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Abstract

a-Quaternary carbon stereocentres are a common yet challenging motif encountered in the
synthesis of many organic molecules, ranging from natural products to molecules employed in
medicinal chemistry endeavours. Herein, cyclic a-quaternary carbon stereocentres were prepared
from biselectrophilic substrates and an easily prepared chiral bicyclic sulfonyl lactam. This was
achieved in two steps by spiroalkylation, employing biphasic reaction conditions with a phase-
transfer catalyst, followed by reduction and alkylation with a series of alkyl halide electrophiles.
The products of this method were isolated in good yields with high levels of diastereoselectivity.
Additionally, the methodology was employed in the enantioselective total synthesis of (R)-
puraquinonic acid for a late-stage installation of the a-quaternary carbon stereocentre. This enabled
the shortest total synthesis of (R)-puraquinonic acid to date, an eight-pot sequence providing an
overall yield of 14%.

Inspired by reports indicating that inhibition of histone deacetylase (HDAC) promotes
reactivation of latent HIV reservoirs, a set of molecules were conceived and prepared which
possessed both HDAC and HIV protease inhibitory activity. It was expected that such hybrid
inhibitors could provide a means to clear HIV reservoirs by directly inhibiting viral protease
function upon reactivation of latent HIV. The design of hybrid inhibitors was based on the known
HDAC inhibitor vorinostat and the HIV-1 protease inhibitor darunavir. Initial biological testing
proved that molecules of this design maintain their HDAC inhibitory function despite structural
modifications made to incorporate HIV-1 protease inhibitory activity. Unfortunately, while the
inhibitory activity against cytosolic HDACG of one hybrid inhibitor was comparable to the positive
control (vorinostat) it was found to be over six-fold less potent against the desired nuclear target,

HDACS.



Résumé

Les stéréocentres de carbone a-quaternaire sont un motif commun mais difficile rencontré
dans la synthése de nombreuses molécules organiques, allant des produits naturels aux molécules
utilisees dans les efforts de chimie médicinale. Ici, des stéréocentres de carbone a-quaternaire
cycliques ont été synthétises a partir de substrats bisélectrophiles et d'un sulfonyl lactame
bicyclique chiral facilement préparé. Ceci a été réalisé en deux étapes par spiroalkylation, en
utilisant des conditions de réaction biphasique avec un catalyseur de transfert de phase, suivi par
une réduction et une alkylation avec une série d'électrophiles d'halogénure d'alkyle. Les produits
de cette méthode ont été isolés en de bons rendements avec des niveaux élevés de
diastéréosélectivité. En outre, la méthodologie a été utilisée dans la synthese totale énantiosélective
de I'acide (R) -puraquinonique pour une installation de stade avancé du stéréocentre de carbone a-
quaternaire. Cela a permis la synthése totale la plus courte de I’acide (R) -puraquinonique a ce
jour; une séquence a huit pots fournissant un rendement global de 14%.

Inspiré par des rapports indiquant que l'inhibition de I'histone désacétylase (HDAC)
favorise la réactivation des réservoirs latents du VIH, un ensemble de molécules ayant une activité
inhibitrice de HDAC et de protéase du VIH a été préparé. On s'attendait a ce que ces inhibiteurs
hybrides puissent fournir un moyen d'éliminer les réservoirs du VIH en inhibant directement la
fonction de protéase virale lors de la réactivation du VIH latent. La conception des inhibiteurs
hybrides était basée sur l'inhibiteur connu de I'HDAC, le vorinostat et I'inhibiteur de la protéase du
VIH-1, le darunavir. Les tests biologiques initiaux ont prouvé que les molécules de cette
conception conservent leur fonction inhibitrice d'HDAC, et ce malgré les modifications
structurelles apportées pour incorporer l'activité inhibitrice de la protéase du VIH-1.

Malheureusement, alors que l'activité inhibitrice contre I'HDAC6 cytosolique d'un inhibiteur



hybride était comparable a celle du contrdle positif (vorinostat), elle s'est avérée étre plus de six

fois moins puissante contre la cible nucléaire souhaitée, HDAC3.
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Contributions to Original Knowledge

CHAPTER 2

1. The reactivity of chiral bicyclic sulfonyl lactams and biselectrophilic substrates was
investigated to discover a simple biphasic reaction to construct spirocyclic structures
system using tetrabutylammonium iodide as phase-transfer catalyst. High levels of
stereoselectivity were achieved in cases where the electrophilic sites of the biselectrophilic
substrate were electronically or sterically differentiated.

2. o-Quaternary carbon stereocentres were prepared from the chiral spirocycles by reduction
followed by alkylation with a series of alkyl halide electrophiles. This method provided
novel cyclic products containing challenging quaternary stereocentres in good yields and

with high levels of diastereoselectivity.

CHAPTER 3

1. The synthetic utility of the spiroalkylation/reduction/alkylation sequence for the
construction of a-quaternary carbon stereocentres was demonstrated through its use as the
key step in the total synthesis of (R)-puraquinonic acid.

2. Endeavours towards the total synthesis of (R)-puraquinonic acid lead to the shortest route
to this natural product to date. The synthesis involved an eight-pot sequence providing an
overall yield of 14%.

3. The absolute configuration of the synthesised o-quaternary carbon stereocentres was
independently achieved using two methods: (i) comparison to an intercepted intermediate
on route to (R)-puraquinonic acid and (ii) the preparation of the enantiomers of two

previously reported compounds.
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CHAPTER 4

1. The synthetic efforts described herein resulted in the development of a strategy for the late-
stage modification at the para position of the phenyl moiety found in the darunavir skeleton.
Modifications were successfully carried out to introduce HDAC inhibitor activity to the
structure through Suzuki-Miyaura cross-coupling. Additionally, this work provides a
general method for further and underexplored diversification at this site.

2. Results from biological testing have revealed that HDAC/HIV-PR hybrid inhibitors based
on the structures of darunavir and vorinostat are able to inhibit HDAC3 and HDACG6

activity in vitro.

vii



Contributions by the Author

Other than the exceptions listed below, all original work described in this thesis (chapters
two, three, and four) is the sole work of Adam A. H. Elmehriki. Prof. James L. Gleason carried
out the DFT calculations for chapter two; Anthony F. Palermo is acknowledged for his
collaboration on developing the HDAC inhibitor assay protocol; and Yufei Wang and Donald A.
Campbell are acknowledged for acquiring melting point and optical rotation data for some

molecules reported herein.

viii



Table of Contents

AADSTTACT ... bbb R Rttt bbbttt e [
RESUME. ...ttt se st e et e st e e b e e Ee e Rt e R e e st e st e st e sb e e b e e beebeeseese e st e s e tenteeneanenreas i
ACKNOWIEAGEMENTS ...t b bbb e s 1\
Contributions to Original KNOWIEAGE.........ccveiiiieiiec e Vi
Contributions DY the AUTNOT ..o e viii
I 1o (o) O] 01 (=] ] OSSPSR IX
LSt OF SCNEMES ...t bbbttt e e Xiii
LISE OF FIQUIES ...ttt bttt e b et e st eteene e e beebeeneeareenas XVii
LISE OF TADIES ... sttt et e s s e steetesreesneenteaneenrens XiX
LiSt OF ADDIEVIALIONS .....eivieriiiiie e ettt bbb ens XX
NOMEBNCIATUIE ...t ettt e st e ste e s e e beebeeseesreeseeaneenreenee e XXVi
CHAPTER 1 Introduction to Quaternary Carbon Stereocentres, their Construction, and
Applications Thereof in the Total Synthesis of Puraquinonic ACid............ccccceveviieviviiccnenee. 1
1.1 Introduction to Quaternary Carbon Stereocentre FOrmation ............cccceocevereriennnne 2
1.1.1  Importance of Quaternary CarboNS...........ccccoveviiieiieie e 2

1.1.2  Construction of Quaternary Carbon Stere0CeNtreS.........cocvvvveveevieiieeieeresieseeineas 6

1.1.3  o-Quaternary Carbon STEreOCENIIES .........ccuvieieiiiirie ittt 7

1.1.3.1 Use of Enolates in Carbon-Carbon Bond Forming Reactions ..............c.ccc...... 8

1.1.3.2 Controlling Enolate GEOMELIY ........cccveiuiiiiiieieeie e 11

1.1.3.3 Controlling Enolate Facial SEleCtiVIty ..........cccoviiiiiiininiiieeec e 14

1.1.3.4 The Practicality of the Chiral Bicyclic Thioglycolate Lactam Auxiliary ...... 22

1.2 Catalytic Construction of a-Quaternary Carbon Stereocentres ...........c.ccoceveevriennes 26
1.2.1  Transition Metal CatalySis .........coocoiiiiiiiiiiice e 26

1.2.2  Organocatalytic Formation of a-Quaternary Carbon Stereocentres.................... 30
1.2.2.1 Phase-Transfer CatalySiS........ccccoviieiieiiiic e 32

1.3 PUFAQUINONIC ACIT ...ttt 36
1.3.1 Isolation, Structure, and Biological ACIVILY........ccccceeieiieeieiieie e 36

1.3.2 Related Natural Products and Proposed BioSynthesis..........cccccoevvviveevieciieennne. 37

1.3.3  Previous Total Syntheses of Puraquinonic ACId.........cc.coovviviiieniieni e 39
1.3.3.1 Approaches to the Racemic Preparation of Puraquinonic Acid..................... 40

1.3.3.2 Asymmetric Syntheses of Puraquinonic ACid..........ccccevvvivieiieiiievie e, 44

1.4 Construction of a-Quaternary Carbon Stereocentres in Advanced Settings........... 51



1.4.1 Investigation of Biselectrophilic Substrates in the Alkylation of Bicyclic Lactams.

51

1.4.2 A Novel Approach to (R)-Puraquinonic ACId...........cccceevveveiievreiesieseesie e 52
1.5 RETEIBICES ...ttt ettt b ettt b bbb nne s 53
CHAPTER 2 Use of Biselectrophilic Substrates in the Stereoselective Formation
Of 0-QUALEINANY STEIEOCENTIES .....cviiiieiieeie ettt e e et esbe e e e sreenbe e e e sreennas 69
2.1 OVEIVIBW ...ttt ettt et ne et et e st e s bt et e e neeene e beeneenneenris 70
2.1 1 PIOJECE ATIM oottt b bbb nne s 70
2.1.2  Initial ROUte OF ENQUITY......oiieii e 73
2.2 The MOdel SYSTEM ... s 75
2.2.1  Selection of Model Substrates and Reaction Optimisation...........cccccecvevinennnns 75
2.2.2  Promoting Spirocycle FOrmation ...........c.ccceevvieeieeie e 78
2.2.3  Stereochemical ASSESSMENT ........c.ciieriiiieiieie e 83
2.2.4  Investigation into Enolate FOrmation............ccooeieiiiininiiinicecec e 85
2.2.5 Investigation into Electrophile COMPEteNnCe .........cccuviveiiieii e 91
2.3 SUDSEIALE SCOPE ...ttt bbbttt nb e 97
2.3.1  Substrate Design and SYNthESIS .........cccoviiiiiiiiiee e 97
2.3.2  Investigation of SUbStrate SCOPE.......cccviiveiieiieie e 103
2.3.3  Formation of a-Quaternary Stere0CeNtIES........cccevveieerieiie i 105
24 [OF0] 0] 111 [0 1SS 114
2.5 RETEIEBNCES ...ttt es 115
CHAPTER 3 An Asymmetric Total Synthesis of (R)-Puraquinonic Acid..............c.cce....... 118
3.1 OVEIVIBW ...ttt sttt ettt e st e et e e s e sseenteeseeaseenbeeneesneenteenaeaneenneennens 119
T8 St o (0] 1=To! N [ 4 ISP 119
3.1.2  Outline of The Synthetic APProach ..........cccvveveiieiiece e 119
3.2 Retrosynthetic ANAIYSES.........coviiiiii s 124
3.3 Synthesis of DIBromide 378..........ccvoov i 125
3.3.1  Preparation of Diene 378 via Cross-Coupling .........ccccovvevveiiieiiiieiiieiee e 125
3.3.2  Acylation of 2,3-dinydrofuran............c.ccooiiiiiiii e 128
3.3.3  Diene Synthesis by Enyne Metathesis .........cccoeviiiiiiiieiiiciic e 131
3.3.4  Preparation of DIDromide 375......ccooiiiiiiiieiiece e 135
3.4 Formation of the a-Quaternary Carbon StereoCentre ..........ccccoceveveieieneserinnn 136
35 Oxidation to the Paraquinone: Total Synthesis of Puraquinonic Acid ................. 138
3.6 Determination of Absolute StereoChemMIStrY.........ccceviieiieiiiieiie e 143
3.7 Comparison to Proling DeriVaAtIVES ..........cccoveieiiieiesesesee e 148

X



3.8 FUTUIE DITBCIIONS .. et e ettt e e e e e e e et e e e e e e e e e 151

3.8 (070 0 0d (11 [ SRR TPRRTRSTRSN 154

3.9 RETEIBNCES ...ttt b e e 157
CHAPTER 4 Design of HDAC/HIV-1 Protease Inhibitor Hybrid Molecules for the
Development of Novel HIV Treatments.........cccooiiiiiiiiiiiiciee s 160
4.1 Current HIV Treatment..........oooiiiiieiieee e 161
.11 HIVIAIDS ..ottt bbbttt bbb 161

4.1.2  VIral LITECYCIE.....oieieicieeee e 162

4.1.3  State Of the Art TreatMeNT.......ccooiiiiiiiieee e 164

O o | AV I (< [ Y PP 167

4.1.5 Histones, Histone Deacetylases, and Their Role in HIV-Latency .................... 168
4151 HISEONES ...viiiitiitieieeiieie ettt et bbb nre s 168

4.1.5.2 Histone Deacetylases (HDACS) ......c.ccoeieiieiieie e 170

4.1.5.3 Use of HDAC Inhibitors for Latent HIV Reactivation ............c.cccoceevvvvennee. 172

4.2 Combination Therapy and Hybrid DrUQS .......cccooevieiieie i 173
4.2.1  Combination TREIAPY ......cciviiiiiieieeie et 173

4.2.2  Advantages of Hybrid Drug DeSIgN..........cccereiiiinininisieieeese e 174

4.2.3  Examples of Hybrid DIUQS.......cccooveiiiiiiice e 175

4.3 Design of Novel Hybrid HDAC/HIV-1 Protease Inhibitors.............cccccoeveiennenee. 179
4.3.1 Rational for a Hybrid Drug ApPProach..........ccccceviiiiiiiiiieese e 179

4.3.2  General HDAC INNIDITOr DESIGN.......ciiiiiiiieieiesie e 180

4.3.3  HIV-1 Protease and Inhibitors Thereof..........ccccoeiiiiiiinicieiee e 182

4.3.4  Proposed HDAC/HIV-PR DESIGN.....ccccueiiiiiriiierienie et 186

4.4 Synthesis of HDAC/HIV-1 Protease Inhibitors Hybrid............cccoeiiiiiinnnen 190
4.4.1  RetrosynthetiC ANAIYSIS.......ccviviiiieiiiiece et 190

4.4.2  ChemiCal SYNTNESIS .......couoiiiiiiie e 192

4.5 Biological Evaluation of Hybrid Molecules ... 199
451 HDAC INNIDITION ASSAY .....cciviiiiieiiie ittt sre e srae e aneas 199

T R o (=T U | SRS 201

4.6 Discussion and Future DIFreCHION..........cccceiverieiie e 203

4.7 RETEIBNCES ...t et b e e 205
Final Conclusions and FULUIe PersPeCTIVES. ........coiviiiiiiieieie e 215
CHAPTER 5 Experimental ProCEAUIES ..........ccoiiiiiiiiieieiese s 218
5.1 General EXPerimental ..........cooiiiiii i 219

5.2 Procedures fOr Chapler 2 ... 221



5.2.1  General Method for Spiroalkylation ............ccccccveieiieniiie e 239

5.2.2  General Procedure for Reductive AlKylation ...........cccocvivviiiiniiinenec e 247

5.2.3  DFT CalCUIALIONS ....c.veeiiiiieiieiiieie et 261

5.3 Procedures for Chapter 3 .........ooviieiieiece e 270

5.4 Procedures for Chapler 4 ... 288
5.4.1  Synthesis of Hybrid INhIDITOrS ... 288

5.4.2  Preparation of HDAC Inhibitor Assay Substrate .............cccccevvvieiieeieeie s 304

5.4.3  HDAC INNIDITON ASSAY ...ccuviiiieiiieiieiiiesieeie sttt et enee e neas 309

55 RETEIBINCES ...ttt ettt ns 312

A o] 011 o [ USSR 315

Xii



List of Schemes

Scheme 1.1 Zimmerman-Traxler transition state model for the aldol reaction...............cc.ccoenene 10
Scheme 1.2 Ireland model for the enolization SEIeCtIVILY ... 12
Scheme 1.3 Effects of amide substitution on enolization selectivity ..........cc.cccovvevevieieeiecnene. 13
Scheme 1.4 Enolization selectivity for a,a-disubstituted eSters...........ccvvvvveiriiiiie e 13
Scheme 1.5 Chiral amides in selective enolization of chiral a,a-disubstituted esters.................. 14
Scheme 1.6 Evans’ oxazolidinone auxiliary directed alkylation............ccoooovviveiieienincnenincnnns 15
Scheme 1.7 Use of diminutive a-substituents to control enolate geometry ...........cccoceevvevveveenee. 17
Scheme 1.8 Meyers’ endo-selective bicyclic lactam auxiliary ...........ccccoovovieiiinnneniienns 18
Scheme 1.9 Cyclic enolates via Chelation ..o 18
Scheme 1.10 Chiral auxiliary directed deprotonation and Michael addition ...............ccccoocevvnene 20
Scheme 1.11 Asymmetric lithium enediolate alkylation.............ccccooeiieiieiciciccece e, 21
Scheme 1.12 Quaternary carbon containing aldol products via allyl zinc additions.................... 22
Scheme 1.13 Alkylation of second-generation auXiliary ..........ccccceeevieeieeve e se e 23
Scheme 1.14 Removal of auxiliary by hydrolysis and reduction............c.ccoovveieiinenienincnns 25
Scheme 1.15 Palladium catalysed asymmetric allylic alkylation...............cccccccovviieiieinenecnenn. 28
Scheme 1.16 o-Quaternary carbon stereocentre formation via palladium catalysed C-H
activation/deSyMMELTISALION .........cuoiiiie ettt enas 29
Scheme 1.17 Iridium catalysed C-H fictionalisation of methanol ...........c.cccoooviveieiiiecece. 30
Scheme 1.18 Organocatalytic preparation of the Hajos-Parrish and Wieland-Miescher ketones and
Barbas’ organocatalytic asymmetric aldol reaction............ccocveiiiriiniiiiii e 31
Scheme 1.19 Formation of vicinal quaternary and tertiary stereoCentres ...........cccoceeveevvevvesneenne. 32
Scheme 1.20 Asymmetric phase-transfer catalysis in the synthesis of (+)-indacrinone............... 33
Scheme 1.21 Asymmetric dialkylation of malonate eSters ...........cccccevvvevieeveiicve e, 34
Scheme 1.22 Asymmetric dialkylation in the synthesis of MK-3207.........ccccccviveiviienieeieneee. 35
Scheme 1.23 Proposed biosynthesis of the illudalanes .............ccccoeovevieiievccc s, 38
Scheme 1.24 Facile conversion from the protoilludalane to illudalane carbon skeleton.............. 39
Scheme 1.25 Clive’s first-generation racemic synthesis of puraquinonic acid..............ccccceeueeee. 41
Scheme 1.26 Clive’s second-generation racemic synthesis of puraquinonic acid ....................... 42
Scheme 1.27 Kraus’ racemic synthesis of puraquinonic acid ethyl ester and deliquinone.......... 43
Scheme 1.28 Baudoin’s racemic synthesis of puraquinonic acid methyl ester..............cc.ccoceue. 44
Scheme 1.29 Clive’s synthesis of (S)-puraqUinonIiC aCid ..........ccoovriueiirniniieiie e 46

Xiii



Scheme 1.30 Gleason and Tiong’s synthesis of (R)-puraquinonic acid..............ccccceevverververeenne. 48

Scheme 1.31 Baudoin’s synthesis of (R)-puraquinoniC aCid.............cocervririiieiienenese e 49
Scheme 2.1 Strategies for a-quaternary carbon stereocentres using lactam 104 ..............c.......... 72
Scheme 2.2 Synthesis of model biselectrophile, dibromide 209...........ccoooiiiiiiiiinns 75
Scheme 2.3 Synthesis of 1aCtam 104 ..........coiiiiiieiece e 76
Scheme 2.4 Anticipated possible products formed from the alkylation of lactam 104................ 77
Scheme 2.5 1S01ation OF adUUCE 271 .......ceoiiiiieieie e 77
Scheme 2.6 Methods for promoting a second deprotonation............ccoceeveeriereeneeresieeseeree e 79
Scheme 2.7 Synthesis Of SUITONE 277 ........oooue e 80
Scheme 2.8 Rationalisation of observed Stere0Chemistry ..........ccocooiviiiiiiiinieieeese s 85
Scheme 2.9 Synthesis of sulfoxides 292a and 292D ............ccceveeiiiie s 88
Scheme 2.10 Synthesis and testing of SUITONe 297 ..o 90
Scheme 2.11 Synthesis of thioether 269............cooeiiiiiiiiie e 91
Scheme 2.12 Investigation of simple, symmetric biselectrophiles............ccooooeiiiinniiiiiinns 92
Scheme 2.13 Synthesis of diiodide 305 and cyclic sulfonate 307..........ccccocvvveevieie i 92
Scheme 2.14 Possible hydrolysis and subsequent cyclisation of dibromide 209...........cc.ccccv.... 93
Scheme 2.15 Identification of facial selectivity for the alkylation of sulfone 310....................... 96
Scheme 2.16 Synthesis of dibromide 313 ... 98
Scheme 2.17 Synthesis of dibromide 314 .........cccoooviiiiiiie e 98
Scheme 2.18 Synthesis of dibromide 315 .......ccoiiiiiii e 99
Scheme 2.19 Attempts to synthesise dibromide 316 and analogues thereof..............c.ccccoveneee. 99
Scheme 2.20 Attempts to synthesise tetrasubstituted olefin containing biselectrophiles .......... 100
Scheme 2.21 Synthesis of diMesylate 329 .........cccooveiiiiiiice e 101
Scheme 2.22 Synthesis of biaryl dibromide 317 ...........coooiiiiiin 101
Scheme 2.23 Synthesis of alkyl biselectrophiles............c.cooveiiiiiicic e 102
Scheme 2.24 Reduction and alkylation of sulfone 251 ..o 105
Scheme 2.25 Reduction and alkylation of cyclic sulfone 347..........ccccooviiii i, 106
Scheme 2.26 Allylation with 3,3-dimethylallyl bromide ... 111
Scheme 3.1 Summary of previous asymmetric approaches to puraquinonic acid and points wherein
the quaternary carbon Was INtrOAUCEA ...........oviiiriiiiieierc e 122
Scheme 3.2 Comparison to Kraus’ racemic preparation of the key a-quaternary stereocentre in
o101 2= Yo VT Tl o TolN= Vol [o FU TSP P TP PP PRPR 123
Scheme 3.3 Retrosynthetic analysis of puraquinonic acid (164) .......c.cccccevvveivieiie e, 124

