (m, 1H, H-12a),
0.61 (t,J = 7.2 Hz, 3H, H-13)*C NMR (101 MHz, CDG)) § 205.3 (C-16), 170.5 (C-5),
155.9 (C-3), 155.0 (C-2), 136.6 (C-8), 135.2 (C;1109.5 (C-Ar), 128.9 (C-Ar), 128.8 (C-
Ar), 128.6 (C-Ar), 128.3 (C-Ar), 128.1 (C-Ar), 71(C-6), 46.3 (C-7), 44.4 (C-9), 41.4 (C-
11), 36.9 (C-15), 32.7 (C-14), 29.5 (C-17), 17.1-1@), 13.1 (C-13):m/z (ES HRMS)

CasH29N,04 requires 421.2127, found [MH}21.2120.
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Synthesis of 1,4,6-tribenzyl-6-(3-oxobutyl)pipersez2,3,5-trione05

o)

O H}\
Me
Bn\HJ\NBn |
Ban(&O 10 mol% EtsN
CH,Cly, 1t

General procedure D using triketopiperazs®® (38.6 mg) was followed to synthesi365
(42.9 mg) in 15 hours as a white solid in 93% yiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate:®) (6 (2:1). m.p. 171 — 173 °C; HRnax
lemt 3062, 2960, 1743, 1703, 1678, 1497, 1455, 14192,18326, 1255, 1171, 1079, 736,
700;*H NMR (400 MHz, CDCY) § 7.43 (m, 2H, H-Ar), 7.37 (m, 2H, H-Ar), 7.35 — 8.2m,
6H, H-Ar), 7.19 (m, 1H, H-15), 7.05 (d,= 7.7 Hz, 2H, H-14), 6.74 (m, 2H, H-13), 5.63 d,
= 14.7 Hz, 1H, H-7b), 4.86 (d,= 13.4 Hz, 1H, H-9b), 4.75 (d,= 13.4 Hz, 1H, H-9a), 4.16
(d, J =14.7 Hz, 1H, H-7a), 3.34 (d,= 13.9 Hz, 1H, H-11b), 3.22 (d,= 13.9 Hz, 1H, H-
1la), 2.53 (ddd] = 14.9, 12.0, 5.4 Hz, 1H, H-16b), 2.31 (ddd&; 14.9, 11.8, 3.0 Hz, 1H, H-
16a), 1.84 (dddj) = 17.4, 11.8, 5.4 Hz, 1H, H-17b), 1.59 (m, 1H, Fa)} 1.58 (s, 3H, H-19);
13C NMR (101 MHz, CDGJ) § 205.5 (C-18), 170.0 (C-5), 155.3 (C-2), 155.1 (C136.8 (C-
8), 134.8 (C-10), 132.5 (C-12), 130.0 (C-Ar), 12@34Ar), 129.0 (C-Ar), 128.5 (C-Ar), 128.3
(C-Ar), 128.2 (C-Ar), 128.2 (C-Ar), 72.1 (C-6), H7(C-7), 45.4 (C-11), 44.4 (C-9), 37.3 (C-
17), 31.7 (C-16), 29.2 (C-19); 2 signals in the Guidmatic region were not observed due to
having equivalent resonancesyz (ES HRMS) GgH2sN,OsNa requires 491.1947, found

[MNa]*491.1945.
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Synthesis of 6-allyl-1,4-dibenzyl-6-(3-oxopropyperazine-2,3,5-trion806

Ban(&O 10 mol% Et;N
CH,Cly, t

General procedure D using triketopiperaz2® (17.3 mg) was followed to synthesi366
(20.2 mg) in 25 hours as a colourless oil in 98%dyiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate:%) @@ (2:1). IRvmax /cm* 3062, 2960,
1743, 1703, 1678, 1497, 1455, 1419, 1372, 13265,1P5671, 1079, 736, 7084 NMR (400
MHz, CDCk) & 9.16 (s, 1H, H-16), 7.48 — 7.38 (m, 4H, H-Ar), &3 7.26 (m, 6H, H-Ar),
5.25 (d,J = 14.9 Hz, 1H, H-7b), 5.20 (m, 1H, H-12), 5.07Jd; 13.4 Hz, 1H, H-9b), 5.01 (d,
J = 13.4 Hz, 1H, H-9a), 4.97 (dd,= 10.1, 1.0 Hz, 1H, H-13cis), 4.86 (db= 17.0, 1.0 Hz,
1H, H-13trans), 4.29 (dl = 14.9 Hz, 1H, H-7a), 2.75 (dd,= 14.2, 7.2 Hz, 1H, H-11b), 2.67
(dd,J = 14.2, 7.2 Hz, 1H, H-11a), 2.39 (ddts 15.0, 11.3, 5.5 Hz, 1H, H-14b), 2.23 (ddd,
=15.0, 11.1, 3.6 Hz, 1H, H-14a), 1.94 (ddd&; 18.0, 11.1, 5.5 Hz, 1H, H-15b), 1.75 (ddd;
18.0, 11.3, 3.6 Hz, 1H, H-15aC NMR (101 MHz, CDCI3) 198.4 (C-16), 169.8 (C-5),
155.8 (C-3), 155.2 (C-2), 136.5 (C-8), 135.0 (C;1109.6 (C-Ar), 128.9 (C-Ar), 128.9 (C-
Ar), 128.6 (C-12), 128.5 (C-Ar), 128.3 (C-Ar), 193C-13), 70.8 (C-6), 46.5 (C-7), 44.5 (C-
9), 43.5 (C-11), 38.0 (C-15), 30.0 (C-14); 1 sigmalthe C-H aromatic region was not
observed due to having equivalent resonances; B& KIRMS) GiH2sN.O, requires

405.1814, found [MH]405.1909.
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Synthesis of 1,4-dibenzyl-6-(3-oxopropyl)-6-proppkxrazine-2,3,5-trion807

B”Nj(go 10 mol% Et;N
CHoCly, 1t

General procedure D using triketopiperazg®d (33.6 mg) was followed to synthesi3@7
(34.5 mg) in 22 hours as a white solid in 85% vyiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate:®) (6 (2:1). m.p. 116 — 117 °C; HRnax
lemt 2739, 1742, 1718, 1675, 1496, 1455, 1413, 13780,18322, 1256, 1221, 1158, 1076,
737, 698'H NMR (400 MHz, CDCJ) 6 9.21 (s, 1H, H-16), 7.42 (m, 4H, H-Ar), 7.35 —-§.2
(m, 6H, H-Ar), 5.07 (s, 2H, H-9), 4.98 (d,= 14.9 Hz, 1H, H-7b), 4.49 (d,= 14.9 Hz, 1H,
H-7a), 2.33 (m, 1H, H-14b), 2.20 (dd#i= 21.9, 11.1, 5.9 Hz, 1H, H-14a), 2.01 (m, 1H, H-
11b), 1.94 — 1.76 (m, 3H, H-11a, H-15), 0.95 (m, H-L2b), 0.79 (m, 1H, H-12a), 0.63 {t,

= 7.2 Hz, 3H, H-13}°*C NMR (101 MHz, CDGJ) 5 198.4 (C-16), 170.4 (C-5), 155.8 (C-3),
155.0 (C-2), 136.5 (C-8), 135.1 (C-10), 129.4 (Q;A28.9 (C-Ar), 128.8 (C-Ar), 128.6 (C-
Ar), 128.3 (C-Ar), 128.3 (C-Ar), 70.9 (C-6), 46.8-(7), 44.5 (C-9), 41.6 (C-11), 37.8 (C-15),
30.9 (C-14), 17.0 (C-12), 13.1 (C-13)/z(ES HRMS) G4HN,O4requires 407.1971, found

[MH] * 407.1975.

204



Chapter 5 Experimental

Synthesis of 1,4,6-tribenzyl-6-(3-oxopropyl)piperez2,3,5-trione308

B”Nj(go 10 mol% EtsN
CH,Cly, rt

300

General procedure D using triketopiperazi®® (41.5 mg) was followed to synthesi3@8
(41.4 mg) in 15 hours as a white solid in 93% vyiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate:f) (6 (2:1). m.p. 166 — 167 °C; HRax
/cm* 3303, 3069, 2977, 2836, 1742, 1705, 1675, 1495418420, 1370, 1326, 1266, 1143,
1079, 982, 737, 698H NMR (400 MHz, CDCYJ) 6 9.05 (s, 1H, H-18), 7.42 (dd,= 7.2, 2.0
Hz, 2H, H-Ar), 7.39 — 7.25 (m, 8H, H-Ar), 7.21 {t= 7.5 Hz, 1H, H-15), 7.07 (8,= 7.5 Hz,
2H, H-14), 6.76 (m, 2H, H-13), 5.66 (@= 14.7 Hz, 1H, H-7b), 4.86 (d,= 13.4 Hz, 1H, H-
9b), 4.73 (dJ = 13.4 Hz, 1H, H-9a), 4.19 (d,= 14.7 Hz, 1H, H-7a), 3.37 (d,= 13.9 Hz,
1H, H-11b), 3.22 (dJ = 13.9 Hz, 1H, H-11a), 2.57 (dddl= 15.0, 11.5, 5.4 Hz, 1H, H-16b),
2.37 (dddJ = 15.0, 11.3, 3.3 Hz, 1H, H-16a), 1.91(m, 1H, Hb)17.58 (ddd,) = 18.3, 11.5,
3.3 Hz, 1H, H-17a)*C NMR (101 MHz, CDCJ) § 198.5 (C-18), 169.9 (C-5), 155.3 (C-2),
155.0 (C-3), 136.6 (C-8), 134.7 (C-10), 132.4 (Q;129.9 (C-Ar), 129.6 (C-Ar), 129.0 (C-
Ar), 129.0 (C-Ar), 128.8 (C-Ar), 128.6 (C-Ar), 128(C-Ar), 128.3 (C-Ar), 128.2 (C-Ar),
72.1 (C-6), 47.1 (C-7), 45.4 (C-11), 44.4 (C-9),B8C-17), 30.1 (C-16)m/z (ES HRMS)

CagH26N204Na requires 477.1790, found [MN&]77.1799.
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Synthesis of 1,4-dibenzyl-6-(3-oxopentyl)-6-propghrazine-2,3,5-trion809

0]

0 HL
n Et
I:’F\HJ\NBn | 10
B”Nj(go 10 mol% Et;N 7 sz(?&o

CH2C|2, rt 8 e)

General procedure D using triketopiperaz8®d (250 mg) was followed to synthesiSe9
(330 mg) in 15 hours as a white solid in 76% yiefter being purified by flash column
chromatography (gradient: hexane/ethyl acetate:®) (6 (2:1). m.p. 147 — 148 °C; HRnax
lemit 3069, 2971, 2938, 2876, 1742, 1709, 1671, 1499218420, 1355, 1328, 1265, 1221,
1156, 1080, 979, 723, 7044 NMR (400 MHz, CDCY) & 7.39 — 7.29 (m, 4H, H-Ar), 7.27 —
7.14 (m, 6H, H-Ar), 5.02 (d] = 13.4 Hz, 1H, H-9b), 4.97 (d,= 13.4 Hz, 1H, H-9a), 4.82 (d,
J = 14.8 Hz, 1H, H-7b), 4.44 (d,= 14.8 Hz, 1H, H-7a), 2.14 (m, 2H, H-14), 1.98.Z11(m,
4H, H-11, H-17), 1.66 () = 8.1 Hz, 2H, H-15), 0.83 (m, 2H, H-12), 0.75Jt 7.3 Hz, 3H,
H-18), 0.52 (tJ = 7.2 Hz, 3H, H-13)**C NMR (101 MHz, CDGJ) § 208.1 (C-16), 170.5 (C-
5), 156.0 (C-3), 155.0 (C-2), 136.6 (C-8), 135.21@®), 129.5 (C-Ar), 129.0 (C-Ar), 128.8 (C-
Ar), 128.6 (C-Ar), 128.3 (C-Ar), 128.1 (C-Ar), 71(C-6), 46.3 (C-7), 44.4 (C-9), 41.5 (C-
11), 35.6 (C-15), 35.5 (C-17), 32.7 (C-14), 17.31(®), 13.1 (C-13), 7.6 (C-18)n/z (ES

HRMS) GeHzoN204Na requires 457.2103, found [MNa]57.2104.
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Synthesis of 1,4-dibenzyl-6-(3-o0x0-3-phenylpropgdpropylpiperazine-2,3,5-trior&l0

') (@)

np
I'\HJ\NBn ﬁph
BnNm/go .
10 mol% Et3N

@ CH,Cl,, rt

General procedure D using triketopiperaza®d (35.6 mg) was followed to synthesi3&0
(29.7 mg) in 23 hours as a white solid in 61% yiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate:®) (6 (2:1). m.p. 162 — 163 °C; HRnax
lcmit 2957, 1744, 1675, 1495, 1446, 1416, 1359, 12628,11079, 975, 731, 6934 NMR
(400 MHz, CDC}) 6 7.53 (m, 1H, H-Ar), 7.51 — 7.44 (m, 4H, H-Ar), 2.4 7.33 (m, 4H, H-
Ar), 7.32 — 7.23 (m, 3H, H-Ar), 7.17 d,= 7.4 Hz, 2H, H-Ar), 7.10 (m, 1H, H-Ar), 5.15 (d,

= 13.4 Hz, 1H, H-9b), 5.10 (d,= 13.4 Hz, 1H, H-9a), 4.90 (d,= 14.8 Hz, 1H, H-7b), 4.63
(d, J=14.8 Hz, 1H, H-7a), 2.45 (m, 2H, H-14), 2.32 @hi, H-15), 2.07 (ddd] = 14.4, 12.1,
5.1 Hz, 1H, H-11b), 1.90 (m, 1H, H-11a), 0.92 (i, 2-12), 0.63 (tJ = 7.2 Hz, 3H, H-13);
%C NMR (101 MHz, CDGCJ) § 197.0 (C-16), 170.6 (C-5), 156.0 (C-3), 155.0 (C186.5 (C-
17), 135.9 (C-8), 135.3 (C-10), 133.3 (C-Ar), 12@08Ar), 128.8 (C-Ar), 128.7 (C-Ar), 128.4
(C-Ar), 128.3 (C-Ar), 128.1 (C-Ar), 127.7 (C-Ar)12 (C-6), 46.4 (C-7), 44.4 (C-9), 41.5 (C-
11), 33.1 (C-14), 32.1 (C-15), 17.2 (C-12), 13.11); 1 signal in the C-H aromatic region
was not observed due to having equivalent resosanmde (ES HRMS) GoH31N2O, requires

483.2284, found [MH]483.2282.
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Synthesis of 1,4,6-tribenzyl-6-(3-0xo0-3-phenylprhpiperazine-2,3,5-trion811

o
o H(
Ph
Bn\HJ\NBn |
BHN%O 10 mol% Et;N
CH,Cl, 1t

General procedure D using triketopiperazi®® (38.0 mg) was followed to synthesiS&l
(26.6 mg) in 24 hours as a white solid in 52% vyiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate B (4 (2:1). m.p. 151 — 153 °C; BRnax"
/lcm3032, 1742, 1687, 1673, 1662, 1597, 1495, 14504,14261, 1304, 1266, 1189, 1085,
968, 742, 694*H NMR (400 MHz, CDC}) § 7.50 (m, 1H, H-Ar), 7.44 — 7.36 (m, 6H, H-Ar),
7.36 — 7.27 (m, 5H, H-Ar), 7.22 (m, 1H, H-Ar), 7.347.06 (m, 4H, H-Ar), 6.92 (] = 7.4
Hz, 1H, H-Ar), 6.82 (m, 2H, H-Ar), 5.64 (d,= 14.6 Hz, 1H, H-7b), 4.90 (d,= 13.4 Hz, 1H,
H-9b), 4.80 (d,J = 13.4 Hz, 1H, H-9a), 4.24 (d,= 14.6 Hz, 1H, H-7a), 3.41 (d,= 13.9 Hz,
1H, H-11b), 3.31 (dJ = 13.9 Hz, 1H, H-11a), 2.74 (dddl~= 14.8, 11.7, 5.2 Hz, 1H, H-13b),
2.52 (dddJ = 14.8, 11.5, 3.1 Hz, 1H, H-13a), 2.33 (ddd; 16.8, 11.5, 5.2 Hz, 1H, H-14b),
2.20 — 2.05 (ddd) = 16.8, 11.7, 3.1 Hz, 1H, H-14a1f;C NMR (101 MHz, CDGJ) 6 197.1
(C-15), 170.1 (C-5), 155.3 (C-2), 155.2 (C-3), B3@C-16), 136.0 (C-8), 135.0 (C-10), 133.0
(C-Ar), 132.6 (C-12), 129.9 (C-Ar), 129.4 (C-Ar)29.0 (C-Ar), 128.9 (C-Ar), 128.8 (C-Ar),
128.6 (C-Ar), 128.4 (C-Ar), 128.2 (C-Ar), 128.0 &), 127.6 (C-Ar), 72.4 (C-6), 47.1 (C-7),
45.5 (C-11), 44.2 (C-9), 32.6 (C-14), 32.2 (C-1B}kignal in the C-H aromatic region was not
observed due to having equivalent resonaneeg (ES HRMS) G4H3iN2O4 requires

531.2284, found [MH]531.2280.
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Synthesis of 1,4-dibenzyl-6-(3-cyclohexyl-3-oxopyhg6-propylpiperazine-2,3,5-trion&l2

BHN%O 10 mol% EtsN
CHoCl, 1t

General procedure D using triketopiperazg®d (33.2 mg) was followed to synthesi3&2
(38.1 mg) in 48 hours as a white solid in 82% vyiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate:®) (6 (2:1). m.p. 130 — 131 °C; HRnax
lemt 2930, 2853 1740, 1705, 1674, 1497, 1447, 1427218319, 1261, 1219, 1149, 1075,
741, 700;*H NMR (400 MHz, CDCJ) & 7.47 (m, 2H, H-Ar), 7.40 (m, 2H, H-Ar), 7.35 — 2.2
(m, 6H, H-Ar), 5.13 (dJ = 13.4 Hz, 1H, H-9b), 5.05 (d,= 13.4 Hz, 1H, H-9a), 4.89 (d,=
14.8 Hz, 1H, H-7b), 4.52 (d,= 14.8 Hz, 1H, H-7a), 2.19 (m, 2H, H-14), 2.02 (ddi¢ 14.4,
12.1, 5.1 Hz, 1H, H-11b), 1.87 (dd#l= 14.4, 12.1, 4.3 Hz, 1H, H-11a), 1.81 — 1.71 (i, 3
H-15, H-17), 1.71 — 1.65 (m, 2H, H-21b, H-19b),A (é, 1H, H-20b), 1.49 — 1.35 (m, 2H, H-
22b, H-18b), 1.19 — 1.05 (m, 3H, H-21a, H-20a, H)19.04 — 0.91 (m, 3H, H-12b, H-22a,
H-18a), 0.83 (m, 1H, H-12a), 0.62 Jt= 7.2 Hz, 3H, H-13)*C NMR (101 MHz, CDG)) &
210.7 (C-16), 170.6 (C-5), 156.0 (C-3), 155.0 (C1B6.6 (C-8), 135.3 (C-10), 129.6 (C-Ar),
128.9 (C-Ar), 128.8 (C-Ar), 128.6 (C-Ar), 128.3 @), 128.1 (C-Ar), 71.1 (C-6), 50.5 (C-
17), 46.3 (C-7), 44.3 (C-9), 41.4 (C-11), 33.8 (§);132.9 (C-14), 28.4 (C-22), 28.1 (C-18),
25.6 (C-21), 25.5 (C-19), 25.4 (C-20), 17.1 (C-1A3,1 (C-13)m/z(ES HRMS) GoH37N»04

requires 489.2753, found [MH389.2772.

