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Abstractg Expanding theScope ofSuccessiveRing Expansion

This Thesis describes the development of new methodologies to perform ring expansion reactions to
generate novel cyclic molecules. Chapter 1 provides an introduction into methods for the synthesis of
cyclic peptides and macrocyc|gmrticularly those utilizing ring expansion reactions, and also outlines
the research objectives. In Chapter 2, a study to expand the scope of amino acids compatible with
Successive Ring Expansion (SURE) reactions is reported. A vaxiéignotN-alkylted amino acids

were synthesized and implemented in ring expansions to access functionalized medium sized rings
with a peptoidlike structure.
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Chapter 3 describes the development of a new SuRE variant utilizing protbadsito synthesize
macrocyclic thiolactonesia ring expansion, with three complementary protecting group strategies
explored. Alongside the synthesis, ring expansions were studied using computational tools, which can
be used predictively to assess thahility of the reactions.
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Chapter 4 describes efforts to develop a cascade ring expansion methodology to allow many ring
expanded products to be formed from a common imide starting materials. The development of a
conjugate additiorring expansion cascade reaction (CARE) allowedyh#hesis of functionalized
medium sized rings from primary amines in two steps. Using acryloyl imides and a primary amine, an
azaMichael addition occurs followed by concomitant ring expansion. This cascade reaction is
protecting-group free, high yieldig, and very broad in scope, particularly with respect to the primary
amine component, allowing the rapid synthesis of libraries of cyclic peptide mimetics. CARE reactions
regenerate a secondary amide, which allows the reaction to be performed iteratSefyl 6 f-A y 3 |
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nitrogen substituent at each stage. CARE reactions using carbon nucleophiles were developed with
ring expansionvia/ b/ 062y R T2 NXI (i Rndlly, la @ihydrdsBatioQinglBxpgayision
cascade was demonstrated to furnish lactone products.

> R2 R
—— W
C t @)
Acylatlon ocri]cijllt?jne Ring Expansion n

50+ examples

Ay



| dzi K2 NDRa 580t NI GAz2y

| declare that this Thesis is a presentation of original work, to the best of my knowledge, except
where due reference has been made to other workers. The research presented in this Thesis was
carried out at the University of York between October 2017 and March 2022.

This work has not previously been presented for an award at this, or any other, Utyivalsi
sources are acknowledged as references.

This work has beereportedin three recent publications, which can be found in the Appendices.

Kleopas Y. Palate



Acknowledgements

First, | would like to thank Dr Will Unsworth for the opportunity he garesto be one of the first PhD

students of his independent group. From my undergraduate days, Will has always been supportive,

LI GASYyGE SyO2dzN} 3Ay3 YR AyFSOiAz2dzate SEOAGSR |62
with him, which has helggme grow into an independent researcher.

L g2dzZ R taz2 tA1S (42 GKIFIy{1l tNBT t SiSNsupevishih Sy | yR
and independent panel member.

LOQR fA1S G2 IO1ly2¢ftSR3AS Ittt GKS YSdaolgside o (KS |
these past 4 years; in no particular order: Aggie Lawer, Mahendar Lodi, Tom Stephens, James Donald,

Aimee Clarke, Hon Eong HBgbecca DonovarRyan Epton, Balasz Pograni, Youstena Hana,

Zhongzhen Yang, lllya Zalessky, and Will Orukotan.

| am grateful to the POB group for making me feel welcome. Winning the Rook quiz in Feb 2020 was

one of the highlights of my PhD.
A special thanks goes to Mark Petchey, one of my oldest friends in York.

LOR tA1S G2 GKIFy1 0KS Kebddharid\Steve Hau, GraemeFMcAllistarykart dzR A y 3

Heaton, and Heather Fish, who help make our work possible.

A thank you has to go out to the University of York Photographic Society as well, which provided a

muchneeded distraction, many friendships made, antteative outlet during my time here.

Last but definitely not least, a huge thank you goes out to my family and to Antiréed £ A | | dzA dzd | ;

patience, love, and support have been a constant throughout my PhD and helped make it possible.



Abbreviations

Ac
Ad
AD
AIBN
Ala
aq
Arg

acetyl

adamantane

Sharpless asymmetric dihydroxylation
azobisisobutyronitrile

alanine

aqueous

arginine

BFOAC acetoxybenziodoxole

Bn
Boc
BOP
bpy
br
Bu
cal

Cbz

benzyl

tert-butyloxycarbonyl
(benzotriazoll-yloxy)tris(dimethylamino)phosphonium hexaflu@iaosphate
bipyridine

broad

butyl

calorie

carboxybenzyl

CCDC Cambridge Crystallographic Data Centre

COSY correlation spectroscopy

Cy
DA
DBF
DBU
DCC
DCM

cyclohexyl

DielsAlder

dibenzofulvene
1,8-diazabicyclo[5.4.0Junde¢-ene
N,N-dicyclohexylcarbodiimide

dichloromethane

DEPBT3-(diethoxyphosphoryloxy},2,3benzotriazind(3H}one

DEPT distortionless enhancement by polarisation transfer

DFT
DIC

density functional theory

N,N*-diisopropylcarbodiimide

DIPEA N,N-diisopropylethylamine

DMA

dimethylacetamide



DMAP 4-dimethylaminopyridine

DMB 2,4dimethoxybenzyl

DME dimethoxyethane

DMF dimethylformamide

DMPU b Z dimethylpropyleneurea

DMSO dimethylsulfoxide

DTT dithiothreitol

EDCI N-(3-dimethylaminopropyhb -ethylcarbodiimidenydrochloride
EDTA ethylenediaminetetraacetic acid

ee enantiomeric excess

ESI  electrospray ionisation

Et Ethyl

eq equivalent(s)

Fmoc fluorenylmethyloxycarbonyl

h hour(s)

HATU N,N,N',N‘tetramethylO-(7-azabenzotriazel-yl)uronium hexafluorophosphate
HFIP hexafluoroisopropanol

HIV ~ human immunodeficiency virus

HMBC heteronuclear multiple bond correlation
HMDS hexamethyldisilazane

HMQC heteronuclear multiple quantum coherence
HOBt hydroxybenzotriazole

HRMS high-resolution mass spectrometry

KAPA potassium 3amino-propylamide

Me methyl

Mes mesitylene

Ms mesyl

MS massspectrometry

MW  microwave

NMDA N-methylD-aspartate receptor

NMP  N-methyl-2-pyrrolidone

vi



NMR
Pbf
PG
Ph
Phe
ppm
PMB
Pmc

Pr

nuclear magnetic resonance

2,2,4,6, fpentamethyldihydrobenzofura®-sulfonyl group
protecting group

phenyl

phenylalanine

parts per million

paramethoxybenzyl

2,2,5,7,8pentamethytchromane6-sulfonyl

propyl

p-TSA paratoluenesulfonic acid

PyAOP(7-azabenzotriazall-yloxy)tripyrrolidinophosphonium hexafluorophosphdtek.a. AOP)
PyBOP (benzotriazoll-yloxy)tripyrrolidinophosphonium hexafluorophosphate

Pyr
RC
RE
RO
RT
SAR
SM

pyridine

ring closed

ring expanded

ring opened

room temperature

structure activity relationship

starting material

TBDMSert-butyldimethylsilyl

TEA
Tf
TFE
TFA
THF
TLC
Trt
Ts
XRD

triethylamine
trifluoromethylsulfonyl
tetrafluoroethylene
trifluoroacetic acid
tetrahydrofuran

thin-layer chromatography
trityl

tosyl

X-ray diffraction

Vii



List of Tables

Table 2.1: Ringpansion of benzannulated lactams using SURE. a) Standard pyridine/DMAP
acylation conditions. b) Conditions for Fmoc protected imides: DBU, DCM, RT, 18 h. c) Conditions for

Cbz protected imides: Pd/CyJEtOAC, 22 h. Acylation successful for all subs$ra...................44
Table 3.1: DFT calculations predicting most energetically favourable isomatam4ing expansion
reactions. Lowestelative energy is Shown in DOId..............oooiii e 50
Table 3.2: DFT calculations predicting most energetically favourable isomer (bchktbim Sulfur
NG EXPANSION FEACTIONS.....ciiuetiieieeeee ettt e e e e e e st e e e e e e st e e e e e e e s asb b e e e e e e aanbne e e e e e e e aannnnneeaeas 51
Table 3.3: Optimization experiments for the\8 deprotection/ring expansion conditions......... 54
Table 3.4: Optimization experiments for th& 8 strategy...........ccocecciiiiviiiiiiiiiieeee e 59
Table 4.1: Water induced ring expansion to form 1actdr8.................ccccoeviiiiieie e, 96
Table 4.2: Sulfur conjugate addition OptimiZatiQn.............ccuvivviiiiiieiiiiireeeeeee e, 103
Table 4.3: Solvent optimization of Nitrogen CARE reaction.........ccccccccvvvveveieieecee, 111
Table 4.4: Attempted reduction of ABembered4.62.............ccvvvvveeiiiiiiiiiieee e 117
Table 4.5: Exploratory Carb@ARE reactions. *Desired product observed in entry 6, [C] was impure
AN NOL QUANTIFIE. ...ttt e e e e e e e e e sasb e e e e e e e nnnnneeeas 127
Table 4.6: Optimization of carbon CARE reaction using MeNQ..........cccccooiiiiiiieeiiiiiiiiieeen. 128
Table 4.7: Substituted acryloyl imide Synthesis..............ooooiiiiii e 134

viii



List of Figures

Figure 1.1: Medicinally relevant macrocycles and medium Sized fiNgS...........coovrurrrreeeerrrnnnnnn. 1
Figure 1.2 : Cyclization of linear molecules is often in competition with dimerizat®represents

the undesired diMEr OF.6. ..........uuiiiiiiiii e 3
Figure 1.3: Types of fragmentation ring expansion. a) Fragmentation of a bicyclic molecule. b) Side
chain insertion followed by fragmentatiQn................ccooo i 18
Figure 2.1: Structures depicting various amino acid dervatives............ccccceeviiviiiieeee e, 33
Figure 2.2: Bioactive cyclic peptides. Oxytocin (left) and Lanreotide (right). The latter features D
amino acid residues as well as an unnatural amino a@djighted inred................cccooeeeeiins 35
CAIdzNBE HPoY { 0NHzOG dzN@1P2.F...08.0£.A.0....LISLIG.2AR....36t h ! i 1
Figure 2.4: Successful examples afli/lated NFmoc amineacid synthesis............cccccvvveeveeeeeen. 37
Figure 2.5: Unsuccessful examples eilky/lated NFmoc amineacid synthesis...............cccvveee.... 38
Figure 2.6: Library of-Blkylated NFmoc amino acids synthesized by Dr M.L. and Dr K.L. PMB is an
abbreviation for paramethoXy DENZYL...........coo i 39
Figure 2.7: Diverse lactams have successfully been ring expanded using. SuRE.................. 45
Figure 3.1: Thioesters with biochemical iImporaNCe........ccccccccviiiiiii e, 48
Figure 3.2: Thioglycolic acid and variogg@&ected VariantS............ccoocveveeeeeriiiiiiiieeee e 71
Figure 3.31°C NMR bisithiolacton®.133beginning to form in the reaction mixture................... 82
Figure 3.43C NMR of reaction to form bisthiolactoBel33at various time points showing slow
conversion and possible equiliDrUuM MIXIULE. ... 83
Figure 3.5: The-)y crystal structures of three thiolactones were solved and deposited in the CCDC.
................................................................................................................................................ 87
Figure 4.1: Setup of.B gas generator for attempted conjugate addition ring expansion (see Scheme
2 1 PRSPPI 105
Figure 4.2: Sample NMR data #0682 demonstrating complexity of multiple rotamers and

(o T 1Y (=TT o] (o] o 1ol o] (0] (o] o =TSN PPPPPPPPPP 108

Figure 4.3: Segment 61 NMR of kO reaction aliquot (above) showing two areas of signals with
similar integration. The spectrum of the doped aliquot canitag additional 1eémembered4.62

(below) aided confirmation of product Signal............ccccciiiiiiiiiiiiiiieeeee e, 112
Figure 4.4: Xay Crystal StTUCTUIE OF.67..........ooviiiiiiiiiiiiiee e 115
Figure 4.5: lllustrative figure demonstrating the wide scope of CARE reactions, with customizable
products. lllustrated by Qlalia Flandoli and used as a table of contents graphic for a public&tion.

Figure 4.6: NMR results from cinnamoy! imide solvent screen. The top NMR spectrum is of pure
amide4.134 and the overlaid structures are the main component of each solvent screen entry. The
solvent used for each reaction is displayed on the right. Ami@id4is the main product of the

reactions from each solvent tested except for the reaction using methanol as a salvent.....126
Figue 4.7:'3 CNMR spectrum o#.141with characteristic signals for keto and enol tautomer

2 L] [0 1T PSP PRPPP PP 129
Figure 4.8: XRD structure ti®-Y' S Y 6 S NdirBketbne4.141, see CCDC 2159961................ 129
Figure 4.9: XRD of 4bembered successive produttl50 see CCDC 2159962...............ce..... 131

Figure 4.10: 6 potential successive ring expansion reactions, ongoing work with Will Oruka#%m.


file://///storage.york.ac.uk/chemistry/research/wpu500/Kleo's%20files/Thesis%20Outline/Final%20Thesis/Corrections/Palate_108019019_PhD%20Thesis.docx%23_Toc108628300
file://///storage.york.ac.uk/chemistry/research/wpu500/Kleo's%20files/Thesis%20Outline/Final%20Thesis/Corrections/Palate_108019019_PhD%20Thesis.docx%23_Toc108628300

Table of Contents
ADSTactX X X X X X X X X X X X X XX PX X XXX XXX XPXXXXXXXXDPDPPX XX XX XXX

I dzii K2 NR& X606 X XN XXX X X X X XX XX BDXDX XXX XXX XXX XXX XXX
AcknowledgementX X X X X X X X X X X X X X X X DX X X X X XXX X DX X XXX WX X DD DX X X
AbbreviationsX X X X X ®X X X X X X X X X X X X X X X X X X X X X X X X X @ROOXIXXX X X X P X
List of TableX X X X X X X X X X X X X X X X X X X X X X X X X X X X XX XPHK X X X X ¥X X d X X
List of FiguresX X X X X X X X X X X X X X X X X X X X X X X X X X X X XX XDH H’ X XX X X X X D X X
Table of ContentX X X X X X X X X X X X X X X X XXMM % X X X X X X DK D D X X

R [ 00T U Tt [0 o TP PP PPPRPPPPI 1
1.1 CYClC PEPLAES.....eeeiiieiiiiie et e s s s e e e e nneees 2
1.1.1  Typtal Cyclization Reactions for Peptides.............cccco i, 3
1.1.2  Other Cyclization Reactions for Peplides.........ccccuuverieriiieiiiiiiiiiiiiieeeeeeeeeeeeeeeee, 4
113 Preorganization to Aid Cyclization ReacCtions............ccccuvieiiieiiiiiiiiiieee e 7
1.1.4  Site selective ring opening, coupling, and recyclization.............ccccccoecvuvveeeennnns 11
1.1.5  ThiaZip MNQ €XPANSION......eeiiiiiiiiiitiitee et easiiie et e e e e e e e s st e e e e s s s asbrreeeeeeaaaas 11

O ] o T (o =T ][0 o USRS 13
1.2.1 Radical APProaches........uee e 13
1.2.2 PeriCYCliC REACHIONS ....ceiiiiiiiiiiiiee ettt e e enrnees 15
1.2.3 Fragmentation REACTHONS...........cuuiiiiiie e e e 18
1.2.4  Side Chain INSEITIQN......ccoiuiiiiiiiiie et e e enree e 19
1.25 Recent examples of fragmentation ring eXpansion.............c.cccccooeveeeiieeececccnnnns 22

R N = (0] [=Tox V2] 1= PPN 31

2 Expanding the scope of amino acids and lactams used in.SURE...............cccoceeieinnnnne 33
2.1 TYPES OF @MIN0O GCIAS ....ciiiiiiiiiiiiii et e e e s 33
2.2  Synthesis oN-alkylated amino acids for use in ring expansion reactians.................. 34
2.3 RING EXPANSIONS. ....eiiiiiiiiiiiiii e a e aaaeas 39
2.3.1  Successive ring expansion attemMpLS.........cccccvvvveiiieeieeeeeeeeeeeeeeeeeeeeeenn 42

2.4  Benzannulated lactam starting materialS..........ccocccvvveeeiinniiiiiieeee e 43
2.4.1  Further studies on functionalized lactams in the Unsworth group.................... 45

P2 T O ¢ P= T o (=T g T ] 0 =T USRS 46

3 Successive Ring Expansion of Lactams to form Thiolactones..........ccccccccevvvvveninnnn 47
3.1 Extending SURE t0 thiol deriVaBIE. .........ccoiiiiiiiiiiie e a7
3.1.1 ]I (= U oo] g [od= | ST PP OPPPPPPT 48
3.1.2  DFT CalCUIAtIONS.....ccoiiiiiiiiiiieeeitiee e neee e 4O



3.2 SAcetate ProteCtiNg OrOUD........uueieeeeiiiiiieieeeee e e e e e e s s re e e e s s abrrr e e e e e s s annnreeeeeeas 51

3.2.1  Synthesis of $acetylthio)propanoic acid and acylatian..................cccccvvvvvvnnnnnee. 51
3.2.2  Optimization of thioacetate cleavage and thiolactone formation...................... 52
3.2.3  Optimized conditions and verification of ring expansion............cccccceeeevevvvveeenn. 55
3.2.4  Summary ofcetate ProteCting GrOUP.......ccceerrurrrreeeeeriiiirrreeeeesasinreeeeee e s snreeeas 55
3.3 Srityl Prote€Cting GrOU.......eeiieiiiiiiiei e et e e e e e e e e 56
3.3.1 Early studies of the trityl protecting group usingr@mbered imide 3.38.............. 56
3.3.2  Optimization of STrityl deprotection/ring eXpansion............ccccccccvvvvvennirnennnnnne. 58
3.3.3  Mechanism of condensation side product 3.43 formation..............cccccceeveuvvenen. 60
3.3.4  Attempts using SMaller MNQZES.........cooiiiiiiiiieeeeiiieeee e 60
3.3.5  Consecutive reaction Step appProaCh...........cccuueeveeeiiriiiiiiieeee e 61
3.3.6  Summary of Hityl SrAte€QY.....ccvveiiiiiiiiiiie e 62
3.4  SFluorenylmethyl proteCting groUp...........cooeeeiiiiiiiiinieniiiirri e e e e re e e e e e e aaeaaaa e 63
3.4.1 Base cleavable proteCting groUPS.........ccuvvveieieeiiiiiiiiiee e e e 63
3.4.2  Summary Of FM ProteCting GrOUP..........uevieeeriiiiiiireeeeeeiiiirrreeeessasiirrreeeeesssnneensd 66
35 RINQG SIZE SCIEEN...cceeiiiieeeeeee e e e e e e e e e e e 67
3.6  Branched thickethered carboxylic acid derivatives...........ccccuvvierieeiieeiieiieeiieecieeeeee 69
3.7 Attempted 3atom ring expansions using protected thioglycolic acid derivatives......71
3.7.1  Attempted thioglycolic acid derivative acylation ané®m ring expansions........ 73
3.7.2 Possible degradation pathway ofaBom ringexpansion attempts to form
L8 10 = T 0 1 PP EPPR 76
3.8  Successive ring expansion to form thiolaCtones...........ccuvvveeiviieeeiieiiiiiiieeeeeeeeeee, 77
3.8.1 Early proof of concept for thiolactoreontaining successive examples............... 77
3.8.2  Thiolactone forming successive ring expansion examples attempted uging S
LINE (O SOrGPEMIC ACIC........ccveiviieeiee ettt te et areare e 78
3.8.3 Revisiting Srityl for successive sulfur ring exXpansion...........ccccccvveveeviieiieeeeeee... 81
3.8.4  Failed successive ring expansions and triple attempts...........ccoecvvveeeeeeerrinnn 84
3.85 L 1L = 1Yo o 86
3.9 Summary of thiolactone synthesigaring expansion and-k¥y crystallography............. 87
4  Cascade ring expansion reactions using a common electrophilic.imide........................ 388
4.1 Need for NeW MEthOUOIOGY. .....cccoiiiiiiiiiee e 88
4.2  New acylation ProtOCQL............couiiiiiiiiiiiiee e e e 90
4.2.1  Acylation using chloroacetyl Chloride.............oveviiiiiiiiii e 91
422 Benzyl amine induced imide Cleavage........cccccvvveeieee e 91
4.2.3  Acylation using bromoacetyl chloride..........cccoviiii 92
4.2.4  Acylation using bromoacetyl bromide...............ccoee e 92

Xi



425 Benzyl amine induced imide cleavage and lactone formation.......................... 94

4.2.6  Optimization of lactone forming reaction..................ccooeeiicciiiiicee e 95

4.2.7  Chloropropionyl imide synthesis and reactivity...............ccccceeeeeeeeeiiii e, 97

4.2.8  Conclusion of haloacyl imide StUdIES...........ccccoiiiiiiiiiieiie e 98

4.3  Conjugate addition/ring expansion approach............ccccceveeriiiiiiiieie e 100

4.3.1  Synthesis of acryloyl IMIdeS..........oooiiiiiiiie e 100

4.3.2  Sulfur conjugate addition..........cccoviiiiiiieeieie - 103

N N[ o To 1= o [ O AN 1 PP 107

441 Devising a model system for Optimization.............ccccovveiieeeeeeeniniiiieeee e 107

4.4.2  SOIVENt OPLMIZALION ... ...uviiiieeiiiiiieie e e e e e 109

4.43  Scope of Nitrogen CARE reaction...........cooocuiiiiiiirniiiiiiiiee e 112

4.4.4  Successive ring expansion using CARE............cccovviiiiiiiiieieeeeee, 123

445 Nitrogen CARE solvent screen usifghenyl imide 4.45............ccccccoovvviieeeeeen, 126

45  CarbON CARE...... .o 127

4.5.1  Carbon nucleophile SCreENING.........ccoiiiuiiiiiie i 127

45.2 Nitromethane Carbon CARE optimization...............cccccccoee e, 128

4.6 OXYGEN CARE ... .o 133

4.6.1  Conjuate addition attempts with benzyl alcohol and water............................ 133

4.6.2  Alternative one step ring expansion to form lactones.............ccccveeveeriiiinneenen. 134

4.7 CARE OUHIOOK. .....eiiiiiiiiiii ettt e e s e e e e e e 137
471 wSFEATFGAZ2Y 2F wO2YY2Y AXARSQ..L.LILINBY OK (2 N

472 FULUIE WOTK ..ttt et 138

5  EXPEriMENtal QAlA.......cccoiiiiiiiiiiieeeieiie et e e 141

5.1  General iNfOrMEatION..........ccoiiiiiiiiiiie e 141

5.2  Characterization Data and ProCEUULES...........cccoiiiiiiiiieeee e e e 142

B REIBIBNCES ....eei it 298

A Y o] 011 T 1o == 303

Xii



1 Introduction

Macrocycles are defined as being cyclic molecules with a ring size of 12 or more atoms. They have

applications in supramolecular chemistrganotechnology,and increasingly in medicinal chemistry

(Figure 1.11.1¢1.3). TIS
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biological molecules, possessing desirable pharmacological traits from both da3fies, they
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maintain the ability to cross cell membranes, and may be orally bioavailable. Additionally, they may

exhibit traits of larger biological molecules.g. hormonesand antibodies), such as conformational

flexibility, and 3D character. They inherently have a greater surface area available for interaction

compared with low molecular weight small molecules. This is crucial for targeting potaizin

interactions which @ien span areas too large to be effectively targeted by small molecule drugs.
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8-11-Membered medium sized ringare alsomedicinally relevant and are found in many natural
products (Figurel.l, 1.4 and 1.5). However, the synthesis of medium sized rings is particularly
challenging, in large part because the products (and the transition states required to formviaem
cyclization reactions) are often subject to destabilizing transannular interacfidresunderpinning
challengemay be the reason whg-11-memberedrings are underrepresenté in small molecule
screening collections andirely presenin top selling drugé’ indeed they are usually more difficult

to synthesize than both macrocycles (over 12 atoms) or normal sized riTgmébered rings).