Xiv



Scheme 3.4 Proposed Kumada cross-coupling for the synthesis of diene 378 ............ccccccvvenee 125

Scheme 3.5 Su’s preparation of iodinated hydrofurans and hydropyrans..............cccceevnvnennne 125
Scheme 3.6 Attempts to reproduce results disclosed bY SuU ..o 126
Scheme 3.7 Tanaka’s preparation of vinyl stannanes from thioethers..........c.ccooeviviiiiinninnnnns 127
Scheme 3.8 Preparation of tributyl dihydrofuryl stannane..............ccccooceieiiiie s 127
Scheme 3.9 Hojo’s trichloroacylation of 2,3-dihydrofuran..............cc.ccooiiiiiiicicnni 128
Scheme 3.10 Attempts at direct acylation of 2,3-dihydrofuran..............ccccovveveiieiiciciieiees 129
Scheme 3.11 Preparation of vinylogous ether 397 ... 129
Scheme 3.12 Trapping of diene 378 With DIMAD .........cccooveiiiiiiere e 130
Scheme 3.13 Retrosynthesis for the formation of diene 378 via an eneyne metathesis............. 131
Scheme 3.14 Diver’s intermolecular eneyne metathesis........ocoovvereiiiniiiiniesierene e 132
Scheme 3.15 Hiersemann’s alkyne de Mayo r€action...........ccuevveruererienenininieienie e 132
Scheme 3.16 Synthesis of VINYI-ether 399 .........ccco oo 133
Scheme 3.17 Stepwise and one-pot reparation Of dieSter 376.........cccevvriiriiieienie e 134
Scheme 3.18 Enyne metathesis mechanism and off-cycle catalyst sequestration...................... 135
Scheme 3.19 Preparation of dibromide 375 ... 135
Scheme 3.20 Construction of the key quaternary Stere0Centre ...........cccccvvevveveieesvesesieeseennens 136
Scheme 3.21 Initial attempts to oxidise the arene core to the para-quinone .............c.ccocevveeeee. 138
Scheme 3.22 Bromination OF @reNe 417 .......cooieiiiiiiiieieieee e e 139
Scheme 3.23 Possible synthetic route to puraquinonic acid via aryl bromide 418..................... 139
Scheme 3.24 Proposed mechanism for the oxidation of carboxylic acid 417............c.ccceevvenee 140
Scheme 3.25 Oxidation of carboxylic acid 393 to puraquinonic acid.............cceceverenercriennnnn 141
Scheme 3.26 Stereochemical determination of alkylation products of lactam 104 ................... 144
Scheme 3.27 Synthesis of para-quinones (R,S)-433 and (R,R)-433 .......cceiiiiiiiiiine e 145
Scheme 3.28 Baudoin’s palladium catalysed C-H activation .............c.ccoceveiiiniininencinee, 148
Scheme 3.29 Synthesis of proline derivates of amide 353..........cccooveiirienieeie e 149
Scheme 3.30 Proposed use of alternate alkynes...........ccoooviiieiie s 152
Scheme 3.31 Total synthesis of (R)-puraquinOniC aCid...........ccccooereriririninieiene e 155
Scheme 4.1 Late stage Suzuki-Miyaura cross-coupling approach...........ccccceevvevieiiieiie e, 190
Scheme 4.2 Synthesis of enantioenriched epoxide S1.........ccccceiiiiiiiiiininieee e 193
Scheme 4.3 Synthesis of key aryl bromide intermediate 501 ..........ccccoovviiiiiiiciie i, 194
Scheme 4.4 Failed Suzuki-Miyaura CroSS-COUPIING ........ccuviiiriiriieiiiesiseeeee e 194
Scheme 4.5 Successful Suzuki-Miyaura cross-CoUPINGS .......cocvvevieiieiiie i 195

XV



Scheme 4.6 Successful cross coupling of model substate 506.............c.ccceviveveiieiiieceiceceene 196

Scheme 4.7 Preparation of hybrid inhibitors 488 and 489 ............cccccevi i 197
Scheme 4.8 Preparation methyl @Ster 513 .........ccoiiieiiiiiieere e 198
Scheme 4.9 Enzymatic processing of HDAC inhibitor assay substrates ............cccocevveieiennns 200

XVi



List of Figures

Figure 1.1 QUALErnary CarbONS..........covoieiiieiieeie st ettt e te e eeste e e e sreesreeneesneenrs 2
Figure 1.2 Quaternary carbons in the structures of taxol, morphine, strychnine, and cholesterol. 3

Figure 1.3 Isomerisation of thalidomide in human blood.............cccooeieiiiiii i, 4
Figure 1.4 Structure of lenolidomide, an FDA approved treatment for multiple myeloma........... 5
Figure 1.5 Thalidomide analogues which do not bear the problematic a-carbon.......................... 5

Figure 1.6 Examples of various reactions which produce quaternary carbon stereocentres: a)
Diels-Alder cycloaddition, b) Claisen rearrangement, c) asymmetric conjugate addition, and d)

ESYMIMETITISATION. ...ttt ettt e st et e e st e s beesteeneeebeesbeeneesreeneeenee e 7
Figure 1.7 Examples of a-quaternary carbon stereocentres and derivates thereof ...................... 8
Figure 1.8 Examples of chiral auxiliaries successfully used in asymmetric allylations............... 16
Figure 1.9 Enolate geometry resulting from reductive enolisation............ccccccoecvvveiiiiiecicieenns 24
Figure 1.10 The natural products puraquinonic acid, strobilurin D, and muscarine.................... 36
Figure 1.11 Carbon skeleton and examples of protoilludalanes, illudanes, illudalanes, and
NOFTHTUGAIANES ...ttt et e st e e teese e e te e beaseesteeaenneenneeneeas 37
Figure 1.12 Natural products structurally related to puraquinonic acid ............ccccceeveveiieeieennns 39
Figure 2.1 Examples of natural products and biologically relevant molecules containing a-
quaternary CarbON STEIEOCEINTIES.........uiiiierieieieste sttt sttt sttt st b et e et e e seesbesbesbesneareas 71
Figure 2.2 Structures of a) ent-fredericamycin A and b) the most potent member of series of orally
bioavailable CGRP receptor antagonists developed by MercK............ccooovevviiievieiieiiese e 73
Figure 2.3 Plot of pKa in DMSO as a function of change in proton affinity and interpolation of the
PKa OF SUITONE 277 ...ttt ettt e et e et e s beesteeneesreeeeas 81
FIQure 2.4 VINYl 6ther 288 ..........ooo i 83
Figure 2.5 Determination of relative stereochemistry by NOESY spectrum analysis................. 84
Figure 2.6 *H NMR spectra displaying deuterium incorporation of sulfone 277........................ 87
Figure 2.7 *H NMR spectra displaying deuterium incorporation of sulfoxide 292a................... 89
Figure 2.8 *H NMR spectra displaying deuterium incorporation of sulfoxide 292b................... 89
Figure 2.9 Proposed electrophiles and predicted relative reactivities............ccccoceivieiieiiicinnne, 97
Figure 2.10 Final set Of teSt SUDSIIALES ........cviiiieiee s 102
Figure 2.11 DFT optimised structure of spirocycle 350 B3LYP/6-311+G(d,p).....ccccvvevvrrnnnns 111
Figure 2.12 DFT optimised structures of spirocycle 350 derived enolates .............ccocoecvvvrenne. 112
Figure 3.1 Natural products containing a-quaternary carbon stereocentres ............cccoceeeereenee. 119

Figure 3.2 Alkylation selectivity for sulfide and sulfone derived a,a-disubstituted enolates ... 121
Figure 3.3 Determination of relative stereochemistry by NOESY spectrum analysis for 374.. 137

xvii



Figure 3.4 Comparison of *H NMR spectra for para-quinones (R,S)-433 and (R,R)-433, data for
authentic (R,S)-433 was only available as a printout and has been manipulated to provide a one-

£0-0NE COMIPAIISON....uviitiiiteeieetiesteete et e ste et e e e s te et e e st e sse e teeseesbeesteaseesaeeeeasseabeenseaneessaenseaneesseensens 146
Figure 3.5 Comparison of 13C NMR spectra for para-quinones (R,S)-433 and (R,R)-433 ....... 147
Figure 3.6 Possible natural product and medicinal chemistry targets...........ccccceveviveveciesnenne. 153
Figure 4.1 Overall global trends of HIV infection and associated deaths .............ccccoceeervnenne. 162
Figure 4.2 The HIV Viral HfeCYCIe........cvoiieece e 164
Figure 4.3 Steps in the HIV lifecycle inhibited by current antiretroviral drugs ...............c........ 165

Figure 4.4 Representative examples of entry inhibitors (maraviroc), nucleoside reverse
transcriptase inhibitors (abacavir), non-nucleoside reverse transcriptase inhibitors (efavirenz),
integrase strand transfer inhibitors (dolutegravir), and protease inhibitors (atazanavir)............ 166

Figure 4.5 Dynamic modification of histone lysine residues by HDAC and HAT enzymes .... 170

Figure 4.6 Mechanism for zinc dependant HDAC cleavage of acetylated lysine residues....... 171
Figure 4.7 FDA approved kinase inhibitors known to target multiple Kinases............c.cc.ccoe.... 175
Figure 4.8 Examples of a) linked and b) joined pharmacophores ...........ccccooceviveveiieivccecnee, 177
Figure 4.9 Examples of a) overlapped and b) merged pharmacophores............ccccoovrenerennne. 178
Figure 4.10 HDAC/(N)NRT hybrid inhibitors developed by Doyle and Gleason .................... 179

Figure 4.11 Co-crystal structure of HDAC2 and vorinostat (469) illustrating the extension of the
linker away from the cap group on the surface of the enzyme allowing the hydroxamic acid to

engage the zinc atom at the end of the lipophilic tunnel (PDB: 4LXZ) ......cccccoevviiiiiciiieinn, 181
Figure 4.12 lllustration of the design principles common to most HDAC inhibitors................ 182
Figure 4.13 X-Ray crystal structure of HIV-1 protease homodimer complexed with gag-pol (blue)
(R = 0 1 | TSSOSO PPTRTRPR 183
Figure 4.14 HIV-1 protease peptide bond hydrolysis mechanism...........ccccoovveienineninennnnn. 184
Figure 4.15 FDA Approved HIV-1 protease inhibitors oriented and arranged to highlight common
SEPUCTUTAL TEALUIES. ....vveeeeee ettt sttt e ste e te e s e steeeeeneenreenaeeneenreennens 186
Figure 4.16 a) X-ray crystal structure of HIV-1 protease co-crystallised with darunavir
(478)(PDB:1T3R) and b) schematic of key INteraCtions ..............ccoceverineniinieieese e 188
Figure 4.17 Initial design of darunavir based HDAC/HIV-1 PR hybrid inhibitor .................... 189
Figure 4.18 Final HDAC/HIV-1 protease hybrid inhibitor design ..o, 192
Figure 4.19 First and second generation eN-acetyllysing sSubstrates ............cccooeveveeneniennnnne. 200
Figure 4.20 Romodepsin, the only HDAC inhibitor shown to have shown clear clinical benefits
IN deCreasing HIV FESEIVOIIS .......iiiiiiieeiie ettt e et e e e sra e s beesreeetaea 203
Figure 4.21 Structure of HDAC inhibitor fimepinostat............ccccoveiiiineniniscee e 204

Xviii



List of Tables

Table 2.1 Difference in acid/conjugate base proton affinity for surveyed molecules and their

respective aCiditieS IN DIMSO ........oooiiiiiieiiee ettt saeeae s 81
Table 2.2 Optimisation of spirocycle 287 fOrmation ............cccevveveeii i 82
Table 2.3 Levels of deuterium incorporation for sulfone 277 ... 86
Table 2.4 Levels of deuterium incorporation for sulfoxides 292a and 292b..............cccccvevvenene. 88
Table 2.5 Optimisation of biphasic reaction using phase transfer catalysis...........c.ccccceveverennenne. 94
Table 2.6 Substrate scope for spirocycle formation.............ccccecveieiiieie s 104
Table 2.7 Alkylation of spirocycle 287 derived enOIates............ccccoveriiininieieeec e 109
Table 2.8 Allylation versus methylation of sulfone derived enolates..........c.c.cccccevvveviiieieennnns 110
Table 3.1 Comparison of (R)-puraquinonic acid characterisation data............cc.ccceevervrieeneennnns 142
Table 3.2 Comparison of *H and *3C NMR spectra data for amide 435...........ccccevvvvrvieeennnnns 150
Table 4.1 HDAC inhibitor assay results for 488 and 489 ............cccovevieieniiene e 201

XiX



List of Abbreviations

Ac
AIBN
AIDS
AMC
APCI
ART
aq
B3LYP
9-BBN
Bn
Boc

br

Bu
CAN
CART
CDC
CDK
CGRP
cod
CosY
CSA

dba

DBU
DCE
DCM

acetyl

azobisisobutyronitrile

acquired immune deficiency syndrome
7-amino-4-methylcoumarin
atmospheric pressure chemical ionization
antiretroviral therapy

agqueous

Becke, 3-parameter, Lee-Yang—Parr
9-borabicyclo[3.3.1]nonane

benzyl

tert-butyloxycarbonyl

broad

butyl

cerium ammonium nitrate
combination antiretroviral therapy
American Centers for Disease Control
cyclin-dependent kinase

calcitonin gene-related peptide
1,5-cyclooctadiene

correlation spectroscopy
camphorsulfonic acid

doublet

dibenzylideneacetone
1,8-diazabicyclo[5.4.0]undec-7-ene
dichloroethane

dichloromethane

XX



DDQ
DFT
DIBAL/DIBAL-H
DIPEA
DIPPA
DMAD
DMAP
DMF
DMP
DMPU
DMSO
d.r.

EDC
EDG

ee

El

ESI

Et

Et.O
EtOAC
EtOH
equiv
EWG
FDA
gag-pol
HAART
HAT

2,3-dichloro-5,6-dicyano-1,4-benzoquinone
density functional theory
diisobutylaluminium hydride
N,N-diisopropylethylamine
diphenylphosphorylazide

dimethyl acetylenedicarboxylate
4-(dimethylamino)pyridine
N,N-dimethylformamide
Dess-Martin periodinane
N,N’-dimethylpropyleneurea
dimethylsulfoxide

diasteromeric ratio
N-ethyl-N’-carbodiimide

electron donating group
enantiomeric excess

electron ionization

electron spray ionization

ethyl

diethyl ether

ethyl acetate

ethanol

equivalent(s)

electron withdrawing group
United States Food and Drug Administration
group-specific antigen polyprotein
highly active antiretroviral therapy

histone acetyl transferase

XXi



HDAC
HDACI
HIV
HOAt
HOBt
HOMO
HMBC
HPLC
HRMS
HSQC
hv
JohnPhos

L. A
LDA
LiDBB
LiIHMDS
LTR
LUMO

m

histone deacetylase

histone deacetylase inhibitor(s)

human immunodeficiency virus
1-hydroxy-7-azabenzotriazole
hydroxybenzotriazole

highest occupied molecular orbital
heteronuclear multiple bond correlation
high-performance liquid chromatography
high-resolution mass spectrometry
heteronuclear single quantum correlation
light, photon energy
(2-biphenyl)di-tert-butylphosphine

iSO

2-iodoxybenzoic acid

half maximal inhibitory concentration
imidazole

infrared

coupling constant

potassium bis(trimethylsilyl)amide
inhibitor dissociation constant

Lewis acid

lithium diisopropylamide
4,4'-di-tert-butylbiphenylide

lithium bis(trimethylsilyl)amide

long terminal repeat

lowest unoccupied molecular orbital

meta

xXii



m multiplet

m/z mass to charge ratio

mCPBA meta-chloroperbenzoic acid

Me methyl

MeCN acetonitrile

MeOH methanol

mmol millimole

mol mole

MOM methoxymethyl

MS molecular sieves

Ms mesyl, methanesulfonyl

n normal

NAD* nicotinamide adenine dinucleotide
NaHMDS sodium bis(trimethylsilyl)amide
NBS N-bromosuccinimide

n.d. not determined

NMR nuclear magnetic resonance
NOE nuclear Overhauser effect
NOESY nuclear Overhauser effect spectroscopy
n.r. no reaction

Ns nosyl, 4-nitrobenzenesulfonyl

0 ortho

p para

PDB protein data bank

Ph phenyl

PI3K phosphoinositide 3-kinase
PIDA phenyliodine(l1l) diacetate

xXiii



Piv pivaloyl

pKa log of the acid dissociation constant
PMP para-methoxyphenyl

PR protease

r.t. room temperature

RT reverse transcriptase

PTSA para-toluenesulfonic acid

RNA ribonucleic acid

S secondary

S singlet

SAHA suberoylanilide hydroxamic acid
SALEN 2,2'-ethylenebis(nitrilomethylidene)diphenol
SAR structure activity relationship
SM starting material

t tertiary

t triplet

TBAF tetrabutylamonium fluoride
TBHP tert-butyl hydroperoxide

TBS tert-butyldimethylsilyl

Tf triflyl, trifluoromethylsulfonyl
TFA trifluoroacetic acid

THF tetrahydrofuran

TLC thin layer chromatography

TMS trimethylsilyl

TS transition state

TSA trichostatin A

viv volume/volume

XXiV



wit% percentage by weight

XPhos 2-dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl

XXV



Nomenclature
Regarding the discussion of enolate geometry, the notation (E/Z)-enolate is synonymous

with E/Z(O)-enolate within the text of this thesis.

The numbering convention used herein for the norilludalane puraquinonic acid (164), is

the same as established by Anke and Sternerin in the original report of the natural product.* The

convention is illustrated below.

puraquinonic acid (164)

! Becker, U.; Erkel, G.; Anke, T.; Sterner, O., Natural Product Letters 1997, 9 (3), 229-236.
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CHAPTER 1
Introduction to Quaternary Carbon Stereocentres, their Construction, and Applications

Thereof in the Total Synthesis of Puraquinonic Acid



1.1 Introduction to Quaternary Carbon Stereocentre Formation

1.1.1 Importance of Quaternary Carbons

Among the myriad structural motifs encountered in chemistry, the quaternary carbon is
perhaps one of the most intriguing. Although by definition structurally simple — a carbon atom
bonded to four additional carbon atoms — this simplicity facilitates the construction of a staggering
array of molecular architectures and leads one to encounter numerous examples of quaternary
carbons in any given volume of organic chemistry research journals.'3 This diversity also leads to
complexity, and indeed quaternary carbons are frequently found nestled within the carbon

skeletons of important. and synthetically challenging organic molecules.

R2R3 R2R3
R13\R4 R1}\x
quaternary tetrasubstituted
carbon tertiarycarbon
stereocentre stereocentre
R=CR';;R#H

Figure 1.1 Quaternary carbons

Examples of important, naturally occurring, molecules that contain quaternary carbons
include taxol*® (1), a cancer chemotherapy medication, morphine”  (2), an important analgesic,
strychnine® 10 (3), a famously toxic indole alkaloid, and the sterol cholesterol*! 12 (4), in which
quaternary carbons decorate the common gonane structure. The presence of quaternary carbons is
also encountered in the pharmaceutical industry with twenty-two of the top two hundred
pharmaceuticals sold in 2018 (representing twenty-nine percent of all small molecules included in

the list), containing at least one quaternary carbon.



taxol (1) morphine (2) strychnine (3) cholesterol (4)

Figure 1.2 Quaternary carbons in the structures of taxol, morphine, strychnine, and cholesterol

Quaternary carbons are frequently employed in the design of novel molecules where they
can provide chemical and configurational stability. As carbon-carbon bonds represent the
structural foundation of organic molecules, the chemical stability of quaternary carbons makes
them inherently robust to all but the harshest of conditions or specifically designed chemical
reactions. Additionally, their configurational stability is an acutely critical property as quaternary
carbons are a frequent source of stereogenicity in organic structures, with each of the four
peripheral carbon atoms able to bear considerable chemical and structural diversity. This structural
diversity is on great display in nature wherein natural products of varying class and complexity

contain quaternary carbons.

The ability to resist stereochemical alteration is of added importance in the discussion of
biologically active molecules. This is a result of the biological function of biomolecules being
frequently influenced by the absolute stereochemistry of the molecules (both small and
macromolecules) with which they interact. In turn this makes configurationally stable
stereocentres (such as those formed by quaternary carbons) desirable features of biologically active

molecules, such as pharmaceuticals.

A tragic example of the considerable role stereochemistry plays in biological settings is the

widely recounted case of the pharmaceutical thalidomide. First prescribed as a sedative,

3



thalidomide came to be employed as an antiemetic to control morning sickness in pregnant women.
Thought to be safe due to it displaying little activity as a CNS and respiratory depressant, its use
proved disastrous, with the use of the drug during the early stages of pregnancy resulting in
teratogenicity, causing phocomelia and other severe or life-threatening birth defects. Investigation
into the origins of the varying clinical effects of thalidomide revealed a significant importance of
stereochemistry, with (S)-thalidomide (6) responsible for the teratogenic effects while (R)-
thalidomide (5) having sedative effects without significant toxicity.** As the stereogenic centre in
thalidomide bears an acidic proton, interconversion between the two isomers can be achieved via
deprotonation and subsequent reprotonation (Figure 1.3). Importantly this stereochemical
interconversion occurs under physiological conditions, thus precluding the administration of a
single enantiomer as a method of eliminating the negative effects of the medication.’®
(6]
kRs 0.17 h™'
N H (6]
NH ksr = 012h1
0 0 blood, 37 °C

(R)-thalidomide (5) (S)-thalidomide (6)

Figure 1.3 Isomerisation of thalidomide in human blood

The stereochemical instability, and accompanying change in biological activity, of
thalidomide and its analogues has long retarded the development of this class of pharmaceuticals.
Despite thalidomide removal from markets in 1962, research in the past decades has shown that it
regulates the activity of tumour necrosis factor-a, rekindling interest in the molecule class for
treatment of diseases such as rheumatoid arthritis, Crohn’s disease, leprosy, AIDS, and cancer. An
informative example is the use of lenolidomide (7), which was approved by the FDA in 2005 for

the treatment for multiple myeloma® and in 2018 had retail sales of $9.9 billion US.*3" As a result



of this modern attention, one approach to overcome stereochemical instability has been to leverage
the stability of quaternary carbon stereocentres by replacing the o-hydrogen to confer

configurational stability.

lenolidomide (7)

Figure 1.4 Structure of lenolidomide, an FDA approved treatment for multiple myeloma

Attempts to remove the problematic acidic a-hydrogen has led to the synthesis and
evaluation of several thalidomide analogues.’® 2° Unfortunately, while replacement of the
hydrogen does result in configurationally stable molecules, some analogues have inferior toxicity
profiles; 3’-fuorothalidamide (8) has been shown to cause pulmonary oedema, renal tubular
degeneration, macerated foetuses, and death in pregnant New Zealand white rabbits.?! Other
analogues, such as glutethimide?? (10) (once used as an alternative to barbiturates in the treatment
of insomnia) are less toxic with the more recently reported Gu998% (11) displaying anti-
angiogenic properties. Despite the tragic history, research into the biological uses of this class of

molecules remains an active field of research.