209



Chapter 5 Experimental

Synthesis of 1,4,6-tribenzyl-6-(3-cyclohexyl-3-oxopyl)piperazine-2,3,5-triongl3

Ban(&O 10 mol% Et;N
CH,Cly, rt

General procedure D using triketopiperaza®® (37.8 mg) was followed to synthesi3&3
(44.2 mg) in 40 hours as a white solid in 86% yiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate:¥) (6 (2:1). m.p. 168 — 169 °C; HRax
lemit 3065, 2929, 1740, 1671, 1497, 1452, 1427, 13786,18253, 1139, 1080, 1031, 741,
699;*H NMR (400 MHz, CDC}) § 7.43 (m, 2H, H-Ar), 7.37 (m, 2H, H-Ar), 7.34 — B.2m,
6H, H-Ar), 7.19 (m, 1H, H-15), 7.08 d,= 7.6 Hz, 2H, H-14), 6.78 (d,= 7.6 Hz, 1H, H-13),
5.58 (d,J = 14.7 Hz, 1H, H-7b), 4.87 (d,= 13.4 Hz, 1H, H-9b), 4.80 (d,= 13.4 Hz, 1H, H-
9a), 4.19 (dJ = 14.7 Hz, 1H, H-7a), 3.35 (d,= 13.9 Hz, 1H, H-11b), 3.25 (d,= 13.9 Hz,
1H, H-11a), 2.49 (ddd] = 14.9, 12.0, 4.9 Hz, 1H, H-16b), 2.32 (ddds 14.9, 11.9, 3.4 Hz,
1H, H-16a), 1.81 (ddd] = 17.1, 11.9, 4.9 Hz, 1H, H-17b), 1.68 — 1.52 (id, Bl-17a, H-19,
H-23b, H-22b, H-21b), 1.43 (d,= 13.0 Hz, 1H, H-24b), 1.26 (m, 1H, H-20b), 1.16.62
(m, 3H, H-23a, H-22a, H-21a), 1.00 — 0.80 (m, 2H244, H-20a)*C NMR (101 MHz,
CDCly) 6 210.7 (C-18) , 170.1 (C-5), 155.2 (C-3), 155.12)C136.7 (C-8), 134.9 (C-10),
132.6 (C-12), 129.9 (C-Ar), 129.4 (C-Ar), 129.0 AE), 128.9 (C-Ar), 128.5 (C-Ar), 128.3
(C-Ar), 128.2 (C-Ar), 128.1 (C-Ar), 72.3 (C-6), BO(C-19), 47.1 (C-7), 45.3 (C-11), 44.2 (C-

9), 34.2 (C-17), 31.9 (C-16), 28.4 (C-24), 28.02@); 25.6 (C-23), 25.5 (C-21), 25.3 (C-22);
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1 signal in the C-H aromatic region was not obsgrgee to having equivalent resonances;

m/z(ES HRMS) G4H37N,0, requires 537.2753, found [MH$31.2738.

Synthesis ofR)-1,4-dibenzyl-6-(3-oxopentyl)-6-(3-oxopropyl)pipeine-2,3,5-trion&17a

O O 0] O
0 . . 18 > 1615 14 4 9
I) Et “) H 17 /’z, 5
H13 6> N 10
| , 12 114
NBn o 7 N\[(s&o
Ban(&O 10 mol% 201 o 20

CH,Cly, -30°Cto 0 °C

O
242 317a

To a mixture of triketopiperazing42 (0.1 mmol, 30.8 mg) and cataly2d1 (4.0 mg, 10
mol%) dissolved in CkCl, (0.7 mL) at-78 °C, ethyl vinyl ketone (0.1 mmol, 10 uL, 1.05 eq
was added neat over 1 minute. The reaction mixt@® allowed to warm to —30 °C and left
to react. After the starting material was complensumed, acrolein (33 pL, 0.5 mmol, 5
eq) was added. The temperature was raised to hdCGhe mixture was left to react until
complete consumption of the reactive intermedid& hours. ProducBl7a (38.0 mg) was
obtained as a white solid in 85% yield after bgmugified by flash column chromatography
(gradient: hexane/ethyl acetate = (4:1) to (2:1p.mi27 — 128 °C; IRmax /cmi* 2976, 2827,
2726, 1725, 1713, 1675, 1493, 1422, 1364, 13149,1PB46, 1080, 1034, 727, 708 NMR
(400 MHz, CDC}) § 9.25 (s, 1H, H-13), 7.45 (m, 2H, H-Ar), 7.40 (@& 5.0, 3.0 Hz, 2H, H-
Ar), 7.36 — 7.23 (m, 6H, H-Ar), 5.10 (d,= 13.4 Hz, 1H, H-9b), 5.05 (d,= 13.4 Hz, 1H, H-
9a), 4.78 (dJ = 14.9 Hz, 1H, H-7b), 4.64 (d,= 14.9 Hz, 1H, H-7a), 2.39 — 2.19 (m, 4H, H-
11, H-14), 2.02 (m, 2H, H-17), 1.91 (m, 2H, H-12)80 (m, 2H, H-15), 0.86 ( = 7.3 Hz,
3H, H-18);*C NMR (101 MHz, CDGJ) § 207.8 (C-16), 198.2 (C-13), 169.8 (C-5), 155.6 (C-

3), 154.8 (C-2), 136.4 (C-8), 135.1 (C-10), 129064r), 129.0 (C-Ar), 128.9 (C-Ar), 128.7
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(C-Ar), 128.5 (C-Ar), 128.3 (C-Ar), 70.0 (C-6), 46(C-7), 44.5 (C-9), 37.8 (C-12), 35.6 (C-
17), 35.6 (C-15), 33.0 (C-14), 31.1 (C-11), 7.61&); m/z(ES HRMS) GgH29N2Os requires

449.2076, found [MH] 449.2073]{a]3!= -3.4 ¢ 1.2, CHC}).

Synthesis ofR)-1,4-dibenzyl-6-(3-oxobutyl)-6-(3-oxopentyl)piperae-2,3,5-trione817b

@) i) 16 3,5 4
Et Me 13

10 mol% 201
O CH,Cl,, -30°Cto 0 °C

242 317b

To a mixture of triketopiperazing42 (0.1 mmol, 30.8 mg) and cataly201 (4.0 mg, 10
mol%) dissolved in CkCl, (0.7 mL) at-78 °C, ethyl vinyl ketone (0.1 mmol, 10 uL, 1.05 eq
was added neat over 1 minute. The reaction mixta® allowed to warm to —30 °C and left
to react. After the starting material was compietmnsumed, methyl vinyl ketone (35 L,
0.5 mmol, 5 eq) was added. The temperature wasdaes0 °C and the mixture was left to
react until complete consumption of the reactivierimediate, 48 hours. Prodg17b (36.4
mg) was obtained as a white solid in 79% vyield rafteing purified by flash column
chromatography (gradient: hexane/ethyl acetate:®) (6 (2:1). m.p. 139 — 140 °C; HRnax
jemt 2951, 1711, 1676, 1496, 1456, 1420, 1363, 12669,11143, 1077, 1030, 734, 70%
NMR (400 MHz, CDC}) & 7.38 (m, 2H, H-Ar), 7.32 (m, 2H, H-Ar), 7.27 — 1.2m, 3H, H-
Ar), 7.20 — 7.15 (m, 3H, H-Ar), 5.00 (s, 2H, H-@)63 (d,J = 14.9 Hz, 1H, H-7b), 4.58 (d,

= 14.9 Hz, 1H, H-7a), 2.24 — 2.13 (m, 4H, H-11, 5);11.89 (m, 2H, H-18), 1.79 — 1.70 (m,

4H, H-12, H-16), 1.68 (s, 3H, H-14), 0.77 Jt= 7.3 Hz, 3H, H-19)**C NMR (101 MHz,
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CDCly) & 207.9 (C-17), 205.1 (C-13), 169.9 (C-5), 155.73)C154.9 (C-2), 136.5 (C-8),
135.2 (C-10), 129.7 (C-Ar), 129.0 (C-Ar), 128.9 AE), 128.7 (C-Ar), 128.5 (C-Ar), 128.2
(C-Ar), 70.0 (C-6), 46.4 (C-7), 44.5 (C-9), 37.0-12), 35.7 (C-16), 35.6 (C-18), 32.8 (C-11,
C-15), 29.5 (C-14), 7.5 (C-19Mm/z (ES HRMS) G7H3oN2OsNa requires 485.2052, found

[MNa]* 485.2055]{a]2!= 5.0 € 1.0, CHC}).

Synthesis of  (8§7R)-1,4-dibenzyl-9-hydroxy-9-methyl-8-nitro-7-pheni/4-diazaspiro

[5.5]undecane-2,3,5-triorzd8

o) NO,
0 . ..
i) ”/U\Me i) %
NBn Ph
BnN o 10 mol% 201
o CH,CI5, -30°Cto 0 °C
242

To a mixture of triketopiperazin242 (0.1 mmol, 30.8 mg) and cataly201 (4.0 mg, 10
mol%) dissolved in CkCI, (0.7 mL) at-78 °C, methyl vinyl ketone (0.1 mmol, 8 pL, 1.05
eq) was added neat over 1 minute. The reactionungxtas allowed to warm to —30 °C and
left to react. After the starting material was cdetgly consumed, nitrostyrene (74.5 mg, 0.5
mmol, 5 eq) was added. The temperature was rais8df€ and the mixture was left to react
until complete consumption of the reactive interrats] 72 hours. Produ88 (36.3 mg) was
obtained as a white solid in 69% yield after bemugified by flash column chromatography
(gradient: hexane/ethyl acetate = (4:1) to (2:1p.m84 — 185 °C; IRmax /cmi' 3401, 2967,
2932, 2879, 1740, 1679, 1548, 1498, 1456, 14233,18622, 1301, 1209, 1131, 1030, 990,

752, 701;"H NMR (400 MHz, CDCJ) § 7.43 — 7.25 (m, 10H, H-Ar), 7.20 (= 7.3 Hz, 1H,
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H-19), 7.01 (tJ = 7.3 Hz, 2H, H-18), 6.87 (d, = 7.3 Hz, 2H, H-17), 5.61 (d, = 12.1 Hz,
1H, H-8), 5.55 (dJ = 15.5 Hz, 1H, H-12b), 4.78 (d,= 13.4 Hz, 1H, H-14b), 4.69 (d,=
13.4 Hz, 1H, H-14a), 4.66 (d,= 15.5 Hz, 1H, H-12a), 4.31 (d,= 12.1 Hz, 1H, H-7), 2.82
(d,J = 1.9 Hz, 1H, OH), 2.71 — 2.53 (m, 2H, H-11b, Hs},01.94 (m, 1H, H-10a), 1.85 (m,
1H, H-11a), 1.45 (s, 3H, H-20}°C NMR (101 MHz, CDGJ) § 170.1 (C-5), 154.2 (C-3),
154.1 (C-2), 136.1 (C-13), 134.4 (C-15), 130.5 @;130.2 (C-Ar), 129.7 (C-Ar), 129.3 (C-
Ar), 128.8 (C-Ar), 128.6 (C-Ar), 128.3 (C-Ar), 157(C-Ar), 126.8 (C-Ar), 91.5 (C-8), 70.1
(C-9), 69.8 (C-6), 47.3 (C-12), 47.1 (C-7), 44.4XQ), 34.3 (C-10), 29.3 (C-11), 26.9 (C-20);
1 signal in the C-H aromatic region was not obsgrgdee to having equivalent resonances;
m/z(ESI HRMS) GoH29NsOgNa requires 550.1954, found [MN&50.1947]{a]3'=-71.7 ¢

0.8, CHCY).

Synthesis of (6,7R)-1,4-dibenzyl-9-hydroxy-8-nitro-7,9-diphenyl-1,4adaspiro

[5.5]undecane-2,3,5-triorzd9

0 NO,
o) i) lﬁkph i) %
NBn Ph
BnN 71/&0 10 mol% 201
CH,Cl,, =30 °C to 0 °C

242 319

To a mixture of triketopiperazin242 (0.1 mmol, 30.8 mg) and cataly201 (4.0 mg, 10
mol%) dissolved in CECl, (0.7 mL) at-78 °C, phenyl vinyl ketone (0.1 mmol, 13.5 mg, 1.05

eq) was added neat over 1 minute. The reactionungixtas allowed to warm to —30 °C and
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left to react. After the starting material was cdetgly consumed, nitrostyrene (74.5 mg, 0.5
mmol, 5 eq) was added. The temperature was rass8d€ and the mixture was left to react
until complete consumption of the reactive interrata 72 hours. Produ89 (45.1 mg) was
obtained as a white solid in 77% yield after bemugified by flash column chromatography
(gradient: hexane/ethyl acetate = (4:1) to (2:1p.mi29 — 132 °C; IRmax /cm* 3031, 1743,
1677, 1549, 1496, 1448, 1367, 1323, 1203, 1030, 898;'H NMR (400 MHz, CDGJ) 6
7.62 (d,J = 7.5 Hz, 2H, H-Ar), 7.53 (m, 1H, H-Ar), 7.49 —43.(m, 4H, H-Ar), 7.42 — 7.24
(m, 8H, H-Ar), 7.21 (tJ = 7.3 Hz, 1H, H-19), 7.01 (8, = 7.3 Hz, 2H, H-18), 6.95 (d,= 7.3
Hz, 2H, H-17), 6.21 (dJ = 12.0 Hz, 1H, H-8), 5.59 (d,= 15.5 Hz, 1H, H-12b), 4.88 (d,=
13.4 Hz, 1H, H-14b), 4.77 (d,= 13.8 Hz, 2H, H-12a, H-14a), 4.46 (s 12.0 Hz, 1H, H-7),
3.99 (d,J = 2.7 Hz, 1H, OH), 3.00 (m, 1H, H-10b), 2.83 (id= 13.6, 5.2 Hz, 1H, H-11b),
2.05 — 1.90 (m, 2H, H-11a, H-10afC NMR (101 MHz, CDGJ) § 170.3 (C-5), 154.2 (C-3),
154.0 (C-2), 141.4 (C-20), 136.0 (C-13), 134.4 &);1.33.4 (C-16), 130.2 (C-Ar), 129.9 (C-
Ar), 129.3 (C-Ar), 128.9 (C-Ar), 128.7 (C-Ar), 138(C-Ar), 128.4 (C-Ar), 127.7 (C-Ar),
126.8 (C-Ar), 124.4 (C-Ar), 90.7 (C-8), 75.0 (C-80.8 (C-6), 47.8 (C-7), 47.3 (C-12), 44.4
(C-14), 35.6 (C-10), 29.8 (C-11); 2 signals in @1 aromatic region were not observed due
to having equivalent resonances/z (ESI HRMS) GsH31N30sNa requires 612.2111, found

[MNa]* 612.2109]a]2!= -33.7 ¢ 1.0, CHCY).
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Synthesis of 1,4-dibenzyl-3-hydroxypiperazine-2i&ne 322

0 9
4
OGN
NBn NaBH, 1N
BN S— 7 N 3"OH
e} MeOH, 0 °C, 8 0
1h

)
242 322

To a solution o242 (15.4 mg, 0.05 mmol, 1 eq.) in MeQ#H mL), NaBH, (2.4 mg, 0.05
mmol, 1 eq.) was added in one portion at 0 °C. Thigture was left to react at that
temperature for 2 h and was then quenched withrwWateL). The crude was extracted with
ethyl acetat€3 x 10 mL) and washed with brine (1 x 15 mL). Campd 322 was obtained as
a white solid in 62% vyield (9.7 mg) after being ifed by flash column chromatography
(gradient: hexane/ethyl acetate = (2:1) to (0:1p.ri79 — 181 °C; IRmax /cmi* 3112, 3032,
2942, 2855, 1639, 1471, 1454, 1310, 1260, 11634,11071, 943, 726, 696H NMR (400
MHz, CDCk) & 7.39 — 7.29 (m, 8H, H-Ar), 7.26 (m, 2H, H-Ar), 3.1d,J = 14.7 Hz, 1H, H-
7b), 5.09 (s, 1H, H-3), 4.70 (d,= 14.6 Hz, 1H, H-9b), 4.48 (d,= 14.6 Hz, 1H, H-9a), 4.27
(d,J = 14.7 Hz, 1H, H-7a), 4.09 (d,= 17.6 Hz, 1H, H-6b), 3.86 (d,= 17.6 Hz, 1H, H-6a);
13C NMR (101 MHz, CDGJ) § 165.1 (C-5), 164.8 (C-2), 135.6 (C-8), 134.5 (G;129.0 (C-
Ar), 128.8 (C-Ar), 128.6 (C-Ar), 128.3 (C-Ar), 128(C-Ar), 128.0 (C-Ar), 77.5 (C-3), 49.5
(C-9), 49.0 (C-6), 46.4 (C-7)n/z (ESI) CgH1gN,O3Na requires 333.1215, found [MNa]

333.1231.
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Synthesis of methyl @-1,4-dibenzyl-5-hydroxy-2-(3-hydroxypropyl)-3,6ediopiperazine-

2-carboxylate823

HO 10 9

0o
13711 3N 45
85 OH
8

o BnN 0 MeOH, 0°C, 3
5 1h

251 323

To a solution o251 (105.5 mg, 0.25 mmol, 1 eq.) in Me@85 mL), NaBH, (6.6 mg, 0.18
mmol, 0.70 eq.) was added in one portion at 0 °Be Mmixture was left to react at that
temperature for 1 h and was then quenched withrwWateL). The crude was extracted with
ethyl acetat€3 x 15 mL) and washed with brine (1 x 15 mL). Caupd323 was obtained as
a colourless oil in 71% vyield (75.7 mg) as an agppnately 1:1 mixture of diastereocisomers
afterbeing purified by flash column chromatography (geatl hexane/ethyl acetate = (2:1) to
(1:2). IR vmax /cmi* 3357, 2953, 1755, 1654, 1496, 1450, 1359, 12330,11064, 1030, 986,
731, 702;'H NMR (400 MHz, CDCJ) & 7.45 — 7.20 (m, 20H, H-Ar), 5.50 — 5.24 (m, 3,
7b, H-14h, H-14b), 5.18 (s, 1H, H-5), 5.14 (s, 1H:5), 4.71 (dJ = 15.2 Hz, 1H, H-7b), 4.51
(d, J = 15.2 Hz, 1H, H-7a), 4.31 — 4.17 (m, 3H7a, H-143 H-14a), 3.66 (dt) = 10.8, 5.4
Hz, 1H,H-13b), 3.60 — 3.48 (m, 2H4-13a H-13b), 3.44 (m, 1H, H-13a), 3.34 (s, 3H, H-10),
3.30 (s, 3HH-10), 2.71 (ddd)] = 14.8, 11.0, 6.1 Hz, 1HH-11b), 2.59 — 2.39 (M, 2H-113,
H-11b), 2.31 (m, 1H, H-11a), 1.50 (m, 1H, H-12b}¥41— 1.28 (m, 3H, H-1244-12b, H-
12a); *C NMR (101 MHz, CDG)) & 170.6 C-9), 167.8 (C-9), 166.8 (C-6), 166.€),
164.0 C-3), 163.8 (C-3), 135.5 (C-8), 135.C8, C-15 C-15), 129.4 (C-Ar), 128.9 (C-Ar),
128.8 (C-Ar), 128.7 (C-Ar), 128.5 (C-Ar), 128.5 (&), 128.2 (C-Ar), 128.1 (C-Ar), 128.0

(C-Ar), 128.0 (C-Ar), 77.2Q-5), 75.6 (C-5), 71.8 (C-2), 70.€(2), 61.8 (C-13), 61.6Q-13),
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53.9 C-10), 52.9 (C-10), 47.0 (C-7), 46.€{7), 46.4 (C-14), 46.1G-14), 29.3 (C-11), 28.1
(C-11), 26.1 (C-12), 25.9G-12); 3 signals in the C-H aromatic region were naebed due
to having equivalent resonances/z (ESI) G3H,sN.OgNa requires 449.1689, found [MNa]

449.1673.