Most cyclic compounds are synthesiagd the cyclization of a linear pcursor, typically carried out
towards, or at, the end of a synthesis. In the case of cyclic peptides, this is typically a lactamization or
disufide coupling For instance, in the synthesis of oxytocin, a cyclic peptide hormone, disulfide
bridge formation is used to cyclize the linear peptide to form the macrocypdiernatively, medium

sized rings and macrocycles can be accesgithe ring expansion of smaller a cyclic compound. For
example, fragmentation reacti@nof bicyclic systemsre a common transformatios in natural
product synthesi$.Both cyclization and ring expansion will be discussed herein, beginning with

cyclzation reactions.

1.1 Cyclic Peptides

Medicinal interest in cyclipeptides and cyclipeptidomimetics has been on the rise recently for
various reasons, such as their resistance to proteolysis, conformational restriction, and favourable
pharmacokinetics compared with linear peptidéd! Approximately 8% of the human proteome is
considered to beindruggable using traditional small molecule medicinal chemistry due to lack of small
molecule binding site&**Tohelpaddress this, libraries of larger cyclic peptidesanales have been
synthesized in drug discovery campaigns in otdery to meet this demand®'?For example, larger
molecules like cyclic peptides have much potential to interact with extended protein surfaces and be

used to inhibit proteinprotein interactionst!141%

This class of compounds is typically synthesiigd headto-tail or side chairio-side chain cyclization
reaction (or another combination thereof). In order to minbsdimerization (Figure 1.2,6to 1.8),

high dilution conditions are generally required. Alternatively, the linear precursor may be
preorganized into a conformational form that favours cyclization by bringing reactive ends together

(discussedn more cktail later).



Chapter 1: Introduction

[

Figurel.2: Cyclization of linear moleculissoftenin competition with dimerizatiori.8represents the undesired dimer of

16.
1.1.1 Typical CyclizatioreRctions foPeptides

Coupling reagents, didide bridges, and buiiin electrophiles are all used routinely to form cyclic
peptides®® Endto-end cyclization of the -Cand N termini to form an amide bond is a popular
approach to forming cyclic peptides. However, the yields of these reactions are highly dependent on
the ring size being formed, and the specific sequence of amino acitteiichain® Thioether
macrocyclization is a robust method of generating libraries of cyclic pepfidéand cyclizatioron

resin can also be a very efficient procdsst example, usingyBOP as a coupling agent, &eil.have

shown that peptides of 6 to 12mino acid esiduescancyclize nearly quantitatively on resihSmaller

cyclic peptides of 4r 5 residues were much more likely to undergo dimerization @ligbmerization

The same reactions were not as efficient in solution, requiring longer reaction (aaés schemé.1)

and producing more dimerizatiagideproducts.An important limitation to consider is that solid state
peptide synthesis is not well suited to generating peptides on a large scale. Also, the level of resin
loading is often intentionally kept low (2 mmol/g) to effectively isolate eacbwing peptide
preventing intermoleculareactions and promote intramolecular reactiare(cyclization). In solution,

high-dilution conditions are used to the same efféct.



B ALe V\HL
H 1) LiOH, 3) TFA, CHClj

o N o THF:H,0(1:1)  RT, 1h NH
NH HN >/ 2)p—n|trophenol, 4) Pyr, CHCI3 NH HND/
ATER R DCC, CHCI; 0 °C, 10 days ,,H
o) ) NHBoc RT, 12 h
1.9 Viscumamide, 1.10, 57%

Schemed.1: End to end cyclization to form cyclic pepfiéle

1.1.2 Other Cyclizationdactions foilReptides

Many other methods havbeen usedo form cyclic peptidesfor instance 02 LILISNJ OF GF f @ aSR ¢
chemistry Echeme 1.2a), as well as Ugi (multicompaheeactions (Scheme 1.2bave been used to

access some smaller cyclic peptid@® Maarseveeret al. designed a synthesis where a cyclization

and click reaction could be attempted in two different chronological orders in route to a comrtran te

peptide analogue. When the tetra peptide analogue containing a the internal triazole mai&g) (

was subjected to a variety of coupling conditions, only dimers and higher oligomers could be observed.

An alternative cyclization reaction aiming to fothe same peptide mimeticl(13) viaan endto-end
Cucatayzedclick reaction (from1.110 ¢l & &dzO0SaaFdZ Ay dzLJ G2 7T1x: @
mechanism may be key its successin this reactiora Cu complex brings the azide and alkyne ends

of1.11cR &S G23SGKSNJ 6 STF2NB | WNR YHRTiezofforMatiahbittey Q ISy S

respective linear precursofis1landl.12may also have played a role.

The choice of amphoteric aziridine aldehydeld) is key to the reaction in Scheme 1.2b. After the
multicomponent step of the reaction, the exocyclic aziradine adds into the carbonyl atythanidate
rapidly (1.17). It is of note that in a typical Ugi reaction, this rearrangement step is slow, allowing

intermolecular reactions to compete, lowering the yield and diastereoselectVity.
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a)

M

OBn
M
e e o
N N
N3 \)J\H
o °
1.1 AN EDC, HOBt
N Or HATU,
1) CuBr, DBU, Toluene, reflux, / N Or PyAOP
70% HO HN _N -

N=N 0] CO,H

> N
2) Hy, Pd/C, MeOH, 0 N Me Mixtures of oligomers
93%
1.13 O Me
H

1.14

b)
NH
3 0 I (dimer) o) ;///HzN
SN Pt 0 A< g
H/\g/ ; OH Bu—NEC 4<""§Nk NHO R/NE(\Q\
0
\L TFE, rt, 0.2 M H >N H \~ H R

1.15 NH 2h, 81% O;\s tBU/N
1.17

Schemd.2: Accessing small cyclic peptidéa: a) Cucatalyzeds / € A O1 ¢ NBF QGA2y d 60 ' 3IA NBI O

Another approach to access smaller cyclic peptides involves the cyclization of a longer peptide chain
followed by a ring contraction. Two such examples are illustrated in Sch&¥&*4In Schemel.3a,

the salicyladehyde derivativel (18) acts to improve theyclizationreaction in two distinct modes.

First, by rigidifying the linear precursbrl9, the reactive ends of the molecule are held more closely
together, thus lowering the entropic hurdle compared to analogous reaction with a more flexible
tether. Also, thecleavage of the aryl ester forng 1.22 acts as a thermodynamic driving force to

contract the ring(due to the formation of a stable amide and a delocalized phefiol)

In Schemd..3b, the 5 residue Al®helLeuPro-Ala linear peptidél.24 could not be cyclized as a single
monomer using standard cyclization conditions. Installingrét®-2-hydroxybenzyl groujat the N-
terminus allows a phenolic estér27to be formed on subjecting to BOP coupling conditions, which
ring contracts in the same way as $theme 1.3@0 form an amide linkage between the C and N
termini. The énitro-2-hydroxybenzyl group is then meoved by photolysis to give cycidaPhelLeu
ProAla(1.25.%
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Schemédl.3: Ring co

ntraction approachega O-to-N acyl transfer.
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Finally, advances in transition metal mediated cross coupling have also been used to generate cyclic
peptides and peptidomimetics. Ring closing metathesis in particulbban used to cyclize peptides
containing alkene handles such as allylglyéiftd.he high functional group tolerance of this chemistry
hasallowedh i G2 6S dzaSR | a | YS{iK2R 2 7T sdéandatystiuckuyea Q G 2
(1.31, Scheme 1.4)pften enhancing stability and biological activity compared with the parent
peptide® ATSP7041 (.32) is derived from the native p53 alphalix and acts as to disrupt both

MDM2 and MDMX from inhibiting the tumour suppressor p53, leading to suppression of tumour

growth in certain cancers.

PCy3

Y

1.29 1.31

O 1.32

O<__NH
ﬁ/ ATSP-7041
MDM2/MDMX PP inhibitor

Scheme.4: Peptide stapling using RCM.
1.1.3 Preorganizatioto Aid CyclizatioReactions

If a linear precursor can be preorganized into a conformational form that favours cycliziagidoy (

bringing reactive endscloser together), this can significantly improve the efficiency of



macrocyclization reactions by favouring cyclizatimerodimerization. There are several methods by

which this can be achieved, summarized below.
Internal preorganization

Internal preorganization is achieved by covalent modifications to the peptide chairfiissdfto-end
cyclization requires a conformation to be adopted whicbfien energeticallyjunfavourable One of

the simplest wagto promote the adoption of a conformation more conducive to undergo cyclisation
is to introduce acisamide bond ata site wherethe peptide turnng back on itselfacilitates the two
WSYyRaQ 0SO02YAy3a Of ahd ISeidd pio@ddirf dyklidaNdn th yiatuge Lprolé is
commonlyused to providethese sharp turn€!* Most amide bonds adopt &ans conformation
preferentially, however, sibstitution at nitrogen(such as in prolineends toremove the energetic
bias of one conformer over the othérOther approacles to achieve the same endihclude
incorporation ofD-amino acids, ané\-alkylated amino ackl(discussed later on). The natuoé the

substituent onthe nitrogen has an important role in determining the geometry of the amide zénd.
Externalpreorganization:

External preorganization often involves molecular scaffolds that bring together the reactive ends of a
molecule® Bulky coupling reagents, such as the one showBcineme 1.%1.33), effectively isolate a
peptide, thus minimizing intermolecular coupling reactions. The dexdendridic carbosiland (34)
prevents access to a second peptide molecule, and thus helps to prevent dimerfZd#letals can

be used to coordinat®ith a peptide in a multidentate fashion (Scheme 1.88).3° This induced turn

structure brings reactive ends in close proximity for cyclization to fbi38.
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§ N(Ph o %\A st
STy g T N
K/ (56%) Phi’jky(N\/Ph

—~
Base-H N o
KL R KL R 135 1.36
S|I‘ S|I‘
R 1.33 R
Ph rPh
H,N N o)
2
H
o) N
LS W
O =
Ph”
07 “OH
1.37 Not Observed

Schemél.5: External preorgaization using a bulky coupling reagent.

® o R ., o R 9
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HNJ\ _Bt
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N\O/R\OEt
DEPBT 0 OFt
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oL T Ty
~_ O \R® 5
HN NH HN™ 0. :,,o)\‘ HN Yo ‘?,o)\»\R
2 0 L% @-NH N
R / R2 OA/ RZ\Kf (‘)@ NH2
es
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| HANCS T O
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1.39

Scheméd..6: Preorganizatiotvia coordination to a metal.



Hutton and ceworkers developed an approach which uses metal coordinatidiotb coordinate the

two ends of a linear peptide and couple them togetfchemel.7). A linear peptide is first assembled

on chlorotrityl resin using solid state peptide synthesis. Using thioacylating agHnthe last residue
incorporated into the bain features a thioamide bond, which once cleaved from the resin gives the
protected linear peptidel.42. When this thioamide is reacted with stoichiometric.8@, the Ad

cation serves to coordinate to both the -Cerminus and the thioamide to template the
macrocyclization andctivatesthe thioamide at theN-terminus to form an imine estet.44, which
undergoes an & acyl shift to complete the hegtbctail cyclization This metlod wasshowcasedia

in the synthesis ofin analogue of the anthtegrin drug cilengitide1.45.3 The authors describe this
process as a rapid and traceless method to form cypajmtidesvia macrocyclization, without any
problems relating to cyclodimerization or epimerization. Kinetic studies compared a standard linear
octapeptide cyclred using HATU coupling conditions, which cyclized in 35% yield in 16 h, whereas a
thioamideanalogusing Ag(l) conditions was cyelil in 83% vyield in less than 1 h (HPLC yields).

I?bf
S HN

H NO NH
Fmoc/N.JJ\N/Q/ i H\l\f

H |
() FosR-+ A NSN 14 SL ) )
g R : H
1) DIPEA, DCM HoN : NQJ\ : NQJ\
NN Y o
(0] @) ~
1.42

/COZt-BU

1.40 2) 20% piperidine

3) 1% TFA/DCM Ph

1) Ag,CO3, MeCN
2) TFA

"0

\ B H o
O H = (O N—3 @)
HOZC/B)\/N\‘\(O RN t-BuOQC/S)\/ \<O
HN

Pbf = d’ HN 1.43

)\NHZ ) HN)\NHbe

Schemd.7: Agrpromoted end to end coordination and coupling.
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1.1.4 Site selective ring opening, coupling, and recyclization

Yudinet al.developed a method of ring expansion of cyclic peptiashe site selective ring opening

at an azidine amide (highlighted bond it4.46) in LIOH conditions, followed by coupling of an
additional amino acid residue or short peptide chdirg) using the coupling agent AOP (scheme 1.8).
Repeating this twestep cycle (of LiOHydrolysisfollowed by AORoupling conditions) served to
hydrolyzemethyl esterl.49 and recyclize the macrocyclic peptide, incorporating the new fragment in

a new, larger macrocyclic produt50.3

Ph
g LIOH i H\)OJ\ OLi
w)\” N H i
N
N 0] (0]

1.47
N
H o 2)AOP, DIPEA |
DMSO o o
1.46

P}_l’l]\ ')

% & ~
:Pﬁ ﬁ Ds%%f\ ~ Lm A L? o,

1.50

Z
O T

Schemel.8: Site selectivamino acid (or peptide) insertion into cyclic peptides.

1.1.5 Thiazip ring expansion

A biomimetic approach developed by Tatral. utilizes transformations often seen in protein splicing.
O-N and SN acyl shifts allow for segments of a linear peptide to bdasextfrom the whole. This
inspired a new approach to peptidgyclization utilizinggequential ring expansioto achieve endo-

end coupling. In a cystingch peptide a thiolactone is first formed at the C terminal end. Then, a
series of thiolactone exclmge reactions with cystine residues along the chain, sequentially ring
expanding the thiolactone, until a thiolactone is formed at tverminal cystine. A final irreversible
SN acyl transfer completes the egcend cyclization of the cyclic peptide. ibg this elegant ring

expansion approagltyclopsychotride, a 3@mino acid cyclic peptide, 99 atoms in ring scrild be

11



synthesized? Although depicted ischeme 1.@s a sequential process with the next cystine along the
chain always the following the previous during the thiolactone exchange step, the exact pathways
could not be esablished,and perhaps it is possible that only a few thiols are involved in the thiol
thiolactone exchanges. Th@p reactions, as they have been called, were performed in buffered
agueous solution, a stark contrast to the ezp reactiongiscussed lar (see Section 1.2.4yvhich

require strong base and organic solvent.

aqueous buffer

—_—

pH 7.5

NH, K NH
o) /\( o)
SO a 1.52a J

Thiolactone
1.51 exchange

Thiolactone
exchange

1.52b
Thiolactone

exchange

S,N-acyl
migration

1.53
Typical yields of 30-80%

Schemd.9: Thia zip reaction. Image reproduced from the literature with authors permission.
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Thevarious creative synthetic methods outlined on the previous pages have found significant success
for the synthesis of complex macrocycles. However, the need to employ these strategies also
highlights one of the key failings of macrocyclization, namelyctiadlenge of avoiding dimerization

High dilution conditions are still often required, which can slow dawacrocyclizatiorreactions
substantially. Ring expansion is an alternative approach to forming large cyclic molecules, which avoids

the macrocyclizabn step altogetherSlected approache aresummarized belowin Sction 1.2.

1.2 Ring Expansion

Ring expansion is the process of taking a cyclic molecule and expanding the size of the ring skeleton
by one or more atoms. Theere three main types of ring expsion reactions: fragmentation, radical,

and pericyclic claging expansiomeactions?
1.2.1 Radical Approaches

A classial example falling under this category is that of the DeBetkwith carborcenteredradical

ring expansior(scheme 1.10)This reaction is initiated by generating an alkyl radical on a pendant
carbon tain (1.55). What follows is a reversibkeaction with an electron deficient ketone, and an
ensuing fragmentatiomeaction extruding arelectrophlic radical which is stabilized by an electron
withdrawing group, in this case an estdrX7). A final redation (H abstraction) yields the product
(1.58) in a good 75% yield. Unfortunately, simple reduction can compete in these reactions, and form
side products such as59(12% vyield).

GnBU:;
1.59
BusSnH a
CO,Et AIBN @ CO,Et

12%

1.54 75% COzEt
+ SnBujy
i o / H SnBu3
CO,Et @COZB %
1.55 .5 1.57 CO,Et

Schemé.10: DowdBeckwith radical ring expansion.
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Modern day radical chemistry is often carried out using photocatalysis or electrochemistey.dliu
reported a photocatalytic &tom ring expansioniathe generation of a radical can amide nitrogen
(1.61). Medium sized rings fromB1 membered in size were all accessible using this procedure with
the 9membred ring examplel(63, n = 6, m = 1) isolated in 83% (scheme 1.11, top conditéns).
Ackermannet al. built upon this work by demonstrating that the reaction can also be performed
electrochemically, to give the samen®embred ring producty.63, n = 6, m = 1) in an improved 98%
(scheme 1.11, bottom condition).

Ru(bpy);Cl,-6H50 (1.5 mol%)
BI-OAc (1.5 eq.)

DCE, RT, 5 h, blue LED m =1, 83%
via photochemistry

Gy, | A, Q. :
H [ oH -~ T oH OH | [0] n+3 =0
N . N N LN

0 0

CF3 CF3 CF3
1.60 1.61 1.62 1.63

Graphite/Pt undivided cell m =1, 98%
> via electrochemistry

|"I-BU4NBF4Y MeCN/Hzo
RT, 8.0 mA, 2.3 h

Schere 1.11: Ring expansioniaa Nitrogen centred radical. The same reaction can be performed with photocatalysis or

electrochemistry.

Gloriuset al. devised a photocatalyzed De Mayo reaction able to ring expardhal 5 and 6

membered dicarbonyl compounds.64) to 7-and 8membered rings (scheme 1.1®)in this reaction

14
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a photocatalyst serves to generate an excitedestaf enol alkenel.65, which can be considered a
diradical (.66). Following a reaction with ethene gas, a bicyclic intermedib&¥) is formed that can

fragment to form ring expanded product$.§8 and 1.69).

Ethene (2 bar)

') (0]
O 9 [I(CF3-pmb)s] (1 mol%) HOL) o
g 9 ’
MOR NEt; (0.5 eq.), Tol (0.4 M) ﬁ(
)40 )42 OR

purple LEDs (Apax = 395 nm)

CO,Et
1.64 RT, 48 h 1.67 CO,Me 2
1.68, 82% 1.692, 48%
L hv T ---------------------------------
M
OH o o M9, o Hc=CH, HON~ 00 [IF(CF 3-pmb)3]
WOR WOR OR _N— CFs
)12 )12 V12

+

1.65 1.66 ‘4,
HO (0] \ Jr
N\/ \/N
B (4
OR | \
1-2 @/ ,

L

Scheméd..12: Photocatalytic De Maytype ring expansiort Addition of LiBH0.5 equiv), TEA (1.5 equiv) and heating (70°C).

1.2.2 Pericyclic Reactions

Many ring expansions follow a pericyclic route, namhmonlyvia[3,3] sigmatropic rearrangements;
schemel.13 illustratedwo such examples. An aza Claisen rearrangement has been used to generate
mediumsized rings€.g.1.72) viaacylation to form a quaternary nitrogen in a ring expansion reaction
(1.71, scheme 1.13&” Suhet al. devised a total synthesis §ifivirucinines Aand A which featured

two azaClaisen rearrangements to form the-idembered lactam scaffold fromembered1.73
(scheme 1.13b%
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a)
0
M AcCl, K,COj, D = OEt
N oN”

Et =
| OEt  AIMe;, CHCIy /&

0 2
1.70 Y, 0 °
1.71 1.72, 70%
OTBS
b) Me Me Me r
Wy, LiHwDS. ‘
N (@]
TﬁM toluene
reflux Me -
1.73 1.74, 74% 1.75 Et
Me
LiHMDS
~OH
‘ toluene
-~ o
-
Me o reflux
NH OH
1.77, Fluvirucinine A, 1.76, 74%

Schemd..13: Two examples of az@laisen rearrangements to perform ring expansi

Backet al. have used two successiveaza Cope rearrangement reactions in order to convert
pyrrolidines and piperidines into 1and 14membered rings respectively. Each reaction expands the

ring by 4 atoms and uses very mild conditions (Scheme.314)

=S “
= Ts 79 T / Vs
= S
N-Bh ——> @n_/_ — N7
n 3-aza-Cope . *Bn n Bn
n=1,2 - - 180 N=1,91%
1.78 1.79 n=291%
- =——S0,Ar
NH -~ N
3-aza-Cope *Bn
Ar = 4-CI-CgH, n
n=1,62%. n=1,72% 181 n=1,31%
1.83 n =2 48% 182n-2 89% n=2,36%
(3 steps)

Schemd.14: 3-azaCope used for iterative ring expansion.
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Schmidet al. demonstrated that cyclicsulfides (e.g 1.84) can undergo simila2,3-sigmatropic
rearrangementreactions to form ring expanded products. Each product formed can be used as a
starting material to undergo the same two step reaction procedure of allylation followed by
deprotonation under aqueous KOH conditions to promote ylide formation and rearraggnmg
expansion. The sequensdown in scheme 1.15 was used to make rings up to 14 membered in size

(1.92) over 3 iterations.