0 0 F o o
Et F Et NEt
NGF =0 N—=Me =0 oh 0 N =0
NH NH NH F NH
oo 0O O o) F O O

(S)-3'-fluorothalidomide (8) (R)-methylthalidomide (9) glutethimide (10) Gu998 (11)

Figure 1.5 Thalidomide analogues which do not bear the problematic a-carbon



1.1.2 Construction of Quaternary Carbon Stereocentres

Due to their prevalence in organic molecules many classic reactions have been developed
to construct quaternary carbons, with several also being able to deliver products with high levels
of enantiomeric excess. These include well studied reaction classes such cycloadditions,
sigmatropic rearrangements, 1,4-additions, and desymmetrizations.?* % As reactions like the
Diels-Alder cycloaddition?® and Claisen rearrangement?” can rapidly generate molecular
complexity and provide molecules that contain multiple stereogenic centres, it becomes necessary
for the reaction products to map reasonably well onto the desired target in order to maximise
synthetic efficiency. However, the ability to set multiple stereogenic centres in a single step
ensures that such pericyclic reactions remain a favourite strategy among organic chemists. In the
past two decades, methods such as conjugate additions?® and desymmetrisations reactions
(exemplified by a C-H activation strategies employed by Yu,?*! Figure 1.6d) have become
increasingly common with the advent of numerous chiral ligands for transition metal catalysis.
Due to the breadth of transformations able to furnish quaternary carbons the remainder of this
chapter will focus on the preparation of quaternary carbon stereocentres located o to carbonyl
groups with an emphasis on techniques wherein bond formation at the a-carbon is the stereo

defining event.
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Figure 1.6 Examples of various reactions which produce quaternary carbon stereocentres: a)
Diels-Alder cycloaddition, b) Claisen rearrangement, ¢) asymmetric conjugate addition, and d)
desymmetrisation.

1.1.3 «o-Quaternary Carbon Stereocentres

Considering the range of structural architectures quaternary carbons are found in, the

synthetic challenge of forming any given quaternary carbon can vary. A challenging subset of

quaternary carbons are those located at the a-position of carbonyls (or derivatives thereof e.g.
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quebrachamine (26), Figure 1.7) which are otherwise structurally isolated from additional
stereocentres or functional groups.®2-3” While common, such carbon stereocentres are not trivial to
construct leading to significant research activity into the development of methods for their

preparation.

OH O cl
N BI’ O O

B 7 OH (Et c Me

nbu \Me Me ',/Ph
X N Me
Me H l\} : Ok
0
(o] H \\

CO,H
madindoline B (25) quebrachamine (26) hamigeran B (27) indacrinone (28)
0 o}

& o} N o} 7 N »\N : ci\\NH

B O O

= \ —N o}

H Et” -

Me

equilin sulfate (29) ethosuximide (30) Merck CGRP receptor antaginist (31)

Figure 1.7 Examples of a-quaternary carbon stereocentres and derivates thereof

1.1.3.1 Use of Enolates in Carbon-Carbon Bond Forming Reactions

Several factors are responsible for the synthetic challenge presented in the formation of a-
quaternary carbon stereocentres. Being comprised of four carbon-carbon sigma bonds necessitates
the construction of the final bond to occur at a highly sterically encumbered tertiary site. The
multiple carbon substituents also lead to concerns regarding stereochemistry, as it is not unusual
for some of the substituents to be of similar electronic and steric character, making it difficult to
differentiate between them. Within the methods employed for the construction of carbon-carbon
bonds the use of enolates has long been one of the more popular methods, with numerous carbonyl

derivates, such as aldehydes, ketones, imides, esters, amides, and thioesters, forming enolates



capable of reacting with range of electrophiles to form quaternary stereocentres (e.g. aldehydes,

imines, Michael acceptors, alkyl halides, and Pd(II) aryl/z-allyl species).

As exemplified by the prototypical case of the aldol reaction, enolate geometry governs the
stereochemical result of reactions involving enolate substitution. As such, issues surrounding
selective enolate formation weigh heavily on any method involving their use in the preparation of
a-quaternary carbon stereocentres. It is therefore useful to identify the origins of stereoselectivity

for classical systems in some detail.

The effect of enolate geometry on stereochemical outcome of the aldol reaction is
conveniently analysed through examination of the Zimmerman-Traxler transition states for the
addition of the two possible enolates to a given aldehyde (Scheme 1.1).3 The cyclic nature of the
transition state places emphasis on minimising 1,3-diaxial interactions leading (E)-enolates (33)
to favour the formation of products with anti-relative stereochemistry (36) while (Z)-enolates (34)

provide syn-products (40).



+
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Scheme 1.1 Zimmerman-Traxler transition state model for the aldol reaction

Despite the role of enolate geometry in determining the stereochemical outcome, it is
impossible for enolate geometry to alone control absolute stereochemistry, as the set of
enantiomers is formed in each case outlined in Figure 1.1. Instead, the prochiral faces (si and re)
of the enolate must also be differentiated to provide absolute stereocontrol, with electrophile
addition occurring preferentially on one face. This differentiation can be achieved by adding a
stereo directing element to the enolate, commonly achieved by taking advantage of
stereochemistry elsewhere on the enolate (e.g. chiral auxiliary) or by addition of additional chiral
reagents (e.g. chiral catalysis). In general, methods of attaining high levels of absolute
stereocontrol rely on favouring the formation of a single enolate geometry while concurrently

blocking one of the enolate faces. These features remain critical for the substitution of a,a-
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disubstituted esters leading to quaternary carbon formation but become more challenging due to

the lack of steric differentiation when a carbon atom replaces the a-proton.

1.1.3.2 Controlling Enolate Geometry

Numerous strategies have been developed for the selective formation of a single enolate
geometry. Arguably, the most fundamental method is to rely on the steric properties of substituents
located at the a-carbon. This is particularly useful for the formation of a-tertiary stereocentres
where enolate geometry is dictated by the small relative size of a hydrogen atom (Rs = H, Scheme

1.2) to the other a-substituent (R. = alkyl).

The Ireland model provides one predictive tool to rationalise the observed enolate
geometry for deprotonations using amide bases (e.g. LDA). 3 % The model assumes a six-
membered ring transition state where the lithium cation of the base is coordinated to the carbonyl
while the nitrogen lone pair interacts with the a-proton. This geometric arrangement roughly
satisfies the stereoelectronic for a-deprotonation where a 90° O-C-C-H dihedral angle is ideal (48),
while bringing attention to two steric considerations: (i) the 1,3-diaxial interaction between the
second a-substituent and the amide base (44) and (ii) the 1,2-eclipsing interaction between one a-
substituent and the acyl group X (46). Changes to the nature of the carbonyl X substituent, solvent,
and base influence the relative importance of these interactions and therefore modulate the
geometric outcome. In the case of esters and ketones with small X substituents, in THF the 1,2-
eclipsing interaction is not substantial and thus a geometry minimising the 1,3-diaxial interactions
favours the formation of (E)-enolates. The influence of the 1,2-eclipsing steric interaction can be
exaggerated to favour the (Z)-enolate through the addition of HMPA (or other polar cosolvents),

which act to solubilise the lithium cation disrupting the tight six-membered ring conformation, to
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reduce the influence of the 1,3-diaxial interaction. The 1,2-eclipsing interaction also dominates in

cases where X is large, such as for amides and ketones with large substituents (X = NRz, tBu).

- X ] OLi
=~--Li ~_RL
Re RO [ X
| Rs
R Q L (Z)-enolate
0 1'3'225’“3' solvent: THF/HMPA 9%0 R
i 45
R LiNL
XJJ\( L — 2 vs /\H
R X Base
S .
= ~ L
” 4F: o RL\%\HQN//L —— XY 48
| RL
RS L
1,2-eclipsed (E)-enolate
46 solvent: THF

47

Scheme 1.2 Ireland model for the enolization selectivity

Due to the close association of the amide base and species undergoing deprotonation
changes to the substituents on the amide base can have a considerable influence on the observed
selectivity. The nature of these effects has been investigated by Xie (Scheme 1.3) and is
rationalised on the bases of the Ireland model.* %2 The electron withdrawing properties of the
phenyl groups in base 52 reduce the electron density on nitrogen. This weakens (i.e. lengthens) the
nitrogen-lithium bond leading to a late transition state, mimicking the loose transition state
traditionally accessed with the addition of HMPA, where 1,2-eclipsing interactions dominate. Xie
also noticed a significant temperature dependence on the selectivity of tert-
butyltrimethylsilylamide (53) with deprotonations carried out at room temperature (E:Z = 92:8)
found to be much more selective than when conducted at —78 °C (E:Z = 77:23). As with all
arguments made with reference to the Ireland model, Xie is careful to highlight that despite the
model’s consistency with their findings is possible that the observations result from changes in the
aggregation state of the lithium amides.
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Scheme 1.3 Effects of amide substitution on enolization selectivity

While the Ireland model is a useful tool, it highlights a dependence on steric differentiation
between the two a-substituents (RL vs. Rs) to provide (E/Z)-enolate selectivity. Such steric bias
works exceptionally well in cases where one of the substituents is hydrogen (Rs = H) but becomes
problematic when considering the use of enolates for the formation of quaternary carbon
stereocentres. In these cases, the comparative size of the substituents may be very close, such as
in the case described in Scheme 1.3 (Rs = Me, RL = Et).** As would be predicted from the Ireland
model, deprotonation of ester 54 and trapping the resulting a,a-disubstituted enolates as silyl enol
ethers 55 and 56 provides poor selectivity for the formation of the (Z)-isomer. The additional steric
demands introduced by substituted amides may cause further issues, as in these cases amide bases

may be incapable of performing a-deprotonations, with more forcing condition being required (e.g.

sBuLi).

P "0

54

Me

Et

OTMS OTMS
LDA, TMSCI Me Et
. Ph/\/\o)\( + Ph/\/\o)\(
-78 °C, THF Et Me

55 56

E:Z ratio = 33:67

Scheme 1.4 Enolization selectivity for a,a-disubstituted esters
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In addition to the electronic and steric properties of the base, the use of chiral bases can
have a strong directing influence. Zakarian and co-workers investigated the use of chiral lithium
amide base in the context of Ireland-Claisen rearrangements.*® By employing single enantiomers
of a,0-disubstituted esters together with Koga-type chiral amide bases,* a,o-disubstituted enolates
were accessed with very high levels of selectivity (Scheme 1.5).*° Use of the enantiomeric form
of the base provided the opposite enolate geometry and is consistent with the authors’ proposed
Ireland deprotonation model, wherein the chirality of the base provides discrimination between the
two diastereomeric transition states. Zakarian has successfully demonstrated the utility of this
methodology in efforts towards the synthesis of spirolide C* 4’ and in the total synthesis of (+)-

pinnatoxin A.*8

R,NLi E:Z ratio
Ph” NLi O
96:4
N
R,NLi, TMSCI OTMSM OTMSEt Ph/k/
P "o N E Ph/\/\o)\( e +Ph/\/\o)\( 58
Ge  ~T8°C.THF L Mo P
57 55 56 Ph™ "L O 2:08
N
Ph
59

Scheme 1.5 Chiral amides in selective enolization of chiral a,a-disubstituted esters

1.1.3.3 Controlling Enolate Facial Selectivity

A classic method for controlling the absolute stereochemical outcome of reactions is the
use of chiral auxiliaries. Chiral auxiliaries are stereogenic groups that are appended to a structure
to impose stereocontrol on subsequent reactivity. In many cases, once the auxiliary is removed, it
can be recovered and recycled. Naturally, this strategy can be applied to a wide array of chemical

reactivity ranging from cycloadditions, aldol additions, Michael additions, allylations, reductions,
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ene reactions, etc. with many structurally diverse chiral auxiliaries having been developed over the
past several decades (Figure 1.8). In the context of enolate allylations the auxiliary serves two
functions; (i) control of enolate geometry and (ii) control of the facial approach of the electrophile.
In these regards the oxazolidinone based auxiliaries, developed by Evans provide an instructive

example (Scheme 1.6).

In 1981 Evans introduced oxazolidinone based auxiliaries which derive their
stereochemistry from easily available chiral amino alcohols.*® As exemplified by the valinol
derived oxazolidinone 66, the A-1,3 interaction introduced by the substituents on the imide allow
for selective enolization. As predicted by the Ireland model, this results in high levels of selectivity
for (2)-enolates. Chelation of the lithium counter ion locks the enolate into a single conformation
(67) whereby the electrophile approaches opposite the isopropyl group providing alkylated

products in high yield and with high diastereoselectivity.*

Li
0O o

Ol" " 0O o
o N Me LDA OJ\NJ\/Me BnX o)LNJ\/'VIe

\—$, THF, 0°C, 2-4 h { \—5, \—$,én
67

66 68a
92%, >99:1 d.r.

|

\ hydrolysis \ solvolysis ‘reduction substitution
(0] (0] o
M M M MeO. M
HOJ\_./ e ROJ\{ e HO > e I}IJJ\;/ e
Bn Bn Bn Me Bn
68b 68c 68d 68e

Scheme 1.6 Evans’ oxazolidinone auxiliary directed alkylation
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The use of chiral auxiliaries in stereoselective enolate alkylation is not limited to Evans
type oxazolidinones, with several other groups developing unique frameworks to achieve similar
results. Examples of other chiral auxiliaries employed in this regard include Meyers’ oxazoline,*
Myers’ pseudoephedrine,® > Helmchen’s camphor alkanolamine,> Oppolzer’s camphorsultam,®®
Enders’ hydrazone (RAMP/SAMP),%® " and Coltart’s oxazolidinone® auxiliaries (Figure 1.8).
Chiral auxiliaries have also played a large role in the development of asymmetric aldol additions
where Evans’ oxazolidinone auxiliaries again are a classic example. In this application, Evans’
auxiliaries display a high degree of absolute and relative stereocontrol for syn-aldol products, with
stereoinduction being governed by a tight Zimmerman-Traxler transition state formed from the
use of boron enolates. The oxazolidinone moiety can be converted into a number of different
functional groups via hydrolysis (68b), solvolysis (68c), reduction (68d), or substitution (68e),

allowing the methodology to have broad applicability.>®:

R Me-_Me $0,Ph
N
: OH Me
MeO/ Me
60 61 62
Meyers (1976) Myers (1994) Helmchen (1981)
Me Me Me Me
HoN-N o
NH
<§%. [ N L
SO, OMe HoN 0
63 64 65
Oppolzer (1989) Enders (1976) Coltart (2008)

Figure 1.8 Examples of chiral auxiliaries successfully used in asymmetric allylations

The use of auxiliaries has also been extended to the formation of a-quaternary carbon

stereocentres, with these methods designed to overcome issues associated with enolate geometry
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in o,a-disubstituted systems. One approach used to address the issue of enolate geometry is to
employ a diminutive o-substituent that is reliably smaller than the second alkyl group. This
necessarily limits the scope of a-substituents.®® 62 In this regard, the nitrile group is attractive due
to the small steric profile of the sp hybridised carbon atom. Yamaguchi successfully employed this
strategy in conjunction with a Cz-symmetric pyrrolidine chiral auxiliary to forge a-cyano
quaternary carbon stereocentres (Scheme 1.7).%% Due to the acidity of the o-proton poor
diastereoselectivity in the initial alkylation (71) is observed. Unfortunately, the utility of this

methodology is also limited due to the lengthy synthesis of the auxiliary.®

MOMO._ MOMO-

0
7 steps - NJ\/CN nBuLi, Mel ; NJ\{CN
EtOZC N ”'COzEt —— - ]
Bn THF Me
-78't0 -20 °C
69 MOMO MOMO
70 71
95%, ~2:1 d.r.
MOMO MOMO
0 Y 0 Y oL
HO™ CN 2 steps : NJ}(CN nBuLi, Etl ' N)\(Me
Me Et Me Et THE CN
74 -78 to -20 °C
75% MOMO MOMO
73 = 72 -

96%, 95:5 d.r.

Scheme 1.7 Use of diminutive a-substituents to control enolate geometry

A second method of exerting control on enolate geometry is by employing cyclic systems
which limit enolate geometry.55-% This is achieved through substrate design, a strategy exemplified
by Meyers’ use of a bicyclic lactam auxiliary (Scheme 1.8).%"* Only the formation of the (E)-
enolate 76 is possible within the confines of the y-lactam as the (Z)-enolate would require an
impossibly strained trans—olefin to be contained in the y-lactam. Alkylation of enolate 76 provided

products with high levels of diastereoselectivity. However, removal of the auxiliary reveals a y-
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ketone as a vestigial element of the auxiliary.” Unlike many cyclic lactams, and indeed other
[3.3.0] bicyclic lactams,’® lactam 75 displays endo alkylation selectivity. From comparison to
similar [3.3.0] bicyclic lactams it was discovered that location of the aminal ether oxygen to be the
critical element in driving the observed endo electivity. In similar systems where this position is
occupied by a methylene carbon, a pseudo-axial hydrogen atom projects directly toward the

concave face of the bicyclic enolate, hindering alkylation from the endo-face.”

Me Me Me Ph
BuOH
o] sBuLi, BnBr ﬁ 0 Me ';'2204 O / Me
| ————— Nee B N e L__onBu
THF Lo Me | A Me

0 ~100 °C ' o Ph o

75 L 76 _ 77 78
91% 71%

97:3 d.r.

Scheme 1.8 Meyers’ endo-selective bicyclic lactam auxiliary

Metal chelation can also be employed in a similar manner to apply stereocontrol in enolate
formation. In Frater’s work with B-hydroxy esters, the lithium counterion chelates to the f-
alkoxide and carbonyl oxygen to form a six-membered metallocycle providing selective formation
of enolate 80.%% Stereoselective alkylation is then achieved with the electrophile approaching

anti to the f-alkoxide to provide a-quaternary-p-hydroxy esters with good levels of selectivity.

76%
95:5d.r.

Scheme 1.9 Cyclic enolates via chelation
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Careful consideration of the O-C-C-H dihedral angle can also prove useful in governing
enolate selectivity. Indeed, Myers’ use of a pseudoephedrine auxiliary takes advantage of the
conformational preference of a,o-disubstituted amides and the requirement that deprotonation
occur from a conformer where the O-C-C-H dihedral angle is approximately 90°.81 82 This allows
for either the E or Z enolate to be derived selectively from the R or S configuration of the a-carbon,
which can be simply prepared, in a preceding step, using the same pseudoephedrine auxiliary.>?
However, it is worth noting that higher levels of stereoselectivity are obtained through allylation
of the (Z2)-enolate compared to the (E)-enolate. Pseudoephedrine auxiliaries can also be employed
in directing the enolate geometry resulting from Michael additions providing a complementary
method to direct deprotonation. It should be noted that for both methods (deprotonation and
Michael addition) the related pseudoephenamine auxiliary provides superior diastereoselectivity

to pseudoephedrine, while not compromising yield.
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Scheme 1.10 Chiral auxiliary directed deprotonation and Michael addition

In 2017 Zakarian continued the investigation of chiral lithium amides and applied them to
the construction of tetrasubstituted carbon stereocentres from o-aryl carboxylic acids.® The use of
carboxylic acids has two notable advantages: (i) the intermediate enediolates of carboxylic acids
are symmetric, removing concerns of enolate geometry, and (ii) their high nucleophilicity.
Enantioselectivity is driven by the formation of well-defined mixed aggregates (95) of the chiral
lithium tetramide and enediolate (Scheme 1.11). Indeed, insufficient aging of the enolate
compromises enantioselectivity in these reactions. Although, the scope of the enediolate is largely

limited to derivatives of O-methylmandelic acid (90) a large variety of alkyl halide and Michael-
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type electrophiles provide reasonable structural diversity while maintaining good yields, with
enantioselectivities usually remaining in excess of 80% ee. This methodology was also found to
be reasonably competent in the formation of quaternary carbon stereocentres (with revered facial
selectivity) as displayed in the example of carboxylic acid 91. However, the authors note that in
these cases, the generation of the enediolate is problematic with the competitive formation of n-

butyl ketones observed, resulting in variable yields and enantioselectivity.