Synthesis of (8 69-1,4-dibenzyl-3-hydroxy-6-§)-3-o0xo-1,3-diphenylpropyl)piperazine-

2,5-dione324
H Ph
(@] I H (@]
Ph S NBn L-selectride
BnN THF, 78 °C
1h, 87%
(@]
295

A solution 0f295 (99.5 mg, 0.19 mmol, 1.0 eq.) in dry TKB-mL) was cooled te78 °C and
L-selectride (0.20 mL, 1 M, 1.1 eq.) was added diep over 2 minutes. The mixture was left
to react at that temperature for 1 h and quenchigld saturated NECI. The crude was
extracted with ethyl acetafg x 15 mL) and washed with brine (1 x 15 mL). Caupd 324
was obtained as a white solid in 87% vyield (87.0 after being purified by flash column
chromatography (gradient: hexane/ethyl acetate®) (4 (2:1). m.p. 62 — 65 °C; IRna/cmi’
3316, 3063, 3031, 2934, 1658, 1598, 1496, 1464114365, 1233, 1163, 1069, 1030, 987,
729, 694:*H NMR (400 MHz, CDCJ) 5 7.83 (m, 2H, H-16), 7.47 (m, 1H, H-17), 7.40 —67.2
(m, 6H, H-Ar), 7.24 — 7.08 (m, 9H, H-Ar), 6.71 (dt= 4.3, 3.0 Hz, 2H, H-Ar), 5.85 (d,=
6.6 Hz, 1H, OH), 5.19 (d] = 6.6 Hz, 1H, H-3), 4.97 (d, = 15.3 Hz, 1H, H-7b), 4.91 (d,=

15.0 Hz, 1H, H-9b), 4.30 — 4.08 (m, 2H, H-11, H;9%p8 — 3.84 (m, 2H, H-13b, H-6), 3.20
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(dd, J = 18.5, 5.0 Hz, 1H, H-13a), 2.34 (@@= 15.3 Hz, 1H, H-7a)**C NMR (101 MHz,
CDCly) & 198.9 (C-14), 167.7 (C-5), 165.8 (C-2), 141.5 (@);1136.4 (C-15), 135.8 (C-8),
135.4 (C-10), 133.5 (C-Ar), 129.4 (C-Ar), 128.8 AE), 128.8 (C-Ar), 128.7 (C-Ar), 128.5
(C-Ar), 128.2 (C-Ar), 128.2 (C-Ar), 128.1 (C-Ar)21.9 (C-Ar), 127.9 (C-Ar), 127.7 (C-Ar),
79.4 (C-3), 64.6 (C-6), 48.2 (C-7), 47.4 (C-9), ®EC-11), 42.1 (C-13);m/z (ESI)

CssH3zoN204Na requires 541.2103, found [MN&§41.2099{a 4= -85.6 € 2.3, CHC}).

Synthesis of methyl &-1,4-dibenzyl-2-(3-hydroxybutyl)-3,5,6-trioxopiine-2-

carboxylate328
10 9

o} 14H§ MeO,C i 4 15

MeO,C,,, H,. Pd/C /13\12/11\6)?{\N/1\6©
NBn 2 N 7(5&0

el Ban(&O MeOH !

o]

250 328

To a solution oR50 (43.6 mg, 0.1 mmol, 1 eq.) in MeOH (4 mL), palladion carbon (5 mg,
0.1 eq.) was added in one portion. The mixture fiashed with and left under hydrogen
atmosphere to react at room temperature for 2 ter Atie starting material was consumed, the
crude was filtered through celite and the solvemaved under vacuum. Compous8 was
obtained as a colourless oil in 81% vyield (35.6 mag)an approximately 1:1 mixture of
diastereoisomers after being purified by flash solichromatography (gradient: hexane/ethyl
acetate = (2:1) to (1:2). IRnax lemi* 3482, 2969, 1743, 1686, 1497, 1421, 1369, 1236011
1081, 732, 699'H NMR (400 MHz, CDCJ) 6 7.35 — 7.29 (m, 4H, H-Ar), 7.28 — 7.16 (m,

16H, H-Ar), 5.04 (d,J = 13.7 Hz, 1H, H-15b), 5.03 (d,= 13.6 Hz, 1HH-15b), 4.96 (d,J =
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13.6 Hz, 1H, H-15a), 4.95 (d,= 13.7 Hz, 1HH-153), 4.88 (d,J = 15.0 Hz, 1H, H-7b), 4.68
(d, J = 15.0 Hz, 1HH-7b), 4.53 (d,J = 15.0 Hz, 1HH-7a), 4.42 (d,J = 15.0 Hz, 1H, H-7a),
3.43 (m, 1H, H-13), 3.31 (m, 1H4-13), 3.23 (s, 3H, H-10), 3.16 (s, 3H;10), 2.49 (m, 2H,
H-11), 2.35 (m, 1HH-11b), 2.22 (m, 1HH-118), 0.93 — 0.86 (m, 2H, H-121H-12h), 0.89
(d, J = 6.2 Hz, 3H, H-14), 0.83 (d,= 6.2 Hz, 3HH-14), 0.79 (m, 1H, H-12a), 0.72 (m, 1H,
H-123); **C NMR (101 MHz, CDG)) § 166.2 (C-9), 166.1G-9, C-3), 166.0 C-3), 155.4 (C-
5), 155.4 C-5), 154.2 (C-6), 154.24-6), 135.1 C-8), 134.9 (C-8), 134.80-16), 134.8 (C-
16), 129.4 (C-Ar), 129.3 (C-Ar), 129.2 (C-Ar), 129(C-Ar), 128.6 (C-Ar), 128.5 (C-Ar),
128.3 (C-Ar), 73.0C-2), 72.7 (C-2), 66.8 (C-13;-13), 53.5 (C-10), 53.4G-10), 47.7 C-7),
47.4 (C-7), 44.7 (C-15), 44.T(15), 31.8 (C-12), 31.6G-12), 30.0 C-11), 30.0 (C-11), 23.7
(C-14), 23.1 C-149); 5 signals in the C-H aromatic region were noseslied due to having

equivalent resonancesyz(ESI) GaH2eN-OsNa requires 461.1689, found [MNa}61.1692.

Sml, reactions, General procedure E:

To a solution of triketopiperazirs0, 276, 303, 304, 305, 308 or 309 (0.05 mmol) in THF (1
mL) at room temperature, Sgrdolution in THF (2 eq.) was added. The mixture ateved

to react for 2-4 minutes before it was quenchetudybling air through the solution, followed
by HCI (0.1 M, 10 mL). The crude mixture was exteacwith CHCI, (3 x 20 mL), washed
with brine (1 x 20 mL), dried over MgSQfiltered and condensed under reduced pressure.
The crude was purified by flash column chromatoyafgradient: hexane/ethyl acetate =

(2:1) to methanol/ethyl acetate (1:19).
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Sml, reactions, General procedureF:

To a solution of triketopiperazirg03, 304, 305, 308 or 309 (0.05 mmol) in THF/water (2:1;
1.5 mL) at room temperature, Sirdolution in THF (2 eq.) was added. The mixture was
allowed to react for 1-5 minutes before it was aunexdl by bubbling air through the solution,
followed by HCI (0.1 M, 10 mL). The crude mixturesvextracted with C4LI, (3 x 20 mL),
washed with brine (1 x 20 mL), dried over Mgs@ltered and condensed under reduced
pressure before being purified by flash column ofatography (gradient: hexane/ethyl

acetate = (2:1) to ethyl acetate (100%).

Synthesis of methyl (&7S7aR)-1,4-dibenzyl-7,7a-dihydroxy-7-methyl-2,3-dioxoabydro-

4aH-cyclopenta[b]pyrazine-4a-carboxyle840

16

OH

MeO,Cr, A\ o »\OH y
Me Sml, (2eq),  MeO,C"5 2 iN10
0 BnN\[(&O ———— 15 14 \4.2
I THF 5 0

13 0
250 340

General procedure E using triketopiperaz2® (22.1 mg) was followed to synthesi3¢0
(14.5 mg) in 2 minutes as a white solid in 66% ¢iafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate B (@ methanol/ethyl acetate (1:19). m.p.
195 — 197 °C; IRvmax /cmi* 3304, 2990, 2945, 1731, 1662, 1604, 1497, 1420114362,
1284, 1140, 1078, 962, 889, 706t NMR (400 MHz, CDCY) & 7.35 (m, 2H, H-Ar), 7.29 —

7.14 (m, 8H, H-Ar), 4.93 (d] = 14.6 Hz, 1H, H-12b), 4.72 (d,= 14.9 Hz, 1H, H-10b), 4.51
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(d,J = 14.9 Hz, 1H, H-10a), 4.26 (d= 14.6 Hz, 1H, H-12a), 3.29 (s, 3H, H-15), 2.6@dd

= 14.6, 12.8, 8.5 Hz, 1H, H-9b), 2.22 (m, 1H, H;9aB2(m, 1H, H-8b), 1.54 (m, 1H, H-8a),
1.28 (s, 3H, H-16)>*C NMR (101 MHz, CDGJ) 5 168.4 (C-14), 158.6 (C-2), 155.7 (C-3),
137.5 (C-13), 135.5 (C-11), 128.8 (C-Ar), 128.54€); 128.3 (C-Ar), 128.0 (C-Ar), 128.0
(C-Ar), 127.0 (C-Ar), 92.3 (C-6), 81.1 (C-7), 74B-5), 52.6 (C-15), 47.2 (C-10), 46.2 (C-
12), 36.7 (C-8), 27.7 (C-9), 26.7 (C-16)Vz (ES HRMS) GsH2/N,Og requires 439.1869,

found [MH]* 439.1871{a]3!= 1.5 € 0.8, CHCH).

Synthesis of (48,55 74-1,4-dibenzyl-4a,5-dihydroxy-5-methylhexahydro-1H-

cyclopenta[b]pyrazine-2,3-diorgs1

0]

Ve MNBn Sml (2 eq),

O Ban(&O THF

O
276 3

General procedure E using triketopiperaz2ié (18.7 mg) was followed to synthesi341
(15.2 mg) in 2 minutes as a white solid in 82% djiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate (@ methanol/ethyl acetate (1:19). m.p.
148 — 150 °C; IRvmax /omi® 3419, 3025, 2922, 2851, 1675, 1641, 1603, 149389,14361,
1257, 1159, 1082, 980, 7004 NMR (400 MHz, CDC4) 6 7.42 (m, 2H, H-Ar), 7.36 — 7.28
(m, 4H, H-Ar), 7.28 — 7.19 (m, 4H, H-Ar), 5.08 (12H, OH, H-12b), 4.89 (d) = 14.7 Hz,
1H, H-10b), 4.76 (dJ = 14.7 Hz, 1H, H-10a), 4.32 (d,= 14.8 Hz, 1H, H-12a), 3.96 (dd=

7.0, 4.2 Hz, 1H, H-5), 2.17 (m, 1H, H-9b), 1.90.67(m, 3H, H-8, H-9a), 1.23 (s, 3H, H-14);
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13C NMR (101 MHz, CDGJ) 6 156.1 (C-2), 155.8 (C-3), 137.7 (C-11), 135.2 @);1128.9
(C-Ar), 128.6 (C-Ar), 128.5 (C-Ar), 128.3 (C-Ar)28.0 (C-Ar), 127.4 (C-Ar), 90.7 (C-6),
82.1 (C-7), 62.6 (C-5), 47.9 (C-12), 46.0 (C-1(),23(C-8), 26.5 (C-9), 24.5 (C-14))/z(ES
HRMS) CyH24N,0O4Na requires 403.1624, found [MNa}03.1634;[a]3!= -3.3 ¢ 0.7,

CHCL).

Synthesis of (4R,5S57aR)-7a-allyl-1,4-dibenzyl-4a,5-dihydroxy-5-methylhdxalro-1H-

cyclopenta[b]pyrazine-2,3-diorg2

OH
\\O H

N i X ‘ U
, 16=—
o e smbeey T
N 5 2
3

o Ban(&O THF

o 13 o)
303 342

General procedure E using triketopiperazi® (20.9 mg) was followed to synthesi342
(18.4 mg) in 3 minutes as a white solid in 88% ¢iafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate B (@ methanol/ethyl acetate (1:19). m.p.
204 — 206 °C; IRvmax /cmi* 3415, 3332, 3034, 2971, 1650, 1603, 1496, 14520,14353,
1260, 1105, 1076, 966, 889, 69B; NMR (400 MHz, CDCJ) § 7.52 (m, 2H, H-Ar), 7.35 (dd,
J=7.4, 1.7 Hz, 2H, H-Ar), 7.32 — 7.18 (m, 6H, H-AB 44 (m, 1H, H-15), 5.16 (d,= 14.9
Hz, 1H, H-12b), 4.89 — 4.83 (m, 2H, H-10b, H-16c&)79 (d,J = 17.2 Hz, 1H, H-16trans),
4.30 (d,J = 13.9 Hz, 1H, H-10a), 4.05 (d= 14.9 Hz, 1H, H-12a), 2.65 (dd= 14.1, 6.3 Hz,
1H, H-14b), 2.34 (dd) = 14.1, 9.1 Hz, 1H, H-14a), 1.96 (m, 2H, H-9), 1(48 1H, H-8b),

1.11 (s, 3H, H-17), 1.04 (m, 1H, H-84JC NMR (101 MHz, CDG) § 159.4 (C-3), 156.7 (C-
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2), 137.7 (C-13), 137.4 (C-11), 131.7 (C-15), 12€8Ar), 128.6 (C-Ar), 128.5 (C-Ar), 128.1
(C-Ar), 127.7 (C-Ar), 127.4 (C-Ar), 120.3 (C-16)2.8 (C-6), 81.4 (C-7), 72.8 (C-5), 47.0 (C-
12), 46.2 (C-10), 38.0 (C-14), 36.8 (C-8), 32.4 QC-26.9 (C-17);m/z (ES HRMS)

CzsH2eN204Na requires 443.1947 found [MNaj43.1938.

Synthesis of (4R,5S57a9-1,4-dibenzyl-4a,5-dihydroxy-5-methyl-7a-propyllaéwdro-1H-

cyclopenta[b]pyrazine-2,3-diorg#3

o)
¥//
Me z NBn Smiy (2 eq),
BnN
o) n 7(&0 THF
o)
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General procedure E using triketopiperazd®d (21.0 mg) was followed to synthesi343
(18.8 mg) in 3 minutes as a white solid in 89% djiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate B (@ methanol/ethyl acetate (1:18).p.
193 — 195 °C; IRvmax /oM’ 3261, 3066, 2968, 1668, 1643, 1496, 1453, 14091,18253,
1154, 1074, 960, 882, 6981 NMR (400 MHz, CDC4) 6 7.54 (ddJ = 7.5, 1.8 Hz, 2H, H-
Ar), 7.38 (dd,J = 6.1, 3.3 Hz, 2H, H-Ar), 7.32 — 7.23 (m, 6H, H-AB.79 (s, 1H, OH), 4.99
(d,J =14.8 Hz, 1H, H-12b), 4.79 (d,= 13.8 Hz, 1H, H-10b), 4.70 (d,= 13.8 Hz, 1H, H-
10a), 4.31 (dJ = 14.8 Hz, 1H, H-12a), 3.41 (s, 1H, OH), 2.05 —71(f, 3H, H-9, H-14b),
1.56 (m, 1H, H-8b), 1.47 (m, 1H, H-14a), 1.23 -31(M, 2H, H-8a, H-15b), 1.10 (s, 3H, H-
17), 0.90 (m, 1H, H-15a) 0.63 (t= 7.2 Hz, 3H, H-16)**C NMR (101 MHz, CDGJ) & 159.4

(C-3), 156.7 (C-2), 137.6 (C-13), 137.4 (C-11), DB(C-Ar), 128.6 (C-Ar), 128.5 (C-Ar),
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128.4 (C-Ar), 127.7 (C-Ar), 92.5 (C-6), 82.3 (C-72.8 (C-5), 46.6 (C-12), 45.5 (C-10), 36.5
(C-8), 36.1 (C-14), 32.8 (C-9), 27.4 (C-17), 168 15), 14.1 (C-16); 1 signal in the C-H
aromatic region was not observed due to havingvaetpnt resonancesn/z (ES HRMS)

C2sH31N,0, requires 423.2284, found [MH}23.2273.

Synthesis of (4R,557aR)-1,4,7a-tribenzyl-4a,5-dihydroxy-5-methylhexahydnd-

cyclopenta[b]pyrazine-2,3-diorgs4

0

Bn,
n. NBn Smly (2 eq),
_—
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e} n 7(&0 THF

O
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General procedure E using triketopiperazd® (24.1 mg) was followed to synthesi3é4
(20.7 mg) in 2 minutes as a white solid in 86% djiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate (@ methanol/ethyl acetate (1:19). m.p.
112 — 113 °CIR vmax /omi 3303, 3064, 2937, 1655, 1604, 1495, 1451, 140%4,18250,
1133, 1071, 960, 883, 69% NMR (400 MHz, CDC) 6 7.38 (dd,J = 7.5, 1.8 Hz, 2H, H-
Ar), 7.32 (dd,J = 6.5, 2.7 Hz, 2H, H-Ar), 7.25 — 7.15 (m, 9H, H-AT)02 (ddJ = 6.5, 2.9 Hz,
2H, H-Ar), 5.36 (s, 1H, OH), 5.33 (d,= 14.8 Hz, 1H, H-12b), 4.73 (d,= 14.1 Hz, 1H, H-
10b), 4.29 (dJ = 14.1 Hz, 1H, H-10a), 3.65 (d= 14.8 Hz, 1H, H-12a), 3.21 (d= 14.1 Hz,
1H, H-14b), 3.04 (dJ = 14.1 Hz, 1H, H-14a), 2.08 (dd= 10.7, 6.0 Hz, 2H, H-9), 1.32 (d,

= 10.7, 5.8 Hz, 1H, H-8b), 0.78 (m, 1H, H-8a), 09 3H, H-16);"*C NMR (101 MHz,

CDCly) § 159.2 (C-3), 156.0 (C-2), 137.7 (C-13), 137.2 (1J;1135.0 (C-15), 130.5 (C-Ar),
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130.1 (C-Ar), 128.6 (C-Ar), 128.5 (C-Ar), 128.4 @@}, 128.2 (C-Ar), 127.7 (C-Ar), 127.8
(C-Ar), 127.1 (C-Ar), 93.1 (C-6), 81.3 (C-7), 738-5), 48.0 (C-12), 45.8 (C-10), 40.1 (C-
14), 36.3 (C-8), 32.3 (C-9), 26.8 (C-16)/z (ES HRMS) GgH30N,O4Na requires 493.2103,

found [MNa] 493.2108.