€]
- — Br »J
=
- 2)KOH
58 ® S—\_ @S
TFE H,0/CsH 1y
1.84 1.85 1.86 1.87, 65%

/ ")/(e 4)KOH /]

PN | HoceH \ P\

1.89 1.88

1.91, 96% 1.90, 76%
(over 2 steps)

Schemd.15: [2,3}rearrangements o$ulfurylides in an iterative ring expansion.

Winterfeldt et al. developed a Dielglder/retro DielsAlder sequence which can be used to fing
expand readily available steroids and their derivativeg.(1.92) into p-cyclophane macrocycles
(1.96).%° An initial DielsAlder reaction with an alkynforms bridged enall(94). Upon heating, this
undergoes a retro Dielalder to open thesteroidal Bring (ia1.95) to yield1.96 (scheme 1.16).

CHO
BF3OEt2

—_—

DCM

OH

AcO AcO

1.92

retro-DA, via HO

AcO

1.93 o \\o

Schemel.16: DielsAlder / retro DielsAlder ring expansion sequence of steroid derivatives.
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1.2.3 Fragmentation Reactions

The fragmentation of a byclic system to cause the cleavage of a bridging bond and generate a larger
ring system is a technique that has been used extensively in natural product synthesis. Fragmentation
reactions may occur by breaking a central bond on a fused bicyclic sySigre(1.3a) oria the

cyclization of a side chain to form a transient bicylé @0, followed by ring expansion (Figure 1.3b).

a) X-Y bond clevage Y—H

LG YH 0
° 9 cyclization/ e
b) N\ fragmentation
A 9 Y-H— Y
coupling
1.1o1
1.99 1.100

Figurel.3: Types of fragmentation ring expansion Faggmentationof a bicyclic molecule. b) Side chain insertion followed

by fragmentation.

Grob typeeliminations are an attractive way to fragment bicycles due to their irreversiglere. In

a typical Grob fragmentation, an electréh2 y I G A y 3 3 NPetittdons towardd dEgang i
ANR dzL) &, ¢ &A Gdz (S RC bondlcléa®agei ocdurs, lagsEown iyl Bcheime 1.17a. An
example of ringexpansion that employs this methodoloigyshown in Scheme 1.17b, whislabase;
mediated Grob fragmentation whereby the electron donating group is an alcohalKoxide1.104)

and the leaving group a tosylate yieldingnbiscenong1.105.4

Y LY Grob/Wharton ©
a X 7y @z = v
1.102 fragmentation
\\ KOtBU tBuOH </\>/\/\“/\)
67%
1.103 OTs 1.104 T 1.105

Schemd..17: GrobMhartonfragmentation
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A similar eliminatiortype reaction is the Eschenmoser fragmentation (Schenie whichh >dpoxy
ketones (1.106 react with aryl sdbnyl hydrazines to yield alkyng&.109.° In the field of ring
expansion it has been used to accesslyigtrained alkyne containingngs aided by the release of

nitrogen gas, which acts as a strong thermodynamic driving force (scheme 1.18).

_ I-! _
ON- N\
o N’ SO,Mes NG SO,Mes o
MesSO,NHNH, \ N
. . 2
AcOH, DCM Q@
_ Co -SO,Mes
1.106 (Mes = mesitylene)— 1.107 = © 1.108 1.109

Schemdl.18: Eschenmosdragmentation.

Oxidation and reduction have also been used as means to access ring expanded products, in redox
driven fragmentation reaction&? An oxidative approach using ozdysis is shown in scheme 1.19a,

and an example featuring a reductive fragmentation using sodium in liquid ammonia is presented in

scheme 1.1982
03, DCM o)
(0]

1.110 1.111
b)
. %
OH 1.113 Nj Na, NH; (1) ,{jj
| _—
N
Ph Heat |
1.112 Ph pp H
1.114 1.115

Schemd.19: a) Oxidative fragmentation reaction. b) Reductive fragmentation reaction.

1.2.4 Side Chaimkertion

Another type of fragmentation is achieveth the insertion of a side chain into the cyclic system,
forming a transient bicycle which then undergoes ring expanskigu(e 1.3b).These types of
reactions facilitate the formation of a newgO, €N or &C bond, depending on the nature of the
pendant nicleophile or prenucleophile Often, ring expansions involving side chain insertion followed

by fragmentationare reversible processesd hence arainder thermodynamic controln Scheme
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1.20, 1.118 fragments to form1.119 because electron density is daed towards the electron

withdrawing sulfone, driving the equilibrium to favour the expanded proddtt.

B F@/\SiMeg,
MsO SiMe;
? ©) o)
SO2Ph 4y NaH, Nal 2) TBAF
T SOPh 77 7 SO,Ph
65 °C
1.116 _ 1.117 1.118
o) o) B 0
H
- SO,Ph SO,Ph
1.121 1.120 - 1.119

Schemd..20: Side chain insertion tygeagmentationforming a new € bond.

When there is no overall change in the functional group composition from starting material to produc
reversible ring expansions are driven largely by the relative stabilities of the ring sizes. An illustrative
example of this is shown in Scheme 1.21. Cet&y.have demonstrated the stability of different ring
sizes in a study looking at reversiblartsesterification reaction$* There is a strong thermodynamic
driving force associated with the expansion of-mm&mbered ring 1.122 to a 12membered one, as
illustrated by the near quantitative yield obtained within 2 hours of reaction time (Scheme 1.21,
1.125. This is due to the release tBnsannular ring strain associated with medisimed rings
Conversely, a-fhembered ring 1.124) doesnot expand to a 18nemberedringat all (..127), which

can also be rationaéd by the higher stability of the normalized membered ring isomer, compared

to 100membered1.127. The reaction formind.126lies between the two thermodynamic extremes,

and proceeds in modest yield.

(OfOH O

TsOH, DCM o

RT n
OH
1.125:n = 3 (97%, 2 h)
1.126: n = 2 (69%, 24 h)
1.127:n =1 (0%, 6 h)

Schemdl.21: An acid catalysed intramoleculaansesterificatiordemonstrates the relative stability of different ring sizes.
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The importance of the relative energy of isomers with respect to ring size is vital to consider in all ring
expansion chemistry, and is aldemonstrated in transamidation reactions reported by Hestal.
(Scheme 1.22¥ An expansion from a medium sz 8membered lactam.128 to a 12membered

one (.129 is favourable, and proceeds spontaneously under basic conditions, whereas a normal sized
7-membered ring1.130 does not expand to medium sized-dtembered ring1.131) under the same
conditions; hdeed,when the 1tmemberedl.131was formedviaan alternative route (electrolysis of
1.132), a ring contraction reaction occurred to yield thenémbered lactamX.130), highlighting the

greater stability of the smaller ring system in this instaffc.

NH»>
N 1) KAPA, 5 min \/\

8 . 12 _NH

ZT

2) H;0™)
1.129 (96%)

O~ CN (0) N
N/_/7 4\4 @ o \/\ /@/
S

7| NH | <——— 11 _N.
—_— X —> Za
oo’
1.130 1.131 1.132

Schemd.22: Transamidation reactions undérermodynamiaontrol. KAPA = potassn 3-aminopropylamide in 1;3

diamino propane.

Pioneering work in the field of ring expansion has been conductedrbyManfred Hesseaand his
research groupwho haslaid the foundations of much of the work conducted in the Unsworth
group®% Some notable work includes successive transamidation reactions to expand macrocycles,
such as the one shown in Scheme 1*23equential transamidatioring expansions have been termed
WD ALIQ NBIF OliAzyaod

The reaction begins with a side chain insertion. A pendant amihd 84acts as a nucleophile, adding
into the cyclic ketone, which is followed by a fragmentation to yield a ring expanded prddi@5,
Stabilization of the negative charge adjacent to an electron withdrawing nitro group is key to the
formation 0f1.135 Removal of the nitro group and deprotection of the remaining amines resulted in
a second, reversible ring expansion reaction undgdia conditions. Once more, without a change of
functional group, the ring expansion reaction is driven by the relative stability of the different ring
sizes; In this case, a 1:1 mixturelof37and 1.138was formed, as there is no clear thermodynamic

driving force for the expansion af137into 1.138 presumably because both are macrocyclic rings.
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1) acrolein, PPhg
> NHTs
2) NaCNBH,; 89%
02N o /\)/\ /\3/\/NHTS 02N (\O
1.133 H2N ¥S 1.134
N
H

N
Ts
3) H,0, MeOH
52% NaHCO3
(over 3 steps) 55%
-
N
= CC0R
(e]
1.136 ﬁ NO; o}
electrolysis N~ ""NHTs 1.135
94% Ts N~ " NHTs
Ts

p-TSA
N xylene, heat N A~ N
o H 0
1.137 D 1.138
/\/\NHQ formed as a 1:1 mixture

N
H

Schemel.23: Successive transamidation of a pendent amine chain by ldeake
1.2.5 Recent examples of fragmentation ring expansion

1.2.5.1 Hydrolytic imidazoline ring expansion

Krasaviret al.developed a method to ring expand imidazoline fused rings. Hydrolytic imidazoline ring
expansion (HIRE) is a twtep process involviniy-alkylation of an imidazoline to form a quaternary
nitrogen, followed by hydrolysis to form a cyclol intermediate, and finally fragmentation, resulting in
a 3atom ring expansiorcheme 1.24 shows hadtis method was used ring expand neviraping&39,

anon-nuclecside reverse transcriptase inhibitased to treat HI\?°
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1) OH

—N DIPEA, MeCN LN
/ \ POCI3 7 N MW, 110 °C, 5 h 7 N
110 °C, 8 h =N g N=  2)SOCl, RT, 12h =~ N™ "N~

A
Nevirapine, HIV drug
1.139 R-X, MeCN l

MW, 120 °C, 5 h
R

\

X
O _N ~ ] @
X R\N/} R\N/}
J 10 NH HO-\ L\
\ y ~ S 02%aq.KCO; \
SN ~—— \ / \ /
4 Nx I N Ve RT.1h I N Ve

A

1.141, R = Me, 75% L
1.142, R = Bn, 72% 1.140

Schemd..24: Hydrolytic imidazoline ring expansion (HIRE)

1.2.5.2 Oxidativedearomatizatiofring expansion

Tanet al.developed two complementary ring expansion approaches driven bsetir@matizationof
phenolsand other aromatic substrates. Oxidatidearomatizatiorring expansion (ODRE) has been
used to generate medium sized rings of all sizes. In the stepwise ODRE apputehe( 1.25a),
dearomatized intermediate$.144are isolated and can be can be further reacted with one of three
reagents (TsOH, ;0 and Cu(Bl), often resulting in varying mixtures of alkene isomers (varying
ratios of endocyclic and exocyclic olefins for instance) and solvent adducts (such asttiegm
adducts formed irl.147and 1.153. In each casa nucleophile adds iparato the phenol during the
oxidation reaction to form the cyclohexadienone intermedidtd44 This nucleophile can be an
alcohol (.146), a phenol 1.152), an electron ricltaromatic ring {.148), or a carboxylic acid (150.

The second strategy (presented in scheme 1.25b) wseandem ODRE reaction where the
dearomatized intermediate1(155) is not isolated. The authors describe this as an example of
Umpolung reactivity, athe oxidativedearomatizationstep now leads to attack of an electrophiie
methoxy amide side chain. The advantage of this approach is that the aromatic ring is no longer
restricted to phenols, and heteroaromatics can also be used in this appreagh.(58and 1.159).

Once again, medium sized rings frorni@11-membered in size are accessible using this chemistry.
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X = ROH : Me  X=ArH
OH | 'V'eo OMe
HO HO— !
o — 09 / E
MeO
HO ! HO
1.146 1.147,73% 1.148 1.149, 84%
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Schemd.25: Oxidative dearomatization/ring expansi¢@DRE)
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1.2.5.3 Metalated ureas and Smiles rearrangements in ring expansions

Clayderet al. have developed two conceptually similar migratory ring expansion reactions. The first
approach is a-&tom ring expansion where benfosed nitrogen containing heterocyclésaturing a
tethered aryl substituted urea are reacted under strongly basic conditions to form intermediates of
the form 1.164 (scheme 1.26a The metalated urea can then carry out nucleophilic attack at the
aromatic ring to promote ring expansion to fortril65; formation of a charged urea group in which
the carbanion is significant more stakdd than in the precursot.164is presumably a major driving
force for this ring expansiot:>2A streamlined procedure uséhe tetrahydroquinolinel.163to form
9-membered1.166 in 2 steps. Subjectiny.166to mildly acidic conditions camlsolead to a ring
contraction viaan &1 reaction from the unsubstituted urea nitrogen to givel69(52%), a precursor

to the drug solifenacif®® In Scheme 1.26b, two-hembered nitrogen fused heterocycle$.170
undergo the migratory ring expansion to form a fused bicyclic structure featuring a quateerasy,

1.171 Exposure ofL..171to acidic conditns instead proceedsia an E1 mechanism to lead to a

second ring expansion and formation of a terminal alkeng?2).53

A separate study by Clayden al. investigated Smiletype rearrangements to perform-dtom ring
expansions to form medium sized ring dogues of dibenzodiazepinésl 75(Scheme 1.26¢¥.Finally,
the group also developed an intramolecular nucleophilic aromatic substitution (ASokes
rearrangement) which is able to perform aatbm ring expansion and generate medium sized ring

lactams such a%.178(scheme 1.26d%
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a) 1) triphosgene (0.46 eq.)
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1.179,n =7, X = CH, (60%)

Schemel.26: 3-atom and 4atom ring expansion reactions developed by Clayeteal.




Chapter 1: Introduction

1.2.5.4 Ring expansion of diketopiperazines

Yudinet al.developed a ring expansion method that also proceeds via a cyclol intermediate. Using an
N-Boc protected pentafluorophenol activated amino acid181), 6membered diketopiperazines
(e.g.1.180 were acylated to form imides suchh482 Next the Boc potecting group was removed
under acidic conditions, before returning to basic conditions to promote ring expansion (scheme

1.27)56

Yudin also reported a computational chemistry study which supports the experimental evidence that
4-atom ring expansions using imine intermediates are thermodyinally viable, but @&tom ring
expansions are not. The energetic minimum for the latt&t@m expansion was calculated to be the
ring-closed isomer, not the 9 membered ring expanded product. Notably, the methods developed by
Krasavin Yudin, and Unsworthll require basic conditions to promote the promote ring expansion in

the final step.

F
F F
0
0 - OJ\A’T‘/\@ 0 )Ov
NH F 1.181 Boc NO N N
N ~2 N Boc
NO

o) NaH (1.2 eq.) 0
9:1 THF: DMF (0.2 M) 1.182, 55%
1.180 RT, 2 h
1) TFA
2) DIPEA
50 °C, MeCN
0]
— Ar = p-NO,Ph Ar -

N N/\©\ Ar— \7
oj 10 NO, HowN/l 4\oHN
B — N\ —_—
Me” "N CR‘\N © N:g
H oY N\[H\ NjH\O

1184 © 1183 § -

1.185, 93%

Schemdl.27: Acylation/Deprotection/Ring expansion methodology developed by ¥tidin

1.2.5.5 Ring expansion using thiolactams

Another recent publication from the Hutton group is related to the use of thioamides in an
acylation/ring expansion casca#lé.actams from 5to 13-membered in size were first converted into
thiolactams using Lawesy’ Q& NXB | &h§ thidlabtantsNIBGand 1.187 with a Boc protected
amino acid and A€ Q then served to both acylate (to forth188and1.189) and partially ring expand

the lactam (to form1.192 and 1.193), with the Boc protecting group remaining intact. This is
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noteworthy, as analogous reactions developed in the Unsworth and Yudin groups generally only ring
expand upon removal of the protecting group on the amine. When mixtures cbpeged (L.188or

1.189) and ring expanded isomerk.1920r 1.193) are combined and their protecting groups cleaved,
followed by basic conditions, the rirgxpanded Bodleprotected bislactamsl].194and 1.195 were

isolated in good to excellent yields (scheme 1.28a).

This methodology was applied to the ring expansiortyaflic peptides as well (Scheme 1.28b). By
installing a thioamide group in an otherwise unprotected cyclic peptddEdg), this allows late stage
incorporation of individual amino acids (to forin197and 1.198 in a site selective manor via the

same achation/deprotection/ring expansion sequence applied to simple lactams in scheme 1.28a.

a) — _
(0] Boc
O O .
I NHBoc N/\F
HO
Ny HO N)J\/NHBOC N O
Ag,CO3 (1 eq.),
N DCM (0.1 M), n
18-48 h RT L A
1.186, n = 1 1.188,n =1, (39%) 1.190, n = 1 192 n= 30%
1187, n=9 1.189,n =9, (69%) 1191, n=9 193, n= (25%)
1) TFA
) MeCN, DIPEA
v 1194, n =1, (69%, 2 steps)
N 1.195,n =9, (96%, 2 steps)
n
o)
S HO
b) X
o)
HN
o o (L NHBoc
g HO
HO L\ R
1) AgoCO3
o) o)
NH 2) TFA
N
HTW/ 3) MeCN, DIPEA
o)
1.196
OH 1.197, R = H, (63%) OH
1.198,R = e (59%)

Schemd.28: Ring expansion using thiolactams.
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1.2.5.6 Unsworth Group kthodology

SuccessivRing Expansion (SURE) is a term coined in the Unsworth group to refer to a protocol utilized
G2 WIAINRSQ YI ONKA:Stervi®seduentaliringrelargemant reactiofs®® There

arets 2 OFNAIFGAZ2y A 2F { dzw9keto &RilLdSyIactay B ustd/as @ $aRifigk S NJ
material (generation 1 and 2 of SURE, Scheme , Schemeah@9a29trespectively). SURE reactions
occur over two sequential steps. In the first step, the amiiigen of the lactam.205), or" carbon

of the beta keto esterl(.199), is acylated using a freshly prepared acid chloride of the corresponding
amino or hydroxy acid derivativel.00. Following acylation, the protecting group of an internal
nucleophie on the pendant unit is cleaved (Fmoc is cleaved using DBU, for example). What ensues is
a spontaneous ring expansion which proceeids bicyclic intermediatel(208and1.203. In general,

the cyclic molecule can be expanded by 3 or 4 units according to the choice of amino acid derivative
or hydroxyacid. Crucially, this process yields a product with the same functionality as the starting

material (highlighted groups iBchemel.29), so thgroduct can undergo iterative ring expansions.

0]
? T
0] Cl m PG O O Deprotection /
CO,Et 1.200 Yo Ring expansion
> m PG
1.199 Acylation CO,Et
" Y=0.NR " 1201
H\Y
i Y © )t
m H ~
B-keto ester Y - o) o
regenerated o CO,Et CO,E
n
CO,Et n n
1.204 2 1.203 1.202
) i O O
i cl MY\PG ggprotection. /
NH 1.200 N ““pg ing expansion
n 1.205 Acylation N
1.206
Y =0, NR
H\Y
0]
. HQ' —~
Lactam amide Y o
() - N = N~ O
regenerated N
n H - -
1.209 1.208 1.207

Schemd.29: SuREnethodology a) Generation 1 usirigketo esters, b) eration2 usinglactams.
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This idea ofiterative ring expansion is showcased in Schen®9, via the ring expansion of 13
membered1.210into 17-membered1.215 its subsequent expansion to -Pdembered1.216 and

finally a third ring expansion to form 2Bembered ring tetralactam.217.

_Fmoc J\/\ _Fmoc
I
Bn 1211 Bn 2) DBU, RT
DMAP, pyr, 50 °C

1.210 1.212
Bn.
0 Bn Q HO N/l (0] (@)
| Y
N/\)J\NH N 0 N)J\/\[}]H
Bn
17 -
1.215, 91% over 2 steps N 1.214 1.213 ]
t steps 1 O 9
repeat steps
and 2 with 1.211 l\ll/\)kN/Bn

repeat steps 1 i
b 1 25

/l and 2 with 1.211 .
- = Bn

1.217, 77%

1.216, 81%

Schemel.30: Iterative ring expansion using SURE chemistry and beta amino acids.

This methodology has also been expanded for use Withndi -hydroxy acids, with SURE reactions
developed to form lactones. Benzyl protected hydroxy acids, su8klzenzyloxy)propanoic acidre
converted into the corresponding acid chloride219) and used in acylation reactions of lactams to
form imides (suchs1.220). The benzyl protecting group is removed under hydrogenation conditions
to give an alcohol1(221), which can rearrange under basic conditions to form a form a lactone

containing ring expanded produtt223(Stieme 1.31%

These reactions are alsepeatable for iterative ring expansion, the utility of which was demonstrated

when 8membered lactaml.218 was ring expanded over 3 SURE cycles, forming the 20 membered
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cyclic epsipeptidel.225in 48% yield overall with just one chromatographic purifcatused at the
end of the synthesisScheme 1.31Db).

2 0 R o i 2) Pd/C (10 mol%)
o),
NH Cl)vosn 1.219 NJ\/\OBn H,, EtOAC
8 > 8 )
DMAP, pyr, 50 °C 3) CHCI3, EtzN
1.218 1.220, 91%
/\).i 0._0 @) OMOH
0 ) 0
0] (0) repeat /_>:
/l steps 1-3 \/\,\T’/H HO N N
o] HN O =— -~ -~
1.224, 84% over 3 steps 1.223, 94% 1.222 1.221
°) (@) 0] 0]
(0 \/Y
NH SuRE
8 steps 1-3 HN:\?
(3 times)
1.218

1.225, 48% over 3 iterations

Schemel.31: Iterative ring expansion using SURE chemistry andgteoxyacids.

1.3 Project Aims

The overall project aimvasto expand the scope ahe SuREapproach and to develop new and
improved SURE reactions. This was achieved using three different strategiesn(el.32). The first
approach was to expand the range of linear building blockslacihms that can be used in SURE
reactions. In particular, the key aim wisexpand the scope of amino acids that can be used in SURE
reactions.Thus, avariety ofN-FmocN-alkylated amino acids were synthesized and implemented in
ring expansions to accedunctionalized medium sized rings and macrocycles with a pefpeid
structure. Ghemically and pharmacologically interesting moietieeincorporated intopeptoid-like

ring expanded productsBenzannulated lactameere also briefly explored as SuRBbstrates. This

work is described in Chapter 2.