] i. tetramine, nBuLi
= THF, 0 °C, 2h Me, OMe 3 E\
HO HO ' HO .
or Ph N
o) ii. R?X, -78 °C o) o) K/
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90 R' = OMe 32 33 N ' N
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91 R'=Me —Li
77%, 97% ee 72%, 90% ee SNp L THE
THF Me |
> \0\
Ph 4 THF
] ~— .~
G HN” " NH O H,, a I_||
N~ N H
~ " ph Ph/k/ & THF
tetramine (94) 95
lithium enolate aggregate
(corroborated by x-ray crystallography)

Scheme 1.11 Asymmetric lithium enediolate alkylation

In contrast to methods which rely on the acidity of the a-protons to generate a,o-
disubstituted enolates, Marek and colleagues have developed a multicomponent reaction procedure
wherein allyl zinc species are generated and employed as enolate surrogates (Scheme 1.12).84 8
In a single pot, chiral alkynyl oxazolidinones® (e.g. 96; use of alkynyl sulfoxides has also been
disclosed®”) are submitted to a highly selective carbometallation with organocuprates to generate
B,B-disubstituted copper enamines (97) which are then homologated with the Simmons—Smith—
Furukawa zinc carbenoid (generated in situ) to generate the desired allyl zinc species (98). The

allyl zinc reacts diastereoselectively with aldehydes, through a Zimmerman-Traxler-type
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transition state (100), to give an intermediate zinc alkoxide, which is quickly trapped in situ as the
silyl ether and is hydrolysed upon purification. This methodology successfully provides rapid
access to a range of products containing challenging quaternary carbon stereocentres, including a
particularly difficult case wherein the quaternary stereocentre is defined by n-hexyl and n-butyl
alkyl substituents (101, in 66% yield, 92:8 d.r.). To further demonstrate the ability of this method
to provide products classically synthesised using enolate chemistry, removal of the oxazolidinone
auxiliary provides methyl ketone 102. More recently, this chemistry has been expanded to the
preparation of chlorohydrins,2® homoallylic alcohols,® and p-amino amides® (through oxidation

of the vinyl cuprate to provide stereodefined o,a-disubstituted amide enolates).
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Scheme 1.12 Quaternary carbon containing aldol products via allyl zinc additions

1.1.3.4 The Practicality of the Chiral Bicyclic Thioglycolate Lactam Auxiliary

When examined for potential use in more challenging settings, the limitations of the
systems discussed above become apparent and may be attributed to one or more of the following

drawbacks: (i) the products are decorated with residual functionality (even post auxiliary
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cleavage), (ii) not all stereoisomers are accessible, (iii) reactions of E and Z enolates provide
different levels of selectivity, and (iv) the use of specific a-substituents is required, limiting the
substrate scope of the method. Many of these issues were addressed in our laboratory through the

development of bicyclic thioglycolate lactam auxiliaries 103 and 104 (Scheme 1.13).
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Scheme 1.13 Alkylation of second-generation auxiliary

The first iteration of bicyclic thioglycolate lactam auxiliary (103) derived its chirality from
L-proline and providing good to high levels of stereoselectivity for a-alkylations for Z enolates.®
However, the second generation lactam 104 is synthetically easier to access, being prepared in
only three steps from L-valinol and provided reliably high levels of stereoselectivity for both E
and Z enolates.®? Selectivity for both lactams is governed by the convex conformation of the
bicycle with electrophiles approaching from the exo face, as observed for most bicyclic lactam
systems (lactam 75 (Scheme 1.8) being an exceptional case, vide supra). The third enolate

formation is achieved via reduction of the carbon-sulfur bond wherein the geometry of the enolate
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is dictated by the S-C-C-O dihedral angle, which is influenced by the stereochemistry of the ring
fusion. The conformation of the bicycle locks the dihedral angle at approximately 120° (112),
independent of the a-substituents, and prevents conformational change to a dihedral angle of 240°
(i.e. — 120°, 111) (Figure 1.9). This is the central advantage of these bicyclic lactam auxiliaries as
the relative positions of the a-substituents (i.e. R* and R?) are maintained though reductive enolate
formation (as per the least motion principle) and not dependent on relative steric or other
distinguishing features. Accordingly, the stereochemical outcome of the reduction (E or Z enolate)
is a function of the starting diastereomer which in turn is dependent on alkylation sequence and

not the nature of the electrophiles (Scheme 1.13).
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Figure 1.9 Enolate geometry resulting from reductive enolisation

The versatility of the bicyclic thioglycolate lactam auxiliary has been demonstrated in
number of reaction classes including: alkylations,® aldol additions,® and Mannich reactions.*®
The hemiaminal ether moiety of the second-generation auxiliary also lends itself to facile amide
hydrolysis though N to O acyl transfer after aminal cleavage, allowing the carboxylic acid to be
liberated via ester hydrolysis as opposed to the more challenging direct amide hydrolysis (Scheme
1.14). The L-valine derived auxiliary has a second practical advantage over its predecessor: the
addition of a second stereogenic centre on the five membered-ring provides a pseudo C>-symmetric
auxiliary upon enolate formation. This provided it with the ability overcome the poor selectivity

observed for the alkylation of (E)-enolates in the earlier system and is attributed to the ability of
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the Co-symmetry to direct the approach of the electrophile regardless of rotation about the C-N
bond. Upon construction of the a-quaternary carbon stereocentre (114, Scheme 1.14), the auxiliary
may be removed by reduction to furnish the alcohol (117) or through acidic hydrolysis (facilitated

by N to O acyl transfer) to afford the corresponding carboxylic acid.
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Scheme 1.14 Removal of auxiliary by hydrolysis and reduction
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12 Catalytic Construction of a-Quaternary Carbon Stereocentres

In the modern conception of organic synthesis, the discussion of almost any topic is
incomplete without reference to catalytic methods. Many arguments are made for the superiority
of catalytic methods over the use of sociometric reagents; including (i) limiting the generation of
stoichiometric waste, (ii) milder reaction conditions, and (ii) recycling of catalysts. However, these
advantages do not make catalytic systems universally superior, and many catalytic methods have
considerable shortcomings that can range from toxic metal contamination and sensitivity to the

presence of water and/or oxygen.

Considering the prevalence of quaternary carbon stereocentres, significant effort has been
made in establishing catalytic methods for their formation. The following are notable examples of
the preparation of a-quaternary carbon stereocentres adjacent to carbonyls using asymmetric
catalytic methods. For a comprehensive examination of the broader field of catalytic
enantioselective quaternary carbon stereocentre formation the reader is encouraged to refer to

recent reviews by Corey,% Overman,? %" Krische,*® and Stoltz.%

1.2.1 Transition Metal Catalysis

A particularly well-developed class of reactions capable of constructing a-quaternary
carbon stereocentres is the Tsuji-Trost allylic alkylation.2%% 101 Sjgnificant effort over the past
decade has allowed this reaction to develop from requiring cyclic systems to the point where
quaternary carbon stereocentres can be constructed with high levels of selectivity'®? to generate
branched linear systems (Scheme 1.15). In cases employing substituted acyclic enol carbonates
(e.g, 120),1%%105 transitioning away from cyclic systems presented a challenge in the synthesis of

the starting materials, as questions of enolisation selectivity and enolate geometry once again come
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to the fore. However, this is drawback is somewhat tempered as the enol carbonates isomers may
be separated prior to allylation (i.e. quaternary stereocentre formation). With pure acyclic enol
carbonates in hand chiral palladium species can differentiate the si and re faces of the enol
derivatives to derive enantioenriched products, although it should be noted that the chiral ligand
frameworks almost always require one of the a-substituents to be aryl in order to achieve high

enantioselectivity.

Shimizu and Kanai have shown that in situ formation of chiral boron enolates, coupled
with palladium catalysed allylation, can provide products with high optical purity in a single step,
but again a dependence on a large steric difference between the o-substituents is required.!® This
mode of reactivity has also been explored with lithium amide enolates, employing LIHMDS as the
base.!%” Similar allylation methods to those employing palladium catalysis, have also been
developed with iridium%-1* and rhodium?!? to generate quaternary carbon stereocentres. It should
be noted that, as with the palladium catalysed examples, these systems also suffer from the
requirement that the a-substituents be sterically differentiated to attain high degrees of

enantioselectivity (ideally methyl vs aryl).
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Zhang and Stoltz (2018)
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Scheme 1.15 Palladium catalysed asymmetric allylic alkylation

In recent years, activation of carbon-hydrogen bonds classically considered as inert, has
become an influential paradigm in organic synthesis.®® 113 114 palladium(ll) catalysis has proved
to be a powerful tool for engaging carbon-hydrogen bonds located proximal to directing
functionality, providing selectivity in the activation step. Notable examples of this chemistry,
which provide access to a-quaternary carbon stereocentres, have been reported by Yu. In most
cases, the activated bond is located B-¥° (127) or y-2> ¢ (130) to a heteroatom-containing
functional group, commonly a carbonyl derivative, resulting in methods which routinely depend
on desymmetrisation to install asymmetry, as the bond formed is not located a-to the carbonyl.
Systems capable of activating sp® carbon-hydrogen bonds are well described in the literature yet
in the context of enantioselective processes substrates are commonly more specialised, such as

cyclopropanes,'” 18 cyclobutanes,''® or provide cyclic products,?% 12! (Scheme 1.16).

28



Yu (2014)
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Scheme 1.16 a-Quaternary carbon stereocentre formation via palladium catalysed C-H
activation/desymmetrisation

Due to the ability of desymmetrisation strategies to address the steric and stereochemical
aspects of quaternary carbon stereocentre formation in separate steps it remains an attractive
method. The interested reader is directed to the reviews by Yu'?? and Zhou?* for a detailed

discussion of catalytic systems which leverage this approach.

While not directly leading to carbonyl containing products, 1-2 additions to carbonyls by
tertiary carbon nucleophiles has also been explored as a method for the generation of quaternary
carbon stereocentres. The ability of allyl iridium species to undergo addition at their more
substituted position has made them attractive intermediates for the formation of highly substituted
structures. Krische has exploited this property in an iridium catalysed transformation which
through a transfer hydrogenation mechanism allows for a previously unprecedented C-H activation
of methanol.'?® B-hydride elimination of methanol leads to an iridium hydride species which
undergoes reversable hydrometallation with a diene (Scheme 1.17). The iridium centre then
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engages the equivalent of formaldehyde generated from the B-hydride elimination (134) with
subsequent carbonyl addition then providing the homoallylic product (136). Higher order
aldehydes, generated from higher order alcohols, impose greater steric congestion, raising the
energy of the transition state and cause the reaction to proceed through a hydrometallation adduct
which results in C3 coupling of the diene and a tertiary stereocentre. More recently this chemistry
has been expended to the use of trifluoromethyl substituted allenes!?* and/or floral hydrate,'? the

later requiring an equivalent of isopropanol as a sacrificial reductant.

[Ir(cod)Cl], (2.5 mol%) ’/ D
(R)-PhanePhos (5 mol% /\)\ ©\(\ ﬁ
%\H/Q Acetone/MeOH \\( s PhsP 6

80°C,48h P” 0=CH,
134 135
66 % yield
99 % ee

(R)-PhanePhos

133 (136)

Scheme 1.17 Iridium catalysed C-H fictionalisation of methanol

1.2.2 Organocatalytic Formation of a-Quaternary Carbon Stereocentres

A highly useful example of employing organocatalysis in the preparation of a-quaternary
carbon stereocentres is the synthesis of the Hajos-Parrish and Wieland—Miescher ketones (Scheme
1.18).126 127 Many methods are available for the preparation of these widely used chiral ketones,
with some of the most popular being the use of proline!?®12° (j.e. the Hajos—Parrish—-Eder—Sauer—
Wiechert reaction) and other chiral amine catalysts.** Like reactions discussed previously, these
reactions take advantage of pro-chiral substrate desymmetrisation to afford high
enantioselectivities. However, in recent years increased development of novel primary and
secondary amine catalysis has allowed the use of acyclic and nonsymmetric substrates as well as

the ability to form a-quaternary carbon stereocentres via intermolecular reactions. Notable
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examples include Barbas’ intramolecular aldol**! (Scheme 1.18) and Diels-Alder reactions

developed by Gleason®*? and Hayashi.!®

Hajos—Parrish—Eder—Sauer-Wiechert Reaction

t
o) (S)-proline N Me Me
Me (3 mol%) o-H-o : - H0 7
Me )[ 7 Me
DMF, r.t. z 0 o
6) OH
(e} Hajos-Parrish
137 139
140
138 100% ketone (140)
0,
Luo (2012) 93% ee
NH,
~_NEt
o] o} 2. 0
ii\/u\me (10 mol%) ilj@ Wieland-Miescher
ketone (142)
(o) m-N02C6H4C?2H (5 mol%) 0
r.t.
141 95%
92% ee
Barbas (2004)
{AAD
o o N O OH
(10 mol%)
M
HJ\( o HJ\©\ " Ef M
o, e
Et NO, TFA (1r0t mol%) NO,
143 144 145

96%
62:38 d.r.
91% ee anti, 75% ee syn

Scheme 1.18 Organocatalytic preparation of the Hajos-Parrish and Wieland-Miescher ketones
and Barbas’ organocatalytic asymmetric aldol reaction

In 2013, Carreira furthered the use of cinchona amine catalysis'®* ** by coupling it to
iridium-catalysed allylic substitution.®*® Taking advantage of the two distinct reactivity paradigms,
the authors could generate chiral imine nucleophiles in the presence of chiral allyl-iridium
electrophiles (from racemic aldehydes and allylic alcohols respectively) to form branched
aldehyde products possessing a-quaternary and B-tertiary carbon stereocentres. The planar nature

of the two intermediates allowed the catalysts to exert stereocontrol largely independent of one
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another, allowing all four diastereomers to be accessed by selection of specific amine (149) and
ligand (150) enantiomers (Scheme 1.19). Yields and enantioselectivity for the process remain high
throughout the investigated substrate scope with reductions in diastereoselectivity observed in
cases where there is little steric bias between the aldehyde a-substituents (e.g. methyl vs n-propyl
6:1 d.r.). It should be noted that an apparent limitation is the requirement for one a-substituent to
be methyl (save for one example where the a-substituents comprise part of an indoline system).

This example remains an interesting case of the interplay between organo-and transition metal

catalysis.
0 [Ir(cod)Cl], (2.5 mol%) onpn M d'aStere,glmers
Ph OH 149 (10 mol%), 150 (8 mol%) y  ~ Accessible
H + )\/ HO S >71 % yeild
Me Ph Cl;CCO,H, DEC Me Ph >99 % ee
25°C, 24 h >15:1 d.r.
(+)-146 (+)-147 : 148
vl O O
P N OpN |
R SO Ny
(+ or —)-amine (R or S)-ligand
149 150

Scheme 1.19 Formation of vicinal quaternary and tertiary stereocentres

1.2.2.1 Phase-Transfer Catalysis

A subclass of organocatalysis, chiral phase-transfer agents, have found success in the
stereoselective a-allylation of species containing reasonably acidic oa-protons (e.g. a-aryl
amides).'®" 13 These reactions are characterised by an aqueous phase, containing an inorganic base
(e.g. NaOH, KOH, etc.), and a separate organic phase in which the reagents are isolated and

allowed to react with small amounts of base either at the phase interface or transported to the
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organic phase through association with the phase-transfer catalyst. Advantages of these reactions,
over monophasic/homogeneous reaction conditions, include mild reaction conditions and simple
experimental set up and operation.*3® With regard to asymmetric catalysis, chiral, non-racemic,
quaternary ammonium salts have been particularly useful, with many of the most widely employed
examples being isolated from nature, such as the cinchona alkaloids. A notable example of using
cinchona alkaloid derivatives as phase transfer catalysts is O'Donnell’s synthesis of chiral amino
acids.®® Although not employed to construct chiral quaternary carbons, this chemistry does

highlight the use of such ammonium catalysts for stereoselective enolate alkylation.

A practical example of the use of asymmetric phase-transfer catalysis is found in Merck’s
synthesis of (+)-indacrinone (28),}*! a loop diuretic. Scheme 1.20 shows the interaction of the
substrate with N-(p-(trifluoro-methyl)benzyl)cinchoninium (154), the phase-transfer catalyst,
allowing for the discrimination of the si and re faces of the enolate. This system provided situatable

stereo-control to afford the methylated intermediate in 92% ee.'#2

o 154 (1 mol%) _H ¢l o
Cl MeCl Cl
e SO —
MeO 50% NaOH(aq) MeO

c g
RSSO
(+)-151 PhMe, 20 °C | 1 o 153
B | 95%
152 92% ee
e Br
Cl o
Clm'\”e 3 steps
HO Ph T e
0 66%
QCF T
catalyst (154) 3 (6]

(+)-indacrinone (28)

Scheme 1.20 Asymmetric phase-transfer catalysis in the synthesis of (+)-indacrinone
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Though many examples of asymmetric phase-transfer catalysis use cyclic systems to
control enolate geometry some catalytic systems are competent in linear systems. Conditions

developed by Park allow for the one-pot sequential alkylation of malonate esters in high yield and

enantiomeric excess (Scheme 1.21).143

Ar
157 (5 mol%) OO OO
Ph O O KOHaq) Ph O O [
N
Ph)\OJ\/U\OtBu i Mel. ii. BnBr Ph)\OJ?{U\OtBu
PhMe, 0 °C Me
Ph Ar

155

Ar = 3,4,5-triflurophenyl
catalyst (157)

Scheme 1.21 Asymmetric dialkylation of malonate esters

Phase transfer catalysis has also been used to derive a-quaternary carbon stereocentres
from intramolecular alkylations. In the large scale (> 1 kg) preparation of MK-3207 — a calcitonin
gene-related peptide receptor antagonist under investigation for the treatment of migraine!** — the
challenging a-quaternary carbon stereocentre was set in a single step through the sequential
alkylation with aniline 159.14 Under the reaction conditions, the highly electrophilic aza-para-
quinone methide is generated from aniline 159, via elimination, and is trapped by azaindole 158.
Intermediate 160 then undergoes decarboxylation generating the enolate which may subsequently
attack the benzylic chloride to forge chiral spirocycle 161 in good yield and with high levels of

enantioselectivity.
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Scheme 1.22 Asymmetric dialkylation in the synthesis of MK-3207
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1.3 Puraquinonic Acid

1.3.1 Isolation, Structure, and Biological Activity

Mycena pura (referred to as Agaricus prunus until 1871) is a wild mushroom common to
the woodlands of Britain, Ireland and most parts of continental Europe.’* In 1997 Anke and
Sterner reported the isolation of two secondary metabolites from Mycena pura.!*’ These
compounds were the known fungicide strobilurin D*® (165) and the novel norilludalane
sesquiterpene puraquinonic acid (164) (Figure 1.10). While the authors established the structure
of puraquinonic acid through MS and NMR spectroscopy the absolute stereochemical
configuration was unknown until determined by enantioselective total synthesis by Clive in 2004

(vide infra).14% 150

O O

120 0 4 ; 8 OH Me\*}\/o A N Me
HO ‘ Me O\ _OMe
Me' ) A 0]
13 1 Me |
14 OMe

0] Me~ Me

puraquinonic acid (164) strobilurin D (165)

Figure 1.10 The natural products puraquinonic acid, strobilurin D, and muscarine

Puraquinonic acid was identified to be biologically active with doses of 380 uM inducing
differentiation to either granulocyte- or monocyte/macrophage-like cells in 30% — 40% of HL-60
cells and 10% — 15% of U-937 cells (a histiocytic lymphoma cell line). At these concentrations
the number of cells, in both cell lines, increased to 120% of the inoculum, with a retention in
cellular metabolic activity (as measured by XTT reduction®). To identify mechanism of action,
the influence of puraquinonic acid on transcription factors was investigated. Unfortunately, no
effect on transcription factors in HL-60 and U-937 related to cell differentiation or apoptosis was

observed. However, when tested for mutagenicity puraquinonic acid was found to have no
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mutagenic activity at 380 uM. These intriguing biological properties make it, and related natural

152

products,™ potentially interesting lead molecules in the development of leukaemia treatments.

1.3.2 Related Natural Products and Proposed Biosynthesis

As a norilludalane (168, 169), puraquinonic acid is a member of a larger family of natural
products that also includes the protoilludalanes (166), illudanes (167), and illudalanes (170)
(Figure 1.11). These molecules share many common structural features including a central six-five
fused carbocyclic framework with a the geminal dimethyl moiety at C11. Several oxidation motifs
can also be observed with some of the most common being C4 oxidation of the (nor)illudalanes
and the oxidation of the one of the geminal dimethyl carbons, providing an a-quaternary carbon
stereocentre. Oxidation of the six membered ring is a point of significant variation within the
family, with examples such as repraesentin A (171)*2 having a mainly saturated core while others
contain highly oxidised cores such as the central arene of alcyopterosin A (172)%* 1 and the

paraquinone found in puraquinonic acid (164).

Sl coalcoalNeo oli'ec o4

protoilludalanes (166) illudalanes (167) 14-norilludalanes (168) 15-norilludalanes (169) illudanes (170)
Me OH Me OH
repraesentin A (171)  alcyopterosin A (172) sterostrein L (173) granulodlone (174) illudadiene B (175)

Figure 1.11 Carbon skeleton and examples of protoilludalanes, illudanes, illudalanes, and
norilludalanes

The biosynthetic origin of the illudalanes, and related natural products, begins with a C11

to C1 annulation of farnesyl pyrophosphate fungal sesquiterpenoids to afford the humulene-type
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macrocycle (177). Subsequent transannular ring forming events lead to the tricyclic protoilludyl
cation (180) which upon deprotonation provides A6-protoilludene.’®® From this point in the
biosynthesis, a variety of oxidations and ring openings/closures presumably occur to forge the
observed frameworks. However, specific enzymes responsible for these transformations are not

known.

Me

Me
S 1,11 ring 2,9ring
9 6 closure closure Me |
Z M H Me
1 e \4 Me™ 1 Me
179

Me”""Me QOPP
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HO Me Me Me closure
______ Me oxidation Me Me H
E Me Me Z
' (0] Me Me Me
1 0
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(182) (181) cation (180)
e
HO Me H20 Ho  Me
- OH
i p-elimination  Me Me
e AN L | >
Me Me
OH OH
+(O OH
183 184

Scheme 1.23 Proposed biosynthesis of the illudalanes

Experiments involving the fungus Coprinus psychrornorbidus grown in the presence of
13C enriched sodium acetate demonstrated significant incorporation into the structure of A6-
coprinolone.’®” Evidence for the further conversion to the illudane framework is poorly
documented. However, the protoilludalane stearoyldelicone (185) has been shown to undergo a
facile addition of water in the presence of SiO» to fragment the four membered ring and provide
phenol 186 displaying illudane skeleton (Scheme 1.24).1°8 It is reasonable to assume that the

biosynthesis of the norilludanes proceeded via a similar pathway, with the addition of a carbon
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dehomologation at some stage, to provide puraquinonic acid (164) and related structures (Figure

1.12), but the steps remain unclear.!®

N L
xﬁi so@h

stearoyldelicone (185)

Scheme 1.24 Facile conversion from the protoilludalane to illudalane carbon skeleton

OH (0] (0]
OH OH OH
HO™ HO™ ™ HO .@
Me Me Me' Me Me Me
OH (o] (0]

russujaponol L (187) deliquinone (188) epoxydeliquinone (189)

Figure 1.12 Natural products structurally related to puraquinonic acid

1.3.3 Previous Total Syntheses of Puraquinonic Acid

Despite its unassuming structure puraquinonic acid has attracted the attention of synthetic
chemists and several approaches to its preparation have been reported in the literature since its
isolation. One possible explanation for this dedication is that puraquinonic acid displays a very
intriguing a-quaternary carbon stereocentre, wherein the stereo-defining features of the molecule
are well removed from the location of the stereocentre. This results in the two of the substituents
of the a-carbon to having near identical electronic and steric properties, greatly increasing the
challenge of constructing the stereocentre. Additionally, it presents a target with varying degrees
of oxidation (primary alcohol, carboxylic acid, and para-quinone) inherently raising questions of

chemo- and regioselectivity.
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1.3.3.1 Approaches to the Racemic Preparation of Puraquinonic Acid

The first synthesis of puraquinonic acid was disclosed by Clive in 2001.%° This syntheses
brought to the fore several of the challenges present within this molecule (Scheme 1.25). As the
starting benzoic acid 190 represents the core of the target’s carbon framework and is only one
oxidations state below the required quinone, the synthesis focuses on the installation of the missing
substituents, with three independent tactics being employed. The first of the carbon-carbon bond
is installed via a Claisen rearrangement to prepare phenol 194, taking advantage of a regioselective
methyl deprotection to give access to the required aryl-allyl ether. The next substituent to be
addressed ultimately becomes the aryl methyl group and is appended by aryl lithium addition to
Mander’s reagent, which is sufficiently small to overcome the steric demand posed by the two
ortho substituents. Functionalisation of the final site on the aryl ring also requires consideration of
a crowded steric environment. As such, an intramolecular approach, in the form of an acid
promoted Nazarov cyclisation, is used with the substrate being derived from the previously
installed allyl group in a four-step sequence. Though this sequence imparts an unnecessary ketone,
its location allows for the formation of an a,a-disubstituted enolate which can be quenched with
Mander’s reagent to complete the carbon skeleton. From this point the remaining steps accomplish
the opening and selective reduction of the dihydropyran, saponification of the methyl ester and
final oxidation to the paraquinone. CAN is sufficiently oxidising to enable this transformation due
to the considerably electron rich nature of the dimethylhydroquinone moiety. This sequence
provides a lengthy thirty step sequence which highlights the difficulties encountered by choosing
to construct the molecule around an initial aromatic core. Particularly notable is the challenge
encountered in the assembly of the five-membered ring, with both additional carbon atoms and

functional groups being introduced and later removed in order to complete the synthesis.
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Scheme 1.25 Clive’s first-generation racemic synthesis of puraquinonic acid

Shortly after, Clive reported a second racemic synthesis which relies on many of the same

tactical steps but manages to cut the number of septs required in half, to fifteen (Scheme 1.26).1%

This was accomplished by selecting a starting material which incorporates the required C14 aryl

methyl group and by preparing the Nazarov cyclisation precursor in situ via a Fries rearrangement.