Synthesis of (48,557aR)-1,4,7a-tribenzyl-4a,5-dihydroxyhexahydro-1H-cymata[b]

pyrazine-2,3-dion&45

] Q
, 15\, N1o
22 NBn Sm'z(QGQ) ‘54 @
0O BnN\[(&O TH
O
305 345

General procedure E using triketopiperazi® (22.2 mg) was followed to synthesi3¢5
(21.9 mg) in 2 minutes as a white solid in 98% ¢iafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate B (@ methanol/ethyl acetate (1:19). m.p.
118 — 119 °C; IRvmax /cm* 3329, 3031, 2922, 1664, 1604, 1495, 1451, 1429418254,
1145, 1072, 984, 906, 6984 NMR (300 MHz, CDC}) & 7.41 — 7.20 (m, 13H, H-Ar), 7.13
(dd,J= 7.6, 1.7 Hz, 2H, H-Ar), 5.45 (d,= 15.1 Hz, 1H, H-12b), 5.03 (d,= 14.7 Hz, 1H, H-
10b), 4.60 (s, 1H, OH), 4.27 (d= 14.7 Hz, 1H, H-10a), 4.03 (m, 1H, H-7), 3.74J¢; 15.1
Hz, 1H, H-12a), 3.24 (d] = 14.1 Hz, 1H, H-14b), 3.11 (d,= 14.1 Hz, 1H, H-14a), 2.17 (m,
2H, H-9), 1.32 (m, 1H, H-8b), 1.13 (m, 1H, H-84)C NMR (101 MHz, CDG)) 5 158.6 (C-
3), 154.9 (C-2), 138.3 (C-13), 137.8 (C-11), 13@C915), 130.3 (C-Ar), 129.3 (C-Ar), 128.7

(C-Ar), 128.7 (C-Ar), 128.6 (C-Ar), 128.1 (C-Ar)21.7 (C-Ar), 127.6 (C-Ar), 127.5 (C-Ar),
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90.4 (C-6), 79.6 (C-7), 72.6 (C-5), 47.8 (C-12),%46C-10), 38.8 (C-14), 33.1 (C-8), 26.9 (C-

9); m/z(ES HRMS) GgH2gN-O4Na requires 479.1947, found [MN&{79.1942,

Synthesis of (4R 5S57&)-1,4-dibenzyl-5-ethyl-4a,5-dihydroxy-7a-propylhéyaro-1H-

cyclopenta[b]pyrazine-2,3-diorg#6
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General procedure E using triketopiperaz® (21.7 mg) was followed to synthesi3¢6
(18.4 mg) in 4 minutes as a white solid in 84% ¢jiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate B (@ methanol/ethyl acetate (1:19). m.p.
201 — 203 °C; IRvmax fcmi* 3242, 3285, 2964, 2874, 1680, 1644, 1605, 14952,124403,
1359, 1262, 1140, 1075, 952, 875, 695:NMR (400 MHz, CDCYMeOD) & 7.47 (dJ = 6.9
Hz, 2H, H-Ar), 7.29 (m, 2H, H-Ar), 7.27 — 7.14 (8H, H-Ar), 5.01 (dJ = 14.9 Hz, 1H, H-
12b), 4.81 (d,J = 13.9 Hz, 1H, H-10b), 4.19 (d,= 13.9 Hz, 1H, H-10a), 4.15 (A= 14.9 Hz,
1H, H-12a), 1.97 — 1.81 (m, 3H, H-9, H-14b), 1.46 { = 14.1, 3.9 Hz, 1H, H-14a), 1.40 —
1.14 (m, 3H, H-8b, H-17), 1.14 — 1.00 (m, 2H, H-Bal5b), 0.84 (ddd) = 19.8, 9.7, 6.1 Hz,
1H, H-15a), 0.74 (t) = 7.2 Hz, 3H, H-18), 0.55 (] = 7.2 Hz, 3H, H-16)*C NMR (101
MHz, CDCk/MeOD) § 159.3 (C-3), 156.6 (C-2), 137.8 (C.13), 137.3 (;1129.6 (C-Ar),
128.5 (C-Ar), 128.2 (C-Ar), 127.9 (C-Ar), 127.6 @), 127.2 (C-Ar), 92.7 (C-6), 84.5 (C-7),

72.5 (C-5), 46.5 (C-12), 46.5 (C-10), 36.0 (C-133,2 (C-8), 32.6 (C-9), 32.1 (C-17), 16.8
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(C-15), 13.9 (C-16), 7.6 (C-18)n/z (ES HRMS) GgH32N,0O4Na requires 459.2260, found

[MNa]* 459.2258.

Synthesis of (R,5R)-5-allyl-6,8-dibenzyl-1,2-dihydroxy-2-methyl-6,8akabicyclo

[3.2.2]nonane-7,9-dion&47

N\
Me iz NBn  Smly (2 eq)
Ban(&O THF : H,0
(2:1)

General procedure F using triketopiperazd® (20.9 mg) was followed to synthesi3¢7
(8.9 mg) in 2 minutes as a colourless oil in 42%idyiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate B (@ ethyl acetate (100%). Wy /ci’
3393, 2935, 1663, 1496, 1453, 1399, 1353, 11247,10028, 704Major, minor (5:3), H
NMR (400 MHz, CDC}) § 7.41 — 7.24 (m, 20H, H-Ar), 5.99 — 5.81 (m, 212, H-12),
5.35 — 5.29 (m, 3H, OHDH, H-14b), 5.25 — 5.12 (m, 5H-13, H-13, H-14b), 5.09 (d] =
14.9, 1H, H-16b), 4.95 (d] = 14.5 Hz, 1HH-16b), 4.69 — 4.56 (m, 3H, H-14a, H-164d;
14d), 4.52 (d,J = 14.5 Hz, 1HH-164), 3.04 — 2.89 (m, 3H, H-1H-11b), 2.81 (dd,J = 16.1,
7.2 Hz, 1H,H-1189), 2.69 (s, 1H, OH), 2.38 (s, 1@®H), 1.85 — 1.74 (m, 4H, H-3lH-4, H-
4b), 1.74 — 1.63 (m, 3H, H-48-3), 1.52 (m, 1H, H-3a), 1.27 (s, 3H:10), 1.13 (s, 3H, H-
10); **C NMR (101 MHz, CDGJ) § 170.7 (C-7.C-7), 167.8 (C-9C-9), 138.9 (C-17), 138.4

(C-17), 137.0 (C-15C-15), 134.1 C-12), 133.9 (C-12), 128.9 (C-Ar), 128.T{Ar), 128.5

228



Chapter 5 Experimental

(C-Ar), 128.4 (C-Ar), 128.3 (C-Ar), 128.C(Ar), 128.1 C-Ar), 127.9 C-Ar), 127.6 (C-Ar),
127.6 (C-Ar), 127.2G-Ar), 126.9 (C-Ar), 118.8(C-13), 118.8{13), 85.6 C-1), 85.5 (C-1),
73.5 (C-2), 73.2G-2), 66.5 (C-5), 66.1-5), 46.3 (C-16), 46.2Q-14), 46.1 (C-14), 45.3G-
16), 38.9 C-11), 38.7 (C-11), 35.4_(C-43-4), 32.8 (C-3), 31.2G-3), 24.3 C-10), 22.8 (C-

10); m/z(ES HRMS) GsH29N,O4 requires 421.2127, found [MH321.2122.

Synthesis of (R,59)-6,8-dibenzyl-1,2-dihydroxy-2-methyl-5-propyl-6¢Bazabicyclo

[3.2.2]nonane-7,9-dion&48

General procedure F using triketopiperazd®d (21.1 mg) was followed to synthesi348
(14.0 mg) in 2 minutes as a white solid in 66% djiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate:¥) (@ ethyl acetate (100%). m.p. 130 —
131 °C; IRvmax /cmi* 3391, 3345, 2930, 1648, 1495, 1455, 1416, 1340112126, 1080,
1014, 700; Majorminor (4:1),™H NMR (400 MHz, CDCY) 6 7.47 — 7.39 (m, 4H, H-Ar), 7.39
—7.21 (m, 16H, H-Ar), 5.35 (d, = 14.7 Hz, 1HH-14b), 5.32 (s, 1HOH), 5.23 (s, 1H, OH),
5.20 (d,J = 15.1 Hz, 1H, H-14b), 5.09 (d,= 15.1 Hz, 1H, H-16b), 4.97 (d,= 14.6 Hz, 1H,
H-16b), 4.59 (dJ = 15.1 Hz, 1H, H-16a), 4.47 (d,= 14.6 Hz, 1HH-163), 4.33 (d,J = 15.1

Hz, 1H, H-14a), 4.31 (d] = 14.7 Hz, 1HH-144), 2.64 (s, 1H, OH), 2.43 (s, 1@H), 2.29 —
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2.17 (m, 2H,_H-11bH-11b), 2.04 (m, 1H, H-11a), 1.90 (m, 1H;114a), 1.77 — 1.65 (m, 10H,
H-12,H-12, H-3h H-3b, H-4 H-4), 1.55 — 1.44 (m, 2H, H-3H-3a), 1.25 (s, 3HH-10), 1.02
(s, 3H, H-10), 0.99 (t) = 7.4 Hz, 6H, H-13H-13); **C NMR (101 MHz, CDGJ) 6 171.3 C-
7), 170.7 (C-7), 168.83-9), 167.9 (C-9), 139.0 (C-17), 138617), 136.9 C-15), 136.8 (C-
15), 129.0 (C-Ar), 128.8_(C-Ar), 128.T{Ar), 128.6 C-Ar), 128.4 C-Ar), 128.3 (C-Ar),
128.2 (C-Ar), 128.0G-Ar), 127.4 (C-Ar), 127.3G-Ar), 127.0 C-Ar), 126.8 (C-Ar), 85.2_(C-
1,C-1), 73.7 (C-2), 73.2G-2), 67.8 (C-5), 67.3G-5), 46.7 C-14), 46.7 (C-14), 46.1 (C-16),
45.1 C-16), 37.3 (C-11), 35.6 (C-4), 35.8{11), 32.9 (C-3), 31.4G-4), 31.0 C-3), 24.0 C-
10), 22.8 (C-10), 17.9_(C-12¢-12), 14.4 (C-13,C-13; m/z (ES HRMS) GsHzN-OsNa

requires 445.2103, found [MN&345.2096.

Synthesis of (R,5R)-5,6,8-tribenzyl-1,2-dihydroxy-2-methyl-6,8-diazeyxclo[3.2.2]nonane-

7,9-dione349

0]
Moo i NBn Sz (2 eq)
5 Ban(&O THF : H,O
(2:1)
O]
305

General procedure F using triketopiperazi®® (24.1 mg) was followed to synthesi349
(8.5 mg) in 2 minutes as a colourless oil in 35%ldsiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate B (@ ethyl acetate (100%). WR.ax /cmi*

3379, 2934, 1664, 1606, 1496, 1454, 1401, 13523,11R77, 1028, 699; Majominor
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(2.5:1);*H NMR (400 MHz, CDCJ) & 7.45 — 7.24 (m, 20H, H-Ar), 7.23 — 7.09 (m, 6H, H-
Ar), 7.00 (m, 2H, H-Ar), 6.89 (d] = 6.8 Hz, 2H, H-Ar), 5.53 (s, 1HOH), 5.42 (s, 1H, OH),
5.39 (d,J = 15.4 Hz, 1HH-13b) 5.19 (d,J = 15.1 Hz, 1H, H-13b), 5.14 (d,= 14.7 Hz, 1H,
H-15b), 4.96 (dJ = 14.1 Hz, 1HH-15b), 4.67 (dJ = 14.7 Hz, 1H, H-15a), 4.58 (d,= 14.1
Hz, 1H,H-153), 4.02 (dJ = 17.4 Hz, 1H, H-11b), 3.89 (d,= 17.5 Hz, 1HH-11b), 3.87 (d J

= 15.1 Hz, 1H, H-13a), 3.82 (d,= 15.4 Hz, 1HH-133), 3.39 (d,J = 17.4 Hz, 1H, H-11a),
3.27 (d,J = 17.5 Hz, 1HH-114), 2.75 (s, 1H, OH), 2.50 (s, 1I®H), 1.89 — 1.70 (m, 5H, H-
4, H-4, H-3b), 1.64 (m, 2HH-3), 1.50 (m, 1H, H-3a), 1.33 (s, 3H;10), 1.13 (s, 3H, H-10);
13C NMR (101 MHz, CDGJ) $ 170.7 C-7), 170.1 (C-7), 168.53-9), 167.7 (C-9), 138.9 (C-
16), 138.2 C-16), 137.0 (C-14), 137.00-14), 136.5 C-12), 136.3 (C-12), 129.3 (C-Ar),
128.8 (C-Ar), 128.7G-Ar), 128.7 (C-Ar,C-Ar), 128.6 C-Ar), 128.4 C-Ar, C-Ar), 128.3 (C-
Ar), 128.1 C-Ar), 128.0 (C-Ar), 128.0 (C-Ar), 127.8¢Ar), 127.3 C-Ar), 127.0 (C-Ar),
126.4 (C-Ar), 126.3C-Ar), 85.6 C-1), 85.4 (C-1), 73.9 (C-2), 73.6€¢2), 66.7 (C-5), 66.3
(C-5), 46.8 C-13 C-13), 46.2 (C-15), 45.T¢15), 39.8 (C-11), 39.6G-11), 35.4 C-4), 35.4
(C-4), 33.5 (C-3), 32.040-3), 24.5 C-10), 22.9 (C-10); 1 signal in the C-H aromatic region
was not observed due to having equivalent resosams&Z (ES HRMS) GgH3oN.O4Na

requires 493.2103, found [MNa493.2100.
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Synthesis of (R5R)-5,6,8-tribenzyl-1,2-dihydroxy-6,8-diazabicycla?3]nonane-7,9-dione

350

General procedure F using triketopiperaza®® (22.2 mg) was followed to synthesi380
(7.8 mg) in 2 minutes as a colourless oil in 35%ldyiafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate B (@ ethyl acetate (100%). WR.ax /cmi*
3386, 2927, 1665, 1605, 1497, 1455, 1397, 13575,11377, 1031, 732, 700; Majaninor
(3:1)H NMR (400 MHz, CDCY)) 5 7.48 (d,J = 6.5 Hz, 2H, H-Ar), 7.43 — 7.18 (m, 24H, H-
Ar), 7.08 (d,J = 7.1 Hz, 2H, H-Ar), 7.02 (m, 2H, H-Ar), 5.48 —48. (m, 2H,0H, H-12b),
5.37 — 5.27 (m, 2H, OH, H-12b), 5.16 (b= 14.6 Hz, 1H, H-14b), 4.82 (d,= 14.1 Hz, 1H,
H-14b), 4.76 (dJ = 14.1 Hz, 1HH-144), 4.62 (d,J = 14.6 Hz, 1H, H-14a), 3.98 (d,= 17.4
Hz, 1H, H-10b), 3.89 — 3.75 (m, 5H;2, H-2, H-12a H-12a,H-10b), 3.35 — 3.22 (m, 2HH-
103 H-10a), 2.98 (dJ = 1.2 Hz, 1H, OH), 2.65 (d, = 1.3 Hz, 1HOH), 1.97 (m, 1H, H-4b),
1.71 — 1.54 (m, 4H, H-4&]-4, H-3b), 1.50 — 1.27 (m, 3H, H-3H-3); **C NMR (101 MHz,
CDCly) 6 170.3 (C-7C-7), 167.5 (C-9C-9), 138.6 (C-15), 137.83-15), 137.4 (C-13), 137.0
(C-13, 136.3 C-11, C-11), 129.1C-Ar), 129.0 (C-Ar), 128.8 (C-AIC-Ar), 128.7 Px C-A),
128.5 (C-Ar,C-Ar), 128.4 (C-Ar), 128.3 (C-Ar), 128.1 (C-AG-Ar), 127.8 (C-Ar), 127.7G-
Ar), 127.2 (C-Ar,C-Ar), 126.5 (C-Ar), 126.4Q-Ar), 84.5 C-1), 83.4 (C-1), 71.1 (C-2), 70.5

(C-2), 66.9 (C-5), 66.5Q-5), 46.8 C-12), 46.4 (C-12), 46.3 (C-14), 44.614), 39.5 C-10
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C-10), 33.3 (C-4), 33.23-4), 28.8 (C-3), 27.8G-3); 1 signal in the C-H aromatic region was
not observed due to having equivalent resonanoés(ES HRMS) GgH»sN.O4sNa requires

479.1947, found [MNd}479.1951.