The second project aim was to develop a completely new SuRE variant that is compatible with thiol

tethered carboxylic acids, to synthesize ring enlarged thiolactosag) SURE for the first time. Three
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compkementary protecting group strategies were explored to optimize these edtemilenging

reactions.The viability of these ring expansions vgasdiedusing computational tool@DFT performed

by Ryan Epton), which can be used predictively to assess thdityiali the reactions before

attempting them synthetically. This work is described in Chapter 3.

Finally, we aimed to develop a strategy whereby a common acylating agent could be used to

functionalize a lactam that could go on to react with a range ofeaptiilic reagents, to allow a variety

of different ring expanded products to be formed from a common imide substrat@ divergent

synthesis strategy. Several systems were considered and investigated, and this approach was

ultimately realized with the deslopment of a novel conjugate additionring expansion (CARE)

cascade reaction. The CARE method allows the synthesis of functionalized medium sized rings from

primary amines in just two steps. This methodology can also be applied to carbon nucleophiles,

representing a first for SuREyle reactions, with ring expansiona/ bt /

02yYR F2NXIGAZ2Y

carbonyl now possible. Finally, acryloyl imides were also demonstrated to undergo -pobne

dihydroxylationring expansion reaction. This work is describeGlmapter 4.

(a) Peptoid-like rings (b) Thiolactones (c) CARE
(0]
(0] Ilzmoc o R2
; N< NH NH I)v 2
i I)i lati ) o ¢ CI/U\K\SFm ¢ T
cylation A
NH y—> ° N\)LNH " " Acylatlon
8 .
i) Deprotection / ) l Acylation o o
Ring Expansion o o R }/2_\ ,
27 examples N Z "R? HoN-R
Ami id chlorid hesi R’ n Conjugate
mino acid chloride synthesis f Addition
O
)l\/ HAN=R i DNaoH Deprotection / JH)\
EtO — > EO R2) Fmoc-c Ring Expansion
o F o0 R? Ring
)l\/,{]moc (COC), )OJ\/EmOC HNMS i Expan3|on
"o : pcm © R W 15
o A A sos
n HN N
21 N-alkylated amino acids 15 thiolactones 1 examples
S~
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Schemd.32: Summary of key project aims realized



2 Expanding the scope @mino acids and lactams used in SURE

2.1 Types of amino acids

Using the SURE methodology introduced in Chapter 1, amino acid derivatives can be used as starting
materials for side chain insertion/ring expansion cascade reactions. The term amino acid is a broad
description of compounds encompassing several classa®bicules as shown in Figure 2.1. Most
commonly, amino acid refers to the 21 naturally occurring proteinogesstedeoisomerh -amino

acids €.g alanine2.1 and phenylalanin.2). Other classes of amino acids includamino acidsd.g.

2.3 and 2.4) andN-alkylated amino acidse(g 2.5 and 2.6). i -Alanine 2.3) and other -amino acids

can be used in SURE to perforratém ring expansions, whils8tamino acid derivatives are used to

carry out 3atom ring expansions.

N-alkylated amino acids are-amino acids featuring a secondary amine. In the context of SuRE,
sarcosine 2.5 andN-benzyl glycineZ.6) have successfully been used in ring expansions. WWhen
alkylated glycines are linkeda amide bonds, they resemble a peptide secondary structfré @rd

are commonly referred to as peptoids. These can be thought of as peptide mimetics where the
FTdzy OQGAz2yltAGe Aa f20FGSR 2gibod&8 | YARS yAIGNRISY

a-amino acids : B-amino acids : N-alkyl amino acids Peptide
o : : o : h O R O
NH, )Ol\/\ MK ‘s:N\.)LN)\[rN\.)\,é
HO i HO NH, :  HO > : g " 0 &
2.1 ; 2.3 ; 2.5 ; 07
i : : : Peptoid
NH, ; : 0 : R O R O
. . N . N N
! HO NHp | o~ S \)L'}‘/\n’ \)l\s“
2.2 E 2.4 E 2.6 E R O
L L L 2-8

Figure2.1: Structures depicting various amino acid derivatives.

SuRE has been used to synthesize macrocyclic lactones and lactams with dadh - hydroxy and
amino-acids. For example, in previous work in the Unsworth grdipenzylh -amino acids derived
from phenylalanine 2.9a), methionine 2.9b), leucine 2.9¢) and others have been synthesized and
used in SURE reactioffsThe macrocyclic products shown in Scheme 2.1 all incorporate peptide
functionality {.e. they have a substituent on the-carbon of the amino acid) while also havinghn

alkylated moiety.
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Scheme2.1: SURE reactions with-&lkylatedproteinogeniclpha amino acid$?

Thus, in the previous work, it had been shown that variation of the aminohapikition is possible.
However, prior to this study, little had beedone to explore the scope of SURE with respect to
substitution of theN-substituent beyond simple benzyl and methyl groups. This chapter describes
efforts to remedy this. Thus, the synthesis of a series of diversely functionaliaédg/latedN-Fmoc

amino acids is described, starting from ethyl bromoacetate, and their use in ring expansion reactions
has been explored. This has enabled the generation of a range of noustrhbered mediunsized

rings containing peptoitike groups, thus expanding the furanality that has been represented to

date in SURE methodology.

2.2 Synthesis di-alkylatedamino acidsfor use irring expansiorreactions

Before starting the discussion on the new SURE methodology, a brief background on the importance
of N-alkylation in peptides is provided beloReptide therapeuticsuch as insulihave been in clina

usefor overa century®® Advances in medical research have taken us from the extractipemifde
hormones from animals in the early ®@entury to the current day where over 60 peptide drugs are
approved for clinical use in the US, Europe and Japafore recently, interest has tmed to
modifying peptides to enhance properties suchthsir biological haHife or specificity towards a
target. Demand in this field has driven researchtoipeptidomimetics which aim to retain core

pharmacological properties of bioactive peptidesillimprovingthe bioavailability and selectivityf

drug candidates. Covalent modification of bioactive peptidedzOK I & (G KS W&{ahdld Ay 3Q 2

incorporation of unnaturhamino acids are two such approaci®s.
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o
o
) OHO ~ o
HO OxNH HN H
; NHz  HyN H N H)H s~ NH,
[ NHZH HN" 0 o) o) HN._O \n
s s |

N -0

/]/N\//( NH, o)
o Ly L
(0] OH

Oxytocin Y Lanreotide

Figure2.2: Bioactive cyclipeptides. Oxytocin (left) and Lanreotide (right). The latter featurasdo acid residues as well
as an unnatural amino acid, highlighted in red.

Peptoids are peptide mimetics which consist alkylated glycine residues linked together.
Substituents ornthe amide nitrogen can simulate the functionality that is ordinarily present ortthe
carbonof proteinogenic amino acids. Hence, peptoids allow for a greater chemical diversity while
exhibiting greater resistance to proteolytic degradation when comp&ogaeptides. The synthesis of
peptoids can rapidly be carried out on resin (as shown in Scheme 2.2) using sequential bromoacetic

acid @.10) coupling reactions followed by&reactions with a primary amirfé.

') 0] R
Br NH
NH )K/Br — N — N
Q- 1o Q- Q-
Resin 2.10
R—NH,

O R ) O R
Repeat l\ll Cleave from resin l\ll

—_— N H > HO H

H

Peptoid

Scheme.2: Solid Phase synthesis of peptides. Scheme adapted from litefature.

Using this solid phase synthesis strategy, Yokgkwon and cavorkers were able to generate
libraries of linear and cyclic peptoiéfSOne of these cyclic peptoids,t h  !¢21#(2.11), has shown
LINEYAAS Fta Fy 11T KSKFgBeNeR®E RA&SHFAS GKSNI LISdzi A O
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In the Unsworth Group, work has already been completed demonstratind\Hadkylated amino acids
are compatible with SURE reactions, with sarcosinb) (@andN-benzyl glycine4.6) already having
been incorporated into ring expanded products, including sequential examples, to form cyclic peptoid

like macrocycles (Scheme 2.3).

o O 4
N. N
HOJ\/ Bn HOJ\/ ~
2.6 25
o 5 O
n
N
NBn
16 HN 15
2.12, 89% 2.13, 85%

Scheme.3: Macrocycles synthesized using sarcosine abdrityl glycine.

The intention of this study was to createovel ring expanded products usingnderexploredN-
alkylated amino acidg.é. beyond2.5 and 2.6). Using a diverse range of primary amines, nd\el
alkylated amino acids were first synthesized with functionality mimicking proteinogenic amino acids
(e.g isoleucine,lysine, and tryptophar), as well as other functionality including thiophene and
adamanane moieties. Using this flexible and modular approach, a seribsatiylated amino acids

with a variety of substituents were successfully synthesized as part of this project. Using an adapted
literature procedure?® a 3step synthesis of-alkylated amino acids was trialled usiogmmercially
availableisobutyl amine (2.14) and ethylbromoacetate(2.15 to generatean N-isobutyl N-Fmoc

amino acid(2.18) (Scheme 2.4Bromide2.15first undergoes ans2 with an excess of amiriz214.
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Chapter 2: Expanding the scope of amino acids and lactams used in SURE

Then, after saponification to giv2 17, the secondary amine is protected with a carbamate Fmoc

group, afording2.18in 58% vyield over 2 steps.

2.14
j\/ THF, oy NaOH 4N Na®
PN Br N\)\ \)\
o 0°C - RT, 3 h /\O)K/ dioxane, MeOH,  © )K/N

2.15 2.16, (95%) RT, 25 h

0] H Fmoc-ClI (in dioxane) O Fmoc

> |
N\)\ N\)\
HO)K/ H,0, dioxane, Na,CO3 (aq, 10%) HO)K/
217 0°C —>RT, 20h

2.18, (58% over 2 steps)

Scheme.4. N-alkylatedamino acid synthesis

EightN-alkylatedN-Fmoc amino acids were synthesized succesaislhg this procedurewyith yields
ranging from 1Q75% as outlined iRigure2.4. A range of functionality is represented in this collection
of amino acidlerivatives such as heteroaromaticgroup @.24) aprimary amide 2.22) and anindole
moiety 2.19), the latter two examples serve as mimics of asparaginetamqophanrespectively. A
few of the examples needed an additional synthetic step, such as the conversion of an HCI salt to the
freebase Rimantadine (41-adamantyl)ethanamine hydrochloride) is antiviral compound and an
NMDA antagonist which features a spherical and bulky adamantane m@iié¢y.converting to the
freebase, his amine was used to synthesR2.21(Fgure2.4).The synthesis of thi-alkylated variant
of asparagin@.22required aslightly adapted protocd® which used EtOH and#&kto solubilize and
deprotonate theglycinamide HCI salt in the first step of the reactién.additional synthetic step was
required in the route t@®.25 putrescine was protected with a single Cbz group to gendratezryIN-

(4-aminobutyl)carbamatgthe precursor amine required to synthes.25.

moc Fmoc Fmoc O> o) I|=moc

2.18, (58%) 2.19, (36%) 2.20, (75%) 2.2,
(36%)
O Fmoc O (0] Fmoc Fmoc Fmoc
| |
N .Cb
)J\/N\)J\ )J\/N\/\ \/C—> HO)J\/ \/\/\N 4
HO NH, HO o~
2.22, (20%) 2.23, (68%) 2.24, (71%) 2.25, (10%)

Figure2.4: Successful examplegN-alkylatedN-Fmoc amineacid synthesis.
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In addition, fourN-alkylatedN-Fmocamino acids were not able to be synthesi using the standard
method. For example, theynthesis of a morpholine derived example was unsuccessé)(in this
case, tiis suspected that the basic nitrogen in the morpholine derived aminc2a2&ivasprotonated
upon acid workup anevaslost to the aqueous phas®&asifying the mixture may have resolved this
problem, although due to the risk of promoting unwanted Fmoc cleavage this was not attengted.
alkylated amino acids derived frorradninomethylpheml (2.27) and 2(methylthio)ethylamine Z.28)

were alsonot isolated successfullfFigure 2.5)

O Fmoc o] fii@/OH O Fmoc
HO)J\/N\/\@ Ho N HOJ\/N\/\S/
0

2.26, (0%) 2.27, (0%) 2.28, (0%)
Figure2.5: Unsiccessfuexamples of Mlkylated NFmoc amineacid synthesis.

An attempt wasalso made to synthesize a Ciprotected N-alkylated variant of the amino acid
arginine however, thesynthesis of the appropriate amine precursor for this reaction was unsuccessful
(Scheme2.5, 2.29), as the guanidine group underwent double addition to form a cyclic side product

(2.30). There is precedent for this reaction in the literatub®x, Scheme2.5) 54

LN\

N
Cbz\N/)\N,Cbz AN H H NH
H 2NN N bz e b
HaN -~ NH, . N NTN z
THF, RT, 22h 2.29 (0%) cbz 2.30

observed
q H
HoN _~_N

N NH
\4 Cbz )\\ _Cbz
H N

(I
N\
Cbz
s~ HoN o~ NH:
Cbz. A _Cbz NH
W o L o
MeCN, RT N N

Scheme.5: Attempt to synthesize {drginine amine precursor argideproduct reported in the literatw (shown in boxd*
The successful 3 step route used to synthegi28¢ 2.25(described in Scheme 2.4) was taken on by
other Unsworth group members Dr Mahendar Lodi and DweKlhambto prepare aditional N-
alkylatedN-Fmoc amino acids. Thepeoductsare shown in Figure 2.6, and bring the total number of

N-alkylated amino acids to be tested in SURE to twamtg. Some noteworthy examples include
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Chapter 2: Expanding the scope of amino acids and lactams used in SURE

proline analogues with rings 4r 6membered in size2(35and2.36) and unsaturated examplés41
and 2.42that can serve as handles for further functionalizatierg(for alkene metathesis or azide

alkyne click chemistry).

0 I|=moc 0 Il-'moc O  Fmoc o) Ilzmoc

HO)K/NW HOJ\/N\Q HOJ\/N\O HO)K/NT/\

2.31 2.32 2.33 2.34

O Fmoc
Fmoc @] Fmoc
I

(0] | 0
Fmoc
/ N | (e} Fmoc
N HO M N__cF J N |
HO ~N 3 N\
)KD )KL) HO HO W/ Ho)K/ PMB
2.35 36

2, 2.37 2.38 2.39

(@] Fmoc 0 II:mOC O Il:moc/ O Fmoc
|
N NS G

2.40 2.41 242 2.43

Figure2.6: Library of Nalkylated NFmoc amino acids synthesized by Dr M.L. and Dr K.L. PMB is an abbreviation-for para
methoxy benzyl.

2.3 RingExpansions

Once the synthesis of thi-alkylatedN-Fmoc amino acide/as complete, attentiorwasturned to
using these substrates in SURE reactitingienerate ring expanded macrocycles, as illustrated in
Scheme2.6. 13-Memberedlaurolactam {.210 was the first substrate used in order to test the newly
synthesizegrotected amino aci®.18using thed N2 d=tablidhed protocot® Successful conversion
into the 16membered2.45was achievedn 81% yield over 2 steps which validated this new amino
acid methodology as being compatible with SURE. Loakirgd it was decided that all the available
N-alkylatedN-Fmoc anmo acids would be tested usinlge samelactam. In the past, 2&hvembered
laurolactam has been used to test new SURE reactions (as in Sét&méove, but in this work 8
membered lactaml.218was used as standard. A trial SURE reaction uskitBand 2.23 was also
successful, generating ¥hembered2.47in 70% yield over 2 steps (Scheme 2.6, bel8wembered
lactams are the smallest that consistently ring expand using the established procedure. Previous work
in the group has demonstrated th8tatom ringexpansion from an-8nembered to an 1iAnembered
ring is viable usiny-k £ | @ f-amin& d&Rids"
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HO Cl

cat. DMF, 1 h, RT

218
o} )Oj\/lfmoc O O Fmoc 0 H\
A e
Cl N
NH N N)K/ HN)K/N ©
Pyridine (6 eq.), DCM (0.1 MZ, DBU, DCM, 16
13 DMAP (10 mol %),18 h, 50 °C 13
’ ’ RT, 18 h
1.210 2.44 2.45, (81%)
9 Fmoc (COCl),, DCM (0.1 M), O Fmoc
N - N -
HO ~"0 cat. DMF, 1 h, RT Cl ~"o
2.23
o~
(0] Fmoc
4 o
0 a7 g Fmee A n o
- N ~

NH Pyridine (6 eq.), DCM (0.1 M), N \/\O DBU, DCM,

8 o . 8 E— 11
DMAP (10 mol %),18 h, 50 °C RT 18 h
1.218 2.46 2.47, (70%)

Scheme.6: Initial trial ring expansion using laurolactam ane=lkhocN-isobutyl glycin€.18(above) Trial8-membered 1
aza2-cyclooctanoneing expansion using-blkylated amino aci@.23(below).

The same acylation/deprotection protocol described in Scheme 2.6 was used to é«pasmdbered
l-aza2-cyclooctanone(1.218 into a series of 1Xmembered rings2.50. The results ofthe 14

attemptedy Toum  YSYOSNBR Ot A2y FYyR NAy3a SELIyarzy I
OverallMu 2F (GKS yMmvum YSYOSNBR NAy3a SELIyarzya o6SNB
(259t098% 25506 YR | RRAGAZ2Y I wmo MR45waslalgoBucesstullinBzon) 2y i 2
There doesiot seem to be an overarching trend relatitige reactionyield to structure except for the

observation that some of the bulkier substituent®.2) ard the substratescontaining reactive
functionalities .53, 2.58 2.61) generally give lower yielder failed in the case &.62) (Scheme 2).

For examplethe thiophene containingroduct2.59was isolated in 70% yield whereas the analogous

furan contaning product 2.53was only obtained in a 50% yield. Tisidikelybe due to the greater

reactivity of the furan ringgompared withthiopheng hence leading to the furan system having a

greater proclivity to undergo unwanted side reactioR®r example, e former may decompose or

participate in side reactions during the acidic acylation or ring expansion, whereas the latter displays
greater aromatic characteand hence is usually more stabl€he nucleophilic andelatively acid

sensitive indole moiety iB.61may be participating in side reactions lowering the yig&lge formation

of 2.58demonstrates the incorporation of aN-protected variant of the amino acid lysine. The low
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Chapter 2: Expanding the scope of amino acids and lactams used in SURE

yield (29%) may be due to side reactions involving the terminal Cbz protected nitrogen. This particular
reaction produced moreside products than usualbased on TL@nalysisof the crude reaction)

suggesting that Cbz may not be the best choice of pratgajroup for thisN-alkylated amino acid.

0o Ifmoc (COCIl),, DCM (0.1 M), o) Ifmoc
N. - N.
HO R cat. DMF,1 h, RT Cl R
2.48 12 successful
O Ilzmoc examples 28-98%
0 cl N\R 0 j\/Fmoc |IQ
N
NH " pyridine (6 eq.), DCM (0.1 M), N R DBU (10 eq.) HNJJVN

8 8

DMAP (10 mol %),18 h, 50 °C DCM (0.1 M), 18 h, RT M

1.218 2.49

@]
Z
]

Q (R)
HNJ\/ ° HNJ\/ ° HNJ\/N HN\)EN/\/r HN)J\/
11

2.47, (70%) 2.51, (89%) 2.52, (66%) 2.53, (48%) 2.54, (87%)
_Cbz

— N \
e S I i p

N N__O N__O o HN)J\/
\f S

2.55, (98%) 2.56, (55%) 2.57, (82%) 2.59, (70%)

2.58, (29%)
(0]
p :
0 NH2 N__O
HNJ\/

0
HNJ\/N S N\JEN; J_N_o .

2.60, (71%) 2.61, (40%) 2.62, (0%) 2.63, (0%) 2.45, (81%)

O

H

z

I

Scheme.7: Products of ring expansion reactions usingliylated amino acids.



Compound.63represents aN-alkylated asparagine mimetikt.was suspected that this reaction was
unsuccessful in part due to the incompatibility of the acylation conditions with the primary amide

motif. In order to test the viability of this substrate (considering the presence of a primary amide) the
corresponding acid chloride was prepared and subsequently stirred in methanol. Thef #ns
experiment wago test the stability of the acid chlorid2.64, and in doing sohie reactionappeared

to proceed as planned, and did not sufferwanted dimerization, cyclization or oligomer formation
(Scheme B)./ KIF NI OGSNAT FGA2y F2tf26Ay3 GKAEA PBSsOKEy2f
the predominan product. This confirms that acid chlorid264 can be prepared, but despite this, the

reaction to attempt to form2.63 was unsuccessful. It is possible that acid chlo8idil is unstable

under the elevated temperature required for acylation (50 °C).

O Fmoc O O Fmoc O
O Fmoc O (cOCl), DCM (0.1M) . MeOH |
N gl N NH, -~ 0 N NH
HO NH2  cat DMFA h, RT 2 5min, RT 2
2.22 2.64 2.65, observed

(0] leoc (@] (0] Fn?oc (@]

Cl)j\/N\)J\H)J\/N\)J\NHz (0] H 0]
Fmoc< j/ \E _Fmoc

2.66, Not formed N N

(0] Fn}oc (0] (0] Frr?oc (0]

HOJ\/N\)J\N)J\/N\)J\NHQ

N 2.68, Not formed

2.67, Not formed

Scheme.8: Acylation test for Milkylasparagineanalogue Methanol was used to successfully obtain the methyl ester.

2.3.1 Successivengexpansiorattempts

Another Unsworth group membeDr Laweyattemptedto performsuccessive ring expansioasing
lactams2.47and?2.51, two of the 11-membered lactams presented in Scheme Bi@wever, acylation
using benzyl protectedi -hydroxy acidchloride 2.69 did not praceed to completion.even after
repeated additios of additional acid chloride over 3 dagScheme 2). PoorN-acylationhas been a
persistentproblemfor somelarger ringsn SURE reactionSow or incompleteN-acylation reactios
during the first step bthe SuRE protocas a significant problem in these casdsspite multiple
equivalents of acid chloride being added over the course of 72 hours or |6hg@ee. difficulty in

forming the required imide for several rings could be down to factors such as the conformation
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Chapter 2: Expanding the scope of amino acids and lactams used in SURE

adopted by the lactam, which may or may not be easily accessible during the acylation. Transannular
interactions couldead the ring to adopt a conformation where the secondary amideads easily
accessegfor example, dransamide may be a lesgericallyaccessible nucleophile thancssamide.
Aroughtrend has been that substrates that have already been expanded onogsaedlyslower to

acylatein subsequent iterationsAn ongoing aim of a current PhD candidate (Zhongzhen Yang) in the
Unsworth group has been to optimize alternative acylation conditions for some of these challenging
substrates that have already undergohei f St aid 2y S {dzw9 NBI OGA2y d ¢ K

when the standard acylation conditions prove ineffectiVhis work is ongoing in the Unsworth group.