This allowed use of the allylation-Claisen rearrangement to install the ethyl alcohol sidechain.

Overall, the second-generation approach made evolutionary advancements to the author’s first

synthesis of puraquinonic acid.
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Scheme 1.26 Clive’s second-generation racemic synthesis of puraquinonic acid

A year later, in 2002, Kraus published a ten-step divergent total synthesis of puraquinonic
acid ethyl ester (216) and the related natural product deliquinone (188),6? in which an alternative
method for the construction of the cyclopentene portion of target was devised. In the first key step
of the synthesis, Meldrum’s acid (210) was alkylated with dibromide 209 to afford spirocycle 211.
Transesterification and concomitant decarboxylation provided the ethyl ester which was then
alkylated with iodomethane to generate the a-quaternary carbon. From here Kraus leveraged the
same allylation-Claisen rearrangement followed by Lemieux-Johnson diol cleavage and reduction
(as performed by Clive) to attach the ethyl alcohol fragment. Employing sodium borohydride
provided chemoselective reduction of the aldehyde while use of lithium aluminium hydride also
reduced the ester to the primary alcohol found in deliquinone (188). The respective reduction
products (215 and 217) represent the divergence of the two synthetic routes. Oxidation of the

electron rich phenol to the paraquinone was realised, with near quantitative yield for both
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substrates, using molecular oxygen and salcomine.'®® Attempts to install the final methyl group
using organocuprates and organozincs failed. Ultimately, addition of a methyl radical generated
by oxidation of acetic acid completed the synthesis of puraquinonic acid ethyl ester (216) and the

natural product deliquinone (188).
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Scheme 1.27 Kraus’ racemic synthesis of puraquinonic acid ethyl ester and deliquinone

The final, and most recent, racemic synthesis in this series was the preparation of
puraquinonic acid methyl ester (202) by Baudoin.'®* The key step involves a palladium(0)
catalysed Csp®-H activation of an a-geminal dimethyl group to form the cylopentene and the a-
quaternary centre in a single transformation (Scheme 1.28). Though this synthesis applies a
contemporary C-H activation strategy it still focuses on the decoration of a central phenyl ring and

continues the use of use of the Claisen rearrangement to install the ethyl alcohol. It also employs
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the same salcomine oxidation and methyl radical addition employed by Kraus to complete the

synthesis.
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Scheme 1.28 Baudoin’s racemic synthesis of puraquinonic acid methyl ester

1.3.3.2 Asymmetric Syntheses of Puraquinonic Acid

The first asymmetric synthesis of puraquinonic acid was published by Clive (Scheme 1.29)
shortly following Clive’s original work on the racemic synthesis.'*® Considerable portions of this
synthesis borrow from the racemic approach with the significant differences resulting from the
need to incorporate an element of asymmetry. For this task the Evans’ aldol reaction was relied on
with the initial eleven steps of the synthesis used to construct the highly decorated benzaldehyde
230. Due to the problems inherent to forming a-quaternary carbon stereocentres using Evans’
oxazolidone based auxiliaries, the stereocentre of puraquinonic acid could not be directly
constructed. Instead, in a series of five steps, the authors modified the anti-aldol product to a chiral

allylic silyl ether 232. This proved a suitable substrate for a Grubbs ring closing metathesis to form
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the fused bicyclic core. The silyl ether was then converted to the Stork bromo acetal 234 and
underwent radical cyclization when treated with tributyltin hydride and AIBN to finally install the
chiral quarterly carbon stereocentre. A sequence of seven steps was then used to remove the
superfluous  functionality —associated with the tetrahydrofuran ring to afford
dimethyldihydroquinone 236. In the concluding steps of the synthesis, the protecting groups were

removed and a final oxidation with CAN furnished the natural product.
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Scheme 1.29 Clive’s synthesis of (S)-puraquinonic acid

In its entirety, Clive’s asymmetric synthesis is thirty-one steps in length and stands as a
testament to the difficulty associated with establishing a-quaternary carbon stereocentre with

classical approaches. This synthesis was also instrumental in establishing the absolute
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stereochemistry of the natural product as (R)-puraquinonic acid with comparison of the authentic
and synthetic (R)-puraquinonic acid shown to be enantiomeric by HPLC.'* This was of critical
importance as the optical rotation of natural puraquinonic acid was reported as +1 [c 1.0 CHCIs]

but could be correctly reassigned to -2.2 [c 0.55, CHCIs].

The ability of our group’s methodology to prepare quaternary carbon stereocentres bearing
substituents of similar nature suggested it might lead itself to an alternative, more efficient route
to (R)-puraquinonic acid. Specifically, the group envisioned generating the quaternary stereocentre
at an early stage bearing moieties that could be used to construct the aromatic ring.1®® Sequential
alkylation of thioglycolate lactam provided rapid access to the quaternary stereocentre with allyl
and propargyl substituents proving functional handles to construct the aromatic ring. A one-pot
sequence concomitant eneyne/cross metathesis, Diels-Alder cycloaddition, and oxidation
furnished the aryl ring with the required substituents installed. Global saponification followed by
lactonisation revealed a carboxylic acid, which was transformed to an amine via a Curtius
rearrangement. This provided a synthetic handle for the eventual oxidation to the paraquinone.
Reduction of the lactone with Red-Al resulted in complete reduction to the desired methyl group,
through reduction of an intermediate aza-ortho-quinone methide. From here completion of the
synthesis simply required hydrolysis of the vestigial auxiliary amide and oxidation, with Fremy’s
salt, to the paraquinone. This completed the synthesis of puraquinonic acid in only twelve steps
from commercially available starting materials; comparable in length to the racemic synthesis of

the ethyl ester reported by Kraus.
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Scheme 1.30 Gleason and Tiong’s synthesis of (R)-puraquinonic acid

The final total synthesis was reported by Baudoin’s who employed a palladium(0) C(sp°®)-
H activation.!%® Published prior to the disclosure of the racemic approach!®* the authors clearly
describe the development of the two syntheses as part of the same endeavour. As such, the two are
very closely linked with the key difference being the need to modify conditions to successfully
differentiate the prochiral methyl groups of ester 249. To accomplish this, a chiral N-heterocyclic
carbene ligand (255) was used. Unfortunately, use of this ligand on aryl bromide 219, a model
substrate, only provided the C-H activation product 220 in 66:34 e.r. To increase the selectivity,
modifications to the substrate were made to replace the ester of aryl bromide 219 with chiral amide
derivates. This gave moderate increases in selectivity, with the best selectivity (87:13 d.r.) obtained

using a proline derive amide. Use of this ligand and proline auxiliary on aryl bromide 250 afforded
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amide 251 in 85:15 d.r. Crystallisation, post amide hydrolysis, provided intermediate 252 in 96:4
e.r. This contrasts with other catalytic systems developed by Baudoin which can generate
quaternary carbon stereocentres within similar five-six fused bicyclic systems without the need for
a chiral auxiliary.*®! Although this is achieved via a similar desymmetrisation strategy (Scheme
1.16, vide supra), the quaternary carbon is formed at the benzylic position of the five-six fused

bicycle.
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Scheme 1.31 Baudoin’s synthesis of (R)-puraquinonic acid

Completion of the synthesis followed a similar route to the racemic approach, with the
ethyl alcohol side chain installed via Claisen rearrangement. However, the final oxidation was

performed with Oxone and not salcomine to furnish the natural product in fifteen steps. Baudoin
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also took advantage of a common intermediate to complete syntheses of (R)-deliquinone (188) and

(S)-russujaponol F using this C-H activation strategy.
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1.4 Construction of a-Quaternary Carbon Stereocentres in Advanced Settings

The discussion of the literature concerning construction of isolated a-quaternary carbon
stereocentres highlights great interest in general synthetic techniques to reliably form these
challenging structures rapidly and reliably at advanced stages of chemical synthesis. Notably, the
majority of methods are limited to the use of simple and sterically differentiated o-substituents
further limiting their utility in complex settings. The next two chapters of this thesis addresses
these challenges in the formation of quaternary carbon stereocentres and highlight the
advancements by demonstrating their utility in a second-generation synthesis of puraquinonic acid.
Specifically, the two main objectives are (i) the investigation of biselectrophilic substrates for the
alkylation of bicyclic lactams and (ii) the use of the strategy in a de novo total synthesis of (R)-

puraquinonic acid.

1.4.1 Investigation of Biselectrophilic Substrates in the Alkylation of Bicyclic Lactams.

In contrast to most methods examined in this chapter, the use of bicyclic thioglycolate
lactams does not rely on steric or electronic differentiation for the formation of a,a-disubstituted
enolates and, correspondingly, for high levels of stereoselectivity. In chapter two, this property has
been further exploited and the chemistry advanced to provide a method amenable to chemically
and structurally varied systems including aliphatic, allylic, and benzylic systems in addition to the
formation of five- and six-membered ring systems. The chemistry of bicyclic thioglycolate lactam
104 has been explored in relation to more elaborate electrophiles (specifically, those baring

multiple electrophilic sites) with the findings outlined in chapter two.
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1.4.2 A Novel Approach to (R)-Puraquinonic Acid

Demonstrated in the above discussion of the asymmetric syntheses of puraquinonic acid is
the significant synthetic challenge imposed by the asymmetric construction of the a-quaternary
carbon, requiring the dedication of ten (Clive)!*® 10 to four (Baudoin)'* ¢ steps to successfully
install the moiety. Collectively, the syntheses also display generous use of protecting group and
functional group manipulations. In the development of a novel synthesis of puraquinonic acid, it
is proposed that an approach to the late-stage introduction of a-quaternary carbon stereocentres
and applying it to the preparation of puraquinonic acid may address some of the shortcomings of
the previously disclosed total syntheses. To this end, the methodology outlined in chapter two shall

be tested and validated in the context of the total synthesis documented in chapter three.
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CHAPTER 2
Use of Biselectrophilic Substrates in the Stereoselective Formation

of a-Quaternary Stereocentres

69



2.1 Overview

2.1.1 Project Aim

As discussed in chapter one, a-quaternary carbon stereocentres are a common yet
challenging structural element routinely encountered in organic synthesis. While many methods
have been developed that can reliably introduce the motif when there exists a reasonable steric
difference between at least two of the substitutes (vide supra) fewer examples are known for
preparing compounds wherein little steric bias is present. While methods which can successfully
prepare this subclass of quaternary carbon stereocentres remain sparse, such stereocentres are well
represented in the structures of natural products and other biologically relevant molecules (Figure
2.1). To address the need for additional methods to tackle the synthesis of these types of molecules
this research project aims to extend the Gleason Group’s chemistry of bicyclic lactam auxiliaries
to electrophiles possessing sterically similar but electronically differentiated electrophilic sites.
This chapter traces the development of this approach from reaction scouting through optimisation

and the investigation of substrate scope.
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Figure 2.1 Examples of natural products and biologically relevant molecules containing o-
quaternary carbon stereocentres

The Gleason group has previously demonstrated the use and practicality of lactam 104 for the
preparation of o-quaternary carbon stereocentres through stereocontrolled enolate formation
(Scheme 2.1a). The enolate geometry resulting from the reductive enolization event is dependent
on the relative a-carbon stereochemistry of the bicyclic lactam, thus providing access to either (E)-
or (Z)-enolates. This eliminates the need to consider the relative electronic or steric properties of
the substituents for the purposes of enolate formation. Importantly, the configuration of the a-
stereocentre is controlled by the sequence of alkylation, allowing for facile entry to either
diastereomer. The versatility of this method has allowed it to be employed in alkylation,* 2 aldol,®

and Mannich* chemistry. In the case of alkylation, the nature of the electrophile has remained
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relatively underexplored, with the majority being simple alkyl substituents (methyl, ethyl, allyl,
benzyl, etc.). As such, the introduction of more complex electrophiles represented an interesting

avenue to further expand the synthetic utility of lactam 104.

Considering previous reports established the introduction of simple a-substituents (e.g.
alkyl, allyl and propargyl), this project focused on extending the scope of compatible electrophiles
to include alkylating agents possessing two electrophilic sites (Scheme 2.1b). After the initial
alkylation, such biselectrophilic molecules would be able to participate in a second intramolecular
alkylation affording spirocyclic compounds such as lactam 261. These spirocyclic lactams could
then be converted to the corresponding a,a-disubstituted enolates and allowed to react with a
variety of electrophiles to generate a-quaternary carbon stereocentres on cyclic frameworks (262).
It was conceived that this strategy would provide opportunity for the use of structurally complex
and diverse electrophiles thereby permitting it to be employed for the introduction of a-quaternary

carbon stereocentres late within synthetic routes.

~ ~
T 9 ERRT- Y 0
- o)1 : S % i. reduction
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Scheme 2.1 Strategies for a-quaternary carbon stereocentres using lactam 104

By establishing a means to rapidly construct a-quaternary carbon stereocentres within
cyclic systems, the methodology advanced herein provides a powerful tool for simplifying the
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synthesis of complex molecules. This is especially advantageous as the construction of carbon—
carbon bonds alpha to carbonyls is a common and powerful retrosynthetic disconnection but is
difficult to achieve in the context of a-quaternary carbon stereocentres. This challenge can lead to
the unfortunate need for chiral separations of racemic mixtures, as observed in the case of the
Merck’s development of orally bioavailable CGRP receptor antagonists® ® and Boger’s synthesis
of fredericamycin A (Figure 2.2).” In both cases, a-alkylation provided a facile synthetic route to

the desired carbon framework with chiral HPLC relied upon to provide enantioenriched products.

a) b)

o)
HN N 9
N/\n/N _:\‘\\NH
o —_—
N
N/

fredericamycin A (263) CGRP receptor antagonist (264)

XX

Figure 2.2 Structures of a) ent-fredericamycin A and b) the most potent member of series of
orally bioavailable CGRP receptor antagonists developed by Merck

2.1.2 Initial Route of Enquiry

To establish a method capable of employing biselectrophiles, the central query is the extent
to which alkylation occurs preferentially at one of the two electrophilic sites. This question is
inherently entwined with the diastereoselectivity of the transformation, as alkylation order was
expected to determine the stereochemical outcome. (Scheme 2.1b). It was reasoned that if the
relative rate of alkylation at each electrophilic site was sufficiently different, high levels of
diastereoselectivity would be achieved. By differentiating the reactivity of the two sites was

predicted to provide analogous selectivity of that observed for simple electrophiles (Scheme 2.1a)
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wherein the outcome was governed by sequential addition. Therefore, work on this project

commenced with efforts to discriminate between the relative reactivity of each electrophilic site.
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2.2  The Model System

2.2.1 Selection of Model Substrates and Reaction Optimisation

In order to probe the effect of electronic or steric influences on alkylation selectivity, a
biselectrophile with general structure 265 was conceived. It was hypothesised that varying the
nature of the aryl substituent ‘R’ would provide a means to modulate the electronic nature of the
system while the two benzylic sites would be sterically differentiated by the virtue of having either
one or two flanking groups. After investigating possible candidates, dibromide 209 was selected
as the model substrate as benzylic bromides are known to be competent in the alkylation of lactam
104 and the methoxy group provides strong electron-donating character. Dibromide 209 could be
prepared quickly in two steps.® 2,3-Dimethylphenol (266) was alkylated with iodomethane in a
slurry of acetone and potassium carbonate. This provided 2,3-Dimethylanisole (208) as a clear
colourless liquid which could be brominated with NBS and AIBN in refluxing carbon tetrachloride

or chloroform to yield dibromide 209 in 63% vyield after recrystallisation.
OMe

R OH
@CLG @EMe Mel, K,CO4 @[ NBS AIBN Br
LG Me Acetone, reflux CCI4 reflux Br

93% 63%

209

Scheme 2.2 Synthesis of model biselectrophile, dibromide 209

Lactam 104 could be prepared on multi gram scale based on the reaction sequence
established previously in our laboratory.! This was accomplished by alkylating methyl
thioglycolate (268) with 2-(2-bromoethyl)-1,3-dioxolane (267) to provide thioether 269.
Subsequent treatment with the lithium alkoxide of (S)-valinol proceeds via transesterification and

subsequent N—O acyl shift to prepare the valinol amide. The sequence concludes with a boron

75



trifluoride promoted transketalisation allowing lactam 104 to be crystallised from diethyl ether as

slightly off-white crystals.

O

Meo)l\/SH ~

1. valinol, nBuLi
268

0
o THF, r.t. ; )J\
B e S i N
H
4

NaH, THF, r.t. 2. BF3*OFEt,
90% DCM, r.t.
267 269 70% (2 steps) 10

Scheme 2.3 Synthesis of lactam 104

To investigate the alkylation, lactam 104 was subjected to deprotonation with LDA, using
the conditions developed for simple electrophiles.! Dibromide 209 was then slowly added to the
deprotonated lactam at —78 °C and allowed to stir for 4 h. It was expected that the relative
distribution of products would give insight into which benzylic site is more reactive and if the
assumption made regarding facial selectivity was correct (Scheme 2.4). Unfortunately, the
reaction failed to yield any of the anticipated products. However, upon careful inspection of
products isolated via column chromatography revealed a product resulting for the addition of two
enolates to a single dibromide —a 2:1 adduct (271) of lactam 104 to dibromide 209 (Scheme 2.5).
While such an observation was unexpected, it did indicate alkylation of the dibromide was
possible. The occurrence of this product likely indicates that during the addition of the dibromide
the initial large excess of enolate deprives the reaction the opportunity to provide single addition
products, even when taking care to add the THF solution of dibromide at low temperature. Changes
to reaction time, temperature, and amount of LDA likewise had no positive influence on the results.
To supress the formation of adduct 271 an increased stochiometric ratio of dibromide 209 to lactam
104 and quicker addition of were examined but provided no benefit. To provide the greatest

proportion of dibromide 209 to enolate the addition of reagents was inverted, with the enolate
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added slowly to a cooled solution of dibromide. Ultimately, this also failed to provide any

monoalkylated (270a-d) products with reactions again only providing small amounts of adduct

271.
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Scheme 2.5 Isolation of adduct 271

Despite adduct 271 not being the intended product, the observation of 271 presented some
promising aspects. The first (perhaps trivial) point is that both electrophilic sites could participate
in the alkylation of lactam 104. The second, and more critical aspect, was the formation of 271 as
a single diastereomer, as indicated by *H and *3C NMR (Scheme 2.4). This suggests that the exo-

facial selectivity observed for lactam 104 with simple monoelectrophiles was retained. With these
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observation in mind it appeared reasonable to investigate the possibility of engaging the second

benzylic site in an intramolecular alkylation to outcompete the formation of adduct 271.

2.2.2 Promoting Spirocycle Formation

As it was proving difficult to prevent a second intermolecular alkylation event, attempts
were undertaken to engage the second electrophilic site through intramolecular alkylation. For the
intramolecular addition to occur a second deprotonation must take place immediately following
the first alkylation event. This requires a second equivalent of base to be present in the reaction
medium; two sets of conditions were investigated to accomplish this. The first, excess LDA,
provided none of the expected spirocycle 249 and was detrimental to the recovery of unreacted
dibromide 209, suggesting a sensitivity of dibromide 209 to basic conditions. The second option
was to employ excess lactam 104, relative to dibromide 209 and LDA, with the intention of using
the excess enolate generated to perform the second deprotonation (Scheme 2.6). Perhaps
unsurprisingly, this stoichiometry favoured the formation of the 2:1 adduct with no concurrent

formation of the desired spirocyclic products.
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Scheme 2.6 Methods for promoting a second deprotonation

At this juncture it became necessary to survey of a wider range of reaction conditions. One
significant limitation to such an enterprise was the poor a-proton acidity of lactam 104. With a pKa
of around 26 for a-thio amides,® the generation of the amide enolate requires the use of strong
base. It was hypothesised that by conducting the reaction under condition in which only a small
percentage of the lactam exists as the enolate would provide opportunity for a second
deprotonation and intermolecular alkylation to occur in advance of the addition of a second
enolate. However, reactions which maintain such an equilibrating balance, between enolate and
carbon acid, frequently require the use of weaker bases which are unlikely to be sufficiently basic

to deprotonate lactam 104.

To overcome the limitation of low acidity, it was reasoned that the acidity of the a-protons
may be increased by amplifying the electron withdrawing character of the sulfur atom, a task which
could be accomplished through oxidation to the sulfoxide or sulfone. Use of the sulfoxide was

initially dismissed, in favour of the sulfone, as introduction of the additional stereochemical
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element would add an unnecessary level of complexity. Lactam 104 was promptly oxidised to
sulfone 250 with mCPBA in excellent (96% to quantitative) yield (Scheme 2.7). The sulfone was
isolated as a fine white non-hygroscopic crystalline powder which could be stored on the bench

top under ambient atmosphere for extended periods of time without any detectable decomposition.