Synthesis of (R,59)-6,8-dibenzyl-2-ethyl-1,2-dihydroxy-5-propyl-6,8adabicyclo

[3.2.2]nonane-7,9-dion&51
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General procedure F using triketopiperazd®® (42.6 mg) was followed to synthesi3gl
(19.7 mg) in 2 minutes as a colourless oil in 46&dyafter being purified by flash column
chromatography (gradient: hexane/ethyl acetate B (@ ethyl acetate (100%). W /ci’
3397, 3031, 2965, 1662, 1496, 1427, 1400, 13537,10028, 733, 701; Major, imor (4:1);
'H NMR (400 MHz, CDCJ) & 7.44 (m, 2H, H-Ar), 7.41 — 7.36 (m, 3H, H-Ar), 3.3 7.20
(m, 15H, H-Ar), 5.32 (dJ = 15.3 Hz, 1HH-15b), 5.27 (s, 1HOH), 5.20 (s, 1H, OH), 5.13
(d, J = 15.0 Hz, 1H, H-15b), 5.10 (d,= 15.1 Hz, 1H, H-17b), 4.98 (d,= 14.7 Hz, 1HH-
17b), 4.60 (dJ = 15.1 Hz, 1H, H-17a), 4.45 (d= 14.7 Hz, 1HH-174), 4.40 (d,J = 15.0 Hz,
1H, H-15a), 4.34 (dJ) = 15.3 Hz, 1HH-158), 2.39 (s, 1H, OH), 2.25 — 2.13 (m, 36H, H-
12b,H-12b), 2.05 (m, 1H, H-12a), 1.91 (m, 1H:124), 1.84 (dt,J = 7.0, 3.9 Hz, 1H, H-3b),

1.75 — 1.67 (m, 2HH-3b, H-4b), 1.65 — 1.53 (m, 5H{-3a, H-4, H-3a, H-13b), 1.51 — 1.38
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(m, 4H,H-13,H-10b, H-4a), 1.32 — 1.20 (m, 3H;10, H-13a), 1.12 (m, 1H, H-10a), 0.98 (t,
J = 7.4 Hz, 6H, H-14H-14), 0.92 (t,J = 7.5 Hz, 3HH-11), 0.79 (t,J = 7.4 Hz, 3H, H-11);
13C NMR (101 MHz, CDGJ) 6 171.4 C-7), 170.8 (C-7), 169.03-9), 168.0 (C-9), 139.0 (C-
18), 138.5 C-18), 136.9 C-16), 136.8 (C-16), 128.8 (C-Ar), 128.7 (C-AC-Ar), 128.6 C-
Ar), 128.4 C-Ar), 128.3 (C-Ar), 128.1 _(C-Ar), 128.9C(Ar), 127.4 (C-Ar), 127.2G-Ar),
127.0 C-Ar), 126.8 (C-Ar), 85.8 (C-1), 85.TC¢1), 75.7 (C-2), 74.7Q-2), 67.7 (C-5), 67.1
(C-5), 46.8 C-15,C-15), 46.1 (C-17), 45.8¢17), 37.4 C-12), 37.2 (C-12), 32.5 (C-4), 31.3
(C-4), 31.0 (C-3), 30.3¢-3), 26.4 C-10), 26.2 (C-10), 17.9 (C-13), 17.€413), 14.4 (C-14,
C-14), 7.0 (C-11), 6.8 @-11); m/z (ES HRMS) GeH3:N.OsNa requires 459.2260, found

[MNa]* 459.2262.

Synthesis of methyl &6S)-7,9-dibenzyl-8,10-dioxo-2-o0xa-7,9-diazabicycld4£]decane-6-

carboxylate367

O /15_©
16
MeO,C,,, 010N9
HO\/\/HJ\NBn TMSOTf 0
14\13

12
BnN o 7 8:\0 3
OH CH,ClI,, 0 °C, N 7
5
o 0.5h 1I\4e02C131
323 367

To a solution 0f323 (12.0 mg, 0.025 mmol, 1 eq.) in dry &€&, (1.5 mL), TMSOTf (5 pL,

0.028 mmol, 1.1 eq.) was added in one portion &€.0The mixture was left to react at that
temperature for 30 min and was quenched with saeirdaHCQ. The crude was extracted
with CH,Cl, (3 x 5 mL) and washed with brine (1 x 5 mL). Compod367 was obtained as a
white solid in 87% vyield (8.9 mg) after being pied by flash column chromatography

(gradient: hexane/ethyl acetate = (3:1) to (2:1J 86:4 er as determined by HPLC analysis
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[Phenomenex Lux Cellulose-3, acetonitrile:water;685 1 mL/min,A 210 nm, t(minor) =
28.9 min, t(major) = 35.5 min]. IRmax /cm’ 2966, 2919, 2872, 2850, 1757, 1668, 1498,
1422, 1360, 1341, 1256, 1233, 1214, 1161, 10993,10065, 1040, 945, 890, 741, 716, 695;
'H NMR (400 MHz, CDC}) & 7.45 — 7.24 (m, 10H, H-Ar), 5.15 (s, 1H, H-1), 6.@,J =
14.6 Hz, 1H, H-15b), 4.51 (s, 2H, H-13), 4.18J¢&; 14.6 Hz, 1H, H-15a), 3.81 (dit,= 17.8,
8.9 Hz, 1H, H-3b), 3.49 (s, 3H, H-12), 3.33 (m, HH3a), 2.42 (m, 1H, H-5b), 2.21 (ddbi=
11.4, 9.1, 4.5 Hz, 1H, H-5a), 1.75 (m, 1H, H-4b}¥6lL(m, 1H, H-4a)**C NMR (101 MHz,
CDCl) § 168.6 (C-10), 167.2 (C-11), 165.6 (C-8), 135.614); 134.4 (C-16), 128.9 (C-Ar),
128.8 (C-Ar), 128.7 (C-Ar), 128.4 (C-Ar), 128.3 @), 127.9 (C-Ar), 81.5 (C-1), 71.1 (C-6),
63.8 (C-3), 52.8 (C-12), 47.8 (C-15), 47.5 (C-13,6 (C-5), 25.3 (C-4)m/z (ESI HRMS)

CaaH2sN,0s requires 409.1764, found [MHB09.1763{a]3°= —10.4 € 0.8, CHCY).

Synthesis of methyl &@-1,4-dibenzyl-5-(ethylthio)-2-(3-hydroxypropyl) €3,

dioxopiperazine-2-carboxyla@68

o1 9 o
13 1Y 3N
BN L COzMe EtSH N /1\5©
P ©) e 5S
04'7LN TFA/MeCN, 8

H  Bn 0°C,3h O 168,

367 368

To a solution 0f367 (20.4 mg, 0.05 mmol, 1 eq.) in MeCN/TFA (1:1, 2 yn&thanethiol (30
uL, 0.4 mmol, 8 eq) was added in one portion atrraemperature. The mixture was left to
react at that temperature for 3 h and was thenajeehwith NaCOs; (3 mL). The crude was

extracted with ChHICI, (3 x 10 mL) and washed with brine (1 x 15 mL). Caupd 368 was
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obtained as a colourless oil in 48% vyield (11.3 mag)an approximately 1:1 mixture of
diastereoisomers after being purified by flash solichromatography (gradient: hexane/ethyl
acetate = (4:1) to (2:1). IRnax/cm® 3502, 2926, 1755, 1665, 1497, 1434, 1417, 1356112
1230, 1168, 1099, 1064, 986, 728, 780:NMR (400 MHz, CDC}) & 7.34 — 7.17 (m, 20H,
H-Ar), 5.49 (d,J = 14.8 Hz, 1H, H-7b), 5.46 (d,= 14.6 Hz, 1HH-7b), 4.84 (dJ = 15.4 Hz,
1H, H-14b), 4.80 (dJ = 15.6 Hz, 1HH-14b), 4.65 (s, 1H, H-5), 4.61 (s, 1H:5), 4.39 (d,J

= 15.4 Hz, 1H, H-14a), 4.17 (d,= 14.6 Hz, 1HH-7a), 4.12 (d,J = 14.8 Hz, 1H, H-7a), 4.09
(d, J = 15.6 Hz, 1HH-144), 3.44 (s, 3H, H-10), 3.42 — 3.33 (m, 2H, H-1Bb13b), 3.37 (s,
3H, H-10), 3.34 — 3.23 (m, 2H, H-13#&-134), 2.92 (m, 1H, H-16b), 2.84 — 2.69 (m, 3H, H-
16a,H-16), 2.50 (m, 1H, H-11b), 2.39 (m, 1H-11b), 2.29 (m, 1H, H-11a), 2.07 (m, 1H;
114), 1.37 (m, 2HH-12), 1.26 (qJ = 7.4 Hz, 6H, H-17H-17), 1.19 (m, 1H, H-12b), 1.13 (m,
1H, H-12a);:**C NMR (101 MHz, CDGJ) § 168.2 (C-9), 168.04-9), 166.2 (C-3), 165.80-

3), 163.6 C-6), 163.6 (C-6), 136.50-15), 136.2 (C-15), 134.8 (C-8), 134.C), 129.1 (2x
C-Ar), 129.0 (C-Ar), 128.7 (C-Ar), 128.6 (C-Ar), 85 (C-Ar), 128.4 (C-Ar), 128.3 (C-Ar),
127.7 (C-Ar), 72.5¢-2), 71.1 (C-2), 62.0 (C-13), 61.T{13), 61.1 (C-5), 59.8G-5), 53.1
(C-10), 53.0 C-10), 47.2 C-14), 46.9 C-7, C-14), 46.5 (C-7), 29.8 (C-11), 29.3-(11), 28.3
(C-16), 27.7 C-16), 27.0 C-12), 26.1 (C-12), 14.5 (C-17C-17); 4 signals in the C-H
aromatic region were not observed due to havingvatgnt resonancesn/z (ES HRMS)

CosH30N>OsSNa requires 493.1773, found [MNd{l93.l772.
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Synthesis of9-1,4-dibenzyl-3-(§)-3-o0xo0-1,3-diphenylpropyl)piperazine-2,5-diod@9

o HPh o
Ph S NBn Et,SiH, DCM
BnN BF3OEt,,
O 7g8cton,
O 3h
324

To a solution of324 (54.9 mg, 0.106 mmol, 1 eq.) in dry &H, (3 mL), triethylsilane (168
puL, 1.06 mmol, 10 eq.) was added in one portior7& °C followed by BEEt,O (65 L,
0.53 mmol, 5 eq.). The mixture was left to stitredt temperature for 10 min and allowed to
warm up to rt over 3h. The reaction was quenchet saturated NEC| and the crude was
extracted with CHCI, (3 x 5 mL). Compoun@69 was obtained as a white solid in 82% vyield
(43.7 mgqg) afterbeing purified by flash column chromatography (geatl hexane/ethyl
acetate = (3:1) to (2:1) and 99:1 er as determime#iPLC analysis [Daicel Chiralpak AD,
hexanes:IPA, 80:20, 1.0 mL/mik,210 nm, t(major) = 21.1 min, t(minor) = 33.9 minj.p.
54 — 56 °C; IRvmax/cmi* 3062, 3031, 2928, 1663, 1598, 1495, 1452, 13566,1233, 1208,
1171, 1073, 1028, 987, 750, 729, 768; NMR (400 MHz, CDCJ) 6 7.81 (m, 2H, H-16),
7.47 (m, 1H, H-18), 7.35 (dd,= 10.5, 4.7 Hz, 2H, H-17), 7.32 — 7.14 (m, 11HAH; 7.09
(m, 2H, H-Ar), 6.82 (m, 2H, H-Ar), 5.05 (d,= 15.2 Hz, 1H, H-7b), 4.63 (d,= 14.7 Hz, 1H,
H-9b), 4.06 (dJ = 14.7 Hz, 1H, H-9a), 4.00 — 3.86 (m, 3H, H-3bpHH-11), 3.76 (dd) =
18.0, 7.5 Hz, 1H, H-13b), 3.69 (d~= 17.0 Hz, 1H, H-3a), 3.24 (dd,= 18.0, 5.2 Hz, 1H, H-
13a), 2.64 (dJ = 15.2 Hz, 1H, H-7a)*C NMR (101 MHz, CDGJ) 5 197.3 (C-14), 166.4 (C-
5), 165.9 (C-2), 140.6 (C-12), 136.7 (C-15), 13&78), 135.3 (C-10), 133.3 (C-18), 129.2

(C-Ar), 128.9 (C-Ar), 128.8 (C-Ar), 128.7 (C-Ar)28.5 (C-Ar), 128.3 (C-Ar), 128.0 (C-Ar),
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128.0 (C-Ar), 127.9 (C-Ar), 127.7 (C-Ar), 65.0 (¢-@9.4 (C-9), 49.1 (C-3), 48.6 (C-7), 43.7
(C-11), 41.6 (C-13); 1 signal in the C-H aromatsgion was not observed due to having
equivalent resonancesn/z (ESI HRMS) GsHz:N,Os requires 503.2335, found [MH]

503.2334{a]2°= -43.2 € 1.6, CHCH).

Synthesis of 4-acet, 1,2-tribenzyl-5-hydroxy-6-oxo-1,2,3,6-tetrahydrojoyne-2-

carboxamide372

O
Bn/,
Me . NBn KOH MeOH
BnN
O n o
O
305

To a solution 0of305 (100 mg, 0.31 mmol, 1 eq.) in MedB mL), potassium hydroxide (30
mg, 0.60 mmol, 2 eq.) was added in one portiomaitnrtemperature. The mixture was left to
stir at that temperature for 15 min, quenched va#iturated NECI and the crude was
extracted with CHCI, (3 x 15 mL) and washed with brine (1 x 15 mL). Caupd 372 was
obtained as a white solid in 86% vyield (86.4 mg)p.m.38 — 140 °C; IRimayx /cmi* 3385,
3319, 3028, 2928, 1664, 1634, 1606, 1534, 14965,18256, 1216, 1101, 1078, 1030, 780,
728, 697:*H NMR (400 MHz, CDCJ) § 10.44 (s, 1H, OH), 7.36 — 7.17 (m, 11H, H-Ar),¥.0
(m, 2H, H-Ar), 6.96 (m, 2H, H-Ar), 6.04 (s, 1H, NH.03 (d,J = 15.9 Hz, 1H, H-7b), 4.72
(d,J =15.9 Hz, 1H, H-7a), 4.29 (dd~= 14.5, 6.3 Hz, 1H, H-11b), 3.91 (dblF 14.5, 5.0 Hz,
1H, H-11a), 3.46 (dJ = 13.8 Hz, 1H, H-13b), 3.13 (d,= 13.8 Hz, 1H, H-13a), 3.00 (d,=

16.8 Hz, 1H, H-3b), 2.83 (d,= 16.8 Hz, 1H, H-3a), 2.24 (s, 3H, H-18)C NMR (101 MHz,
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CDCl) 6 199.8 (C-15), 170.5 (C-9), 164.0 (C-6), 150.7 (c-B37.9 (C-8), 137.1 (C-12),
135.0 (C-14), 130.3 (C-Ar), 128.9 (C-Ar), 128.6 AE), 128.6 (C-Ar), 127.9 (C-Ar), 127.6
(C-Ar), 127.5 (C-Ar), 127.2 (C-Ar), 109.5 (C-4), 88(C-2), 49.2 (C-7), 44.0 (C-11), 41.6 (C-
13), 31.0 (C-3), 29.4 (C-16); 1 signal in the C-tdraatic region was not observed due to
having equivalent resonancesy/z (ES HRMS) GgH.gN.O4Na requires 491.1947, found

[MNa]* 491.1949.

Synthesis oN,1,2-tribenzyl-5-hydroxy-5-methylpyrrolidine-2-carkamide375

0
Bn,, NH
Me " ONBn HOT 2
5 BnN\H/§O THF, 1t, 4 d @3/
0 4
305 14 375

To a solution of305 (23.4 mg, 0.05 mmol, 1 eq.) in dry THE mL), ethanolamine (36 L,
0.6 mmol, 10 eq.) was added in one portion at reemperature. The mixture was left to react
at that temperature for 2 days until the startiregeanal was consumed. CompouBitb was
obtained as a yellowish solid in 72% vyield (15.0)maffer being purified by flash column
chromatography (gradient: hexane/ethyl acetated (8 (1:2). m.p. 49 — 51 °C; Rnax/cmi*
3385, 3062, 3029, 2924, 1697, 1604, 1495, 14545 14PO0, 1178, 1072, 1029, 732, 644;
NMR (400 MHz, CDC}) & 7.38 — 7.33 (m, 4H, H-Ar), 7.30 (m, 1H, H-Ar), 8.2 7.26 (m,
8H, H-Ar), 7.23 (m, 2H, H-Ar), 4.52 (d,= 15.2 Hz, 1H, H-10b), 4.28 (d,= 15.2 Hz, 1H, H-
10a), 3.92 (dJ = 15.5 Hz, 1H, H-6b), 3.54 (d,= 15.5 Hz, 1H, H-6a), 3.36 (d,= 15.3 Hz,

1H, H-12b), 3.13 (dJ = 15.3 Hz, 1H, H-12a), 1.80 (M, 1H, H-4b), 1.61, (tH, H-3b), 1.42 —
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1.29 (m, 2H, H-3a, H-4a), 1.07 (s, 3H, H-1C NMR (101 MHz, CDG)) § 177.1 (C-8),
140.3 (C-7), 138.4 (C-11), 136.8 (C-13), 130.4 (£};A28.6 (C-Ar), 128.2 (C-Ar), 128.1 (C-
Ar), 127.9 (2x C-Ar), 127.5 (C-Ar), 126.6 (C-Ar)26.3 (C-Ar), 84.4 (C-5), 74.0 (C-2), 46.4
(C-6), 43.7 (C-10), 34.5 (C-4), 32.9 (C-12), 27®3), 18.0 (C-14); 1 signal in the C-H
aromatic region was not observed due to havingvetpgnt resonancesn/z (ES HRMS,

minus BO) C7H29N-O requires 397.2280, found [MHB97.2278.

5.4. Experimental for Chapter 4

Synthesis of (%4S,8R)-methyl 2,5-dibenzyl-8-cyano-4-hydroxy-3,6-diox¢s2

diazabicyclo[2.2.2] octane -1-carboxyl&e8

Ban(&O 10 mol% 201
5 CH,Clp, 0°C

General procedure B using triketopiperazid® (28.5 mg) was followed to synthesise this
product (32.7 mg) as a white solid in 99% yieldnira reaction catalysed 291 (10 mol%)

at 0 °C for 15 hours. Purification by flash columimromatography (gradient: hexane/ethyl
acetate = (4:1) to (2:1) gad98 with 95:5 er as determined by HPLC analysis [Phesoex
Lux Cellulose-3, acetonitrile:water, 80:20, 1 mUAyii 220 nm, t(minor) = 12.2 min, t(major)

= 14.5 min]. m.p. 95 — 98 °C; IRnax/cmi* 3347, 3034, 2955, 1753, 1687, 1496, 1454, 1390,

1355, 1264, 1180, 1138, 1076, 727, 7T89;NMR (400 MHz, CDCY) § 7.39 — 7.28 (m, 8H,
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H-Ar), 7.25 (m, 2H, H-Ar), 5.55 (dJ = 14.6 Hz, 1H, H-11b), 5.40 (s, 1H, OH), 4.80 {&
14.4 Hz, 1H, H-13b), 4.55 (d,= 14.6 Hz, 1H, H-11a), 4.50 (d= 14.4 Hz, 1H, H-13a), 3.82
(s, 3H, H-10), 2.89 (dd] = 11.0, 4.3 Hz, 1H, H-8), 2.35 (dd,= 14.4, 11.0 Hz, 1H, H-7b),
1.90 (dd,J = 14.4, 4.3 Hz, 1H, H-7a}’C NMR (101 MHz, CDG)) § 166.5 (C-3), 164.2 (C-
6), 163.5 (C-9), 136.4 (C-14), 134.3 (C-12), 12&1Ar), 129.0 (C-Ar), 129.0 (C-Ar), 128.8
(C-Ar), 128.7 (C-Ar), 128.2 (C-Ar), 116.6 (C-15)2.8 (C-4), 67.5 (C-1), 53.5 (C-10), 47.1
(C-11), 43.6 (C-13), 34.2 (C-8), 32.2 (C-Mn/z (ES HRMS) GsH21N3OsNa requires

442.1379, found [MN&J442.1377{a]3'= -60.4 € 1.6, CHC}).