0
0 IIQ (multiple additions) Il? O 0]
HNJ\/N O Ppyridine (6 eq.), DCM (0.1 M), © N%vaosn
1 1
DMAP (10 mol %), 72 h, 50 °C
R = CH,CH,OMe, CH,CF4 2.70
2.47 2.51

Scheme.9: Attempted successive ring expansions.

2.4 Benzannulatethctamstarting materials

Expanding the scope of SURE can be achieved in multiple ways. Two of the simplest approaches are to
alter the functionality of the amino acids incorporated in the ringangion reactions (as described in

the Sections2.2 and 2.3above) and to alter the structure of the lactam. This subsection investigates
efforts towards the latter; as part of a larger study investigating the functionality tolerated in the

lactamstructures used in SURE.

This study focused oning expansion reactions using twabmmercial benzannulated lactams
containing an aromatic ring in theackbone 2.71and2.72in Table 21). Using starting materials that
feature motifs to restrict the confenation of the ring expanded products may be favourable in
comparison to long alkyl chains favoured by the Unsworth group to,daféch generallyhave
relatively poorly definedconformations From a medicinal chemistry perspective, benzannulated
macrocycle may offer greater specificity agaitsologicaltargets due to restriction ahe number of

conformations available.

LA 4LoA x

LaAyYy3d (62 -dandk d&iGiivBsRand followinthe standard SuREacylation protocal

successful acylation of each lactam washieved. However, the key ring expansion step only
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proceededsuccessfully whemsing a combination of the-mhembered lactam2.72 and Fmoeé -

alanineacid chloride2.73(Table2.1, entry3, 58%.

(0]
PG
oHvﬁ
Q _ O O O
2.73, PG = Fmoc
NH 2.74,PG=Cbz N)K/\N’PG Deprotect N
H - H
. o a
N Acylation conditions - Ring expandbvc - H o
275, n=1, PG =Fmoc
2.71 = 1 ) )
272 =2 2.76,n =2, PG =Fmoc ]
' 2.77,n=1, PG = Cbz 2.79,n = 1
278, n=2, PG =Cbz 280, n=2

Table2.1: Ring expansion of benzannulated lactams using Sa)REandard pyridindMAP acylation conditionb)
Conditions foFmoc protected imide®©BU, DCIRT, 18 hc) Conditions folCbz protected imide®d/C, g EtOAc, 22 h
Acylation successful for all substrates.

Protectin Result ofrin
Entry Lactam g Acylatedproduct . g
group expansion
@] O
)K/\ _Fmoc
1 (I:D\IH Fmoc H@
2.71 2.75 (carried forward 2.79, (0%) H ©
W|thout isolation)
i Jw i
N @]
2.71 2.77, (71%) 2.79, (0%) H
(0]

(0] o ;
(@) N N
NH H 11
3 7 Fmoc N>\\/\ H/l
HN™ ~O
7 2.76, (35%)

2.80, (58%)

0]
0] o Cbz
(o] N
NH >\/\H H 11
4 7 Cbz N
HN 0]
7 2.78, (44%)
2,72
2.80, (0%)

It is worth mentioning that theurificationof compounds containing two secondary ami@2s9and
2.80) isusuallydifficult, due to the high polarity of both these compounds and the DBU reagent used
in the second step of the synthesis. In regaadentry 1 (Table 2)1the reaction was carried through

without isolating2.75 (only performing an acid workup to remove pyridinedadMAP), leading to a
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mixture of compounds by TLC after treating with DBU. rifige expanded produc.79could not be
isolaed using column chromatography and the mass peak was not detected by mass spectrometry in

the crude mixture

When working with smiaand highly polar compounds such as these products, changing the amino
acid protectinggroup to Cbz has previoudlgen demonstrated to aid purification as a simple filtration

is generally all that is required following hydrogenolySteerefore,Cbz -alanineacid chloridg2.74)

was used instead of Fméealanine acid chloride2(73) for some experimentsyhich avoidghe need

to use DBU in the synthesisnd hence means chromatography can be avoided (alswies 2 and 4,
Table 2.1). In the latter approach, the protecting group could be removed ustiagdard
hydrogenation condition§Pd/C and ki), as previously demonstrated by similar experiments carried
out in theUnsworthgroup#8 Unfortunately, in this casghe'H NMR spectra following hydrogenolysis

suggestd the formation of a complex mixture.

2.4.1 Further studies ofunctionalized lactams in the Unsworth group

Further studies on functionalized lactams in SURE were performed by Dr Tom Stephens and Dr Aggie
Lawer. For the benzannulated examples, it was discoveredNifn beta alanine helps to improve
the SURE sequea¢Scheme 200).

0]

CI)kAN,Fmoc
O Bn O ?n
NH  Pyridine (6 eq.), DCM (0.1 M), N/l
. DMAP (10 mol %), 18 h, 50 °C n H o
271, n=1 Then, DBU, DCM, RT, 18 h 2.81,40%, n=1
272.n=2 2.82, 77%,n=2

Scheme.10: Successful SURE usthgland2.72performed using NBn beta alanine performed by Dr Tom Stephens

Looking beyond benzannulated examplesa6d 7membered lactams featuringeteroatomsand
branched functionality were synthesized by Dr Aggie Lawer for use in SURE reactions. The lactams in
Figure 2.7 feature in a recent publication exploring the scop&SwRE and the complimentary

computational tools used in predicting the viability of these transformatfns.

£ 0 o o) o) Q Q
F NH NH | HJ\NH HJ\NH NH A)LNH

Figure2.7: Diverse lactams have successfully been ring expanded using SuRE.
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2.5 Chapter Summary

In summary, the established SURE methodology was expanded in two ways; by exploring the viability
of two benzannulated lactams for use in ring expansion, and usiallxylatedN-Fmoc amino acids
with a variety of functionalities to form peptoilike largerings. Each amino acid was synthesized over
3 steps beginning from eommerciallyavailable amine and ethyl bromoacetat 15) to form eight
N-alkylatedN-Fmoc amino acids to be added to the group library of 21 syntiettkylatedN-Fmoc
h-amino acidsgynthesized as part of a collaborative effort betwdénsworth group members Kleo
Palate, Dr Mahendar Lodi, and Dr Katie Laritbjotal, 15 ring expansion reactions were trialled as
part of this doctoral work, with 13 ring expanded products isolated. Hfiswed access to
functionalizedmacrocycles and medium sized rings with unique structures, complementing previous
work installingN-alkyl derivatives of proteinogenit-amino acids, andl-amino acids. The study of
benzannulated lactams presented in thi®rk was brief, but formed part of a larger collaborative

study in the Unsworth group led by Dr Aggie Lawer exploring functionalized lactams in SURE.

The work described in this Chapter is the subject of one publicéfion.
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3 Successive Ring ExpansionLaictams to form Thiolactones

3.1 Extending SuRE to thiol derivatives

In this chapter the synthesis of mediusized ring and macrocyclic thiolactones using SURE
methodology is described. The progression of this research will be shown from initiaigéroaficept
studies, through the evaluation of three different protectimgoup strategies, expansion of the
reaction scope (investigating various ring sizes, branched thioh ahébl-tethered carboxylic acid

examples), and finally looking at successive examples.

As has already been discussed in Chapter 1, various robubkbd®efor iterative ring expansion of
lactams using amin@nd hydroxyacid derivatives have been developed by the Unsworth greup (
3.2and3.4in Schemes.1la and B. However, one question that had not been explored until the work
described in this dpter was the question of whether SURE methodology could be applied te thiol

tethered carboxylic acid derivatives, to form thiolactone containing macrocyglés(Scheme 1c).

H
o)
a) (0] Fmoc \ N
cl
NH N l DBU o
Fmoc™ Bn N 3.1 (10 eq.), 3 o)
13 H NH —» N
DCM HN
Pyridine, DMAP, RT, 18 h 16
DCM, 50 °C, 18 h

3.2
Lactams (established)

b) o

cl o 0 Pd/C, Hyg)
EtOAc
NH B0 3.3 N
8 8

then, TEA,
Pyridine, DMAP, CHeg| 16 h
DCM, 50 °C, 18 h ”

Lactones (establlshed)

0]
0
c) O )]\ R 0O O
2 R R
NH cl 3.5 SPG N)J\/\/\SPG cleave PG N HN)L/\/\S
g gé&dlgg °%M'1L\8Ph ring expansion . O
n'=1-8 3.6

Thiolactones - novel

Scheme3.1: SURE reactions using (a) nitrogen nucleophiles to form lattamd (b) oxygen nucleophdéo form lactones
have been establishéd A novel approach (c) to form thiolactones using sulfur nucleophiles will be explored in this chapter.
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3.1.1 Initial concept

Thioesters are an important functional group which feature in e8akhiosynthetic processes, such
as the native chemical ligation of proteiffkey biochemical functions such as fatty acid synthesis and
the Krebs Cycle utilize acetyl coenzyME8.7) which is a thioeste® Thioesters are also thought to
have played a role in the development of life on earth, asaiystand homocysteine are believed to
have been present in the primitive ocean and may haeen involved in early protpeptide forming
reactions €.g viaring opening o0f3.8).”° Thiolactones, the cyclic forms of thioesters, can also act as
pro-drugs, with the active form revealed vivofollowing hydrolysis3.10 and3.11).”%"* Ringopening

is often a key feature in applications of thiolactones in organic synthesis and polymer chéffistry.
In cases involving hydrolysis, the relataase of hydrolysis of thiolactones compared to lactones has

a significant bearing on these works.

NH,
o) OH o o ¢ ] Q
PN N Hm PP o NN HN
S/\/ O/ I\O/ I\O 2Ny, S
\f(\/ OH OH
o O R 3.8
0 OH o
3.7 HO\\P:O homocysteine
acetyl coenzyme A HO' thiolactone
Ph
= S 0 H o S
Z o HN N
~ o, o A AR LT
— z H o z H 6]
HO A “Ph “ph
3.9 3.10 o 3.1 3.12
thiolactomycicn CGPII Inhibitor ACE inhibitor Antiproliferative activity
antibiotic prodrug prodrug against cancer cell lines

Figure3.1: Thiesters with biochemical importance.

Despite the importance of thiolactones, thiol ring expansion had been avoided in the Unsworth

ANRP dzLIQEA LINB@A2dza 62N)] Ayid2 {dw9 dzLJ (2 (GKAa LRAYy(dac
earlier was a beligthat the side chain insertion of a thiol to ultimately form a thioester wdnddess
thermodynamically favourable than analogous reactiosgigamino/hydroxy acidso form lactams

and lactonesThe hypothesis beintpat the thioladone-forming reactions could be more challenging

to develop,based on chemical intuition and knowledge of the associated bond strengths. However,

the Unsworth Group recently established a DFT (Density Functional Theory) based reetiedp

predict whether or not new SuRE type reactions are thermodynamically viable before attempting

them in the lab. Therefore, before starting this study, it was decided to use this computational method
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Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones

to model thiotbased SURE reactions. A summatyhe DFT method is provided in the next sub

section, followed by a discussion of the new DFT results.

3.1.2 DFT calculations

¢KS !'yag2NIK DNRdzZIJWa 5C¢ YSUiK2R A& ol aSfRrey Y2F
isomeric forms that can be formedidng a ring expansion reaction, with the calculated energies used
to help predict the viability of new SURE variants. This approach has nhow been extendedltagkibl

ring expansions as well, as shown in Tableb&low. After deprotection, a ring opened thiol isomer
(RO,3.13) can rearrange into its ring closed (B4 form which can in turn rearrange into a ring
expanded (RB.15) product. These processes are thought to be reversible and under thermodynamic
control in most cases. If the relative Gibbs free energy of the RE isomer is lower than the other two
isomers (by more than 3 kcal miy) this is a good indicator that the ring expansion is
thermodynamically favourable and will usually work well. The caatpanal studies involved in this
work were mostly performed at theB3LYF5-31G* level of theory, with select examples also
completed usindg106-2X 6-31G*(and they were benchmarked against various other functionals). The
former B3LYR5-31G*method is sufitient for these relatively simple calculations, with a good record

of the theory matching the experimentally observed resfits.

DFT studies were conducted to model the RO, RC, and RE isomer&ybt aifig expansion where

the nucleophile (X) is varied (Tabld,3ows X4). The RE isomers were calculated to be lowest in
energy for X = O, NH, and NMe asantpd. However, for the analogous X = S example (row 4), the
RO isomer was calculated to have the lowest relative Gibbs free energy. Investigating other ring sizes
for this transformation, it was found that for smaller starting ring sizes (6 amembered, the
reaction is indeed likely to be unfavourable, with the RO isomer calculated to be lowest in energy.
However, with larger ring homologues (8 and 9 membered) the thermodynamic preference tips in the
other direction, with the RE having the lowest cédéted free energy, and therefore these ring
expansions should be viabland according to the DFT model, have a good chance of undergoing
successful ring expansion to form thiolactones (Table 3.1, entries 5 ambdeggfore, it was decided

to concentrate the subsequent synthetic efforts on larger, commercially availableargl 13

membered lactams.
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Ring-Opened Ring-Closed Ring-Expanded
3.13 3.14 3.15

Table3.1: DFT calculations predicting most energetically favourable ison#eaiom ring expansion reactions. Lowest
relative energy is shown in bold.

Entry RO ring size, n Ring expansion nGrel
Nucleophile, X RO (kcalmd) RC (kcalmd) RE (kcaiol?)
1 n=2, X =NH 7Mbll 0.0 12.1 ¢8.1
2 n =2, X -NMe 7Mbll 0.0 15.0 ¢5.6
3 n=2,X=0 7MbHll 0.0 9.1 ¢6.9
4 n=2,X=S 7MHll 0.0 17.1 3.8
5 n=4,X=S 9MpH13 0.0 17.5 ¢r.l
6 n=3,X=S 812 0.0 20.0 ¢l.8
7 n=1,X=S 610 0.0 154 7.5

Additional computational studies were performed to investigate whether-atd@n thiolactone
forming ring expansion would be viable. This is for the same transformation, but using a shorter linear

fragment.

In previous studies looking at lactam and lactdoemation, the shorteh -amino- and hydroxy acid

linear fragments were also investigated by DFT, and the general finding was they are less favourable
than their longer homologues. For example, whilstatdm ring expansion to form a lactone can be
performed on lactams as small asn@&mbered in size (to form a ifiembered ring), the
corresponding d&atom ring expansion requires lactams ofr@mbered or above (to form a 12
YSYOGSNBR NAy3a0d ¢KS 1Se& FAYRAYIA T NP VinglsikdS\@sh 2 dza

generally larger for these-&om ring expansion examples when compared-&tdm ring expansions.

A similar observation was found here; the DFT results ofato® expansion system to form
thiolactones suggested that ring expansion migbatfavourable for a 1-Bnembered thiol (RCB.16, n
= 7) to 16membered thiolactone (RB,18 n = 7) ring expansion, but not for thet8 11-membered
ring variant, as seen in Table 3.2. It was therefore decided to focus on the loribe acids

derivatives.
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Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones

o o s o Q
NJ\/SH HO /\Nf HN)K/S ©

Jn

n n
Ring-opened Ring-closed Ring expanded
3.16 3.17 3.18

Table3.2: DFT calculations predicting most energetically favourable is¢ibodat)in 3-atom sulfur ring expansion reactisn

n=  Ring expansion fu:t):/tti)gr?al RO(kcal moit) RC (kcal md)) RE (kcal maf)
7 1316 B3LYP-B81G* 0.0 11.6 ¢l2.7

1 81l B3LYP-B1G* 0.0 8.1 1.8

1 8MHll MO06-2X 631G* 0.0 2.0 1.0

3.2 SAcetate protecting group
3.2.1 Synthesis of-Bacetylthio)propanoic acid and acylation

In light of theDFT findings, studies began by investigating thaof ring expansion fromI§2,
startingwith 1.218to form 3.23 (Scheme 3.2)

o)
NH 3.19 NJK/\SPG

Pyr/DMAP
Acylation Conditions
1.218 3.20

LA T
HO
A, X

0
HNMS
Conditions @) 12
— 8 — 8 = o
3.23

3.21 3.22

Y

Scheme.2: General scheme for 4 atom ring expansio.@fl8to form thiolactone3.23 Three protecting groups were
tested.

An important decisionwas the choice of protecting group for the thiol. Three complementary
protecting groupstrategies were explored, the §irbased on @Acetate protectionTo begin with, the
required 3-(acetylthio)propanoic acid3.25) was made on a multigram scale. Then, the standard

pyridine/DMAP acylation reaction conditions were applied, using acid chldr&and lactaml.218
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producng imide3.27in 80% yield. An additional 4Bembered varianB8.28was also prepared in the

same way in a modest yield (Scheme 3.3).

0]

O KS)J\
Ho S~

oAl

r acetone, RT, 6 h

3.24 3.25,92%, 3.44 g
O O
0] O O O
cn)J\AS/[K PPN
NH 3.26 N S
Pyr/IDMAP
n acylation conditions n
1.218, n =1 3.27,n =1, 80%
1.210,n=6 3.28,n =6, 33%

Scheme3.3: Synthesis of-Bacetylthio)popanoic acid and acylation to form thioacetate imi@27and 3.28

3.2.2 Optimization of thioacetate cleavage and thiolactone formation.

With imides 3.27 and 3.28 successfully in hand, conditions to promote the selective thioacetate
deprotection and subsequent ring expansion were examined. To deprotect the thioacetate acyl group,
nucleophilic reagents such as sodium and lithium hydroxide as well as secondary eag@ets were
tested (Table8.3below).

It quickly became clear thaelectivenucleophilic attack of the thioacetate carbonyl was challenging.
Chemoselectivity was a significant problem; the difficulty lay in discriminating between the three
carbonyl grops ofimides 3.27 and 3.28 labelled Gl to G3 in Table3.3. For instance, the only
tractable compounds produced in the reaction of ag. NaOH in methanol were the linear pr8d@ts
and3.31formed by nucleophilic attack of methanol at the3€arbonyl éntry 1). Adjusting to milder
hydrolysis conditions using LIOH in THF also resulted3irattack (forming3.31), in addition to
undesired & attack 8.25and1.218 with only trace quantities of the desired ring expanded product
3.23formed (entry 2). Eidence for this new transformation was suggested by a new carbonyl peak
present in*C NMR (sesection 3.2.4). Repeating the reaction with LiOH in THF at a larger scale and a
shortened reaction time yielded the desired thiolacta®@3in 6% yield (entr). This structure was

later confirmed by ay crystallography (see sectior9B.

These results prompted a switch to secondary amine reagents, reasoning that a more hindered
nucleophilewould be more likely tselectively attack at the-C carbonyl. Someonditions trialled

resulted in no reaction, or poor conversi@g DIPA, diethylamine, entrieg4).
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Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones

DTT(dithiothreitol) was added in entry 6, as there was some uncertainty as to whether the3t2ibl
was oxidizing to form a disthle. Thigesultedin an improved 16% yield of the desir8®3 product,
with substantially increased thiBl21 recovery (43%)Hdowever, the addition dDTTmade purification

more challengingnd was not pursued further.

More positively, using piperidine in DCM resultedaimodest yield of the desired ring expanded
product 3.23(29%) as well as side products resulting fro/ @cleophilic attackl(218and 3.33),

thiol 3.21, and some unreacted starting matergal7(entry 8). A similar outcome was observed when
these condions were used to deprotect the Membered imide3.28 with 17membered
thiolactone 3.29isolated in 36% yield, but unproductive side product formation was also observed.
The incomplete cleavage of the acetyl group also remained a problem (entry %e Tosults
represented the first examples of SuBtfgle side chain insertion ring expansion reactions being used
to synthesize thiolactones. However, problems with competing side reactions and incomplete

reactions remained, so alternative protecting grastpategies were sought.
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thioacetate
hydrolysis
(see conditions column)

CSNM)K

RT

3.27,n=1
3.28,n=6

0

HNJ\/\S

Side products detetecedlisolated

ROJ\MA)KA J\A

3.30,R' =
3.31,R'=

oyt Spre

Me R%2=H
H, R?=Ac

Ac
3.33

0]
n
3.23,n=1
329 n=6
(0]
NH
n
1.218, n =1
1.210,n=6

Table3.3: Optimization experiments for the-&c deprotection/ring expansion conditions.

Entry Conditions Solvent Time / h Yield 0of3.23/ % Sideproductd
3.30(19%)and
1 4 M NaOkHhkg) MeOH 2 0
3.32(16%)
. 3.31,3.25(13%) 1.218and3.27
2 0.3M LiOHhg) THF 3 trace (21%)
1.218(10%)and
3 0.3M LiOHhkg) THF 0.33 6
3.27(20%)
4 DIPA THF 24 0 No reaction
5 DIPA DCM 24 0 No reaction
EbNH,
6 DCM 18 16 3.21(43%)
DTT
7 piperidine THF 24 0 No reaction
3.331.218 3.27(6%)and 3.21
8 piperidine DCM 22 29 3 8 (6%)an
(3%)
36 3.29 3.331.210
9 piperidine DCM 18
(from 3.28) and3.28(34%)

All reactions were performed at R¥lsolated following column chromatographyYield (in parentheses) is only

reported for side products when the product was isolated without impurities
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Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones

3.2.3 Optimizd conditions and verification of ring expansion

The optimized acetyl cleavage conditions producedriEinbered and 1#/membered thiolactones in
synthetically useful yields (29% and 36% respectively). However, side reactions could not be effectively
suppressed; for example, in ScheB®\g, the best conditims for converting3.27 into ring-expanded

product3.23are summaued, alongside the various side produetso formed.

e O
NJJ\/\SAC N (3 eq.) HNMS

8 12 o
DCM (0.1 M), Ar,
22 h,RT

3.27 3.23, 29%

Side products

o O O o O o
OMSAC CL)NJK/\SAC @MSH NH
8 8

3.33, trace

3.27, 6% 3.21, 3% Regenerated 1.218

Scheme.4: Optimized thioacetate deprotection/ring gansion conditions and side products isolated.

3.2.4 Summary of acetate protecting group

Acetate deprotection ofimides 3.27 and 3.28 using the DCM/piperidine conditions produced
synthetically useful amounts 8t23and 3.29for the first time. However, it was clear that there were
significant challenges with the acetate deprotection strategy that could not easily be resolved. The
formation of multiple side products due to lack of selectivity during nucleophilic attack catlde
suppressed. Additionally, large quantities of recovered starting mate3idlr @nd 3.28) suggested

that even with three equivalents of piperidine the reaction does not go to completion at RT. In order
to address these problems, as well as the loglds, an alternative thiol protecting group was sought

that would not require a nucleophilic base for its removal.