; mCPBA :
(\N (\N
o—&_/s DCM, 0 °C to rit. o—&_/soz
H quantitative h

H
104 277

Scheme 2.7 Synthesis of sulfone 277

With sulfone 277 in hand, the pressing question was to what extent had the a-protons been
acidified (i.e. measurement of their pKa). Direct experimental measurement of sulfone 277’s
acidity proved impossible due to complete insolubility in water. Efforts were made to use DMSO
as a cosolvent however the proportion of DMSO required was incompatible with the
instrumentation available. Having encountered this obstacle in silico methods were employed to

provide an estimate of the acidity.

To estimate the pKa, proton affinities for sulfone 277 and a diverse series of carbon acids
were calculated, consisting of calculations for both the protonated and deprotonated acid (Table
2.1). The absolute difference in proton affinity, for each pair, was then plotted against their known
experimental pKa in DMSO, revealing a data set with a clear linear correlation (Figure 2.3).
Interpolation of these data gave an estimated pKa of 15.9 for lactam 277, a value low enough for
the consideration of weaker bases (e.g. alkoxides, carbonates, DBU, etc.). With this more acidic
lactam now available, and with a reasonable approximation for the pKa value of the a-protons, a

new round of reaction screening could be undertaken.
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Table 2.1 Difference in acid/conjugate base proton affinity for surveyed molecules and their
respective acidities in DMSO

A Proton Affinity Experimental A Proton Affinity Experimental
Acid Acid
(kcal/mol)? pKa in DMSQOP (kcal/mol)? pK, in DMSQOP
NC CN N/
;1/8 330.2 11.1% FiC > Me 347.4 18.8%
283
(0]
g 9 J\(s
MeMMe 338.2 13.3%2 MeO \J 350.5 20.9%
279 S
284
o O o}
Eto)J\/u\Me 339.1 14.214 Me Me 368.9 26.5%°
280 285
Q O 0
J_en y
C,\l 3435 17.2° Me™ > Me 368.3 31.1
281 286
\':/ o
O O (\
N
16 -
282 H
277

3DFT calculations performed at the B3LYP/6-31+G** level of theory; ® Values from D.H. Ripin and D. A. Evans’ pK, table with
citations for the specific examples given.

30 1 R2=0.9563

25
o) o
%) J\
E 20 A (\N = +
c O‘\:—&/SOZ
= H
N 5 277
o pK,=15.9

10 . . . .

325 335 345 355 365 375

A Proton Affinity (kcal/mol)

Figure 2.3 Plot of pKa in DMSO as a function of change in proton affinity and interpolation of
the pKa of sulfone 277
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The examination of alternate bases in the alkylation reaction commenced with carbonate

bases (K2COz and Cs2COs). This provided no product formation even at elevated temperatures.

Using amine bases, such as triethylamine and DBU also did not give the desired product with DBU

only providing products resulting from DBU addition to the dibromide. The stronger organic base

TMG also failed to promote the reaction. Gratifyingly, it was discovered that hydride and alkoxide

bases could furnish the desired product, spirocyclic 287, in low yields (Table 2.2).

Table 2.2 Optimisation of spirocycle 287 formation

Br Conditions

277 209 287
Entry 209 (equiv) Base Base (equiv) Solvent Temp. Time 287 (yield)

1 1 K,CO,4 2.5 DMF reflux 16 h n.r.
2 1 C,CO4 25 DMF reflux 16 h n.r.
3 2 EtsN 3 THF r.t. 16 h n.r.
4 2 DBU 3 THF r.t. 16 h 0

5 2 TMG 3 THF r.t. 16 h 0

6 1 NaH 2.5 THF/DMF (1:1) -78°Ctor.t 16 h 23
7 1 NaH 2.5 DMF -20°Cto 0 3h 47
8 1 KH 2.5 DMF -15°Cto 0 2h 54
9 1 KOtBu 25 DMF -10°C 16 h 0

10 1 KOtBu 25 THF =20 °C 16 h 21
11 1 KOtBu 2.5 THF/DMF (2:1) -78°Ctor.t 16 h 32
12 15 KOtBu 25 THF -78°Ctor.t 16 h 58
13 2 KOtBu 2.5 THF -78°Ctor.t 16 h 33
14 1.5 KOtBu 4 THF -78°Ctor.t 16 h 0

15 2 KOtBu 25 Et,0 (4% DMSO) -78°Ctor.t 12 h <10
16 3 KOtBu 2.5 THF/DMPU (4:1) -78°Ctor.t 16 h <5
17 1.2 KH 25 THF -78°Ctor.t 16 h 58

Reactions conduced at 50 mM in anhydrous solvent under an argon atmosphere.

Initially, DMF proved a reasonably good solvent (or cosolvent), for this transformation,

providing a 47% yield of spirocycle with the use of sodium hydride. However, a vinyl ether side
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product (288), arising from enolate O-alkylation, was also produced in non-trivial quantities

(Figure 2.4); its regiochemistry was confirmed through analysis of HSQC and HMBC spectra.

MeO
HMBC

<
o

288

S0,

Figure 2.4 Vinyl ether 288

O-Alkylation likely arises due to the greater nucleophilicity of the enolate oxygen owing
to the ability of the polar environment to dissociate the metal counter ion. Formation of the vinyl
ether 288 was suppressed when non-polar solvents such as THF and diethyl ether were used, with
THF providing comparable yields when the reactions were conducted at =78 °C and allowed to
slowly warm to room temperature overnight. Yields in the range or 50% to 60% could be achieved
with a slight excess of dibromide (58%, entry 12) while higher loadings of base (entry 13) led to
no product formation (entry 14). After considerable effort it was found that the most reliable
conditions were the use of potassium hydride in THF at —78 °C. This provided the desired product
as a single diastereomer and in a modest yield of 58%; requiring only a 20% excess of dibromide

209.

2.2.3 Stereochemical Assessment

Although the reaction provided spirocycle 287 in only moderate yield, this granted the first
opportunity to examine the stereoselectivity of the transformation. Pleasingly the reaction afforded
the product as a single diastereomer, as observed in the *H NMR spectrum of the crude reaction

mixture as well as in the product after chromatographic separation. The relative stereochemistry
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of spirocycle was investigated using NMR spectroscopy with the two sets of benzylic methylene
signals being easily identified and differentiated by inspection of the HSQC and HMBC spectra
thus allowing for the relative R-configuration of the a-carbon to be identified through signals
corresponding to NOE interactions (NOESY spectrum, Figure 2.5) between one set of benzylic

protons and the aminal proton on the convex face of the bicycle.
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Figure 2.5 Determination of relative stereochemistry by NOESY spectrum analysis

The order of alkylation of the dibromide can be inferred from the stereochemistry of the
alkylation product. Alkylation of bicyclic lactam 104 takes place on the convex face of the bicycle
(please see section 2.2.6 for investigations into the facial selectivity of sulfone 277 derivatives). In
the spirocyclisation, it is reasonable to assume that the final stereochemistry is set in the second

alkylation step. Assuming alkylations of sulfone 290 also occur on the convex face, this implies
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that substitution of 209 proceeds first at the bromide ortho to the methoxy group, followed by
intramolecular alkylation at the meta position (Scheme 2.8). This order of operations suggests that
the relative reactivity is a result of electronic activation of the ortho methyl bromide and not due
to any steric influence of the flanking-substituents. The electronic bias is rationalised by the
stabilisation of the incipient positive charge in the transition state by the ortho methoxy group.
Having identified this reactivity profile opens avenues of interest regarding substrate scope, which

shall be discussed in section 2.3.
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Scheme 2.8 Rationalisation of observed stereochemistry
2.2.4 Investigation into Enolate Formation

As the 58% vyield of 287 can hardly be considered optimal, a more fundamental
understanding of the reaction became necessary. A possible issue with the reaction was the
formation of the desired enolate in insufficient quantities to provide high yields. To examine the
enolisation, deuterium labelling experiments were performed. Enolisation was carried out using

potassium hydride, as it provided the most consistent yield of spirocycle 287. Sulfone 277 was
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subjected to deprotonation at room temperature, at reflux, and in the presence of substoichiometric
H-O and quenched with several deuteron sources (D20, MeOH-ds, and TFA-d1). The results,
summarised in table 2.3, indicated that sulfone 277 can be deprotonated at two positions with
significant deuterium incorporation at C6 and variable incorporation at C8. Deuterium
incorporation at C8 was particularly significant when the reaction was quenched with MeOH-d4
suggesting the presence of KOMe-ds (formed when the reaction is quenched) leads to further
deprotonation and correspondingly high levels of deuterium incorporation (i.e. greater than 100%).
These results contrasted with the selective C6 deprotonation observed using LDA at —78 °C and
TFA-d1 used as a deuteron source. While excess deprotonation is still observed, deuterium is only

incorporated at C6 signifying selective enolate formation.

Table 2.3 Levels of deuterium incorporation for sulfone 277

: Hg 9 omp
(\NJ\G%HC i. Base (\NJ\ﬁH/D
7 _—
O?K_Sﬁsoz ii. D* source o H 502
HA Ho Ha H/D

\/O ~

He H/D
277
Entry Conditions Relative Integration?®

Base D* Source Ha Hs Hc Hp He
1 KH, THF, r.t. DO 1.00 0.49 0.44 093 0.67
2 KH, THF, reflux DO 1.00 0.25 022 087 =-°
3 KH, 15 mol% H0, r.t. DO 1.00 0.44 042 0.88 0.52
4 KH, THF, reflux MeOH-d, 1.00 0.83 0.84 0.25 -b
5 LDA, -78 °C MeOH-d, 1.00 096 0.95 0.99 0.94
6 LDA, -78 °C MeOH-ds/TFA-d; 1.00 0.22 0.28 1.05 1.12

2 Proton A used for reference; ° integration value for He could not be measured due to
coalescence with other peaks.
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Figure 2.6 'H NMR spectra displaying deuterium incorporation of sulfone 277

The deprotonation of C8 was considered undesirable and was thought to be a complicating
factor that may be leading to complex mixtures and low yields. As such, two attempts were made
to mitigate the acidity of the C8 protons: (i) limiting oxidisation of lactam 104 to provide the
corresponding sulfoxide (265), and (ii) substituting C8 with a geminal dimethyl moiety to remove
the C8 protons from the system. In addition to lowering the acidity of the C8 protons it was thought
that use of the sulfoxide analogues would provide a more nucleophilic enolate, when compared to
the sulfone, due to the decreased electron withdrawing capabilities of sulfoxides when compared

to sulfones.

Beginning with the simpler task of synthesising sulfoxide 292, lactam 104 was treated with
a limiting amount (0.95 equivalents) of mMCPBA to provide sulfoxides 292a and 92b as a 7:2
diastereomeric ratio as white powders in a combined yield of 82%. Determination of the
stereochemical configuration at S7 was not carried out due to the need for analysis by x-ray
crystallography and for the purposes of initial investigation, knowledge of the relative

stereochemistry was unnecessary.
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Scheme 2.9 Synthesis of sulfoxides 292a and 292b

Gratifyingly, when sulfoxide 292a and 292b were independently subjected to
deprotonation and deuterium incorporation both displayed high levels of incorporation at C6 while
no deuterium was observed at C8 as determined by *H and 2H NMR (Table 2.4, Figures 2.7 and

2.8).

Table 2.4 Levels of deuterium incorporation for sulfoxides 292a and 292b

\__/ 0 \__/ o

B Hg B H/D
(\NJ\%HC i. Base (\NJ\ﬁH/D
_—
0— SO
Ha

‘K_ﬁ ii. D* source Oiﬁso
Ho Ha H/D

He H/D
292
Entry Acid Conditions Relative Integration?®
Base D* Source Ha Hs Hc Ho He
1 292a KH, THF, r.t. DO 1.00 0.06 0.00 107 1.05
2 292b KH, THF, r.t. DO 1.00 0.16 000 103 -°

2 Proton A used for reference; ® integration value for He could not be measured
due to coalescence with other peaks.
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Figure 2.7 'H NMR spectra displaying deuterium incorporation of sulfoxide 292a
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Figure 2.8 'H NMR spectra displaying deuterium incorporation of sulfoxide 292b

Unfortunately, when either diastereomer was subjected to alkylation with dibromide 2009,
the reactions returned complex mixtures of products. Upon subjection to column chromatography,
mixtures of products appearing to be stereochemically related were only isolated as mixtures and
in small quantities (less than 10%). This further discouraged investigation of the sulfoxide as useful
solution to the encountered reactivity issues. Attention was therefore directed to the synthesis of

the geminal methyl substituted sulfoxide (297, Scheme 2.10).
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Scheme 2.10 Synthesis and testing of sulfone 297

Sulfone 297 was synthesised beginning with the addition of methyl thioglycolate to 2-
methyl-2-butenal neat on neutral aluminium oxide. Upon completion of the reaction, the
aluminium oxide was filtered off and the filtrate concentrated to provide the crude adduct. The
aldehyde was then protected as the dioxolane with ethylene glycol, providing ester 294 in 29%
yield. Amide 295 was then generated in 84% by transacylation with L-valinol and nBuLi in THF.
Lactam formation was successfully achieved, albeit in poor 38% vyield, with boron trifluoride.
Oxidation with mCPBA proceeded well and afforced sulfone 297 in 93% yield. Notably, a similar
strategy may be employed to prepare ester 269 (from methyl thioglycolate, acrolein, and ethylene
glycol, Scheme 2.11) for the synthesis of lactam 104. Though the procedure provides only an
overall 45% yield, it has the significant benefit of not producing a similar putrid odour due to the

limiting amount of methyl thioglycolate employed.
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Scheme 2.11 Synthesis of thioether 269

Subjecting sulfone 297 to alkylation with dibromide 209 and potassium hydride in THF
gave a modest 47% yield of the expected spirocycle as a single diastereomer along with recovered
sulfone 297 and 8% of a 2:1 adduct. As these results provided no improvement over the use of
sulfone 277 further investigations concentrated on the use of sulfone 277, due to its simpler and

higher yielding preparation.

2.2.5 Investigation into Electrophile Competence

Having failed to produce a more efficient reaction through modification the enolate,
attention was redirected to investigating the nature of the electrophile. As a starting point it seemed
prudent to examine whether more, or less reactive electrophiles would provide higher alkylation
yields. To this end, it was pleasing to discover that subjecting sulfone 277 to alkylation with
iodomethane and potassium hydride provided the a-geminal dimethyl sulfone (302) in 84% yield.
However, the use of 1,4-dibromobutane provided spirocyclic product 303 in only 37% vyield.
Similarly, symmetric dibromide 301 did not provide improved yields of the corresponding
spirocycle 204. These results indicated that perhaps a dibromide based biselectrophile was not
suitable for this transformation. As such, two alternative systems were investigated: diiodide 305

and cyclic sulfate 307.

91



(0]

A
Mel ASBr &302 \_:/OMe \/OE> Yo
el or n ;. . A

Br H
299 300 277 (\NJ\%Me N (\N

KR THE o s o= so o= __ 80
Br y
4o¢

\_/

—78 °Ctort. H H H
Br 302, 84% 303, 37% 304, 54%

301

Scheme 2.12 Investigation of simple, symmetric biselectrophiles

Diiodide 305 was easily was prepared in 88% yield from dibromide 209 via a Finkelstein
reaction with sodium iodide in refluxing acetone. Sulfate 307 required three steps to prepare.
Beginning again with dibromide 209, diol 306 was prepared by introducing acetate substituents
using potassium acetate in acetic acid. Transesterification with potassium carbonate in methanol
provided diol 279 in 54% yield, over two steps. Formation of cyclic sulfate 307 was then achieved

in 57% yield by treating diol 279 with sulfuryl chloride and triethylamine.
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Scheme 2.13 Synthesis of diiodide 305 and cyclic sulfonate 307

With these two new biselectrophiles in hand, each was subjected to alkylation with sulfone
277 with the aim of improving conversion. The results were disappointing with diiodide 305

providing a modest 33% vyield while cyclic sulfonate 307 failed to provide any of the desired

product.
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With the examination of numerous conditions to this point, it started to become clear that
a ceiling in the yield of spirocycle 287 was being reached. A common observation in the
experiments was the full consumption of biselectrophile (either 209 or 305), despite it being added
in excess, relative to sulfone 277. This characteristic was particularly troublesome as one goal of
this work was to develop a reaction in which a complex biselectrophile substrate (i.e. one of
significant value and perhaps requiring considerable effort to prepare) could be employed. The
fate of dibromide 209 was an important aspect of the reaction which warranted investigation.
Based on observations from previous reactions, it was perhaps unsurprising to discover that upon
subjecting dibromide 209 to the reaction conditions, in the absence of sulfone 277, resulted in
complete decomposition as observed by *H NMR, with no identifiable decomposition products
observable. It was initially thought that this may have been due to deleterious water present in the
reaction causing hydrolysis of the electrophile and/or formation of cyclic ether 308. However,
attempts to examine such base promoted hydrolysis by exposing dibromide 209 to aqueous base
resulted in no reaction. Further consideration led to entertaining the possibility that under the
reaction conditions dibromide 209 may eliminate bromide and form a highly reactive ortho
quinone methide species. Such a species could undergo numerous rapid reactions (e.g. nonspecific
cycloadditions) leading to general decomposition and hindering further analysis of the crude

reaction mixture.

OMe OMe
©i:8r I'(OH(HQ) ©E>o
Br THF/H,O
209 308

Scheme 2.14 Possible hydrolysis and subsequent cyclisation of dibromide 209
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The identification of the significant instability of dibromide 209 towards the normal
alkylation conditions coupled to its stability to aqueous base suggested use of the latter for the
alkylation. Moreover, the insolubility of both sulfone 277 and 209 in water naturally lead to the
consideration of biphasic reaction conditions. As similar a-carbon alkylations of amides, esters,
and ketones!”'® have been performed with aqueous base by employing phase transfer agents,
investigations commenced using tetrabutylammonium iodide in concert with aqueous potassium

hydroxide (Table 2.5).

Table 2.5 Optimisation of biphasic reaction using phase transfer catalysis

\_/

= O OMe
(\NJ\\ . @CBr Conditions
oEkJsoz B
277 209
Entry (etzqgv) (etzq?J?v) ?el?qlfﬁ’\\/l)l (wt‘E/}:aHl!le) Solvent Temp. Time 287 (yield)
1 1 1.2 0.5 50 THF/H,0 (2:1) rt. 16 h 46%
2 1 1.2 0.5 25 THF/H,O (2:1) r.t. 5h 54%
3 1 1.2 0.5 50 THF/H,0 (2:1) 0°C 12 h 59%
4 1 1.2 0.5 50 CHCI,/H,0 (2:1) 0°C 12h decomp.
5 1 1.2 0.25 25 THF/H,0 (2:1) 0°C 24h  Incomplete
6 1 1.5 0.5 50 THF/H,0 (2:1) 0°C 18 h 72%
7 1.5 1 0.5 50 THF/H,O (2:1) 0°C 18 h 74%
ga 1 1.5 0.5 50 THF/H,0 (8:1) 0°C 18 h 51%
gab 1.5 1 0.5 50 THF/H,0 (8:1) 0°C 18 h 71%
10° 1.5 1 0.5 50 THF/H,O (8:1) 0°C 18 h 66%

Reactions conduced at 50 mM unless otherwise stated; 21 mmol scale; ® reaction conducted at 25 mM; ¢ reaction conducted at 25
mM.

Reaction screening commenced with the treatment of sulfone 277 and dibromide 209, in
THF, with aqueous potassium hydroxide in the presence of tetrabutylammonium iodide. This

proved to be a promising starting point as it provided a comparable 46% isolated yield of the
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desired spirocycle while not exhibiting the facile degradation of dibromide 209 previously
observed. Having obtained this result a more thorough investigation of reaction conditions was
undertaken. It was quickly identified that the reaction did not require sixteen hours to reach
completion at room temperature and that the yield of spirocycle 287 could be improved by
lowering the temperature or decreasing the concentration of potassium hydroxide (entries 2 and
3). Lowering the loading of tetrabutylammonium iodide slowed the reaction, requiring more than
twenty-four hours to reach completion (entry 5). It was eventually found that the reaction provided
higher yields (72%) by slightly increasing the equivalents of dibromide 209 from 1.2 to 1.5. As
discussed above, requiring such an excess of electrophile is far from ideal. Fortuity, use of the
dibromide as the limiting reagent, with 1.5 equivalents of sulfone 277, provides a comparably good

yield of 74% (entry 7).

The biphasic reaction conditions have many advantages over the systems that were studied
to this point. In addition to tolerating the dibromide as the limiting reagent they also benefited from
a far simpler reaction set-up, not requiring dry solvent, inert atmosphere, or water sensitive strong
bases. These reactions were also much more robust, providing greater reproducibility in yield. The
only serious issue encountered using these conditions was regarding scale up; initial attempts to
scale the reaction to 1 mmol gave only a 50% yield. Thankfully this was quickly solved by pre-
cooling of the organic phase, dilution of the reaction, and using a smaller relative volume of base.
Under these conditions, a 71% yield at a 1 mmol scale could be achieved. It is thought that these
modifications have the effect of maintaining the reaction’s temperature at 0 °C, a task that is harder
to achieve with larger volumes. With reliable conditions established the project moved onto the
task of investigating the facial selectivity of the transformation and by extension confirm the

relative reactivity of the electrophilic sites of dibromide 209.
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2.2.6 Alkylation facial selectivity

With conditions for the alkylation of sulfone 277 successfully identified it became possible
to directly determine the facial selectivity of the intermolecular alkylation by examining the
reaction of sulfone 277 derivatives with only one a-proton. To accomplish this a-Benzyl sulphide
309 was prepared from lactam 104 (a known alkylation product?) and subjected to oxidation in
diastereomerically pure form. Under the oxidation conditions epimerisation at the a-carbon was
observed to give a six-to-five ratio of sulfones 310a and 310b. This mixture of diastereomers could
then be alkylated under the biphasic reaction conditions to provide the methyl (311) or ethyl (312)
alkylation products as single diastereomers, with the relative configuration of the a-carbon
established by examination of NOESY NMR spectra. This stereoselectivity is indicative of enolate
alkylation proceeding from the convex face (i.e. exo face) of the lactam bicycle, the same
selectivity as previously observed for lactam 104. These results provide further evidence that the
sequence of events delineated in Scheme 2.8 is indeed correct. With experimental evidence now
in hand to support the assumptions outlined in section 2.1.2, work on investigating the substrate

scope of the reaction could commence.

] = @) RI,

\_/ o

- N mCPBA ; - “ nBuyNI, KOH
(\NJ\-‘ Sph o, (\NJ\(\Ph + (\NJ\ “Ph
OTK_/S

H

DCM, rt. o’&_/so2 oﬁk_/soz THF/H,0, 0 °C

96% H H
309 310a 310b 311: R = Me: 93% > 20:1 d.r.
6:5d.r. 312:R=Et; 70% > 20:1 d.r.