Synthesis of ($4S8R)-methyl 2,5-dibenzyl-4-hydroxy-3,6-dioxo-8-(phesylfonyl)-2,5-

diazabicyclo [2.2.2]octane-1-carboxyl&389

0 S0O,Ph

MGOQC\HJ\NBn H/
B"Nm/&o 10 mol% 201
CH,Cl,, 0 °C

General procedure B using triketopiperazidé (33.5 mg) was followed to synthesise this
product (47.3 mg) as a white solid in 97% yieldnira reaction catalysed 201 (10 mol%)

at 0 °C for 20 hours. Purification by flash columimromatography (gradient: hexane/ethyl
acetate = (4:1) to (3:2) gas99 with 98:2 er as determined by HPLC analysis [Phszreex
Lux Cellulose-3, acetonitrile:water, 35:65, 1 mUAyii 210 nm, t(major) = 24.5 min, t(minor)

= 28.7 min]. m.p. 94 — 97 °C; IRnax /cri’* 3334, 3065, 2954, 1753, 1689, 1496, 1448, 1389,
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1355, 1260, 1183, 1147, 1075, 1003, 909, 726, ANMR (400 MHz, CDCJ) § 7.79 —
7.69 (m, 3H, H-16, H-18), 7.60 (&= 7.8 Hz, 2H, H-17), 7.45 (d,= 7.3 Hz, 2H, H-Ar), 7.38
(t, J = 7.3 Hz, 2H, H-Ar), 7.31 (m, 2H, H-Ar), 7.23 (mH2H-Ar), 7.17 (m, 2H, H-Ar), 5.52
(d, J = 15.0 Hz, 1H, H-11b), 4.75 (d,= 14.3 Hz, 1H, H-13b), 4.61 (d,= 15.0 Hz, 1H, H-
11a), 4.28 (dJ = 14.3 Hz, 1H, H-13a), 3.69 (s, 3H, H-10), 3.42,(@¢ 11.2, 5.8 Hz, 1H, H-
8), 2.67 (ddJ = 15.1, 5.8 Hz, 1H, H-7b), 2.45 (dd= 15.1, 11.2 Hz, 1H, H-7a}’C NMR
(101 MHz, CDC4) 6 166.7 (C-3), 165.0 (C-6), 163.4 (C-9), 139.4 (Q;1536.4 (C-14), 134.4
(C-12), 134.0 (C-18), 129.0 (C-Ar), 129.0 (C-Arp8&l8 (C-Ar), 128.7 (C-Ar), 128.6 (C-Ar),
128.3 (C-Ar), 128.0 (C-Ar), 82.1 (C-4), 66.9 (C-68.5 (C-8), 53.3 (C-10), 47.8 (C-11), 43.1
(C-13), 29.3 (C-7); 1 signal in the C-H aromatigiom was not observed due to having
equivalent resonances)/z (ES HRMS) GgH26N-0O;SNa requires 557.1358, found [MNa]

557.1331]a]4'=-28.9 € 1.6, CHCY}).

Synthesis of ($4S8R)-dimethyl 2,5-dibenzyl-4-hydroxy-3,6-dioxo-2,5-d&bicyclo

[2.2.2]octane-1,8-dicarboxylat®0

O CO,Me

Meozcﬁ)kNBn ﬁ
B"Nj(go 10 mol% 201
CH2Cly, 0 °C

General procedure B using triketopiperazidé (27.3 mg) was followed to synthesise this

product (33.1 mg) as a white solid in 98% yieldnira reaction catalysed 291 (10 mol%)
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at 0 °C for 18 hours. Purification by flash columimromatography (gradient: hexane/ethyl
acetate = 4:1) to (2:1) gav0 with 87:13 er as determined by HPLC analysis [Bhic
Chiralpak AD, hexanes:IPA, 80:20, 1 mL/min210 nm, t(minor) = 23.8 min, t(major) = 36.9
min]. m.p. 90 — 93 °C; IRmayx /cm™* 3345, 2954, 1744, 1693, 1495, 1436, 1393, 13586,12
1200, 1078, 703*H NMR (300 MHz, CDC}) & 7.39 — 7.23 (m, 10H, H-Ar), 5.43 (d= 15.0
Hz, 1H, H-11b), 5.09 (s, 1H, OH), 4.71 (s 14.6 Hz, 1H, H-13b), 4.59 (m, 2H, H-11a, H-
13a), 3.71 (s, 3H, H-16), 3.70 (s, 3H, H-10), 30d, J = 10.9, 5.2 Hz, 1H, H-8), 2.38 (dd,

= 14.2, 10.9 Hz, 1H, H-7b), 2.12 (dd,= 14.2, 5.2 Hz, 1H, H-7a)*C NMR (101 MHz,
CDCl;) § 170.7 (C-15), 167.9 (C-3), 165.3 (C-6), 164.2 (CHB7.0 (C-14), 135.0 (C-12),
129.0 (C-Ar), 128.7 (C-Ar), 128.5 (C-Ar), 128.5 (g}, 128.1 (C-Ar), 127.8 (C-Ar), 83.4 (C-
4), 67.5 (C-1), 53.2 (C-10), 52.6 (C-16), 47.8 (C4.4 (C-11), 43.2 (C-13), 31.9 (C-Tz
(ES HRMS) G4H24N-0O-Na requires 475.1481, found [MN&]75.1476]a]3!= -28.7 € 1.5,

CHCL).

Synthesis of methyl @&4R 89-2,5-dibenzyl-4-hydroxy-8-(methylsulfonyl)-3,6-dio-2,5-

diazabicyclo [2.2.2]octane-1-carboxylai@l

15
; SO,Me
o SO,Me 7 114202

Meozc\HkNBn ﬁ o o 1 13)30
4~OH

MeO,C~ \N
B”Nm/go 10 mol% 210 ez =N,
CH,Cly, 0 °C 0% 5

12

246 401
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General procedure B using triketopiperazi#® (32.7 mg) was followed to synthesise this
product (28.1 mg) as a colourless oil in 67% vyiglmn a reaction catalysed 810 (10
mol%) at 0 °C for 30 hours. Purification by flasleluunn chromatography (gradient:
hexane/ethyl acetate = (4:1) to (3:2) gd0& with 28:72 er as determined by HPLC analysis
[Daicel Chiralcel OD, Heptane:EtOH, 70:30, 2 mL/min 210 nm, t(minor) = 4.6 min,
t(minor) = 6.8 min]. IRvmax /cm* 3335, 3035, 2954, 1754, 1692, 1497, 1455, 1398513
1263, 1185, 1138, 1077, 1005, 733, 782.NMR (400 MHz, CDCY) § 7.32 (m, 2H, H-Ar),
7.30 — 7.16 (m, 7H, H-Ar), 7.08 (m, 1H, H-Ar), 5.68 1H, OH), 5.42 (dJ = 14.9 Hz, 1H, H-
11b), 4.83 (d,) = 14.4 Hz, 1H, H-13b), 4.48 (d,= 14.9 Hz, 1H, H-11a), 4.37 (d= 14.3 Hz,
1H, H-13a), 3.60 (s, 3H, H-10), 3.08 (dds 11.3, 6.1 Hz, 1H, H-8), 2.93 (s, 3H, H-15), 2.42
(dd,J = 15.2, 6.1 Hz, 1H, H-7b), 2.30 (dil= 15.2, 11.3 Hz, 1H, H-7a}°C NMR (101 MHz,
CDCl;) & 166.5 (C-3), 165.1 (C-6), 163.3 (C-9), 136.7 (§;1¥84.2 (C-12), 129.1 (C-Ar),
128.9 (C-Ar), 128.7 (C-Ar), 128.4 (C-Ar), 128.4 {g), 82.0 (C-4), 66.8 (C-1), 62.7 (C-8),
53.4 (C-10), 47.6 (C-11), 43.3 (C-13), 42.9 (C-11,3 (C-7); 1 signal in the C-H aromatic
region was not observed due to having equivalerdonances;m/z (ES HRMS)

Co3H24N>0O7SNa requires 495.1202, found [MNA-BS.].ZO]..
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Synthesis of methyl (B4R, 7S 785-5,8-dibenzyl-7-hydroxy-2-methyl-1,3,6,9-

tetraoxooctahydro-4H-7,4-(epiminomethano)pyrrolé{8]pyridine-4-carboxylatd02

B”Nm/go 10 mol% 210
CH,Cly, 0°C

General procedure B using triketopiperazid® (35.9 mg) was followed to synthesise this
product (45.0 mg) as a white solid in 96% yieldnhfra reaction catalysed I&10 (10 mol%)

at 0 °C for 3 hours. Purification by flash columhr@amatography (gradient: hexane/ethyl
acetate = (4:1) to (1:1) gawH2 with 8:92 er as determined by HPLC analysis [Daice
Chiralpak IF, Heptane:EtOH-MeOH, 50:50, 2 mL/min,210 nm, t(minor) = 5.3 min,
t(major) = 9.0 min]. m.p. 169 — 171 °C; W /cm* 3298, 2979, 1787, 1754, 1688, 1497,
1440, 1386, 1355, 1283, 1205, 1137, 1121, 10638,1981, 725, 694'H NMR (400 MHz,
CDCly) § 7.37 — 7.23 (m, 8H, H-Ar), 7.11 (d,= 3.7 Hz, 2H, H-Ar), 5.11 — 4.95 (m, 2H, H-
15b, OH), 4.73 (m, 3H, H-15a, H-17), 4.03 Jd; 9.0 Hz, 1H, H-4), 3.98 (s, 3H, H-14), 3.36
(d,J = 9.0 Hz, 1H, H-11), 2.79 (s, 3H, H-12fC NMR (101 MHz, CDGJ) & 172.0 (C-3),
170.4 (C-1), 167.4 (C-7), 163.6 (C-10), 163.0 (§;1136.5 (C-16), 136.4 (C-18), 128.8 (C-
Ar), 128.6 (C-Ar), 128.4 (C-Ar), 128.0 (C-Ar), 157(C-Ar), 83.0 (C-8), 69.4 (C-5), 53.7 (C-
14), 48.8 (C-11), 48.8 (C-15), 45.9 (C-4), 43.61(0); 25.5 (C-12); 1 signal in the C-H
aromatic region was not observed due to havingvetpnt resonancesn/z (ES HRMS)

C2sH24N307 requires 478.1614, found [MH378.1615]«a]3'= 18.1 € 1.7, CHCH}).

245



Chapter 5 Experimental

Synthesis of methyl (B4R, 7S 785)-5,8-dibenzyl-7-hydroxy-1,3,6,9-tetraoxo-2-

phenyloctahydro-4H-7,4-(epiminomethano)pyrrolo[8]gyridine-4-carboxylatd03

B”Nm/go 10 mol% 210
CH,Cly, 0°C

General procedure B using triketopiperazidé (36.0 mg) was followed to synthesise this
product (49.1 mg) as a white solid in 92% yieldnira reaction catalysed 210 (10 mol%)

at 0 °C for 5 hours. Purification by flash columhr@matography (gradient: hexane/ethyl
acetate = (4:1) to (1:1) gav3 with 79:21 er as determined by HPLC analysis [Blaic
Chiralpak 1D2, Heptane:EtOH, 50:50, 2 mL/min210 nm, t(major) = 4.9 min, t(minor) = 9.4
min]. m.p. 169 — 172 °C; IRmax /cm® 3414, 3047, 2958, 1758, 1695, 1496, 1430, 1383,
1297, 1245, 1190, 1075, 1003, 909, 727, 8BRNMR (400 MHz, CDCY) § 7.47 — 7.35 (m,
3H, H-Ar), 7.33 — 7.19 (m, 5H, H-Ar), 7.19 — 7.1h,(3H, H-Ar), 7.06 (m, 2H, H-Ar), 6.98
(d,J = 3.3 Hz, 2H, H-Ar), 4.90 (d] = 15.5 Hz, 1H, H-15b), 4.71 (m, 2H, H-17), 4.46 Jd
15.5 Hz, 1H, H-15a), 4.24 (d,= 9.0 Hz, 1H, H-4), 3.84 (s, 3H, H-14), 3.51 Jd= 9.0 Hz,
1H, H-11);**C NMR (101 MHz, CDGJ) & 172.0 (C-3), 170.0 (C-1), 167.7 (C-7), 163.7 (C-
10), 163.1 (C-13), 136.5 (C-16), 136.5 (C-18), B3(C-12), 129.3 (C-Ar), 128.7 (C-Ar),
128.4 (C-Ar), 128.2 (C-Ar), 127.8 (C-Ar), 127.0 (), 126.4 (C-Ar), 126.1 (C-Ar), 84.0 (C-

8), 69.9 (C-5), 53.5 (C-14), 49.6 (C-15), 49.2 (0);146.4 (C-4), 43.4 (C-17); 1 signal in the
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C-H aromatic region was not observed due to hagmgvalent resonancesy/z (ES HRMS)

CsoH26N307 requires 540.1771, found [MH$40.1772]a]3'=-21.6 € 1.5, CHC}).

Synthesis of ($4S7R)-2,5-dibenzyl-1-hydroxy-3,6-dioxo-2,5-diazabicyid®.2]octane-7-

carbonitrile404

B“Nj(&o 10 mol% 201
5 CH,Clp, 0°C

General procedure B using triketopiperazid2 (29.9 mg) was followed to synthesise this
product (37.1 mg) as a white solid in 98% yieldnira reaction catalysed 201 (10 mol%)
at—20 °C for 15 hours. Purification by flash columrrainatography (gradient: hexane/ethyl
acetate = (3:1) to (3:2) gavd4 with 91:9 er as determined by HPLC analysis [Daice
Chiralpak AD, heptanes:IPA, 80:20, 1 mL/min210 nm, t(major) = 19.5 min, t(minor) =
21.3 min]. m.p. 145 — 147 °C; B /cmi* 3032, 2943, 1692, 1672, 1496, 1430, 1406, 1352,
1294, 1226, 1130, 1170, 1067, 902, 754, 705, B9BMR (400 MHz, CDCY) § 7.34 — 7.27
(m, 3H, H-Ar), 7.25 — 7.17 (m, 7H, H-Ar), 5.29 (&1, OH), 4.91 (d,J = 14.6 Hz, 1H, H-
11b), 4.65 (d,) = 14.6 Hz, 1H, H-9b), 4.43 (d,= 14.6 Hz, 1H, H-9a), 4.30 (d,= 14.6 Hz,
1H, H-11a), 4.01 (dd) = 3.6, 1.9 Hz, 1H, H-4), 2.86 (dd,= 10.8, 4.3 Hz, 1H, H-7), 2.04
(ddd,J = 13.7, 10.8, 1.9 Hz, 1H, H-8b), 1.83 (dt 13.7, 4.3 Hz, 1H, H-8a}°C NMR (101

MHz, CDCk) & 166.6 (C-3), 166.2 (C-6), 136.9 (C-10), 134.3 @);1.29.3 (C-Ar), 128.8 (C-
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Ar), 128.4 (C-Ar), 128.4 (C-Ar), 128.0 (C-Ar), 117(C-13), 83.3 (C-1), 57.8 (C-4), 49.6 (C-
11), 42.8 (C-9), 34.2 (C-7), 29.4 (C-8); 1 sigmathe C-H aromatic region was not observed
due to having equivalent resonanca¥z (ES HRMS) G;HigN3OsNa requires 384.1324,

found [MNa] 384.1318{a]3'=-36.1 € 1.1, CHC}).

Synthesis of ($4S,7R)-2,5-dibenzyl-1-hydroxy-7-(phenylsulfonyl)-2,5-d&bicyclo

[2.2.2]octane-3,6-diond05

O SO,Ph

HJ\NBn W
B”Nj(&o 10 mol% 201
CH,Cly, 0°C

General procedure B using triketopiperazi#2 (30.1 mg) was followed to synthesise this
product (38.1 mg) as a white solid in 82% yieldnira reaction catalysed 291 (10 mol%)

at 0 °C for 18 hours. Purification by flash columimromatography (gradient: hexane/ethyl
acetate = (3:1) to (1:2gave 405 with 93:7 er as determined by HPLC analysis [Daice
Chiralpak AD, hexanes:IPA, 80:20, 1 mL/min210 nm, t(minor) = 26.6 min, t(major) = 31.2
min]. m.p. 150 — 152 °C; IRmax /cmi’ 3318, 3063, 1687, 1496, 1447, 1402, 1356, 1307,
1225, 1146, 1084, 931, 754, 727, 7THO:NMR (400 MHz, CD.J) 6 7.67 (dtJ = 8.6, 1.6 Hz,
2H, H-14), 7.62 (m, 1H, H-16), 7.49 (m, 2H, H-18)37 — 7.25 (m, 5H, H-Ar), 7.21 — 7.09

(m, 3H, H-Ar), 7.04 (m, 2H, H-Ar), 4.89 (d,= 14.8 Hz, 1H, H-11b), 4.77 (s, 1H, OH), 4.56
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(d,J = 14.5 Hz, 1H, H-9b), 4.39 (d,= 14.8 Hz, 1H, H-11a), 4.21 (d= 14.5 Hz, 1H, H-9a),
3.96 (dd,J = 3.6, 2.3 Hz, 1H, H-4), 3.37 (dd= 11.0, 5.5 Hz, 1H, H-7), 2.39 (dddi= 14.7,
5.5, 3.6 Hz, 1H, H-8b), 2.03 (ddd,= 14.7, 11.0, 2.3 Hz, 1H, H-8a)’*C NMR (101 MHz,
CDCly) § 167.3 (C-3), 166.4 (C-6), 139.4 (C-13), 137.0 @;1134.2 (C-12), 133.9 (C-16),
129.1 (C-Ar), 129.0 (C-Ar), 128.7 (C-Ar), 128.7 (&), 128.6 (C-Ar), 127.8 (C-Ar), 82.7 (C-
1), 63.8 (C-7), 57.0 (C-4), 49.5 (C-11), 42.3 (C-25.9 (C-8); 2 signal in the C-H aromatic
region was not observed due to having equivalerdom@nces; m/z (ES HRMS)

CagH24N,0sSNa, 499.1304, found [MN&3#99.1300{a]3!= -13.3 € 0.45, CHCY).