Although a selective synthesis proved challenging, characterizatior8.28 and 3.29 was
comparatively simplé*C NMR was especially usdfuthe characterization of novel thiolactones g

3.23) providing evidence of thiolactone formation. Examining the COS carbonyl signal of these
macrocycles showed a signalca 200 ppm in each cag200.5 ppm for3.23and 201.1 foi8.29). In
comparisa, the starting material imidedisplay a signal ata. 196 ppm(195.9 for3.27and 195.7 for

3.28), allowing discrimination of thioacetate and thiolactones. Alsoaycrystallography provided

conclusive evidence of the formation of macrocyclic prod@c28and 3.29.
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3.3 Strityl protecting group

The next thiol protecting group examined was triphenylmethyl. Taking inspiration from orthogonal
protecting group strategies used to protect ogisie during solid state peptide synthesis, the

triphenylmethyl (trityl) group emerged as a promising alternative thiol protecting group.

The trityl protecting group is acidbile and is typically removed using TFA in the presence of a
scavenger. The scavenger effectively serves to preveatidition of the trityl group B WI1j dzSy OKA y 3 Q

the triphenylmethyl carbocation to form triphenylmethane (Scheme 3.5).

3.34 o)
; Pho, Hfo)J\ca ; @Phph LN
~s7 Ph — SsJOTPh ——  ph 0
H Ph)@\Ph @OJ\CF3

Trityl-protected thiol

0 Pf/\H—S'(iP) Ph |
° )]\ )@\ s )<Ph %i('Pr)se) j\

0" "CFs PR Ph Trityl carbocation H  Ph O CF;
scavenger 3.35

Schemes.5: Trityl deprotection mechanism

3.3.1 Early studies dhe trityl protecting groupising 8membered imide 3.38

An initial acylation of @nembered lactam using standard conditions and acid chi@idéfurnished

the desired imide8.38in excellent yield (92%, Scher8.§.

0 j<hPh (COCI), (1.5 eq.) 0 )P<hph
Ho)vs Ph DCM (0.1 M), Cl)vs Ph
3.36 cat. DMF, 1 h, RT 3.37

0

Q Cl)J\/\STrt o O Phph
NH > NJK/\SXPh
8 Pyr (6 eq.), DMAP (10 mol %) 8
DCM (0.05 M), 50 °C, Ar, 18 h 3.38,92%

1.218

Scheme3.6: Acylation of 8nembered lactam using a trityl protected thiethered carboxylic acid.
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Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones

When attention turned to the deprotection/ring expansion reaction using TFA and a silane scavenger,
it was observed that mostly thi@.21was isolated, with small amounts of the desired ring expanded
product also observed. In addition to thissn@&mbered lactaml.218and a disulfide sid@roduct

(3.39 were also formed (Schenge?7).

o o
O O Ph 1) TFA (5eq.or 1 M) k/\
Ph . N SH
DCM (0.2 M), 40 min, Ar, RT
8 2) PrsSiH (1.1 eq.) DCM, Ar, 15 min.
s Then Et;N (10 eq.), CHCl5 (0.1 M), 42 h 3.21, 47%
o 0
0
Ph HN)K/\S
P N

H” >Ph 8 H\m/(&o 8
3.35, 60% 3.39, 3%

1.218, 4% 3.23, 3%
Schemes.7: Trityl deprotection of 8nembered imide generating the unprotected thi®1).

Based on the similarity between the DFT calculated energies of is@r&tand3.23(see Table 3.1),
the ring expansion 08.21into 3.23was expected to be marginal in terms of whether it would be

thermodynamically feasible or not.

When thiol 8.21) was reacted under basic conditions with TEA and DTT in chloroform, some of the
desired ring expansion produ¢8.23 was obsered, but thiol 8.21) also remained in large part
unreackd following this reactionwith 25% recovered (SchemeB). DTTwas added in this example

to reduce any unwanted disulfide that might form during the reaction, and recovered in both linear

and cyclidorm. A disuiide of thiol3.21 and DTT was also observed by MS.

o)
O O
J\A TEA (2 eq.), DTT (2 eq.) J\A
CL) SH NMSH HN S
8 12

CHCI; (0.05 M), Ar, 46 h

@)
3.21, 25% 3.23, 22%
O O OH
OH
.S
SH + | +
S 8 OH
OH HO
recovered DTT, up to 45% Up to 55% 3.40, Detected by MS

Schemes.8: 8membered thiol3.21) partially undergoing ring expansion when subjected to TEA{Cilization
conditions.
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In light of the result abovej.€. with ring expansion of thid.21 slow and incomplete under basic
conditions), it was decided to focus optimization efforts ormi@mbered laurolactam instead. To
confirm the efficiency of thed MM T Y SY 06 SNBR N g4 wa Brobled/iasgrigsSof ( KA 2 f

experiments.

Scheme 3.9 below demonstrates that conversion of tBidlL to 3.29is near quantitative in 10 eq. of
DBU in DCM after 17 hours. Hence this combination of ring size and defiwateonditions was used

for further optimization going forward.

0] 0]
0] 0]
M~ HNMS
o 17
13 DCM (0.05 M), 17 h
3.41
3.29, 95%

Scheme3.9: Near quantitativeconversion of thiaB.41to thiolactone3.29underbasic conditions.

3.3.2 Optimizaion of STrityl deprotection/ring expansion

Exploratoy studies focused on the I8embered to 17/membered ring expansion. Firs8-
(tritylthio)propionic acidvas converted to the acid chloride37, and this was used to acylate lactam

1.210using the standard pyridine / DMAP conditions to form inBdé2 (Scheme 3.10, 78%).

j\/\ (COCI), (1.5 eq.) )Ov
HO STt Toluene or DCM (0.1 M), Cl STrt
3.36 cat. DMF, 3.37
1-24 h, RT
i o) 0 0 Pho,
NH M N)vskph
ol STrt
13 Pyr (6 eq.), DMAP (10 mol %), 13
DCM (0.05 M), 50 °C, Ar, 18 h
3.42, 78%
1.210

Scheme.10: Acylation ofLl3-membered lactam using a trityl protected thtethered @rboxylic acid

The experiments aiming to optimize the trityl deprotection/ring expansion are detailed in Table 3.4

below.
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Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones

i JOJ\/\ i /\)?\ I I
i) Trt cleavage (see below)
N STrt ii) DBU (10 equiv) S NH Z7NT 70 N
DCM, RT, 18 h
13

> 17 13 13

3.42 3.29 3.43 1.210

Table3.4: Optimization experiments for the-¥$rt srategy

Scale/mmol . Scavenger Yield .
Entry of 3.42 Acid reagent 3.29% Side products
TFA i-PrSiH o o
1a 1.9 (8 equiv.) (1.4 equiv.) 12 3.41(48%)3.43(7%)
TFA i-PrSiH o
2 1.9 (13 equiv.) (1.2 equiv.) 56 1.210(4%),3.4F
3 0.20 AcOH I-PESIH 0 No reaction
(1.2 equiv.)
4 0.20 HCH I-PrSiH 0 No reaction
(1.2 equiv.)
TFEA i-PrSiH o o
5 0.32 (1.1 equiv.) (1.2 equiv.) trace 1.210(3%),3.42(80%)
TFA EtSiH o o
6 0.55 (13 equiv.) (1.3 equiv.) 36 1.210(4%),3.43(7%)
TEA i-PrSiH o o
7 0.21 (13 equiv.) (1.2 equiv.) 44 1.210(24%),3.43(25%)
TFEA i-PrSiH o o
8 0.55 (13 equiv.) (1.2 equiv.) 51 1.210(27%),3.43(12%)

Pd/C, H, EtOAc,

° 037 Then CHEY TEA
Unless stated, the following protocol was used for Steqthie stated acid was added ®.42in DCM at RT and
stirred for 3 min, before adding the scavenger reagent and stirring at RT for a further 308t&p.ii not performed
bYields refer to material isolated cleanly following column chromatogragg3observed by TLC but not isolated.
d4 Min 1,4dioxanec at 0°C.

N/A 0% No reaction3.42recovered

To beginjmide 3.42was reactedvith an excess of TFA for 3 mins, follovsdhe addition of PrSiH

to trap the released trityl catior? It was hoped that revealing the thiol nucleophile in this way would
promote ring expansion spontaneously; however, ring expanded pr&i@étvas isolated in just2%

yield, withthiol 3.41the major product in this reactiotentry 1). In addition, a new side produst43

was isolated, which presumably formeth an acidmediated condensation of thid.41 onto the
internal imide carbony! group. In previous SURE studies, it was found that a switch to basic reaction
conditions can help promote the ring expansion step following protecting group cle&Veugrefore,

it was decideda investigatethe effect of removing the trityl group under acidic conditidoowed

by stirringthe reaction mixture overnightvith an excessf DBU in DCM at Rias investigatedentry

2). Pleasingly, this led to a muthproved yield of the desiredmg expanded producB.29 (56%),

along with minor side products. Attempts were made to further improve the yieRl28by varying

the silane scavenger, temperature and the acid reagents/equivalents, but none of these changes had
a positive impact on thesaction outcome (entries¢B). Qualitative evidence of trityl deprotection is

observed by the rapid intense color change (due to presence of conjugated trityl cation) as acid is
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added to a solution 03.42 In entries 3 and 4 this color change was not obseé, indicating that these
conditions did not result in complete deprotection. An attempt to suppress side produl
formation by reducing equivalents of TFA used resulted in low conversion (entry 5, 80% of starting
material recovered). Reducing tempgure to 0 °C also did not suppress43 formation. Some
evidence suggested that larger reaction scale would favour product formation. Comparing entries 7,
8 and 2, it would appear that the larger the scale of the reaction, the higher the yield of tlioéact
3.29. However,a direct comparison cannot be used as the temperature of the reactions differ. An
attempt to remove the a trityl protecting group using Pd/C hydrogenation conditions was unsuccessful

with only starting material recovere@ntry 9)

3.3.3 Mechanism of condensation side producé3formation.

Side producB.43 is believed to be formed by protonation of the cyclol intermediate formgd4)
following deprotection to reveal the thioB(41). A condensation reaction results in the formation of
3.43 under acidic conditions (Scheme 3.11). Compdaiddis unstable and decomposes in Ciagér

the course of a few hours at RT. The decomposition produ@gi8fwere not elucidated.

(0] O S/t\l\ (0] O
HO
e A A
17
13 _ 13 o

3.41 l H 3.44 3.29
®
H->"3N"0
N O N
'HZO _H+
13 " . 13 - . 13
3.45 3.46 3.43

Scheme.11: Mechanism 08.43 formation.

3.3.4 Attempts using smaller ring sizes

Smaller lactams were successfully acylated using this strategy, wathd6#membered ring imides
3.47 and 3.49 formed in near quantitative yields. Unfortunately, the deprotection/ring expansion

conditions did not result in any ring expanded product formation (Scheme 3.12). This was consistent
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Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones

with what had been predicted by DAE. thatc Tovn YR TTMbhum NRAYy 3 SELI yaaA 2,

arenot favourable, with the RO isometalculatedto have thelowest relative Gibbs free energy.
o j\ﬂ o o0 Ph_
Cl STrt N)J\/\SXP )K/\
> 6 i) Trt cleavage HN K)\/&
— X

NH
6

Pyr (6 eq.), DMAP (10 mol %), iiy DBU (10 e
DCM (0.05 M), 50 °C, Ar, 18 h 3.47,100% D)CM R(T 18qh) 3.48, 0%

0 )<Ph

NH MSTrt )v HNMS
7 i) Trt cleavage 1
%&» O
Pyr (6 eq.), DMAP (10 mol %),
. 3.49, 959 ii) DBU (10 eq.)

DCM (0.05 M), 50 °C, Ar, 18 h A DCM. RT. 181

3.50, 0%

Scheme.12: Acylation 6 and Zmembered lactams with attempted deprotection/ring expansi&#d.7and 3.49
contained trace impurities, main8(tritylthio)propionic acic.36, see experimental data chapter for details.

3.3.5 Consecutive reaction step approach

An attempt to form3.29 over 3 steps withtwo chromatographic purifications (the first following
acylation toform 3.42[step 1, Scheme 3.13] and the second following ring expansion [step 3, Scheme
3.13]) was successful resulting in a 34% yiel@f®and a 21% yield of recored laurolactaml1.210
(Scheme 3.13, trial #1). A procedural change for a second attempt involved shortened reaction time
for the acid chloride formation (15 min as opposed to the normal 60 min) and with 3 consecutive steps
performed with just one chromatagphic purification (following step 3, Scheme 3.13, trial #2) led to

an improved yield 08.29(47% over the 3 steps).

It has been postulated that decomposition of the acid labifegroup on theacyl chloride3.37 may
occurduring its synthesis during which HCl is generated. Therefore, this procedural change involving
ashorter durationfor the acid chloride formation (from 1 h to 15 mins), as well as leaving the flask on
high vacuum for a shortened 30 miand thisis believed to beneficial for the synthesis of the trityl
protected acid chlorid@.37.
o o) Pho, 0 0 sl Q
NH CI)J\/\S)<Ph S/\)J\NH Z N0 NH

1) acylation  3.37

13 > 17 13 13
2) trityl deprotection
3) ring expansion

1.210
Trial #1: 2 chromatographic purifications 3.29, (34%, 3 steps) 3.43, (observed) 1.210, (21%)

Trial #2: 1 chromatographic purification  3.29, (47%, 3 steps) 3.43, (9%) 1.210, (observed)

Scheme.13: 3 consecutive steps to 24b with one chromatographic purificafioal #2performed byDr Will Unsworth.

61



3.3.6 Summary of &ityl strategy

There were several advantages to the trityl protecting group strategy compared with Srst, the
use of an acid cleavable protecting group eliminates undesired nucleophilic attack of the imide
obsewved duringthioacetate deprotection. Secondly, trityl protected(@itylthio) propanoic acid
(3.36) is commercially available. Finally, the main-grgduct formed after deprotection is
triphenylmethane, a no#polar unreactive compound which is easily rerable using column

chromatography.

Some disadvantages must also be considered however. A key consideration is theackkation

step using Jtritylthio) propanoic acid3.36) is capricious and was sometimes unsuccessful. The trityl
protected acicchloride may not be completely stable in the acidic conditions required for its synthesis,
particularly on large scales, and this was a likely root cause of the inconsistent reaction outcomes. This
may be addressed in part by shortening reaction times usegenerate the acid chloride. But even

S0, repeating the acylation, deprotection/ring expansion sequence has often resulted in inconsistent
yields of the desired product. Finally, the elimination gideduct @.43 forms under the strongly

acidic condions required for deprotection, as well as significant amounts of the regenerated lactam,

which negatively impacted the reaction yields.

Overall, the trityl protecting group strategy provided an improvementeirms ofyields compared

with the original thoacetate group approach. This approach addressed a central issue with thioacetate
deprotection, namely that of unselective nucleophilic attack. Unfortunately, the trityl strategy also
introduced a new set of challenges. This led to the decision to explather base labile protecting

group, more similar to what had been implemented in SURE chemistry in the past.
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Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones

3.4 SkFluorenylmethyl protecting group

Both the Sacetate and Srityl protecting group strategies were utilized successfully in the synthesis
of thiolactone macrocycles. The acetate protecting group required a nucleophile and basic conditions
for deprotection, whereas the trityl strategy required acidic conditions to cleave the trityl group
followed by basic conditions to promote ring expansionoider to improve reaction yields a new
protecting group was sought that would require neithemcleophilic reagenfleading to unselective
attack as seefin the acetate strategy) nor acidic conditions (leadinthcondensation side product
formation of 3.43 as seern the trityl strategy). Neutral hydrogenation conditions had been used to
successfully in the past to deprotect benzyl protected alcohols. However, this approach was
discounted, as it was thought that deprotection to reveal a thiol patentially lead to poisoning of

the palladium catalyst required for hydrogenolysis.

3.4.1 Basecleavable protecting groups

Some of the most efficient ring expansions reported by the Unsworth Group utdize
fluorenylmethyloxycarbony(Fmoc) protected -alanine derivatives. These reactions operata a
two-step procedure, starting with an acylation reaction to form an imide (using the pyridine/DMAP
conditions described earlier), followed by a base induced deprotection and ring expansion by stirring
in DBU (10 eq.) over 18 h. The appeal of this approach is that anaceophilic base such as DBU is

all that is needed to induce protecting group cleavage and ring expansion. Yields for these reactions

are typically around 90% over two steps (Scheme 3.14).

o) o o o) o)
)v ~Fmoc k/\ .Fmoc HN)K/\N
Dl B N N DBU (10 eq.) Bn
1211 °" Bn g. _ .
13 Acylation 13 DCM (0.1 M), 18 h, RT
1.210 1.212 1.215

91% over 2 steps
Scheme3.14: Fmoc protected amino acids are used in efficient acylation and deprotection/ring expansion reactions of

lactams. Reaction performed by Dr Stephens.

The aim was tonvestigate whether the Fmoc protecting group strategy could be applied to-thiol
tethered carboxylic acids for use in ring expansion chemistry. In the field of peptide chemistry there
is precedent demonstrating that Fmoc protection of ejs¢ thiols is pssible, although it is quite

rare 8 Thiols protected using Fmoc are significantly more labile than Fmoc protected amines. Under
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weakly basic conditions, Fmgwotected thiols (SFmoe.g. 3.52) degrade easily, and often are
converted int®-fluorenylmethylprotected (Fm) thiols, with this group itself an alternative protecting

group for thiols 8.54) (Scheme 3.15}.

O
SH Fmoc-Cl,
/[ Et;N, DCM /[ Et3N DCM
BocHN CO,Me 98% BocHN CO,Me 92%

3.51
3.52, Fmoc protected thiol

NEt,

(] [
/[S ’Q e r‘_ 5 O .O

BocHN™ ~CO,Me O

Scheme3.15: Fmoc protected thiols are unstable to basic conditions and can be readily converted into Fm protected thiols.

3.54, Fm protected thiol

Fm protected thiols are more stable than their Fmoc analogues, but can still be deprotected by
treating with base, in muchht same way as Fmoc protected amines under broadly similar conditions,
for example, using piperidine or DBU at®Therefore, it was decided to synthesize b&Fmoc3-
thiopropionic acid §.56) and SFm3-thiopropionic acid 3.59) to test them in SURE reactions. Each

wassynthesized following literature conditions as sumreediin Schem&.1681:82

Fmoc-Cl 0 0
i S,
HO)VSH H,O, Dioxane, ~ HO s” o .

NaHCO5; (10%, aq.)

3.55 0°C >RT, 22h 3.56, 91% O

TsCI J\A O
Pyr CHCl, DMF, 'PrNEt, .
2h,0°C 16 h, RT O
3.57 3.59, 48%

3.58, 77%

Scheme3.16: Preparation of Fmoc and Fm protected theihered carboxylic acids.

The synthesis of bot&Fmoe3-thiopropionic acid §.56) and SFm:3-thiopropionic acid .59 were
successful. Unfortunatelyhe acylation reaction using.60to generate Fmoc protected.61 failed
usingthe standardN-acylation conditionsA clean compound could not be isolated after repeated

column chromatography. However, more positivelysing Fm protected3.62 the acylation was
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successful with the desirddhide 3.63) isolated in82%yield. Trace dbenzofulverene3.53) was also

isolated.

Pyr (6 eq.), DMAP (10 mol %)
DCM (0.05 M), 50 °C, Ar, 18 h

o CI
NH {SK/\SFmOC

1.210 3.61, Not isolated

0]
NN

) o 9
NH 3.62 O NMSFm
13 13 O D
Pyr (6 eq.), DMAP (10 mol %)
DCM (0.05 M), 50 °C, Ar, 18 h 3.53

1.210 3.63. 82% Trace isolated

Scheme3.17: Acylation using-moc and Fm protected thitdthered carboxylic acids.

Having established that the Fm protecting growgs viable for use with the standard acylation
conditions, attention turned to the deprotection/rmexpansion stefRleasingly, this step proceeded
asplanned, with the desired 17imembered macrocycle isolated in 54% yigdheme 3.18). This yield
was comparable to the highest isolated yields observed using the trityl protectedté¢timred
carboxylc acid strategy described earlier (56%8df9isolated using trityl strategyl.aurolactam was
also observed by TLC, suggesting thatithigle 3.63) might be unstable undebasicdeprotection
conditions.In general SURE reactionare performed without isolation of théntermediate imides

where possible.

O O

NJ\/\SFm
13 DCM, RT, 18 h

3.63 3.29, 54% (1 step) 1.210, observed

Scheme3.18: Deprotection/ring expansion of Fm protected imaJé3
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After some optimization, itvas decided to conduct the acylation and deprotection/ring expansion
steps of the reaction without intermediate purification of the imide by column chromatography. Using
this two-step procedure, the 1-embered macrocycle8(29) was isolated in 54% yietover 2 steps.

An additional symmetrical sulfide sigigoduct 3.65) was also observed and isolated in 30% vyield. A

plausible mechanism for its formation is proposed below in Scherdte

O O

i i )K/\
NH CI)J\/\SFm N SFm
3.62
13 g 13 DBU
Pyr, DMAP DCM
DCM, 50 °C, Ar, 18 h RT 18 h
3.63 '
1.210
O O 0 g) 0O O
N)v N)\%EH N" Xy “sH
base promoted H\
13 elimination 13
- 13 DBU
(E1cB)
3.64 3.41
3.41 | conjugate addition \
0 0
O O O O
ML~ N HNMS
N S N
17
13 13
3.65, 30%
3.29, 54%

over 2 steps, 1 column

Scheme.19: Highest yielding result of twstep acylation and deprotection/ring expansion usinggfotected
3-mercaptopropionic acidnd laurolactam. A mechanism for tfmation ofdisubstituted sidgproduct3.65is proposed.

3.4.2 Summay of Fm protecting group

The Fm protecting group strategy has several benefits. The deprotection and ring expansion
conditions are one and the same, whereas trityl protected thiols require two steps to be performed
(under acidic and basic conditions) irder to achieve deprotection and ring expansidhAcylation

using Fm protected thigiethered carboxylic acid was also more reliable in our hands when compared

with its trityl protected analogue.
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Some disadvantages must also be considered however. Atepsynthesis is required to generate
Fm protected thiokethered carboxylic acid, although this can be done without column
chromatography and the synthesis can be performed on a large dodderzofulverene 8.53) is
formed as a byproduct, which can make isolation of pure ring expanded products sudt2@sore
difficult. Furthermore, it is believed thas.53 may reversibly form a polymer with atmospheric
oxygen® For instance, it is observed in at least trace amounts in every fraction isolated following
column chromatography. Strong alkaliselutions are required to remove this otherwise insoluble

polymer from glassware after reactions.