Scheme 2.15 Identification of facial selectivity for the alkylation of sulfone 310
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2.3 Substrate Scope

2.3.1 Substrate Design and Synthesis

Alkylation with dibromide 209 proceeded with excellent stereoselectivity, presumably
arising from electronic differences between the two electrophilic positions. As such, an
investigation seeking to explore the efficiency and stereoselectivity for a range of dihalides bearing
electron donating/withdrawing groups at various positions (Figure 2.9), relative to the electrophilic

carbon, was undertaken.

OMe NO,

predicted MeO
relative reactivity Br Br Br
>Q Br Br Br

209 313 314

Br Br A Br
Br Br Br Me Br
Br Me

315 316 317 318

Figure 2.9 Proposed electrophiles and predicted relative reactivities

The placement of the methoxy group in dibromide 313 is expected to activate the
electrophilic site in para relation to it by stabilisation of the positive charge in the same fashion as
was achieved at the ortho position in dibromide 209. The preparation of this substrate proved more
troublesome than dibromide 209. AIBN promoted bromination of 3,4-dimethylanisole only
provided the desired product in 31% yield (28% from the available phenol). However, a more
efficient synthesis was achieved in three steps from dimethyl 4-bromophthalate by initial
Buchwald-Hartwig cross-coupling with methanol followed by reduction with LAH and a final

bromination with phosphorus tribromide to yield dibromide 313 in 60% over three steps.
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Pd(dba),, XPhos
Br OMe Cs,C0s MeO OMe  1.LAH, THF, 0°C 'V'eo\@CBr
OMe  \eOH/PhMe, reflux OMe 5 PBr, DCM, it Br
o) 65% 0 93%.(2 steps)
319 320 313

Scheme 2.16 Synthesis of dibromide 313

The decoration of the arene with the strongly withdrawing nitro group is proposed to act in
the opposite manner to the methoxy group of dibromide 209. By destabilising the alkylation
transition state for the ortho substituent, this substrate is theoretically prone to faster alkylation at
the meta electrophilic site relative to the ortho electrophilic site. A similar strategy to that
employed for dibromide 313 was relied upon for the synthesis of the nitro containing arene 314.
3-Nitrophthalic acid was dimethylated with iodomethane and sodium bicarbonate providing
dimethyl phthalate 295. Reduction of the ester functionality to the corresponding diol proved
difficult in the presence of the nitro group; DIBAL was marginally successful at the task providing
diol 296 in 38% yield. Finally, an Appel reaction, with triphenylphosphine and NBS afforded 73%

of the desired dibromide 287.

NO, O NO, O NO,
OH Mel, NaH003, Ar OMe D|BAL OH PPh3 NBS @C
OH DMF, 80 °C OMe 1hE 0°Ctort. OH  pem occ
5 91% 38% 73%
321 323 314

Scheme 2.17 Synthesis of dibromide 314

Arene 315 presents benzylic and homobenzylic electrophilic sites as the sites for alkylation
selectivity. From the stability granted by the arene in the alkylation transition state it may be
predicted that this biselectrophile should alkylate first at the benzylic position with alkylation at

the homobenzylic site following to provide access a six-membered ring product. Dibromide 315
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was provided in 76% overall yield in two steps from homophthalic acid via an initial global
reduction with LAH followed by Appel bromination with triphenylphosphine and NBS.
©\/\002H @;\/ _NBS,PPh; Br
CO,H THF, r.t. DCM, 0 °C B

0, 0,
92% 83% 315

Scheme 2.18 Synthesis of dibromide 315

Dibromide 316 is expected to behave in an analogous manner to dibromide 315 with the
allylic bromide being displaced preferentially over the homoallylic bromide. Synthesis of this
molecule proved much more challenging than the preparation of any substrates to this point. Direct
reduction of itaconic acid with LAH to provide the diol failed and first required Fisher
esterification with methanol to give the corresponding methyl ester. Reduction of the ester at 0 °C
provided modest quantities of diol 327. However, Appel bromination provided less than 5% of the
desired dibromide. Attempts were also made to synthesise the dichloride and the dimesylate from

diol 327 using thionyl chloride or methanesulfonyl chloride respectively, these too failed.

PPh,, NBS
——

o Br
DCM, 0 °C
<5% 316

-

Br

1. H,S0,

0} MeOH, reflux /\)]\/ SOCly, EtsN
—
HO OH HO OH X

2. DIBAL, Et,0, 0 °C Et,0, 0 °C Cl
0] 70% (two steps)
326 327

-

Cl
328

MsCl, Et;N

OMs

DCM,0°c  MsO

329

Scheme 2.19 Attempts to synthesise dibromide 316 and analogues thereof

At this point it was suspected that much of the difficulty encountered may be overcome by

substituting the terminal olefin to suppress competing reactions involving the olefin.
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Tetrasubstituted olefin 331 could be synthesised using a literature procedure by aldol condensation
of diethyl succinate with acetone.?° Reduction of the diethyl ester with LAH proceeded much more
smoothly, likely due to the suppression of 1,4-conjugate reduction chemistry owing to the presence
of the methyl groups. However, the location of the methyl groups proved problematic in attempting
to manipulate the hydroxyl functionality; triphenylphosphine and NBS, phosphorus tribromide,
and methanesulfonyl chloride all manage to functionalise the homoallylic alcohol but the increased
steric hindrance imposed by the tetrasubstituted olefin prevented facile manipulation of the allylic
alcohol. Considering the possibility that this steric issue may complicate alkylation selectivity, no

further effort was expended in synthesising a tetrasubstituted olefin containing biselectrophile.

PPh;, NBS Me | Me
———
DCM, 0 °C Br Br
332
o 1. acetone, NaH Me_ _Me Me_ _Me observed by
THF, r.t. | PBr; | H and
OEt OH —F—mm 0 an
EtO R HO DCM 0 °C Br “PR, ¥'PNMR
2. LAH, Et,0, =15 A°C ' 3
o] 2 333 spectrosco
75% (2 steps) P Py
330 331 Me_ _Me
MsClI, Et3N | observed by
OH "H NMR
DCM, 0 °C MsO
’ 334 spectroscopy

Scheme 2.20 Attempts to synthesise tetrasubstituted olefin containing biselectrophiles

Having exhausted several routes to biselectrophiles of the allylic versus homoallylic type
a final effort was made to prepare the dimesylate analogue via a reported thermal rearrangement
of substituted cyclopropanes.?* The requisite cyclopropane 336 was synthesised from dimethyl
malonate and 1,2-dichloroethane,?? then modified by reduction to the diol by LAH followed by
mesylation with methanesulfonyl chloride to give dimesylate 337 in 26% overall yield. Dimesylate
337 was then heated neat at 110 °C for only fifteen minutes to provide a black tar from which

dimesylate 329 could be isolated as a slightly off-white solid in 77% yield.
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2. MsCl, Et3N neat
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335 ° 336 DCM, 0°C 337 7% 329
38% (2 steps)

Scheme 2.21 Synthesis of dimesylate 329

The last two substrates were intended to determine if steric hindrance would be adequate
to drive alkylation selectivity. The first substrate introduces a phenyl ortho substituent to provide
steric hindrance and discourage substitution at the proximal benzylic site. To this end, a phenyl
group was introduced to 1-bromo-2,3-dimethylbenzene through a Kumada cross-coupling with
bromobenzene. This proceeded well, in 80% yield, and subsequent radical bromination with AIBN

and NBS gave 84% of the desired biaryl dibromide (Scheme 2.22).

. C C
Me i. Mg°, THF, r.t. Me NBS, AIBN .
ii. PhBr, NiCls, O CHClj, relux O Br
Me 84%

80% Me
338 339 317

Scheme 2.22 Synthesis of biaryl dibromide 317

The second sterically biased substrate was designed with a geminal dimethyl group to slow
alkylation at the neopentylic site. This substrate is also interesting in that neither electrophilic site
is activated by proximal functionality. The preparation this molecule begins with the reduction of
2,2-dimethylsuccinic acid to diol 341 in 86% yield. Attempts to brominate the diol with triphenyl
phosphene and NBS failed, likely owing to slow displacement adjacent to the geminal dimethyl
moiety. Diol 341 could be efficiently transformed to the corresponding dimesylate 342. However,
attempts to perform Finkelstein reactions with either lithium bromide or sodium iodide only

provided reasonable amounts of the monohalogenated products 343 and 344. Attempts to force the
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reactions to completion, with elevated temperatures, excess halide salt, and extended reaction

times failed to garner the desired dibromide.

O Me Me LAH Me_ Me PPh;, NBS Me_ Me
OH OH —x—» Br
HO Et,o,rt.  HO DCM, 0 °C Br
O 0,
340 86% 341 318
LiBr, acetone Me Me
—_—— Br/\)k/OMS
reflux
MsCl, Et;N Me Me
) 55% 343
M JE—
Mso/\)§/0 S
DCM, r.t. Nal Me  Me
88% 342 B ——— oM
I/\)Q/ s
acetone, r.t.

Scheme 2.23 Synthesis of alkyl biselectrophiles

Despite not synthesising exactly the desired dibromides 316 and 318, dimesylates 329 and
342 were expected to be competent replacements. As the biphasic reaction conditions contain a
sizable proportion of iodide it is not unreasonable to propose that a Finkelstein type iodination may
occur. This would provide halogen-based electrophile in situ promoting the first alkylation with
the second alkylation being facilitated by intramolecular displacement, perhaps overcoming the

steric hindrance which prevented the preparation of dibromide 318.

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

electronic , : , \ functional group
activation/deactivation . | i activation

| L L Br
! MeO b v

1 Br © Br Br | ' 1 315
! Br Br Br ! ; Br OMSE ' OMs
: N Me |

OMs

Figure 2.10 Final set of test substrates
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2.3.2 Investigation of Substrate Scope

The substrates prepared above were subjected to the reaction conditions outlined in entry
7 of table 2.5. Pleasantly, most of the substrates provided good to excellent yields of the alkylated
products (Table 2.7). The highest yields were observed for dibromide 315 and mesylate 329 which
both display one activated and one nonactivated electrophilic site. The reason for these high yields
is attributed to their less reactive nature when compared to dibromide 209 and therefore higher
stability to the reaction conditions. Similarly, moderately activated substrates 313 and 317
provided yields in line with those observed for dibromide 209, with spirocycles 319 and 323 being

isolated in 85% and 68% respectively.

The cases of nitro substituted dibromide 314 and alkyl dimesylate 342 did not perform well
under the standard set of conditions. In the case of dibromide 314, the electrophile was completely
consumed but no product was identified or isolated while sulfone 277 remained the major
component of the reaction mixture. The reaction was therefore attempted again at —20 °C, with the
addition of brine to prevent freezing of the aqueous phase. This allowed for isolation of the
alkylated product in an improved 40% yield. Under standard conditions, use of dimesylate 342
could afford a 25% yield, with the remaining mass balance being accounted for in the form of
unreacted starting materials (277 and 342). This observation lends credence to the suggestion that
nonactivated primary electrophiles react slowly and are more stable under the reaction conditions

(vide supra).

Unsatisfied with the low yield efforts were made to modify the conditions. Use the mono
iodinated biselectrophile 344 provided an identical 25% yield thus investigations remained focused
on dimesylate 342. Excess dimesylate 342 provided higher conversions, but it was eventually
discovered that the highest yields were obtained by employing a limiting amount of dimesylate
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342 with room temperature reaction conditions, two equivalents of sulfone 277, and four
equivalents tertbutyl ammonium iodide. After a protracted reaction time of four days, this resulted

in a 63% yield with no erosion of diastereoselectivity.

Table 2.6 Substrate scope for spirocycle formation

\_/ o -'\\
g KOH 50 wt% [\ 0
(\N X/\F/:/E{ nBugNI 50 mol % O~ N /’:/5
+ " | — Y /Ny |
0— S0, X 2 R \(/ U]
277 = Bn DS 287, 345-350
\ 0 OMe \ \ o} NO2
N N—¢. OMe N~ .
\ 4 H v R v N
S0O7 SO;
287 345 346
74%, >20:1 d.r.
0 (0]
SO; SO;
347 348 349 350
93%P, >20:1 d.r. 95%, >20:1 d.r. 68%, 7:3d.r. 63%°, >20:1 d.r.

Reactions conducted at 0.3 mmol scale, 50 mM, and 0 °C with 1.5 equivalents of sulfone 250 under ambient atmosphere
unless otherwise stated; * —20 °C and aqueous NaCl; ® 1.0 mmol scale at 25 mM; © reaction performed at r.t. for 96 h with
2.0 equiv of sulfone 250 and 4.0 equiv of nBusNI.

As with spirocycle 287, interpretation of NOESY and HMBC spectra was sufficient to
determine the configuration of the a-carbon for all cases. Dibromide 215, and dimesylates 329 and
342 provided products with greater than twenty-to-one diastereoselectivity in the preparation of
spirocycles 347, 348, and 350. Notably the selectivity bias for dimesylate 342 is large enough to
tolerate room temperature reaction conditions without any observable loss in diastereoselectivity.

The three-to-one selectivity of spirocycle 345 indicates that the activating effect of the methoxy
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group is less strongly communicated when attempting to activate a substituent at the para-position.
The electron withdrawing properties of the nitro group in dibromide 314 provided a reasonable
nine-to-one diastereomeric ratio with the major isomer resulting from the second alkylation
occurring proximal to the nitro moiety. The poorest selectivity observed in the series was for the
biaryl dibromide 317, wherein the phenyl group was insufficient to provide selectivity for
alkylation at the distal electrophilic site. In fact, alkylation still preferentially occurred at the
proximal site, likely due to the electronic stabilisation provided by the phenyl group. Thus, the low
seven-to-three diastereomeric ratio is a direct result of conflicting electronic and steric

considerations.

2.3.3 Formation of a-Quaternary Stereocentres

With several spirocycle products now ion hand, the next task was to demonstrate their
competency in the formation of a-quaternary stereocentres. An experiment previously conducted
in the laboratory demonstrated that sulfones are successfully reduced, generating enolates that can

be selectivity alkylated (Scheme 2.24).2

~ -/ 0

: i Me F Bn
(\N)J\?rEt 1. oxone (\N g
Et Me
OTK_/S 2. Li/NHg, BnBr 0/\
H
SO,Bn
351 352

51 %, 88:12 d.r.

Scheme 2.24 Reduction and alkylation of sulfone 251

Prototypical spirocycle 287 was subjected to the same lithium in ammonia reduction
conditions and the resulting enolate quenched with benzyl bromide. The resulting alkylated

product was immediately hydrolysed with aqueous hydrochloric acid to afford amide 353 in 34%
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yield. Though the product was isolated as a single diastereomer (as observed in the *H NMR
spectrum of the reaction mixture prior to purification) the yield was disappointingly low.
Spirocycle 347 was alkylated with iodomethane using the same enolisation conditions and

similarly provided the desired amide (363) as a single diastereomer in a low 41% vyield.

S ~_—
N_O i. LilNH, Ho. 7
ii. Mel SN
H -_// —_— HMe\‘
SO3 ii. HCI(aq)
41% 363
347 >20:1d.r.

Scheme 2.25 Reduction and alkylation of cyclic sulfone 347

Three main variables of the reaction were considered as possible central causes for the low
yields. In order of occurrence these were; (i) the reduction of the sulfone to provide the
corresponding a,a-disubstituted enolate, (ii) the alkylation of the a,a-disubstituted enolate, and
(iii) hemiaminal ether hydrolysis. Due to the intricate nature of the reaction it proved difficult to
directly monitor each aspect in real time (by NMR or TLC). However, issues arising with each

step would provide characteristic evidence allowing for appropriate changes to be made.

The first issue to be addressed was the formation of the o,a-disubstituted enolate.
Curiously, analysis of the *H NMR spectra of the crude product indicated a large proportion of the
starting spirocycle to be present. The survival of the hemiaminal ether under the hydrolytic
conditions is ascribed to its bicyclic nature, precluding complete excision of the propanal fragment.
This observation indicated that the reduction conditions were leading to incomplete conversion to
the a,a-disubstituted enolate, despite the use of up to eight equivalents of lithium. To remedy this,
lithium-in-ammonia was replaced with the use of LiDBB, a powerful single electron reductant.
LiDBB has been established to be a useful method for the reductive enolisation of lactam 104
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derivatives in the context of Mannich type additions to imines.* By employing LiDBB the progress
of the reduction could be visualised colourimetrically as LIDBB may be titrated directly into the
reaction mixture. This visual indication of complete reduction would ensure that the sulfone
substrates would be completely reduced prior to the addition of the electrophile. To this end, the
use of LiDBB ensured that the spirocycle completely consumed but it failed to significantly

improve the yield of the reaction, providing only a 41% yield in the methylation of spirocycle 287.

To fully interrogate the reduction step, it was of interest to identify amount of LiDBB
required to provide complete conversion to the enolate. The method initially used for the
preparation of LiDBB, used a 20% excess of lithium metal to 4,4'-di-tert-butylbiphenyl and would
provide a theoretical 0.4 M solution of LiDBB. However, when employed, reactions would
consume a volume well in excess of the two equivalents necessary. As such, experimental
verification of LiDBB concentration was the logical next step. Reduction of a known quantity of
trityl bromide provided an experimental concentration of only 0.1 M. An alternative and well
evaluated procedure from Hill and Rychnovsky was used for the preparation of LiDBB. This
procedure uses a large excess of lithium (10 equiv) relative to 4,4'-di-tert-butylbiphenyl.?* When
LiDBB, prepared in this manner, was used for spirocycle reduction only a slight excess (2.1
equivalents relative to the sulfone) was required for complete reduction providing amide 353 in an

improved 61% yield, after alkylation with iodomethane, from spirocycle 287.

The failure of the a,a-disubstituted enolate to alkylate was only a slight problem in this
system. In some cases, protonation of the enolate provided the a-tertiary amide as a minor side
product. This issue could be eliminated by careful removal of water from the substrate though

azeotropic drying with toluene and the use of freshly distilled THF. Additionally, all electrophiles
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were passed through basic alumina immediately prior to being added to the reaction, removing any

small quantities of acid or water they may contain.

The hydrolysis of the alkylated products, to cleave the hemiaminal ether, presented a
possible complication as the resulting amide products are suspectable to acid catalysed
intramolecular N—O acyl transfer. Though this process is reversable under basic conditions, under
the acidic conditions of the hydrolysis the product amino ester species exist as the cationic
ammonium ion. This form of the product is more difficult to extract and purify and can easily lead
to depressed yields. To prevent product loss as a result of acyl transfer the reaction were adjusted
to pH 7 and allowed to stir for one hour before proceeding with the extractive workup. Prolonged

stirring at pH 7 or 8 did not have a further positive effect on isolated yields.

Screening of electrophiles provided moderate to good yields of the expected a-quaternary
amides with the enolate derived from spirocycle 287 (Table 2.8). Highest yields were observed for
alkylation with active electrophiles, such as methyl iodide, and allylic/propargylic/benzylic
halides. In contrast, less reactive n-alkyl halides, such as 1-iodopropane, gave low yields. Except
for the case of allyl bromide, the amides were prepared as single diastereomers. Curiously, a

slightly lower diastereomeric ratio was obtained for the allylation product.
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Table 2.7 Alkylation of spirocycle 287 derived enolates

— OMe i. LiDBB, THF, —78 °C OMe
[e) , f ~"
(@) N ii. RX,X=8Br, | E 0
> H :
H* 4 . O NS
o iii. HCI 1 M, 1,4-dioxane H &
SOz rt. R
287 353-358
~ o OMe ~ o OMe ~ o OMe
z z HO z
HowN&ij HowN% waij
Hve" HEt Hrpr®
353 354 355
61%, >20:1 d.r. 57%, >20:1 d.r. 30%, >20:1 d.r.
~ o OMe ~ o OMe N o OMe
HO\/\N N HO\/\N \ HO\/\N N
H oo Hgy H oo
\\ /
356 357 358
72%, 9:1 d.r.

63%, >20:1 d.r. 60%, >20:1 d.r.

This stereoselectivity trend was again observed for the other sulfones of the series (347-
350, Table 2.8). Methylation selectivity remained above twenty-to-one for sulfone 347 and 349
while decreasing only slightly to ten-to-one for sulfone 348. On the other hand, allylations were
consistently low throughout the series, with the best result being only a four-to-one diastereomeric
ratio for sulfone 348. Interestingly the most structurally similar sulfone to 348, sulfone 350 also
suffers from poor selectivity with allylation proceeding equally poorly in a four-to-one
diastereomeric ratio (amide 362) and methylation yielding the lowest selectivity in the series at a

ratio of only two-to-one (amide 366).
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Table 2.8 Allylation versus methylation of sulfone derived enolates

i. LiDBB, THF, -78 °C ~_— o
% ii. AllylX (X =Brorl)orMel z ~ Ry
\(/ iii. HCI 1 M, 1,4-dioxane
SO? r.t.
347-350
\_/ o \_/ 0O
: HO.__~ Ho.__~
HO\/\NJm \/\NW \/\N
H H
y )
359 360 361 362
53%, 9:1 d.r. 57%, 4:1 d.r. 63 %, 13:1d.r. 73%, 4:1d.r.
\/ o \_/ 0 \_/ o \/ 0
H - H - H
HO\/\N O\/\NW O\/\N O\/\NJKOV
Hme™ Hme Hme Hme Me
Me
363 364 365 366
76%, >20:1 d.r. 87%, 10:1 d.r. 62%, >20:1 d.r. 45%, 2:1 d.r.