Synthesis  of ($4S7R)-methyl  2,5-dibenzyl-1-hydroxy-3,6-dioxo-2,5-didmeyclo

[2.2.2]octane-7-carboxyla#)6

BnN\[(KO 10 mol% 201
CH,Clp, 0°C

General procedure B using triketopiperazid2 (31.8 mg) was followed to synthesise this
product (35.3 mg) as a white solid in 89% yieldnira reaction catalysed 201 (10 mol%)

at 0 °C for 15 hours. Purification by flash columimromatography (gradient: hexane/ethyl
acetate = (3:1) to (3:2) gavi€6 with 83:17 er as determined by HPLC analysis [Bhenex
Lux Cellulose-3, acetonitrile:water, 20:80, 1 mUAyii 220 nm, t(major) = 54.5 min, t(minor)

= 59.7 min]. m.p. 129 — 131 °C; IR /cm’* 3364, 2953, 1733, 1674, 1655, 1612, 1534,
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1496, 1431, 1314, 1222, 1168, 1132, 1028, 909, §38,"H NMR (300 MHz, CDCJ) & 7.41
— 7.33 (m, 5H, H-Ar), 7.33 — 7.25 (m, 5H, H-Ar)93.(d,J = 14.7 Hz, 1H, H-11b), 4.92 (s,
1H. OH), 4.63 (s, 2H, H-9), 4.48 (d,= 14.7 Hz, 1H, H-11a), 4.03 (dd,= 3.3, 2.4 Hz, 1H,
H-4), 3.72 (s, 3H, H-14), 3.06 (dd= 10.3, 5.5 Hz, 1H, H-7), 2.04 (m, 2H, H-8JC NMR
(101 MHz, CDC§) & 171.1 (C-13), 167.7 (C-3), 167.6 (C-6), 137.5 [@;1134.8 (C-12),
128.9 (C-Ar), 128.6 (C-Ar), 128.6 (C-Ar), 128.4 (&), 128.1 (C-Ar), 127.5 (C-Ar), 83.9 (C-
1), 57.9 (C-4), 52.5 (C-14), 49.3 (C-11), 48.0 (G-32.4 (C-9), 28.5 (C-8)m/z (ESI)

CooH2oNL05 requires 394.1529, found [m94.1537;[0l]%1: 51 C 1.1, CHC&)

Synthesis of (384S 7R, 7aR)-5,8-dibenzyl-4-hydroxy-2-methyltetrahydro-1H-7,4-

(epiminomethano) pyrrolo[3,4-c]pyridine-1,3,6,9(3HH)-tetraon&l07

B“Nm/go 10 mol% 210
CH,Cly, 0 °C

General procedure B using triketopiperazid@ (28.8 mg) was followed to synthesise this
product (33.0 mg) as a white solid in 84% yieldnira reaction catalysed 210 (10 mol%)
at 0 °C for 5 hours. Purification by flash columhr@matography (gradient: hexane/ethyl
acetate = (3:1) to (1:1) gavd7 with 60:40 er as determined by HPLC analysis [Blaic
Chiralpak IF, Heptane:EtOH-MeOH, 50:50, 3 mL/mii, 210 nm, t(minor) = 1.2 min,

t(major) = 1.9 min]. m.p. 158 — 159 °C; MR /cmi® 3149, 3029, 2959, 1787, 1696, 1667,
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1495, 1432, 1382, 1283, 1233, 1131, 1079, 913, 633."H NMR (400 MHz, MeOD) 7.34
—7.20 (m, 8H, H-Ar), 7.13 (m, 2H, H-Ar), 4.82 @@= 14.7 Hz, 1H, H-13b), 4.67 (d,= 14.9
Hz, 1H, H-15b), 4.58 (d] = 14.9 Hz, 1H, H-15a), 4.51 (d,= 2.1 Hz, 1H, H-5), 4.11 (d} =
14.7 Hz, 1H, H-13a), 3.44 (dd= 8.6, 2.1 Hz, 1H, H-4), 3.39 (d,= 8.6 Hz, 1H, H-11), 2.83
(s, 3H, H-12):*C NMR (101 MHz, MeOD) 173.9 (C-3), 172.2 (C-1), 166.7 (C-7, C-10),
137.3 (C-16), 135.2 (C-14), 128.6 (C-Ar), 128.2A46); 128.1 (C-Ar), 128.0 (C-Ar), 127.8
(C-Ar), 127.2 (C-Ar), 84,6 (C-8), 59.3 (C-5), 496-11), 49.4 (C-13), 43.1 (C-4), 42.1 (C-
15), 24.3 (C-12)m/z(ES HRMS) G3H1NsO:Na, 442.1379, found [MN&B42.1381]a]3!=

-6.5 (C 0.8, CHCH).

Synthesis of (384S, 7R, 7aR)-5,8-dibenzyl-4-hydroxy-2-phenyltetrahydro-1H-7,4-

(epiminomethano) pyrrolo[3,4-c]pyridine-1,3,6,9(3dH)-tetraon&08

B“Nj(&o 10 mol% 210
CH,Clp, 0°C

General procedure B using triketopiperazid@ (29.0 mg) was followed to synthesise this
product (20.1 mg) as a white solid in 41% yieldnira reaction catalysed 210 (10 mol%)
at 0 °C for 5 hours. Purification by flash columhr@matography (gradient: hexane/ethyl

acetate = (3:1) to (1:1) gav8 with 50:50 er as determined by HPLC analysis [Blaic
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Chiralcel OD, Heptane:EtOH, 60:40, 2 mL/min210 nm, t(minor) = 5.4 min, t(major) =
10.4 min]. m.p. 186 — 188 °C; HRnax femit 3021, 1713, 1677, 1496, 1377, 1347, 1221, 1180,
1088, 912, 740, 692H NMR (400 MHz, CDCJ) & 7.50 — 7.37 (m, 3H, H-Ar), 7.30 — 7.19
(m, 8H, H-Ar), 7.08 (m, 4H, H-Ar), 4.99 (d,= 14.6 Hz, 1H, H-13b), 4.69 (d,= 14.7 Hz,
1H, H-15b), 4.61 (dJ = 14.7 Hz, 1H, H-15a), 4.55 (d,= 2.8 Hz, 1H, H-5), 4.01 (d,= 14.7

Hz, 1H, H-13a), 3.46 (dd,= 8.9, 2.8 Hz, 1H, H-4), 3.40 (d,= 8.9 Hz, 1H, H-11)**C NMR
(101 MHz, CDC4) 6 172.5 (C-3), 170.6 (C-1), 166.5 (C-7), 165.5 (Q;1B7.0 (C-16), 134.0
(C-14), 130.9 (C-12), 129.3 (C-Ar), 129.2 (C-Arpall (C-Ar), 128.7 (C-Ar), 128.6 (C-Ar),
128.4 (C-Ar), 128.3 (C-Ar), 127.8 (C-Ar), 126.2 (&), 84.0 (C-8), 59.4 (C-5), 50.1 (C-13),
49.2 (C-11), 43.0 (C-4), 42.7 (C-15)/z (ES HRMS) GgHoaN3OsNa, 504.1535, found

[MNa]*504.1540]]3!= -188.0 £ 0.1, MeOH).

Synthesis of (R,4S,79)-4-allyl-2,5-dibenzyl-1-hydroxy-3,6-dioxo-2,5-diakzicyclo

[2.2.2]octane-7-carbonitrilé13

o CN
X NBn W
Ban(&O 10 mol% 201
o CH,Clp, 0°C
299

General procedure B using triketopiperazid@ (32.6 mg) was followed to synthesise this
product (10.1 mg) as a colourless oil in 27% yifloin a reaction catalysed B01 (10

mol%) at O °C for 48 hours. Purification by flasleluunn chromatography (gradient:
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hexane/ethyl acetate = (3:1) to (3:2) gdi8 with 89:11 er as determined by HPLC analysis
[Phenomenex Lux Cellulose-3, acetonitrile:water;885 1 mL/min,A 220 nm, t(minor) =
19.1 min, t(major) = 21.3 min]. IRmax /cm® 3315, 2947, 1693, 1497, 1454, 1431, 1392,
1352, 1171, 1077, 1001, 934, 725, 7TBONMR (400 MHz, CD.J) 6 7.41 — 7.26 (m, 8H, H-
Ar), 7.16 (m, 2H, H-Ar), 5.96 (m, 1H, H-12), 5.38 (LH, OH), 5.22 (dd] = 10.2, 1.4 Hz, 1H,
H-13cis), 5.16 (ddJ = 17.1, 1.4 Hz, 1H, H-13trans), 4.95 — 4.88J¢, 16.0 Hz, 1H, H-14b),
4.79 (d,J = 14.5 Hz, 1H, H-9b), 4.77 (d,= 16.0 Hz, 1H, H-14a), 4.59 (d,= 14.5 Hz, 1H,
H-9a), 3.06 (ddJ = 10.7, 4.8 Hz, 1H, H-7), 3.00 (ddi= 14.5, 5.8 Hz, 1H, H-11b), 2.59 (dH,
=14.5, 8.0 Hz, 1H, H-11a), 2.19 (dbs= 14.3, 10.7 Hz, 1H, H-8b), 2.08 (dbi= 14.3, 4.8 Hz,
1H, H-8a);*C NMR (101 MHz, CDGCJ) § 168.2 (C-6), 167.6 (C-3), 137.0 (C-10), 136.3 (C-
15), 131.6 (C-12), 129.1 (C-Ar), 128.8 (C-Ar), 12§C-Ar), 128.0 (C-Ar), 127.9 (C-Ar),
126.7 (C-Ar), 120.5 (C-13), 117.3 (C-16), 82.1 (5-83.0 (C-4), 45.7 (C-14), 43.2 (C-9),
34.5 (C-8), 34.4 (C-11), 33.7 (C-M/z (ES HRMS) G4H24N3O; requires 402.1818, found

[MH]* 402.1806{a]3!= -3.3 (€ 0.5, CHC}).

Synthesis of methyl 1-benzyl-2-(benzylcarbamoybhyéno-5-hydroxy-6-oxo-1,2,3,6-

tetrahydro pyridine-2-carboxylatd5

To a solution 0f398 (20 mg, 0.05 mmol, 1 eq.) in GEl, (0.8 mL), triethylamine (10 puL,

0.07 mmol, 1.4 eq.) was added in one portion amréemperature. The mixture was left to
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stir at that temperature for 48 h, the solvent exaporated and compoudd5 was obtained
as a colourless oil in 82% vyield (16.4 mg) afteringe purified by flash column
chromatography (gradient: hexane/ethyl acetate:%) ® (1:1). IRvmax /cm* 3328, 2924,
2218, 1741, 1659, 1524, 1497, 1444, 1345, 14a, 11680, 1028, 727, 69&1 NMR (400
MHz, CDCk) & 7.64 (s, 1H, OH), 7.39 — 7.27 (m, 6H, H-Ar), 7.4, 2H, H-Ar), 7.16 (m,
2H, H-Ar), 7.08 (s, 1H, NH), 4.76 (d,= 15.5 Hz, 1H, H-7b), 4.71 (d,= 15.5 Hz, 1H, H-7a),
4.48 (ddJ = 14.6, 6.0 Hz, 1H, H-13b), 4.25 (db= 14.6, 5.1 Hz, 1H, H-13a), 3.64 (s, 3H, H-
10), 3.29 (dJ = 16.5 Hz, 1H, H-3b), 3.16 (d,= 16.5 Hz, 1H, H-3a)**C NMR (101 MHz,
CDCly) & 170.1 (C-9), 164.7 (C-11), 162.3 (C-6), 150.7 (CB36.5 (C-14), 135.8 (C-8),
129.0 (C-Ar), 128.6 (C-Ar), 128.1 (C-Ar), 128.0 @), 127.8 (C-Ar), 127.8 (C-Ar), 114.1
(C-15), 83.1 (C-4), 72.0 (C-2), 54.1 (C-10), 51@7), 44.5 (C-13), 32.6 (C-3)n/z (ES

HRMS) G3H2:N30s requires 420.1559, found [MH320.1545.
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Selected NMR spectra and HPLC traces

Appendix 1 - NMR Spectraand HPLC Traces

Appendix 1.1*H spectrum o219 (400 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.1**C spectrum 0219 (101 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.2'H spectrum o054 (400 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.2"°C spectrum 0254 (101 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.3'H spectrum o263 (400 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.3'*C spectrum 0263 (101 MHz, CDC})
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Appendix 1

Selected NMR spectra and HPLC traces

Appendix 1.4'H spectrum 0296 (400 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.4°C spectrum 0296 (101 MHz, CDC})
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Appendix 1

Selected NMR spectra and HPLC traces

Appendix 1.5'H spectrum 0803 (400 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.5°C spectrum 0803 (101 MHz, CDC})
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Appendix 1

Selected NMR spectra and HPLC traces

Appendix 1.6'H spectrum o818 (400 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.6"°C spectrum 0818 (101 MHz, CDC})

N o T
] =0 g
=
N o
B =
27X
N w
= . O:Sﬁz/_o
S o
N -
N
o
=
2
o
—
=
o
<= —170.14
o
=
8 -
_<154.z1
~ 154.08
g
136.09
134.38
N 130.51
o 130.17
129.66
= 129.27
3 = — 128.83
128.61
- 128.32
o 127.64
o
2 126.80
3
el
~ o
—_
=
o
© - —91.51
o
o -
o
< E _ _ _~70.07
o -69.76
[ =
o
S B 47.27
i = 47.10
g 44,37
N
o
~34.29
w % _ _~29.31
e = _ _~26.85
N 4
o
=
o
o -
\
.
o

266



Appendix 1

Selected NMR spectra and HPLC traces

Appendix 1.7*H spectrum o840 (400 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.7*°C spectrum 0840 (101 MHz, CDC})

1 o
_ —168.37
_ —158.62
| - —155.73
7 _ _—137.48
| - ~135.51
128.84

0T¢ 0¢C o0ge
! I I

ugn
HO

ore
0
ﬁ)L nNug
{ 10208
HO

ObT 0ST 09T 04T 08T 06T 00¢
I I I I I I

0€T
I

0ct
I

_ 128.50
128.26
127.98
127.95
126.95

(wdd) 14

01T

00T
I

—92.32

06

—81.10

—74.34

0L

09
I

- —52.58
. 47.16
- Z-46.23

0S

ot
I

- — 36.67

0€

_~27.72
™-26.73

0¢
I

0T

0T-

268



Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.8'H spectrum 0848 (400 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.8"°C spectrum 0848 (101 MHz, CDCH#)
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.9'H spectrum oB67 (400 MHz, CDC}))
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.9°C spectrum 0867 (101 MHz, CDC})
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Appendix 1

Selected NMR spectra and HPLC traces

Appendix 1.10'H spectrum o869 (400 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.10*C spectrum 0869 (101 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.11"H spectrum o875 (400 MHz, CDCH})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.11"C spectrum 0875 (101 MHz, CDC})
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Appendix 1

Selected NMR spectra and HPLC traces

Appendix 1.12*H spectrum o#02 (400 MHz, CDCH§)
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.12**C spectrum ofi02 (101 MHz, CDC})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.13'H spectrum o#13 (400 MHz, CDCH})
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.13*C spectrum ofi13 (101 MHz, CDC})
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Appendix 1

Selected NMR spectra and HPLC traces

Appendix 1.14 — Example Chiral HPLC chromatograoi54

1 60G_CHIRAL METHOD 476 #1 [modified by Administrator] Uv VIS 1
T mAU WVL:210 nm
1-28.875
1,400 I
i
|
‘ |
1,200 |
[
1,0004 ’l 2-40.908
I\
‘ " I
800-{ . | \
’ [
600 | |
r |
\ \
AN
400 | \
L
| \
\ \
200 [ [\
\ [y
U_JJL"“—V_,\ J Lr_u’ —_— —
-200- T T T T T T T T —
0.0 10.0 20.0 300 400 50.0 60.0 700 80.0 939
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU'min %
1 28.88 na. 1431.304 3900451 4983 na. BMB
2 40.91 n.a. 991.631 3926.772 _ 50.17 n.a. BMB
Total: 2422935 7827.223 100.00 0.000

Figure 1 Chiral HPLC Chromatogram of a racemic sampl@%f synthesised using f&. Peak 1 —

(-)-254, peak 2 — (+254

900_CHIRAL METHOD 475 #1 [modified by Administrator] _ 475.1 Uv VIS 1
JmAU WVL:210 nm|
4 /\1 - 26.467
o00- f\
J |
_ A
700+ |
] R
600 ||
b |
1 |
500 ’ ':
] |
400+ |
B ' {y
4 \
300+ ' \
2001 | \
] \
] Lo
100 | \
] |
0_‘”/\./\__ o~ ——— I‘| - 7\,\ B 72_'4%02_5 -
‘100- T T T T T T T T m"'-l
0.0 5.0 10.0 15.0 20.0 250 30.0 350 400 477
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU'min %
1 26.47 na. 834.359 2138952 99.06 na. BMB
2 41.03 n.a. 6.636 20.336 0.94 na.__ BMB*
Total: 840.995 2159.288 100.00 0.000

Figure 2 Chiral HPLC Chromatogram of a sample of 251 with 99:1er synthesised using catalyst

201. Peak 1 — (—p54, peak 2 — (+254
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.15 — Example Chiral HPLC chromatograor263

DAD1 A, Sig=210,8 Ref=550,100 (ENOT326-05\ENO7326-05_OP5.0)

@
mAU %é:
350 i lbé,%
Il
300+ ‘ |
250 | | n;c;
| | 4
=ty
200 ‘ =¥
N
N i
i
150 I | I
| | | |
Jiv i
& |
100 \ [
| |
| .
[ | \
w0 I & |
I f Foq f \
NN AL | / %
A | v
giles J,.\j"k‘_,_i_; MRV oemeeantemang)t \1_,,, - .
T T T T T T T
2 4 6 8 10 12 14
Peak RetTime Type Width Area Height Area
# [min] [min] [maU+*s] [mau] %
- == e e e |
1 7.0%89 MM 0.3255 6888.65869 352.72128 50.0924
2 11.71e FM 0.5797 6863.25146 157.31129 45.3076
Totals : 1.3751%e4 550.03258

Figure 3 Chiral HPLC Chromatogram of a racemic sampl26¥ synthesised using . Peak 1 —

(+)-263, peak 2 — (—R63

mu—f ” | II

| [
i o b
50 | I | \ g &
] | |I | | :.'.e-s69
] ) | \ -
] \ i
EI—:— ,_-.._I‘\»,_‘\__l K"'\"“" SIS S \..____ = __._/A,___
e e SR S m S e o E
1] 2 4 ] ] 10 12
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAT] %
S e pas e et o e |
a3 T.142 MM 0.3343 B3T3.87793 417.53110 92.3619
2 11.832 MM 0.5536 £92.40683 20.84740 7.6381
Totals D066.37476 43B8.37B50

Figure 4 Chiral HPLC Chromatogram of a sample of 268 with 92:8er synthesised using catalyst

201. Peak 1 — (+263, peak 2 — (—p63
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Appendix 1

Selected NMR spectra and HPLC traces

Appendix 1.16 — Example Chiral HPLC chromatograor296

Figure5 Chiral HPLC Chromatogram of a racemic sampl2%8 synthesised using ft. Peak 1 —

Figure 6 Chiral HPLC Chromatogram of a sample of 296 with 88:12er synthesised using catalyst

ao0_CHIRAL METHOD 465 #1 [modified by Adminisirator] 4653 Uv VIS 1
TmAU WVL210 nm
7004 1-61658
1 i 2-69.150
] 1
600 Il H
500+ [ ‘l |
] A "
] | |
4004 | | / |
] |
: F]
3004 [ " |
i BER
200-| | ‘I [
] ‘ o
1 S T
100+ i / \ |
] I [ I\ / ! \
A ) ‘I
ol S \_/\_ / \__J/ _ _ \
-100 T T T T T T T il
0.0 10.0 200 30.0 40.0 50.0 60.0 700 86.5
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU__ mAU'min %
1 6166 na 693236 2472896 5072 na BM
2 69.15  na. 657.805 2402.311  49.28 n.a MB*
Total: 1351.041 4875207 100.00 0.000