The Fm protecting group strategy produced the highest yields of all the thiol protecting draipd,

with a yield of 54% obtained fahis two-step reacton to form ring expanded thiolacton&.29.
Comparing all three protecting group strategies, (acetate, trityl@fidorenylmethy), there are clear
advantages and disadvantages to eacknsand Srityl provided comparable yields of around 50%.
Both ofthese strategies also suffered from side product formation from unproductive path(843

and 3.65). As g-m provided the most consistent results (in comparison to the problems Mith
acylation using ®ityl propionic acid) and was similar to the Fmdcategy that was used very
successfully with amines, it was selected as the preferred protocol moving forward to the ring size

screen and substrate scoping phase of work.

3.5 Ring size screen

With the optimized procedure in hand, attention turned to applyifgs chemistry to a ring size
screen. Lactams from 130 6-membered in size were all subjected to the same acylation/ring
expansion protocol using 3 equivalentskoh potected 3.59. For the larger rings, the desired-1@
12-membered ring expanded prodts were isolatedsuccessfully, in ¥45% yield, (Schem&.20).
However, the two smallest ring systems,-thembered 8.50) and 18membered 8.48) were not

isolated under the same conditions.
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o PPN o o o
Cl SFm J\/\ J\/\
NH 3.59 @xj SFm DBU HN S
Py, DMAP, DCM, DCM, 18 h, RT

{
{

50 °C, 18 h n n
NS T .
o) 0 0 0 o 0
S
HNJ\/\S HNJ\/\S O\; / HNJ\L
S
17 16 HN 15 14
o)
3.29, 54%* 3.66, 37% 3.67, 31% 3.68, 22%
o)
O 0 o
HN
S HNJ\/\S HNJ\/\S HN)K/\S
13 12 o 11 o %
o) o)
3.69, 47% 3.23, 15% 3.50. 0% 3.48 0%

Scheme3.20: Ring size scope of sulfur ring expansion. Rings freto 12-menbered in size successfully produced. *For
the 13Y 17 membered ring expansion, 6 equivalents of acid chloride were added in total, in two portions of Zefguival

This demonstrates that 230 8-membered lactams can undergo aatbm ring expansion to form
novel thioester containing products, with yields ranging frong38% over the overall twstep
sequence. These results agree with the key findings of tHesiely described earlier, which predict
that 4-atom ring expansions starting from ann@&mbered thiol to form a l2nembered ring
expanded product are favourable. Thisvisat we terml K S Wa g A Uf@ ke r2agtian i.eJhe y {
smallest ring size inlich ring expansion can be observed. The analogous examples starting from the
7-and émembered thiols were predicted to favour the RO isomieesring expansion is ndavoured.

Once again, the DFT prediction agrees with the experimental findings-asndi11Gmembered
thioesters 8.50 and 3.48) could not be isolated. In the case of the smaller ring sizg&rit&mbered
thiols), symmetrical stide side products B.71¢3.72) were also observed, suggesting that an

unproductive mechanistipathway is occurrig, as shown in scheme 3.21 below.

0o o 0 o 0 o 0 o
NN NN W
8 8
n n
0,
3.70,43% 3.71, n = 1-2, Observed by MS, NMR

Scheme.21: Selection of symmetrical sulfide sjol@ducts observed during ring size screen.
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3.6 Branched thictethered carboxylic aciderivatives

In order to further expandhe scope of 4atom sulfur ring expansion, various branched Fm protected
I -thiol-tethered carboxylic acids were preparadd tested. Thiol8.77¢3.80were synthesized from
the corresponding methyl or phenyl substitate" >unsaturated acid (3.73¢3.76) following
conjugate addition reaction with thioure&.72. This was followed by Fprotection of the thiol,
which proceeded in moderate to good yields 281 to 3.83 The only example that did not go
smoothly was3.84; an initial attempt to synthesize thi®.80yielded a 1:1 molaratio mixture of
trans-cinnamic acid an8.80(Scheme 3.22ysing the standard condition$herefore, in a subsequent
attempt the reaction temperature was raised to 120 instead of 90C. This led to an improvement,
but after workup,sometrans-cinnamic acid still remained, with80andtrans-cinnamic acid isolated
in a 4:1 molar ratio. This mixture was carried forward without further purification to theoFatection
step, and pleasigly pure Frprotected3.84was isolated following protection with no contamination

of the previous trans cinnamic acid impurity.

S 1) HCluq 45°C, 30 min 0 R FmOTs S
g HOMSH E— HOMSFm
H,N~ “NH -
2 2 O 3.73-3.76 R DMF, 'PrNEt, R
3.72
2) HO)KKR2 3.77-3.80 16 h, RT 3.81-3.84
R1
NaOH ,q), 90°C, 2 h R', R?= Me, Ph, orH
0 0O Me 0 O Ph
HO)K(\SH HOMSH HOJ\(\SH HOMSH
Me Ph
3.77, (16%) 3.78, (84%) 3.79, (70%) 3.80, (59%)*
o) O Me 0 O Ph
HO SFm HO SFm HO SFm HO SFm
Me Ph
3.81, (56%) 3.82, (48%) 3.83, (67%) 3.84, (69%)

Scheme3.22: Synthesis ofranched thioltethered carboxylic acid derivative8.80isolated as a 4:1 mixture with starting
materialtrans-cinnamic acid.

With the branched Frprotected thiol tethered carboxylic acids in hand, efforts turned to using these
materials in ring expansion reactions. The established acylation and ring expansion conditions were

used to ring expand laurolactain210using3.81¢3.84as the linear unitFour different branched %7
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membered thiolactones were synthesize8.§5¢3.88) in 5&8% yield, with a methyl or phenyl

substituent in the - or i -position with respect to the lactam amide (Scheme 3.23).

O R2 O
)g(k HNMS
R1
Pyr, DMAP, DCM, DCM, 18 h, RT 17
50 °C, 18 h

1.210 3.85-3.88

0 0 O Me O 0 0 O Ph O
HN)K(\S HNMS HNMS HNJ\)\S
Me . Ph
- o 17

3.85, 58% over 2 steps 3.86, 58% over 2 steps  3.87, 29% over 2 steps  3.88, 8% over 2 steps

Scheme3.23: Synthesis of branched thi@thered carboxylic acids for use in ring expansion reactions.

Some problems were encountered during the synthesi8.88 On the first attempta significant
quantity of a cinnamyl side produBt90resulting from basg@romoted Fmeliminationwas isolated

as the major product (Scheme 3.24, top). Repeating the reaction with milder acylation conditions
alleviated undesired elimination to some degree and the thiolac®®@&product was isolated, albeit

in only 8% yield over the two steps. It was concluded that branching is well tolerated for methyl
substituents in both alpha and beta positions, whereas phenyl substituents are less well tolerated. It
was also concludedat in the case of the synthesis®B8, the standard acylation conditions, which
involve heating to 50C, promote competing elimination of theF®n group. Elimination is favoured in

this instance as it forms a conjugated cinnamyl moiety.8®, which would be particularly favourable

at elevated temperatures for entropic reasor&cpheme 3.24
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0 O O Ph O o
0] Ph
N M NMSFm NMPh
Cl SFm DBU
13 > 13 > 13
Pyr, DMAP, DCM, DCM, 18 h, RT
50 °C, 18 h
1.210 3.89 3.90, 70% over 2 steps
o o o Ph O Ph O

O Ph M M
v CIMSFm \ srm DBU AN S

Pyr, DMAP, DCM, DCM, 18 h, RT 17
RT, 18 h

1.210 3.89 3.88, 8% over 2 steps

Scheme.24: Synthesis d.88and side producs.90.

3.7 Attempted 3atom ringexpansions using protected thioglycolic acid derivatives

A logical extension of the sulfur ring expansions reported was to attempt a ring expansion using a

protected thioglycolic acid. This would lead to-at8m ring expansion if successful.

S
HO /% 0
SPG SH
JV JV o T eo
HN
Deprotectlon
13 13 - 16

3.91 3.93 3.94

Schemes.25: Proposed @&tom ring expansion using thioglycolic acid derivatives.

Variants of thioglycolic aci®.©05) representing each protecting group optimized so far were

prepared ompurchased (Figure 3.2).

0 0
HOJ\/SH HO)K/SAC Ho)bsm HOJ\/SFm

3.95 3.96 3.97 3.98
commercial commercially synthesized synthesized
thiogylcolic acid availiable

Figure3.2: Thioglycolic acid and variousp$tected variants.

Trityl protected3.97 and Fm protected.98 needed to be synthesized. TheAS derivative3.96 is

available commercially and was used as supplied. The synthestsitgf 3.97 (Scheme 3.26) and S
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Fm 3.98 (Scheme 3.27) are outlined her2:(Tritylthio)acetic acid3.97 was sythesizedvia trityl
protection of thioglycolic acid. Thioglycolic acid and triphenylmethanol were stirred in chloroform
with TFA for 1 hourPurificationvia repeated recrystallization was successful in removing persistent
triphenylmethanol. Trityl proteded 3.97was isolated in 15% yield withi NMRdata consistent with

those previously reported’

0 \P|<hPh 0
Ho)K/SH Hoks\ﬁz:
Ph

TFA, CHCl3,
1h, RT

3.97, 15%

Scheme3.26: S/nthesis of trityl protected thioglycolacid 3.97

Next, the synthesis of-Bmthioglycolic acid3.98) was performed using two different methods. The

first using the same procedure used to protectm@rcaptopropionic acidyia Fm tosylate 3.58)
followed by an & reaction in DMF (Scheme 3.27). This approach was successful, however the desired
SFmthioglycolic acid 3.98) isolated following aqueous workup was not pure, with significant
amounts of the impurity dibenzofulvene (DB 3remaining. The approximate yield of theZSstep

was 21%, accounting for the impurity.

i 0
HO .O TsCl, Pyr. TO O HO)K/SH j\/ ’
g . - s
O DCM i-Pr,NEt, DMF  HO O
3.98, 21%

3.57 3.58, 77%

3.53, DBF impurity

Scheme3.27: Synthesis of-Em thioglycolic aci@.98via tosylate3.58.

In an alternativeapproach, $luorenylmethyl chlori@é (3.99) was synthesized from the alcoh8l%7)
via reflux in neat thionyl chloride (Scheme 3.28). Them,S® reaction using chlorid&.99 and
thioglycolic acid furnished the desireeFgtthioglycolic acid3.98) in quantitative yield. An improved
base/acid aqueous workup was used to remove BB from contaminated3.98 with excellent
results. With all the protected thioglycolic acids in hand, attention turned to attemptiagp& ring

expansions to form thiolactones.
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o e, O
" . ool g O oSt 0
) - R )
O 80°C O -Pr,NEt, THF  HO Q
3.98, 100%

3.57 3.99, 17%

Scheme3.28: Synthesis of-Em thioglycolic acid viehloride3.99.

3.7.1 Attempted thioglycolic acid derivative acylation arat@n ring expansions

Before attempting the Protected thioglycolic acid variants in acylation reactions, a protecting group
free approach was tested briefly. Three acylation/ring expansion reactions using thioglycolic acid were
performed with slightly varying conditions, alhsuccessfully. It is highly probable that acid chloride
3.100is unstable (Scheme 3.29). Neither tr8®2nor thiolactone3.94were observed.

0 (Cocl) O
HO)K/SH 2, Cl)k/SH

cat. DMF, DCM
3.95 1h, RT 3.100
unstable

3.100, Pyridine, DCM

DMAP, RT or 50 °C
@) Then DBU (10 eq.) in DCM o O
N)K/SH O

NH 3.100, DCM HN)K/S 0

13 Then TEA (1.0 eq), RT 13 16
1.210 \ 3.100, DCM 3.92 0% 3.94 0%
RT

Schemes.29: Attempted acylaibn using unprotected thioglycolic acid

Moving on to the protected variants, beginning with acetate protected thioglycolic 898)( the
acylation was performed under standard conditions and found to be successful but low yielding with
the imide B.102 isolated in just 8% vyield (Scheme 3.30).
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0]

O (COCI),
HO)K/Sm/ C|)J\/S\(

5 cat. DMF, DCM o
3.96 Th RT 3.101
o)
o) O O
SA
Pyr, DMAP, DCM, o]
13 >~ 13
50 °C, 18 h
1.210 3.102, 8%

Scheme.30: Acylation of laurolactam using&etyl thioglycolic acid.

Imide 3.102was subjected to piperidine deprotection conditions, as previously described in section
3.2. No product thiolacton8.94could be isolated, however the molecular ion peak for the tt8@2)

or ring expanded producB(94) was detected after 1 hour whesmalyzed using mass spectrometry.

At 24 hours, there was evidence by mass spectrometry that piperidine caused ring opening of the
lactam (attack at carbonyl 1, Scheme 3.31), based on molecular ion peaks detected at m/z 357.2570

and 442.3462; suggested stitures3.103and 3.104are proposed in Scheme 3.31.

0] @] (0] @]

)K/Ss O SH Q
ety oy e e
13 DCM, 24 h 13 16

3.102 3.92, 0% 3.94, 0%

O O
st
13

3.92 3.103 3.104
C14H26NOLS C19H37N202S C24H4gN30,S
m/z 272.1679 m/z 357.2570 m/z 442.3462

Detected by MS after 1 h Possible side-products detected by MS after 24 h

Scheme3.31: Attempted ring expansion using acetate protected thioglycolic acid derived imide.
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The ring expansion was unscessful. Due to the ladk specificity of nucleophilic attack on the three
available carbonyls 8.102with this protecting group strategy (see section 3.2), it was dectded

progress to alternative protecting group strategies, the next beHrify® protected thioglycolic acid.

An attempted acylation of laurolactam with trityl protectéd97was unsuccessful in formir§y106
with triphenylmethanol 8.107) isolated in 42% yield (with respect to the starting material acid after
column chromatography)A second attempt of this acylation was followed by aqueous work up with

10% aq. HCI with only laurolactam recovered following extraction (Scheme 3.32).

0] 0O
(COCI),
107 o SPr

S Ph >
\|<Ph cat. DMF, DCM

Ph Ph
3.97 1h, RT 3.105
O O O ! 0
0 !
CI)K/ST” (2 eq.) N)K/STrt 5 \H
NH + HO.__Ph
Pyr, DMAP, DCM, ! \ﬁph
13 > 13 E Ph 13
50 °C, 18 h :
5 3.107
1.210 3.106, 0% ' 42% lactam recovered

Scheme.32: Attempted acylation of laurolactam using tritylthioacetic a&®7.

The synthetic difficulties of-(tritylthio)acetic acid (3.97) synthesis and acylation led to the
investigation of one last protecting group for thioglycolic acid, with Kaacylation attemptedusing
Fmprotected thioglycolic acid3(98) and our standard pyridine/DMAP conditions. Following column

chromatography the product imid&.109was formed in 66% yield (Scheme 3.33).

0 0
(cocl),
y O)K/SFm N M __sFm
cat. DMF, DCM
3.98 1h, RT 3.108

0]
0 CI)K/SFm

LI s 1)
NH S
Pyr, DMAP, DCM, N Q
13 50 °C, 18 h 13

1.210
3.109, 66%

Scheme.33: Acylation of laurolactam using-Bm thioglycolic acid.
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The ring expansion &.109was therefore attempted, but upon reaction with DBU in DCM overnight

an intractable mixture was formed. The solution was observed to turn black inateddiupon
addition of DBU. Repeating the reaction on a larger scale and with a shortened reaction time was done
with the hope that some of the desired thiolactone or thiol could be isolated before degradation could
occur (Scheme 3.34). The second attemps also unsuccessful. A trace amount of laurolactdh0

was isolated (<5 mg) following chromatography with the remainder of the reaction mixture best
described as an intractable mixture. Efforts to perforrat8m ring expansions to form thiolactones

were ceased as a result.

LS o i
SFm X

N S [0) ' NH
HNJ\/ :
DCM (0.05 M), !

13 16 ! 13

DBU (10 eq.) 5
18 hor 1h, RT !

3.109 3.94, 0% 1.210, trace

intractable mixture

Scheme3.34: Attempted ring expansion usingFan protected thioglycolic acid derived imide

3.7.2 Possiblelegradationpathway of 3atom ring expansion anpts to form thiolactones

The 3atom ring expansion using a thiwthered carboxylic ac&lwas unsuccessful. None of the
desired 16membered thiolactone3.94 was isolated in any of the reaction attempts, with several
protecting groups trialled. Observatis following the reaction described in Scheme 3.34 suggest the
imide 3.109 degrades when exposed to basic conditions. This may relate to similar problems
encountered during the synthesis of alpha halo imides (which will be discussdthjrer 4). The
syrthesis of these imide3.110was also problematic, with literature precedent suggesting that alpha
halo imides polymerize ambient temperature over time. While SFm is not as good a leaving group
as Cl or Br, we postulate that a similar process carostilir with compoun@®.109 and is accelerated

on the presence of base such as DBU (Scheme 3.35).

o ot B0

NS0 =Ng N
—_— :
- ! 13
X=Cl, Br !
3.110 :
a-halo imide degredation and possible polimerization (Ch. 4) 3.109

Scheme3.35: Proposed degradation pathway of thioglycolic imidash as3.109
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3.8 Successive ring expansion to form thiolactones

Alongside efforts to study the scope of sulfur ring expansion to expand simple lactams, studies to
investigate successive ring expansion to form thiolactooetaining macrocycles were also
undertaken. The aim was to incorporate sulfbased ring expansions into the existing nitrogand
oxygenbased SURE methodologies, as well as to attempt a successive sulfur ring expansion to form a

macrocycle containing two thiolactones (Scheme 3.36).

0
XPG
CI)J\H’

Pyr|d|ne DMAP, HN o Ring expand thiolactone further
DCM, 50 °C, 18 h
3.1

then cleave PG

X= NROS

I (e

Pyridine, DMAP,
DCM, 50 °C, 18 h

n then cleave PG o
3112Y=NR, O

Incorporate thiolactone
into SURE product

Scheme3.36: Two approaches to SURE incorporating thiolactones. Top: Thiolactone further expanded using SURE. Bottom:
Lactam or lactone expanded to incorporate a new thiolactone intoratgcle.

3.8.1 Early proof of concept for thiolactorm®ntaining successive examples

To start, it was decided to test whether thiolactones prepavithe SURE methods discussed in the
chapter can themselves be acylated and undergd“aS2IRE reaction. Thugreviously expanded
thiolactone products, such &29, were subjected taN-acylation and deprotection/ring expansion
conditions using various linear fragments. It was demonstrated3t2fican be acylated using an

or i -amino acid derivative using stdard SURE conditions in good yields. This is then capable of
undergoing a second ring expansion to form an2@mbered macrocycle3(116) in 47% yield and a
21-membered ring3.117in 14% yield over two steps (Scheme 3.37). Therefore, this demonstrates
that cyclic products that have been previously expanded with sulfur are able to be expanded a second

time.
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o] 0] 0]
Bn
0]
/\)J\ Bn /\)J\ )J\WN\ S/\)J\NBHO
S NH )%N S N 12 Fmoc
Cl 12 "Fmoc DBU Aj_z(

17 > 17 —_— 0 20/21 "™ NH
Pyridine, DMAP DCM
DCM, 50°C
3.29 n=1,3.114,76% n=1,3.116, 47%, 2 steps
n =2, 3.115, carried forward n=2,3.117, 14%, 2 steps

Scheme3.37: Successful successive ring expansion examples utilizing thiolactones.

Next, it was shown thatktams that have been previously expanded using aminocidadides(e.g.
1.215, can be acylated using thitéthered carboxylic acidhlorides and subsequently ring expanded

a second time to install a thiolacton&r example, 2dmembered 8.120) was formed in this way,
albeit in modest yield overal&¢heme3.38). This example serves as a proof of concept that successive

ring expansionsa form thiolactone containing macrocycles aisoviable.

0 0 0
N/\)J\NH Cl)vsm Vk )J\AST”

Bn >
17 Pyridine, DMAP 17
DCM, 50 °C, 18 h

3.118, 55%

1.215
TFA (13 eq)

i- Pr3S|H (1.2 eq)

DCM, RT
W\’// 30 min

0)
_ DBU, DCM VJ\ SH
RT, 18 h
3.120,17% 3.119, not
(over 2 steps) lsolated

Scheme3.38: Successful successive ring expansion example with thiolagtb@formed in the final step.