(-)-296, peak 2 — (+296

2 DOO_CHIRAL METHOD 464 #1 [modified by Administrator] Uv VIS 1
 ImAU WVL:210 nm
1,750 R 62.692
1" ‘l
1,500 [
||
|
1,250 ' [
I
1,000 Ir |
[
750 ||
[
. |
500 | ‘i
|
[ 2-69.82
250 | \ A
| \ / ':\
o S N Y ‘\u"lf\,
-200- T T T T T T T —
0.0 10.0 200 30.0 400 50.0 60.0 76.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU'min %
1 62.69 na. 1736.731 5204523 8844 na. BMB
2 69.83 n.a. 268.104 680486 11.56 n.a. Rd
Total: 2004.835 5885.009 100.00 0.000

201. Peak 1 — (—296, peak 2 — (+296
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Appendix 1

Selected NMR spectra and HPLC traces

Appendix 1.17 — Example Chiral HPLC chromatograor303

M_CHIRAL METHOD Racemic #1 [modified by Administraton Uv VIS 1
mAU WVL210 nm|
1-15.287 17.300
500 A ]
| |
700 I |
|
| I
500+ N |
|
|
500 i I
|
400+ [ [
| |
300+ |
I
|1
200+ |
1004 ' |/
[\ t
o— | — — L 1 L. —
mir}
-100- T T T T T
0.0 S0 100 150 200 250 321
No. | Ret.Time Peak Name Height Area Rel Area Amount Type
min mAU _ mAU*min %
1 15.27 na. 816612 688046 50.04 na. BM
2 17.30 na. 817488 687065 4006 na. MB
Total: 1634.100 1376.811 100.00 0.000

Figure 7 Chiral HPLC Chromatogram of a racemic sampl80¥ synthesised using . Peak 1 —

(—)-303, peak 2 — (+3303

2 OOO-CHIM METHOD Asymmetric #1 [modifed by Adminisirator] Uv VIS 1
g mAU WVL:210 nmy
"2 -17.432
1,750+ ]
| |
1,500 |
1250 !
|
1,000 |
-rshs
750 i1
| |
500+ | |
2504
o0+ - _l_‘-‘ t 1 S
-200- T T T T —
00 50 100 150 200 250 318
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %
1 15.25 na. 840445 627.382 2067 na. BM
2 17.40 na. 1808.131 1487.246  70.33 na MB
Total: 2857.576 2114.628 100.00 0.000

Figure 8 Chiral HPLC Chromatogram of a sample of 888 with 30:70er synthesised using catalyst

201. Peak 1 — (—B03, peak
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.18 — Example Chiral HPLC chromatograor367

1,600 3E%MECN v 1 #43 jmodified by Shimadzu] AXC44D U WIS 1
S ImAL
1400 1-28.813
1,200 :i 2-35478
i:
1,000 | |
| |
E0H I
] |
60H |
|
|
400H | I
200+ | | |
i f | .5 \
™ SE—F ) - —_— b L
200 ™
oo s 1do 190 200 da sl 0 a0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
mim mAU  mAU*min %
2891 n.a. 1350588 1124.002 48.688 n.a BMBE"
2 3548 n.a. 1155.243 1185.858  51.32 na __ BMB®
Total: 2505842 2310.850 100.00 0.000

Figure 9 Chiral HPLC Chromatogram of a racemic sampl86G synthesised using . Peak 1 —

(+)-367, peak 2 — (—B67

700-32%MeCN v 1 #44 [modified by Shimadzu] AXC628 Uv_VIS_1
-7 jmAU
9 35.77
600+
1 |
500+ |
400
300
200+ |
T |
100 |
1 n 2931 :
_- 7;;,&-““ N AV A VN . - WA . \
-10 T T T T T ™t T —
0. 50 100 150 200 250 300 350 400
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU'min %
1 29.31 na 31.769 22.466 3.85 na BMB
2 35.77 n.a 610469 561435 96.15 n.a BMB
Total: 642.238 583.900 100.00 0.000

Figure 10 Chiral HPLC Chromatogram of a sample of 86y with 4:96er synthesised using catalyst

201. Peak 1 — (+B67, peak 2 — (-B67
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Selected NMR spectra and HPLC traces

Appendix 1.19 — Example Chiral HPLC chromatograors369

2 50‘]_CHIRAL METHOD 544 #1 [modified by Administrator] UV VIS 1
2 mAU WVL:210 nm|
1-21.100
2,000 ’h.
| i
. 2-33875
1,500 ’ i\
M
1 A
1 A
1,000 ‘ " |‘
\
|
| |
500 | | [
| ‘ \
[ [
\ | \
ol J N )N
£0n. min|
00 50 100 150 200 280 300 350 400 450 "512
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU’min %
1 21.10 na. 2124887 2636.590 47.78 na. BMB*
2 33.88 n.a 1581.904 2881.312  52.22 na. _BMB*
Total: 3706.791 5517.901 100.00 0.000

Figure 11 Chiral HPLC Chromatogram of a racemic sampl868f synthesised using . Peak 1 —

(-)-369, peak 2 — (+)369

3 0go-CHIRAL METHOD 531 #1 [modified by Administrator] Uv_VvIS 1
' mAU WVL:210 nm
2,500+ 1-21.125
\
i
) |
2,000 |
1 |
|
1,500
} <
[
1,000 [
|
I
500 [
[
. o - \ L 2-M4%
-500 T T T T —
0.0 50 10.0 15.0 200 250 300 350 430
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU_ mAU'min %
1 2113 na. 2420534 3062573 9961 na. BMB*
2 3443 n.a. 10.642 12.017 0.39 n.a. BMB
Total: 2431.176 3074.591 100.00 0.000

Figure 12 Chiral HPLC Chromatogram of a sample of 869 with 99:1er synthesised using catalyst

201. Peak 1 — (—B69, peak 2 — (+369
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.20 — Example Chiral HPLC chromatograors102

&
il
& @"5'
L
M
[i%
{ %
I\
. |
[ | F X
|\ III \\_
e - _.L}/-‘\,____,__-\__ _f\__u'l — \'_ __1./._ — ————— ——— —
T T T T
2 4 ] ] 10 2
Peak RetTime Type Width Rrea Height Area
# [min] [mAO*=] [mAl] ¥
1 0.20%8 B104.40527 450.55075 50.1445
2 0.B8286 BOST.E6B555 16Z.07368 409.8555
Totals : 1.61621e4 612.62444

Figure 13 Chiral HPLC Chromatogram of a racemic sampldQ synthesised using . Peak 1 —

(-)402, peak 2 — (+302

% ¥
o
250 [ .P"?
[ ¥
[ 4
|
| |
200 I |
| |
|
|
[ ]
150+ |
| |
| |
|
100 5° l |
g ~F | |
W | \
e | |
I..|| I \
_ I \
50 A | \
I\ |
| ) |
il ___,_Jl O, R (S | . N ¢ S .
T T T T T T
2 4 L] B 10 12
Pzak RetTime Type Width Lrea Haight Ar=a
# Imin] [min] [mAT*s] [mAIT] ¥

e i e B R |
1 -3026 1158.50488 E63.B00ST 7.3534
2 9.008 MM 0.9204 1.45062e4 264.20977 92.6466

1.57547ed 328.10034

Figure 14 Chiral HPLC Chromatogram of a sample of g0 with 8:92er synthesised using catalyst

210. Peak 1 — (—%02, peak 2 — (+}402
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Appendix 1 Selected NMR spectra and HPLC traces

Appendix 1.21 — Example Chiral HPLC chromatograonsii3

Figure 15 Chiral HPLC Chromatogram of a racemic samplé1¥ synthesised using . Peak 1 —

Figure 16 Chiral HPLC Chromatogram of a sample of 413 with 11:89er synthesised using

1o 35%MECN v 1261 [modified by Shimadzu] AXC4132 uv IS 1
80
JmAU
s 1-19.105
] |
140+ ; 2-21471
] |
] |
120 | il
. ] || |
0 \ (|
] 1 ‘
80 [t | [ |
] | | | |
60 I |
] || | i |
e | |
o [
2]
ol o —i | Ay
1 min|
-20
0o 5o 1do 130 200 280 )
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 19.10 na. 155.125 829050 5040 na BM
2 2147 n.a. 138.578 81.645 4080 n.a MB
Total: 203703 164.604 100.00 0.000

(+)-413, peak 2 — (—#13

. 35%MeCH v 1#562 [modified by Shimadzu] AXCAOT U Wis 1
200
Tl
BOD~ \2 21.323
70H 1l
&0 i
I
S0+ |
I 1
4004 |
|
300 I |
|
200+ ||
]
1-12.052 |
I Vo
|I II |I 1
i i P A ]
miny
-100
0g 20 1do a 200 2o 30!
MNo. Ret. Time Peak Mame Height Area Rel Area Amount Type
min mAU  mAU*min %
1 18.06 Mn.a. 114.768 50.828 1111 n.a Ru
2 21.32 MN.a. 782878 476.894 8880 n.a EMB
Total: 807447 536.524 10000 0.000

catalyst201. Peak 1 — (+¥13, peak 2 — (-#13
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Appendix 2 Crystal Structure Data

Appendix 2 - X-Ray crystal structure data

The datasets fa263, 264, 267, 295, 296, 348, 340, 372, 406 and 407 were measured on an
Agilent SuperNova diffractometersing an Atlas detector. The data collections weneed
and processed and absorption corrections wereeabphing CrysAlisPrd® The structures
were solved using ShelX® and refined by a full-matrix least-squares procedn F in
ShelXL® All non-hydrogen atoms were refined with anisoicogisplacement parameters.

Figures were produced using OLEX.

All remaining hydrogen atoms in all structures wadeled at calculated positions and refined
by use of a riding model with isotropic displacemearameters based on the equivalent

isotropic displacement parametergbf the parent atom.

289



Appendix 2

Crystal Structure Data

Appendix 2.1 X-Ray Crystal Structure Data for Compound 263

Table 1 Crystal data and structure refinemen&3

Identification code
Empirical formula
Formula weight
Temperature
Crystal system
Space group

Unit cell dimensions

Volume

263
C26 H26 N2 08
494.49
99.95(17) K
Orthorhombic
R2:2;
a=7.99873(6) A
b =15.06796(11) A
c =20.20372(13) A

2435.04(3) K

290



Appendix 2

Crystal Structure Data

Z

Density (calculated)
Absorption coefficient
Reflections collected
Independent reflections
Final R indices [l > 2(1)]
Flack parameter

Ellipsoid probability

4
1.349 g/cn
0.843 mnt
23316
4908 [R(int) = 0,0284]
R1 =0.0254, wR2 = 0.0649
-0.03(5)

50%
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Appendix 2

Crystal Structure Data

Appendix 2.2 X-Ray Crystal Structure Data for Compound 264

Table 2 Crystal data and structure refinemenfégr

Identification code
Empirical formula
Formula weight
Temperature
Crystal system
Space group

Unit cell dimensions

264

C26 H25 N3 O7
491.49

99.98(13) K
Monoclinic

R

a =8.38756(14) A

b =27.5099(4) A

292

B = 94.2738(13)°



Appendix 2

Crystal Structure Data

Volume

Z

Density (calculated)
Absorption coefficient
Reflections collected
Independent reflections
Final R indices [I > 2(1)]

Ellipsoid probability

¢ =10.06135(13) A
2315.11(6) &
4
1.410 g/cm
0.864 mnt

12511

4156 [R(int) = 0,0215]
R1=0.0461, wR2 = 0.1212

50%

293



Appendix 2 Crystal Structure Data

Appendix 2.3 X-Ray Crystal Structure Data for Compound 267

MeO,C O
NC. (R
(R) NBn
Cl BnN
n 0
O
267

Table 3 Crystal data and structure refinemen@r

Identification code 267

Empirical formula C23 H20 CIN3 O5
Formula weight 453.87
Temperature 100.0(2) K

Crystal system Monoclinic

Space group 12

Unit cell dimensions a =13.6988(3) A
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Crystal Structure Data

Volume

Z

Density (calculated)
Absorption coefficient
Reflections collected
Independent reflections
Final R indices [I > 2(1)]
Flack parameter

Ellipsoid probability

b=7.7497(2) A
c =20.8571(4) A
2167.29(8) K
4
1.391 g/cni
1.912 mnt
18477
3833 [R(int) = 0,0405]
R1 = 0.0293, wR2 = 0.0774
0.010(8)

50%

295

B =101.8198(19)°



Appendix 2 Crystal Structure Data

Appendix 2.4 X-Ray Crystal Structure Data for Compound 295

H Ph
o HPh o

"

(81s) NBn

BnN
ﬁo

295

Table 4 Crystal data and structure refinemenf8ar

Identification code 295

Empirical formula C33 H28 N2 04
Formula weight 516.57
Temperature 100.01(10) K
Crystal system Orthorhombic
Space group R2:2;

Unit cell dimensions a=12.1648(1) A

b=12.4912(1) A

c=17.1070(2) A

Volume 2599.46(4) K
Z 4
Density (calculated) 1.320 g/cni
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Appendix 2

Crystal Structure Data

Absorption coefficient
Reflections collected
Independent reflections
Final R indices [l > 2(1)]
Flack parameter

Ellipsoid probability

0.700 mnt
24936
5250 [R(int) = 0,0219]
R1 = 0.0243, wR2 = 0.0629
-0.01(4)

50%
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Crystal Structure Data

Appendix 2.5 X-Ray Crystal Structure Data for Compound 296

H Ph
o HPh o
(S '(3) NBn

Br BnN

296

Table 5 Crystal data and structure refinemen8ér

Identification code
Empirical formula
Formula weight
Temperature
Crystal system
Space group

Unit cell dimensions

Volume

296
C33 H27 Br N2 04
595.47
100.01(10) K
Monoclinic
R2
a=9.71430(10) A
b = 22.59340(10) A
¢ =12.66410(10) A

2662.23(4) R

298

B = 106.7030(10)°



Appendix 2

Crystal Structure Data

Z

Density (calculated)
Absorption coefficient
Reflections collected
Independent reflections
Final R indices [l > 2(1)]
Flack parameter

Ellipsoid probability

Note:

4
1.486 g/cm
2.456 mnt
50958
10745 [R(int) = 0,0250]
R1=0.0185, wR2 = 0.0477
-0.027(3)

50%

In 296 there are two crystallographically-independent rogles present.
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Crystal Structure Data

Appendix 2.6 X-Ray Crystal Structure Data for Compound 340

Table 6 Crystal data and structure refinemen8#égr

Identification code
Empirical formula
Formula weight
Temperature
Crystal system
Space group

Unit cell dimensions

Volume

340
C24 H26 N2 06
438.47
100.01(10) K
Monoclinic
R2
a=8.97919(10) A
b = 13.10046(15) A
c=9.53352(11) A

1066.61(2) &K

300

B =107.9910(12)°



Appendix 2 Crystal Structure Data

Z 2
Density (calculated) 1.365 g/cm
Absorption coefficient 0.815 mnit
Reflections collected 20053
Independent reflections 4119 [R(intP0175]
Final R indices [l > 2(1)] R1 =0.0242, wR2 = 0.0619
Flack parameter -0.01(4)
Ellipsoid probability 50%
Note:

In 340 the hydrogen atoms bonded to O(5) and O(24) voeatéd in the electron density and

refined freely.
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Appendix 2 Crystal Structure Data

Appendix 2.7 X-Ray Crystal Structure Data for Compound 348

QH
OBn
"Pr N/ ~OH
BnN
o
348
Table 7 Crystal data and structure refinemen8ég&
Identification code 348
Empirical formula C25 H30 N2 04
Formula weight 422.51
Temperature 100.00(10) K
Crystal system Monoclinic
Space group R&
Unit cell dimensions a =12.28524(10) A
b =16.44821(13) A B =98.0951(9)°

c =10.90880(11) A

Volume 2182.38(3) K
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Appendix 2 Crystal Structure Data

YA 4
Density (calculated) 1.286 g/cn
Absorption coefficient 0.702 mnt
Reflections collected 40678
Independent reflections 4438 [R(int) = 0,0274]
Final R indices [I > 2(1)] R1 =0.0346, wR2 = 0.0915
Ellipsoid probability 50%
Note:

In 348 the hydrogen atoms bonded to O(5) and O(24) vomaéd in the electron density and

refined freely.
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Appendix 2.8 X-Ray Crystal Structure Data for Compound 372

Bn
Bn: N 0]
BnHN
O “on
0O~ Me
372
Table 8 Crystal data and structure refinemen8v@
Identification code 372
Empirical formula C29 H28 N2 O4
Formula weight 468.53
Temperature 100.00(10) K
Crystal system Monoclinic
Space group R
Unit cell dimensions a=12.3676(3) A
b = 23.5052(5) A B =110.221(3)°

c=17.6271(4) A
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Crystal Structure Data

Volume

Z

Density (calculated)
Absorption coefficient
Reflections collected
Independent reflections

Final R indices [l > 2(1)]

Ellipsoid probability

Note:

4808.4(2) R
8
1.294 glcm
0.697 mnt

19259

8606 [R(int) = 0,0285]
R1=0.0410, wR2 =
0.1036

50%

In 372 the hydrogen atoms bonded to O(5), N(4), O(10%)0M) were located in the electron

density and refined freely. There are two crystabphically-independent molecules present.
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Crystal Structure Data

Appendix 2.9 X-Ray Crystal Structure Data for Compound 406

Hco,Me

5 B (R)

(/0 Bn

(7/5OH
NZls

H N N/®

406

Table 9 Crystal data and structure refinementd@tr

Identification code
Empirical formula
Formula weight
Temperature
Crystal system
Space group

Unit cell dimensions

406
C22 H22 N2 05
394.41
100.01(13) K
Monoclinic
R2
a=12.14306(17) A
b =6.28576(7) A

c =13.0165(2) A

306

B = 108.5659(17)°



Appendix 2

Crystal Structure Data

Volume

Z

Density (calculated)
Absorption coefficient
Reflections collected
Independent reflections
Final R indices [I > 2(1)]
Flack parameter

Ellipsoid probability

Note:

941.82(2) R
2
1.391 g/cni
0.819 mnt
16277
3748 [R(int) = 0,0386]
R1=0.0281, wR2 = 0.0706
0.04(8)

50%

In 406 the hydrogen atom belonging to the hydroxyl gr@(R) was located in the electron

density and freely refined.
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Appendix 2.10 X-Ray Crystal Structure Data for Compound 407

Table 10 Crystal data and structure refinemend®3r

Identification code 407

Empirical formula C23 H21 N3 O5
Formula weight 419.43
Temperature 100.00(13) K
Crystal system Monoclinic
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Appendix 2 Crystal Structure Data

Space group Rh
Unit cell dimensions a=9.9694(2) A
b=18.7511(2) A B =107.007(2)°

c =10.9554(2) A

Volume 1958.41(6) R
yA 4
Density (calculated) 1.423 g/cn
Absorption coefficient 0.842 mnt
Reflections collected 12752
Independent reflections 3677 [R(int) = 0,0300]
Final R indices [I > &(1)] R1 = 0.0368, wR2 = 0.0936
Ellipsoid probability 50%
Note:

In 407 The hydroxyl hydrogen atom belonging to O(3) wasated in the electron density and
the position refined freely while the isotropic plecement parameter was based on the

equivalent isotropic displacement parameteg)0f the parent atom.
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