3.8.2 Thiolactone forming successive ring expansion examples attempted-Using S

LINE ( S-prdpiritc acid
It is important to note that several other successive ring expansion reactions were attempted and
were not successful. For example, the 6 reactioncire®e 3.39 represent attempted acylation/ring
expansions of lactams, lactones and thiolactones which all failed to deliver the desired thiolactone

containing products. Many sufferedroblems during theN-acylation step. Incomplete acylation
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observed by TL@sulted in repeated addition of acid chloride solution in attempt to achieve complete
acylation. Many reaction mixtures demonstrated the desired mass peak of the corresponding imide,

but not all examples. In some instances, starting material was recdvietlwing ring expansion

attempts.
IIQ\)?\
R O o) O<__N
|
O<__N S
—_— ¢ >
16 20 o)
— X NH
3.121,R = Me 3.123, R = Me
3.122, R = i-Bu 3.124, R = i-Bu
P
o o) 0.__0O
0+_0O S
— ¢ >
16 20 o)
— X NH
3.125 3.126
(0] (0] o) 0]
O/\)J\NH CI)K/\SFm S/\)J\NH
—
o) 12 —————— o 16
o)
1.223 3.127
i L
0
O/\)J\NBn )v 0 NBn
Cl SFm
0 16 %%’;E O 20 o)
S
NS0 H
3.128 H 3.129
o)
I i I /\)OJ\
NH
J)k 0P s S NH
— X
$° 13 EONEGEE. S 17
0 0
3.69 3.130
Scheme.39: Failed attempts at successive ring expansion usi@grS | LINE kchlo8dg3i3d | OA R
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All 6 unsuccessful attempts abovead SFm protected 3mecrcapto propionic acidThis was odd,
considering the &m approach proved to be the most effective method on the simpler cases, but
unfortunately, it appears to be less well suited to promote SURE on these more complex systems.
However, having had success in performing a successive ring expansion where the second fragment
was a trityl protected thictethered carboxylic acischeme3.38forming 3.120) it became apparent

that the Strityl approach may be better for more complex systems. In terms of tAmStrategy, the
N-acylation step typically worked as expected, for example imgd&31and3.135were isolated and
characterized before attempting @eotection/ring expansion. But the protecting group cleavage/ring
expansion step was unsuccessful in both cases; most likely the basic conditions led to degradation/side

reactions of the relatively reactive thiolactone starting materials and/or productsg@e 3.40).

o 0
3.62
g /\)k )J\/\SFm S/\)J\NJ\/\SFm
17

Pyridine, DMAP
DCM, 50 °C, 18 h 3.131, 89%

k |

17
3.132, 0%
3.133, 0%

O (0]
.62
/\)k )J\/\ O/\)J\N)K/\SFm
SFm
Pyridine, DMAP ] 17 3.135. 449,
DCM, 50 °C, 18 h TIOS AR
3.134
O S
Lo .
17
3.137, 0% 3.136, 0%

Scheme3.40: Initial attempt at successives using-8 strategy successfully generate imi@eks31and 3.135but failed at
the ring expansion step.
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.
:
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Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones

3.8.3 Reuvisiting &ityl for successive sulfur ring expansion

With the realization that $m appeared unsuitable for successive ring expansion examples where the

second linear unit is an Fprotected thiol, efforts were focussed on reattempting the most promising

reaction ystems using the-8ityl strategy. Purification to isolate the imides formed using tHeit®l

approach 8.138and 3.139 confirmed both imides were formed successfully, prior to any further

reactions being performed (Scheme 3.41). Basic conditions marased following deprotection to

avoid any possible issues with elimination. The aim was to iseitder thiol or3.1320r 3.136without

introducing 10 equivalents of DBU as per the standard procedure. This was a success vatth3Riol

isolated in 2% over 2 steps and thiBl136isolated in 30% over &eps (Scheme 3.41).

a) o /\)OJ\ O 337
S NH CI)K/\STrt
17 Pyridine, DMAP

DCM, 50 °C, 18 h

3.29
0 0 O 337
b)
O/\)kNH Cl)vSTrt
17 Pyridine, DMAP

DCM, 50 °C, 18 h
3.134

TFA (13 eq)
I-Pr3S|H (1.2 eq)
DCM, RT
3.138 30 min

SMNMSH

17

3132, 27%
(over 2 steps)

0 o o
O/\)kN)J\/\STrt

TFA (13 eq)

I—Pr3S|H (1.2 eq)
DCM, RT
30 min

3.136, 30%
(over 2 steps)

Scheme3.41: Successful-Hityl strategy acylation and Trityl deprotection to form fRiDIs 3.132and 3.136
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In order to carefully induce ring expansion of the thiols, a slightly weaker base was selected to attempt
the ring expansion reactions: using TEA in place of DBU. Using 2 eq. of TEA, & sdixBécale ring
expansion was attemptedsing 3.132 The reaction was monitored at various time points*blyand

13C NMR. Over 5 days at RT it became clear that a new comigdLir&8 wasslowly forming, with

the presence of new carbonyl peaks visible*C NMR at 199.4, 197.7, 174.4 and 170.6 (§pigure

3.3).

Thasg 208.525572 [0.127603]
Kleo|Palate - kP371_C_t=14_13C

200,12
199 43
197 65
17432
17390
17063

1P

3.133

=)

T r T T T T T T
205 200 195 190 185 180 175 170 165
] fl (ppm)

Figure3.3: 13C NMRbisthiolactone3.133beginning to form in the reaction mixture

This NMR sample was then heated in arbath at 45C for 2 h}3C NMRanalysisdemonstrated that
this resulted in a roughly 1:3 ratio of double thiolactdh&33product to thiol starting materigs.132
The NMR sample was heated again in an oil bath &E5#ver 8 h*C NMRanalysithen demastrated

a roughly 1:1 mixture of bisthiolactone produ& 133 to thiol starting material3.132 (Figure 3.4).
It was decided at this point to isolate the bisthiolactdh&33as further heating risked undesired side

reactions occurring.
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Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones

b3028kyp
Kleo Palate - KP371_C_t=16_10h_heat_13C

e o 8 h heating at 55°C o ta
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" iy .-,:WL';‘ S R YR PR TRP Y el ot — MT .a_[m
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;(o
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5days RT h

" AlL
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Figure3.4: 13C NMR of reaction to forimsthiolactone3.133at various time points showing slow conversion and possible
equilibrium mixture.

Following purification by column chromatograplsgme recovered starting materidl132 (6.6 mg,
15%)was isolated alongside the desirbisthiolactone3.133in 31%yield.

A similar procedure was used to synthesa37 The thiol3.136was isolated in 30% vyield over 2
steps, followed by heating in CR@t 55°C with 2 eq. of TEA, this time for a total of 12 h. At 12 h a
mass spectrum of the crude mixture suggested that disufide 3.140was present as well. One
procedural difference was that this reaction was performed in a round bottomed flask with stirring as
opposed to inside an NMR tube with no stirring, as was the case in the synthggi8®fPerhaps this
allowed more oxygen to enter the flaskvhich may account for the formation of disulfic&140.
Followingpurification, the desired thiolactone.137was isolated in 17% vyield, along with digig

3.140in 16% vyield. Disulfide formation is thought to be a miside productformed in other reactions,
however this is one of the few occasions where it was cleanly isolated and fully characterized (Scheme
3.42).
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TEA, CDCl; g

17 >
3132, 55 °C, 8 h
3.133,
31%
b) o] O O o)
O/\)J\N)J\/\SH 1]4
TEA, CDCly

17 _ O
3.136 55°C, 12h w
3.137,
@M A)k\_?
3.140, 16%

Scheme3.42: Successfullecessive attempts usingTaityl strategy and isolation of intermediate thi@sl32and 3.136

?

3.8.4 Failed successive ring expansions and triple attempts

Many other attempts at successive ring expansion reactions incorporating the newly developed sulfur
chenistry were attempted, including a few attempted triple ring expansions, sadly without success.
In most cases, failure of thd-acylation step was the main issue. As a record, these are suzadari

in Scheme 3.43.
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Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones
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Scheme.43: Lactams which failed to-slcylate en route to successive ring expansion to form thiolactones.
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SomeN-acylationswere successful to some degree (for examPle49 and3.151in Schemes.44),

with the desied imides seen by TLC and MS, but unfortunately, none of the desired triple ring
expansions were not isolated following protecting group cleavage. It is unclear why, but most likely
starting material and/or product decomposition when treated with basiaddic reagents results in

the formation of complex mixtures of products.

Fmoc (@) FmOC /\)J\S
NBn
N{
. 0 (O) NBn

Pyridine, DMAP kS ﬁ)
DCM, 50 °C, 18 h NH

3.150

3.120 3.149
o)

o o
N)J\/\STrt

C|)J\/\8Trt BnN TFA (13 eq) 0 |_>:
@\/\ i i P (126 y O

_ =
0 —_ S
Pyridine, DMAP Q i-Pr3SiH (1.2 eq) H
O AM 50°C. 18 h o DCM, RT 3.129
3. 128 ’ ’ Then DBU, DCM
3.151

Scheme3.44: Successive attempts where acylation appeared partially successful by TLC anduviSydnessful on ring
expansion step.

3.8.5 Future work

There was some promise in attempts to perform a triple ring expansion incorporating an amino acid,
a hydroxy acid and finally a thio acgi¥29. Ultimately, however, material was exhausted in attempts

to reach this target and the scale of the reaction performed was too low to properly confirm ring
expansion*C NMR was unable to unambiguously confirm the presence of a thioester despite
extended runtime on the spectrometer. The desired MS peak of pheduct was observed however,
showing promise that the thid@.152or thiolactone3.129could be isolated, given sufficient material.

The revised stepwise trityl strategy (Scheme 3.45) is the recommended approach for achieving the
final ring expansion to forn3.129 with isolation of the intermediate thioB.152to be performed

before attemping the final ring expansion in chloroformést

86



Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones

O (0] O
)J\/\ /I)J\ N)J\/\STrt
STrt BnN Trityl deprotection
16
Acylation ) (0]
3128 1 o o o o

3.151
TEA, CDCl,
- BnN
20 I_/¥O can 16
H S 55°C, 8 o o
N 3.129 3.152

O

Scheme.45: Proposed future route to synthesize triple ring expanded pragla@9

3.9 Summary ofhiolactone synthesiaring expansion and-pdy crystallography

In conclusion, the synthesis of thiolactoneis ring expansion was explored in this study, as an
extension of the methodology developed for SURE. Three different protecting groups for thiols were
trialled (Ac, Fm, ) and optimized. A screen investigating the scope of this ring expansion to different
ring sizes and branched examples was performed with DFT complementing experiment for the former
study. Five successive examples were also successfully carried alatinglthe compatibility of the

new sulfur methodology with traditional nitrogeand oxygerbased SURE. Finally, threeay crystal

structures were obtained to confirm ring expansion and depositeaderOCDC (Figure 3.5).

&H\)) 3.23
(CCDC 1921223)

O 0]

S/\)J\NH > ..I\j'.ﬁ:i ,
i

1 ‘ : ,

3.29 Y
(ccbe 2040347)

v. '
0 . : N e
S/\)J\,\Il_/( o B ; V t%/ Q:
- .
0 20 NH L@
._\r e
3.116 TN et
(CCDC 2040346) = 22

Figure3.5: The Xray crystal structures of three thiolactones were solved and depdsitise CCDC.

The work described in this chapter is the subjeabé publicatiorf®
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4 Cascade ring expansion reactions using a common electrophilic
imide

4.1 Need for new methodology

In this chapter the development of a new cascaidg expansiomethodbased orSURE is presented,

from development and proof of concept, through optimization, and finally to exploration of the scope

of the reaction.

The central idea was to develop a navethodologyby which multiplering expanded products could

be formed from a common imide starting material. It was envisaged that this could be achieved
through the use of an imide with a pendant electrophilic functionality example, deaving group
(such as chlar-substituted imide 4.3). Introducing a nucleophile, such as a primary amine, could
instigate a nucleophilic substitution to yiedash aminetethered imide(4.4) whichcould then undergo

concomitant ring expansion (to forch6, Scheme 4.1)

0
0] Cl O O
NH 4.2 N 2
m
-CI, +H+
n n
» 4.3
ho R
0 W) R-n—h)
km SN
N~ SO N
4.4
n n

Schemel.1: Proposed SURE ring expansion using a common imide starting méterial

There are several potential advantages to this approach when comparedthveitSBuREeactions
RSaONAOSR A ySuREKréattiinS KeBuirempkotected amino and hydroxy acid chlorides
(derived from the parentarboxylicacids), which are generally not commercially availaioldoe used

as acylating agentdn order to alter the functionality ahe acylating agent, a bespoke synthesis is
required for each newase This was the approach taken in Chapter 2, wheselectionof N-alkylated
Fmoeprotected amino acids was synthesized to expand the scope of functionality b&orethyl

andN-benzylgroups.
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Chapter 4: Cascade ring expansion reactions using a common eletitrapfde

To form asingle ring expanded product from this stydysynthetic reactionsvere requiredin total.
Three steps are required to synthesize the protected amino 2cid)((Seps 1¢3). This is followed by
an acid chloride formationSep 4) andN-acylation @ep 5), before the final deprotection ring

expansion reaction can be performeftp 6, Scheme 42

PN

o 2.14 NaOH (4N)
THF, o Dioxane, MeOH oy
P )K/Br PN )K/N\)\ = N\)\
° Step 1 O Step 2 HO)K/
2.15 216, 95% 2.17

Fmoc-Cl, Dioxane,

(COCl),, DCM 7 II:mOC (0] Cco
2y N\)\ H2 , Na2 3
HO)K/

Step 4 Step 3

2.18, 58% over 2 steps

L i LT )@*

Cl
Pyr, DMAP, DCM, DBU, DCM, 16
Step 6

Step 5

1.120 2.45,81%

Schemel.2: 6 step synthesis to form ring expanded prodwdth bespoke Milkylated amino acids.

Some of the inefficiencies in this procese associated witthe needto havea protecting group on
the nucleophile. This is required as the acid chloride formation woatde possible foa substrate
containingan unprotected nucleophileas it would quickly react with itself as soon as it is formed
Both alcohols and secondary amines are more nucleophilic than the lactam aitrioigen in the

acylation reaction.

In addition, side reactions have been obsenddting acylation and protecting group cleavage.
Carlamate protecting groups on acid chlorides of amino aeig=known to react intramolecularly to
form oxazolidine side products such 48 (Scheme4.39. A separate issue relating to protecting
groups ighat the deprotection conditions can lead tioe formation ofside productsyith an example
shownin Sheme4.3h. In this instance, dehydration occurs, forming a transient iminiom.12 (in
resonance witht.13), whichis thenfurther reducedin situunder the reductive reaction conditiorts

form the N,N-acetal4.14 in highyield (reaction performed byor Tom Stephens
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Cl)J\/ \Rz Qﬂi R OR
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R'=BnorFm
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O )Ok/\ H2, Pd/C, HO ~
.Cbz N
{ N N g NH
| EtOAc
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\N Y Y
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412 413 4.14, 98%

Schemel.3: Side reactions relating to protectiggoups and deprotection conditions. a) Deactivation of acylation agent by
carbamate protecting group. b) Side reaction observed in deprotection conditions (performed by Dr Tom Stephens).

Devising a protecting group free approach was one on the reasons fdeciding talevelop anew
cascade reactiorBy utilizing an acylating agent with two electrophilic sites, this reduces the number
of synthetic steps required, as well as allowing the ring expansion to be performed with a variety of

nucleophiles at a ta stage in the synthesis.

4.2 New acylation protocol

Scheme446 S8t 2¢ aK2ga GKS ISYySNI I-hAe écid hatid ycylatidt G 2 O2 f

agents using the standard pyridine/DMAP conditions as done previously.

0]

o)
(AX (@ea) va
NH
n Pyr. (6 eq.), DMAP (10 mol %), 4 15
4.1 DCM (0.05 M), RT, 1-24 h
X =Cl, Br

Schemel.4: New acylation procedure using comniohalo acid halidescylation agent
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Chapter 4: Cascade ring expansion reactions using a common eletitrapfde

4.2.1 Acylation using chloroacetyl chloride

Initially, chloroacetyl chloridd.16was chosen as the acylation reagent. This teated on lactams of

two different ring sizes. When arg@embered lactani.128was employed, the reaction proceeded
efficiently to yield 72% of the desired imidel7. To test the robustness of this protocol, a further
reaction was performed on the ¥3@emberedlactam1.120 GenerallyN-acylation is less efficient on

larger lactams. ldeed, inthe case oflL.12Q the reaction did not proceed &T, however heating at

pn e/ 6l a 0SYSTAOALIT | yR 4l8ihsyachieved (Bche@). O2 Yy FS NA A :

0]

2 J o 0
Cl
Cl 3eq
\H e @ea) NJ\/CI
8 > 8
Pyr. (6 eq.), DMAP (10 mol %),

1128 DCM (0.05 M), 23 h, RT 4.17, 72%

O (0]
(@]
w N v

416
13 > 13

Pyr. (6 eq), DMAP (10 mol %),
DCM (0.05 M), 24 h, 50 °C

1.120 4.18, 100%

Schemel.5: Acylation using chloroacetyl chloride.

4.2.2 Benzyl amine induced imide cleavage

Unfortunately; it was found thagttempting to promote the ring expansion iwhide 4.17 viaan initial
S\2 reaction followed by ring expansiamsing benzyl amine as a nucleophiliid not result in the
formation of the desired product. Instead, the imid&as cleaved to regenerate the corresponding
starting lactams; unfortunately, nuclebpic attack seems to occusreferentially at the carbonyl
Ay aidSl R -@bon(Schene K.§ relction performed Bgmes McNwi). The same result was

obtained when using I3nemberedimide 4.18as the starting materighot shown).

(0] O) H,N o]
,\TJK/CI o] | NH
8 HN)K/ | 8
DCM, RT 1 |
417 HaN . Lactam 1.218 isolated
419, 0%
+ H*

Schemel.6: Benzyl amineleaves MNechloroacyl imides regenerating the original lactéReaction performed by
James McNujt
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4.2.3 Acylation using bromoacetyl chloride

In order to aid the & step of the reaction, it was thought that changing the leaving group from a
chlorine to a bromine would be beneficial. Therefore, a bromoacetyl chloride acylating agent was
tested next. However, none of the expected brominated imide prod4&1) was olservedwhen &
membered lactaml.218 was reacted under the conditions summarized in Scheme. 4n&tead,
chlorinated imide4.17 was isolated in low yield, which is believed to fovim a halogen exchange
process. The proposed mechanism for this reactioshimvn inScheme4.7b. In the first step, the
brominated imide is generated, as well as chloride ions. The chloride ions are believed to promote a
S\2 reaction on thé -carbon, substituting bromine for chlorin@ttempting the same reaction of 13
membered1.210was unsuccessful in forming either imide, with some starting material recovered
(Schemed.7c).

0]

o) o) O O
a) )K/Br 0 !
Cl (3 eq) .

NH 4.20 NJ&Blr ! NJ\/C|
8 8 5 8

Pyr. (6 eq.), DMAP (10 mol %), E

1.218 DCM (0.05 M), 21 h, RT 4.21, 0% | 447, 35%

o)
b) o

D _ _
*’\)K/Br o O 6 0
Cl (3 eq)
H Cl
NJ.ZO NJK(/‘Br _Br NJK/
8 8 (@ g 8
\ o

417, 35%

1.218 HCl

4.21, not isolated

NH

(0] (0]
O )K/
Br
NH
B N
<:|)b " (3eq)
4.20

13 13 5 13

Pyr. (6 eq.), DMAP (10 mol %),
DCM (0.05 M), 20 h, RT

1.120 4.22, 0% 1.120, 20%

Schemel.7: Acylation using bromoacetyl chloride. A halogen exchange reaction is believed to be responsible for the

formation of chlorinated imidd.17.

4.2.4 Acylation using bromoacetyl bromide

Having been unsuccessful in isolating the desired brominated imide, the iagydent was then

changed to bromoacetyl bromidd.23 thus eliminating any source of chloride altogether. The
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Chapter 4: Cascade ring expansion reactions using a common eletitrapfde

acylation step was attempted multiple times, using various reaction timesy(ngfrom 1 to 4 hours

to form 4.21, Scheme 4.8a, or up to 24 hattempts to form4.22, Scheme 4.8p

The results of the acylation were inconsistent, with yields of thmé@mbered imide4.21 varying
greatly, up to a maximum of 60%Vhen analyed using mass spectrometngll the purified
halogenated imides showed a mgssak at m/z 168 (or 238 in the case of¢frEmbered lactam

acylations), which likely corresponds to the formation of the ring closed compé2ddSchemet.8).

0 o O

a) o )J\/ (0] O | —N +
Br '
Br (1.5-3 eq) I
NH 4.23 NJK/Br |
8 . g |
Pyridine (6 eq), DMAP (10 mol %), | 4.24 .
] | Peak in MS:
1.218 DCM (0.05 M), 1-4 h, RT 421,Upt060% | o iggimin
b § o 0o o 0
NH M e N)K/Br NH
Br (3 eq)
4.23

Pyridine (6 eq), DMAP (10 mol %),
DCM (0.05 M), 24 h

13 13 5 13
1.120 4.22, <3% i

1.210, SM recovered:
32%

Schemel.8: Acyhtion using bromoacetyl bromide.

This unwantedntermediate side product(4.24) may lead to polymerizatim®®® thus loweringthe
yield.Indeedz (1 KSNB A & -haltigd&ha& Rrisdgsisuci a&s1M0td eliminate a hatle leaving
group, forming mesoionic oxazoles known as ismohnones4.24% which polymerize over timeas
shownin Schemet.9. In fact,N-haloacyl lactams from-®&-8-membered in size have been reported

to be unstable and polymerize at room temperatuirea studyby Mathias and Mooré&®87:8°
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Schemet.9: Polymerization of-haloacyl imideslescribed in the literatur®.
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In our hands, brominatetinides @.21, 4.22) were more challenging to characterize than their chloro
derivatives 4.17, 4.18), likelybecause they are more prone to polymerizatioihthe typedescribed

above which may beesponsible for the inconsistent and low yields of theseapounds.

4.2.5 Benzyl amine induced imide cleavage and lactone formation

Althoughthe synthesis of 8memberedN-bromoacyl imide4.21was problematic, enough material
was isolated to test the next step of the reaction. However, when benzyl amine was reactéahigéh
4.21in DCM, in an attempt to inducan S2/ring expansioncascade none of the desired ring
expanded produc#.19 could be isolatedlnstead,a lactonecontaining 1tmembered ringd.28 was

isolatedin low yield (Schemé.10).

ﬁ@@

JK/Br NG -
: 1 Bn. N.
DCM (o 05 M), ! N)K/ Bn
2.5h,RT 5 H

4.19, 0% 4.28, 11% 4.29, 23%

Schemel.10: Attempted {2/ring expansion oN-bromoacyl imidet.21using benzyl amine resulted in formation of mixed
lactone/lactam4.28and amide4.29.
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Chapter 4: Cascade ring expansion reactions using a common eletitrapfde

We propose that trae amounts of water present in theeactionare the cause of thisnexpected
result, with lactone4.28formedviathe mechanism proposed in Scheme 4.Atiditionally, an amide
4.29was isolated, suggesting that imide21 can beattacked at the carbonyl by amines as well as at
i K $osition displacing the bromide (Scherd 1).

Schemel.11: Proposed mechanisms of formationmoiixed lactone/lactan®.28and amide4.29.

4.2.6 Optimization of lactone forming reaction

Based on the unexpected formation of lactofh8, further investigation was madato the effects

of intentionally adding water into these reactions, to test whether this could be used privéiycto
induce ring expansioto form lactone products. Thus, imide21was stirred in the presence of water
and conditionsvere screenedwith and without basein both THF and DCMhe lactonecontaining
1li¢cmembered ringd.28 wasisolated in up to 43%with these results presented in Tablkk.l. The
combination of DCM and TEA resulted in the best yield. An attempt using THF and TEA led to the
formation of a bicyclic compound.31 This is believed to be formeda the attack of methanol
(present during alumn chromatography) on reactive intermediat€24. Bicyclic compound.31has
beenobserved and reported previously in the literatuand itsstructure was confirmed by comparing
its *C NMR data to those reported previou8iyrhe isolation of this bicyclic methanol adduct suggests
that reactive intermediate4.24is being formed in the reaction or during column chromatography.

This evidence is consistent with the polymerization mechanism that has been described above.
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