One consideration that was thought may be causing the electrophile dependant selectivity
was ability of allyl electrophiles to undergo substitution via an Sn2 or Sy2° mechanism. To test
this spirocycle 350 was subjected to reduction and alkylation with 3,3-dimethylallyl bromide as
the added methyl substitution should supress Sn2° type reactivity (Scheme 2.23). Though
allylation with 3,3-dimethylallyl bromide only yielded 12% of the expected alkylated product
(366), it was isolated in a poor two-to-one diastereomeric ratio. Moreover, along with continuing
the trend of poor selectivity in allylic systems, this experiment further demonstrated the low
selectivity observed for spirocycle 350. To attempt an explanation the geometry of spirocycle 350
was examined using computational methods to determine if the O-C-C-S dihedral angle is indeed

close to the 120° required for selective enolate formation (Figure 211).
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Scheme 2.26 Allylation with 3,3-dimethylallyl bromide

Figure 2.11 DFT optimised structure of spirocycle 350 B3LYP/6-311+G(d,p)

The DFT calculations indicated that the key O-C-C-S dihedral is 106°, perfectly suitable
for selective enolate formation. As such, further computational studies were undertaken to examine
the conformation of the resulting enolate. While the methyl groups are in proximity to the
nucleophilic carbon in both conformers, they were found to be similar in energy and presumably
equilibrate rapidly even at —78 °C. Additionally the Curtin—-Hammett principle would suggest that
the relative energies of these conformers is inconsequential to product formation. A possible
explanation for the poor selectivity arising from the presence of the geminal methyl groups may
be their influence on the overall reactivity of the enolate. The increased steric demand may be
leading to a decrease in overall reactivity that results in the alkylation not occurring until the

reaction is quickly warmed to room temperature immediately before the hydrolytic phase of the
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reaction. The elevated temperatures would thus have a deleterious impact on the selectivity of the

reaction.

o3 3
33 33

? ? ring flip N 2 )J ?
MBgg, T MUY

AG° = 0 kcal/mol AG° = 1.7 kcal/mol

Figure 2.12 DFT optimised structures of spirocycle 350 derived enolates

While spirocycle 350 represents a significant outlier in terms of diastereoselectivity the
examples summarised in tables 2.8 and 2.9 illustrate the ability of this methodology to quickly
construct quaternary carbon stereocentres. In the majority of examples a-quaternary amides can
be prepared in above ten-to-one diastereoselectivity with many instances providing single
diastereomers. This method may be employed to generate a-quaternary carbon amide derivates
with even greater levels of stereoselectivity by employing conventional chromatographic
techniques to first separate the diastereomers. This is a characteristic advantage over
enantioselective methods, which generally provide poor selectivity when provided with similarly
small steric bias and rely on favourable crystallisation conditions and/or chiral HLPC for further
enantio-enrichment. Additionally, the ability to directly synthesis 5,6- and 6,6-fused carbocyclic
systems (amides 327-333, 335, 337, and 339) which incorporate a-quaternary carbons at positions

distal to the ring fusion is an important strength of this work as, while the structural motif is
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common within the literature, molecules possessing this feature are seldom synthesised

stereoselectivity.
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2.4 Conclusions

This chapter has outlined the development of a stereoselective double alkylation of a chiral
bicyclic lactam auxiliary for the formation of a,a-disubstituted enolates which then may be
alkylated to generate a-quaternary stereocentres. This effort has involved the exploration of
synthetic routes for the preparation of suitable biselectrophiles as well as an examination of

enolisation conditions permitting multiple alkylations to occur sequentially in one operation.

Unlike classic chiral auxiliary methods developed to date, the approach described,
leverages biselectrophilic substrates and exploits inherent differences in reactivity of distinct
electrophilic sites to dictate the stereochemical outcome of the reaction. In addition to expanding
the scope of electrophiles which can be used with this bicyclic lactam auxiliary system, the
oxidation of the sulfide has allowed for initial alkylations to be conducted at higher temperatures
(0 °C in place of =78 °C) and without the need for inert atmosphere or anhydrous conditions.
Additionally, the a-carbon of the auxiliary is alkylated twice in a single transformation, providing

a shorter (by one step) procedure in comparison to the use of simple/classic electrophiles.

A variety of electrophiles have been demonstrated to provide high levels of
diastereoselectivity in the transformation, including benzyl, allyl, and alkyl, with selectivity guided
by steric or electronic consideration, though competing electronic and steric influences were
shown to erode selectivity. The second intramolecular alkylation provided access to substituted
cyclopentanes, and cyclohexanes. The spirocyclic intermediates were then shown to undergo
reduction with LiDBB to form the corresponding a,a-disubstituted enolates, which could be
alkylated with methyl, ethyl, n-propyl, allyl, propargyl, and benzyl electrophiles to form a-
quaternary stereocentres. Products were isolated in good yield and in most cases with high (nine-
to-one) to excellent (greater than twenty-to-one) diastereoselectivity.
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CHAPTER 3

An Asymmetric Total Synthesis of (R)-Puraquinonic Acid
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3.1 Overview

3.1.1 Project Aim

In chapter two, a spiroalkylation/reductive alkylation method for the formation of
quaternary carbon stereocentres on carbocyclic ring systems was developed. Notable advantages
of this method include (i) using electronic instead of steric discriminating factors between
electrophilic sites to drive selectivity, (ii) implementing biselectrophilic substrates to forge two
key bonds in a single synthetic step, and (iii) the use of simple biphasic reaction conditions,
eliminating the need for anhydrous and cryogenic conditions for two of the three carbon-carbon
bond forming steps. In this chapter it is demonstrated that this novel methodology is applicable in
total synthesis of natural products which possess such a-quaternary carbon stereocentres (Figure
3.1). Specifically, the method is applied to the highly challenging quaternary stereocentre found
in the noroilludalane natural product puraquinonic acid (164).! The method allows for the late-

stage incorporation of the stereocentre, resulting in a short and efficient synthesis.

(0]

(0]
12 " 7 ~_OH
Me 2 ¢ Me

(0]

coprinolone ketodiol (368) madindoline B (25) puraquinonic acid (164)

Figure 3.1 Natural products containing a-quaternary carbon stereocentres

3.1.2  OQutline of The Synthetic Approach

As discussed in Section 1.3, puraquinonic acid holds a particularly interesting
stereochemical challenge within its modest fourteen carbon skeleton. As with many illudalane

natural products, carbons twelve and thirteen have been differentiated, through selective oxidation,
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to endow puraquinonic acid with a a-quaternary carbon stereocentre. However, what makes this
feature special is that the structural elements which define the stereocentre are the C6 methyl and
C7 ethyl alcohol, located on the opposite side of puraquinonic acid from the a-carbon. Importantly,
this means that they are nearly identical in both steric and electronic terms, greatly increasing the

synthetic challenge associated with setting the stereocentre with high levels of control.

An added benefit of selecting puraquinonic acid as a target relates to the stereoselectivity
of alkylation of a,a-disubstituted enolates derived from sulfone 277. Although, high levels of
diastereoselectivity could generally be achieved for this alkylation (Section 2.3.3) the absolute
stereochemistry of the resulting a-quaternary stereocentre was not directly assigned. Instead, the
relative stereochemical configuration was simply inferred by analogy to lactam 104, for which the
selectivity previously has been confirmed. This assumption, though reasonable, due to the near
identical pseudo C2 symmetry of the chiral auxiliaries in both cases (Figure 3.2), required
experimental confirmation. It was thought that a synthesis of 164 would be ideal for this purpose
as stereoisomers of known intermediates from prior work in the Gleason group could be
intercepted and compared to assign absolute stereochemistry. This approach to stereochemical
determination was necessary due to the novel nature of the products generated, preventing the
stereochemical outcome to be confirmed by comparison to independent literature reports.
However, upon near completion of the project new work by Baudoin and coworkers® * allowed

for the comparison of one product, amide 435 (section 3.7).
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Figure 3.2 Alkylation selectivity for sulfide and sulfone derived a,0-disubstituted enolates

It was anticipated that in revisiting the total synthesis of R-puraquinonic acid some of the
less desirable aspects of previous synthetic approaches could be addressed to provide an improved
route to the molecule. Chiefly among these aspects was the point in which the formation of the
quaternary stereocentre takes place. In the three prior enantioselective syntheses, the quaternary
stereocentre was introduced either midway or at the outset of the synthetic route (Scheme 3.1). It
may be argued that that Clive’s strategy does pursue the construction of the stereocentre as the last
structural element of the molecule to be introduced.® However, any advantage the late-stage
introduction presents is obscured by the numerous steps required to remove structural features
introduced exclusively for the installation of the quaternary carbon. In choosing to form the
quaternary stereocentre earlier, the synthesis of Baudoin? 2 and our work® required significant

elaboration of their respective chiral intermediates (251 and 240 respectively).
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Scheme 3.1 Summary of previous asymmetric approaches to puraquinonic acid and points
wherein the quaternary carbon was introduced

It was envisioned that a more efficient synthesis may be possible by addressing the
quaternary stereocentre in the final steps of a new synthetic strategy. Inspired by Kraus’ use of
dibromide 209 to quickly construct of the racemic a-stereocentre of puraquinonic acid through a
sequential dialkylation step,® it was thought that the use of sulfone 277 could render a similar
strategy asymmetric (Scheme 3.2). This notion was further reinforced by the observation that

dibromide 209 reacts with high levels of stereoselectivity with sulfone 277.
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From Chaper Two

~
e (0] OMe
H ~ o OMe
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277 209 353
>20:1 d.r
Kraus
o} OMe o OMe
O)i + Br three steps
Me#\ Br EtO
Me (o) (0] 66 % Me
210 209 212

Scheme 3.2 Comparison to Kraus’ racemic preparation of the key a-quaternary stereocentre in
puraquinonic acid
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3.2  Retrosynthetic Analyses

Following from the methodology developed in chapter two, a retrosynthetic strategy for
accessing puraquinonic acid involving the late-stage introduction of the quaternary stereocentre
was devised (Scheme 3.3). It was envisioned that employing sulfone 277 to construct the key
stereocentre using a bis-electrophile with the reactivity of the two electrophilic sites appropriately
differentiated. This differentiation could be introduced electronically via suitable substitution of
the aryl ring, in a similar manner to that which was achieved in the case of dibromide 209. This
leads back to an aryl ether and therefore necessitates oxidation of the arene to the paraquinone post
introduction of the stereocentre. Importantly, by combining the aryl ether with protection of the
ethyl alcohol allows the alcohol to be revealed in the oxidation process. Construction of dibromide
375 might be achieved via a Diels-Alder reaction of dimethyl acetylene-dicarboxylate (DAMD,
377) and diene 378. It was initially envisioned that diene 378 could be constructed through a
palladium mediated cross coupling of a vinyl nucleophile (accessible from olefin 354) and the
accompanying halogenated dihydrofuran (380). As such, initial investigations centred on affecting

a Kumada type cross-coupling between dihydrofuran 381 and vinyl Grignard 382.

O Q O
OH N
HO R 'O — \(/ —
8 SO
Me : i :Me “we l ‘ ?Me 05 O 2

H
164 o\ 373 374 277
oxidation alkylation
+
cross Diels- Alder Appel
coupling O
? M
Q . M e MeO
MeO
X Me f Me
380 375
DMAD 377

Scheme 3.3 Retrosynthetic analysis of puraquinonic acid (164)
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3.3  Synthesis of Dibromide 378

3.3.1 Preparation of Diene 378 via Cross-Coupling

0
{O/Z MgBr Pd° i
+ | memmmemeeaa- >
| /\ Me
381

382 378

Scheme 3.4 Proposed Kumada cross-coupling for the synthesis of diene 378

To avoid the need to manipulate a volatile vinyl halide reagent, the commercially
available vinyl Grignard reagent 382 was selected as the nucleophilic coupling partner in the initial
cross coupling. This necessitated the preparation of a 4-halo-2,3-dihydrofuran fragment. Reports
of such mono-functionalised dihydrofurans are uncommon. However, one report for the
preparation of 4-iodo-2,3-dihydrofuran (381) proposed activation of molecular iodine with
iron(111) chloride to promote a five-endo-trig cyclisation of homopropargyl alcohol (383).’
Disappointingly, in our hands this procedure failed to give any of the reported dihydrofuran 381.
However, given the known reactivity of alkynes towards activated electrophilic iodine species and
the authors’ proposed mechanism (involving activation of the alkyne via formation of an

iodonium) it was believed that other electrophilic iodine sources might provide the desired product.

Su (2011)

OH FeCly6H,0, I, o /\/\/OH FeCl3*6H,0, I,
z T —— Z —_—
MeCN MeCN “ >0
|

84% 85%
383 381 384 385

Scheme 3.5 Su’s preparation of iodinated hydrofurans and hydropyrans
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Homopropargyl alcohol (383) was subjected to conditions with the aim of affecting the
desired cyclisation. Conditions tested included: use of anhydrous iron(l11) chloride and the use of
NIS as an alternate electrophilic iodine source. From inspection of the *H NMR spectrum of the
crude reaction mixture it was ultimately found that all attempts failed to provide the desired
product, even in trace amounts, with only the bis-iodinated homoallylic alcohol 386 observed by
'H and *C NMR. With this initial failure attention was turned to investigating the possibility of

preparing a nucleophilic dihydrofuran coupling partner.

OH FeCl3+6H,0, I, o)
A OH
—_— X
/\/ \ 1 obser1v3ed by
MeCN I H and '"°C NMR
|
383 381 386

Scheme 3.6 Attempts to reproduce results disclosed by Su

As with the case of the desired case of 4-haloginated dihydrofurans, suitably substituted
nucleophilic dihydrofurans were also discovered to be uncommon. One report, was the use of
dihydrofuran (389) as a model system for the stannation of nucleosides (Scheme 3.7).% Tanaka
reported that dihydrofuran (389) could be selectively functionalised by leveraging the
nucleophilicity of the enol ether in concert with highly electrophilic benzenesulfenyl chloride
(390). This provided phenyl-vinyl thioether 391 which could be transformed to the

tributylstannane derivative through treatment with AIBN and tributyltin hydride (Scheme 3.7).
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Taylor® and provided high yields of thioether 391 when reacted with dihydrofuran in THF (Scheme
3.8). Under the reported conditions (AIBN and tributylstannane) the expected dihydrofuryl
tributylstannane could be obtained, albeit in low yield. Unfortunately, it was found that the four-
fold excess of tributylstannane, described by Tanaka, was necessary to provide complete
consumption of the thioether. The excess stannane was impossible to remove via chromatography
on Florisil, basic/neutral alumina, or silica. With this second approach also unable to provide useful

quantities of the required coupling partner an alternative to the cross-coupling approach was

devised.

393

Tanaka (2003)

Scheme 3.7 Tanaka’s preparation of vinyl stannanes from thioethers

Benzenesulfenyl chloride (390) required preparation using a procedure established by
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\
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Scheme 3.8 Preparation of tributyl dihydrofuryl stannane
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3.3.2 Acylation of 2,3-dihydrofuran

Inspired by the relative ease with which benzenesulfenyl chloride could functionalise
dihydrofuran, it was thought that a suitably activated carbon-centred electrophile might exploit the
nucleophilicity of the enol ether to provide a route to diene 378. Indeed, a report by Hojo described

the facile acylation of dihydrofuran with trichloroacty! chloride (369).1°

Hojo (1986)
Ji

CIg,C o

o KOHaq

N/ ClsC )J\C/ HO” ¢ o
Pyridine PhH, reflux
ChC|3 r.t.

389 YA 87% 395

Scheme 3.9 Hojo’s trichloroacylation of 2,3-dihydrofuran

Considering this, attempts were made to extend this reactivity to unsubstituted acetyl
electrophiles; this would allow for diene 378 to be accessed via a subsequent Wittig olefination.
Initial investigations were carried out to determine if commercially available acetyl chloride or
acetyl bromide were indeed suitably electrophilic. Efforts were made to promote the reaction
between acyl chloride and dihydrofuran with the addition of Lewis acids: aluminium(I11) chloride
or boron trifluoride, magnesium chloride/bromide, iron(lll) chloride, zinc iodide, scandium
triflate, and ytterbium triflate. However, all reactions failed to produce the desired vinylogous ether
397. As these results illustrate the poor electrophilicity of 396a, and 396b when compared to
trichloroacetyl chloride (393), an attempt was made to overcome this disadvantage by turning to
acetyl iodide as the acetylating agent. The use of acetyl iodide was investigated using a known
protocol by Hoffmann, subjecting acetyl chloride to Finkelstein reaction conditions with sodium
iodide prior to the addition of dihydrofuran.!* Despite the increased electrophilicity of acetyl iodide

it also proved inert toward acylation.
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Scheme 3.10 Attempts at direct acylation of 2,3-dihydrofuran

With the inability to directly acetylate dihydrofuran (389), it was decided that reduction of
the trichloromethyl group to produce the desired ketone (397) would be performed. Gratifyingly,
this was easily achieved using zinc in acetic acid and could also be achieved with milder conditions
employing ammonium chloride as the proton source (Scheme 3.11). This two-step
trichloroacylation-dehalogenation sequence thus provided quick entry to vinylogous ester 397 as

a white solid in 98% overall yield.

X
cl,c” o) o)
o Zn°, NH,CI
393 »NH,
N\ 7 C|3CJ\CO Me)kCO
Pyridine H,0/MeOH, 0 °C
389  CHCl3, 0°C 394 99% 397

99%

Scheme 3.11 Preparation of vinylogous ether 397

With sufficient quantities of vinylogous ester 397 in hand, conditions to affect the
olefination of the carbonyl commenced. Typical Wittig conditions provided poor conversion to
desired olefin, likely to do with the reduced electrophilicity of vinylogous esters relative to
ketones. This led to the consideration of more nucleophilic olefination reagents, principally
titanium carbenes. Vinylogous ester 397 was exposed to both Tebbe’s and Petasis’ reagents with
Petasis’ reagent providing cleaner conversion to the olefin, as determined by *H NMR. However,

isolation of pure diene proved impossible, with samples subjected to purification by thorough
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aqueous work up and/or chromatography on silica (or alumina) providing either no product or
large amounts of titanocene oxide contamination. These issues were attributed to both the volatility
and inherent instability of diene 378. Thus, is was necessary to quickly trap the diene as the Diels-
Alder adduct after the olefination was complete. This provided the desired product in low yield
which could be increased to a maximum of 29% (over two steps) by thorough removal of the
titanocene by-products followed by reaction with freshly distilled DMAD in a toluene-acetonitrile
mixture. The removal of the titanocene by-products was achieved through precipitation with
pentane, subsequent filtration through celite, and removal of pentane, resulting in a solution of
diene 378 in toluene that was employed without further purification. The addition of acetonitrile
provided a noticeable increase in yield due to an increase in reaction rate overcoming some of the
background decomposition of diene 378. Further yield optimisation proved impossible due to
diene losses during the required manipulations. These loses were attributed to the volatility and
instability of diene 378. Trapping of diene 378 was also able to provide diester 398 when Tebbe’s

reagent was employed but only in 12% vyield.

O
PPhyCH;Br
Me)J\CO s Me%o

LiIHMDS, THF
397 nv, 70 °C 378
50% conversion
by "H NMR
O O
DMAD
Me “ MeO
J MeCN/PhMe, 50 °C MeO Me

29% o

397 378 398

complete conversion
unable to purify

Scheme 3.12 Trapping of diene 378 with DMAD
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3.3.3 Diene Synthesis by Enyne Metathesis

While the sequence developed at this point did provide access to the required diester
intermediate (398) it suffered from many inadequacies, primarily poor yield and low atom
economy. While acylation with trichloroactyl chloride and the subsequent reduction are high
yielding the need to remove three chlorine atoms is inefficient. The poor conversion of the
vinylogous ester 397 to the Diels-Adler adduct exacerbates the issues with this synthetic approach.
Unsatisfied with the developed sequence, an alternative, highly atom economic approach based on

eneyne metathesis was examined.

/ vinylation
O\/ OH
> > K
Me \\ X M
Ene-yne / ©

metathesis 378 400

Scheme 3.13 Retrosynthesis for the formation of diene 378 via an eneyne metathesis

Enyne metathesis is a well-established method of rapidly generating 1,3-dienes and has
found significant use in the preparation of substrates for Diels-Alder reaction.'? ** Using this
transformation, diene 378 leads retrosynthetically back to homopropargyl-vinyl ether 399 (Scheme
3.13). The suitability of a vinyl ether containing substrate was initially questionable. Vinyl ethers
are frequently introduced to arrest the activity of Grubbs’ type ruthenium catalysts,** 1*> with
Schrock’s catalyst often necessary to carry out ring-closing metathesis reactions of vinyl ethers.
Examples of ring-closing metathesis reactions of vinyl ethers with Grubbs’ ruthenium catalysts
are known, yet tend to lack the generality frequently associated with analogous metathesis
reactions.'” 8 Despite the apparent limitations, intermolecular eneyne metathesis reactions of ethyl

vinyl ether have been described by Diver wherein Grubbs’ second generation catalyst was able to
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furnish the desired product in high yield provided an excess of the vinyl ether is used (Scheme
3.14).%° Interestingly, examples of intramolecular eneyne metathesis, of the type outlined in
Scheme 3.13, are not known. However, vaguely similar products have been obtained through
intramolecular de Mayo reactions with alkynes (Scheme 3.15).2° Similar photochemical methods

may prove useful to access diene 378 in the event the eneyne metathesis strategy were to fail.

Diver (2003)
207 OEt
Bno/\ Bno/\n/\rf
Grubbs' Gen |l
401 DCM, reflux 402

82%

Scheme 3.14 Diver’s intermolecular eneyne metathesis

Hiersemann (2018)

Me o hv (254 nm)
\\ quartz tube
TFE, r.t.

0 93%
403 4o4

Scheme 3.15 Hiersemann’s alkyne de Mayo reaction

Studies towards effecting the desired eneyne metathesis commenced with the vinylation of
the commercially available homopropargy! alcohol 403, using mercury(ll) acetate in ethyl-vinyl
ether. While high loading of mercury(ll) acetate (15 mol%) was initially used, to ensure the
reaction quickly reached equilibrium, loadings as low as 5 mol% were eventually used in concert
with long reaction times to reduce the amount of mercury(l1) acetate required. This provided access

to multi gram quantities of vinyl-ether 399 after purification by distillation.
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Scheme 3.16 Synthesis of vinyl-ether 399

With easy access to eneyne 399 achieved, focus could be placed on identifying conditions
to effect the eneyne metathesis. Grubbs’ first-generation catalyst failed to provide any conversion
to diene 378. Fortunately, Grubbs’ second-generation catalyst succeeded in providing 16% yield
(observed by *H NMR) with loadings of 1 mol% in DCM. Increasing the reaction temperature to
reflux did not contribute to greater conversion. Importantly, tracking the reaction by *H NMR over
extended periods of time showed product yield to reach a maximum prior to complete conversion
of eneyne 399. Additionally, steady degradation of diene 378 was also observed. This was is in
line with previous observations of diene 378’s instability in the context of the olefination of ketone
397 (vide supra). These results suggested cessation of catalytic activity was preventing further
product generation while background degradation of diene 378 was leading to product loss. Indeed,
if the reaction stirred for longer than forty-eight hours, none of the desired diene (353) could be

identified by *H NMR spectroscopy.

As the incomplete consumption of eneyne 399 was attributed to catalyst degradation and/or
inhibition, increasing catalyst loadings was identified as a possible remedy to the low yields.
Raising loadings to 4 mol% provided complete consumption of eneyne 399. As with previous
preparations of diene 378 it was necessary to directly trap the diene as the Diels-Alder adduct.
Addition of DMAD to the reaction mixture provided diester 398 in 66% isolated yield. The success
of this two-step eneyne-Diels-Alder sequence suggested the possibility of performing the two

reactions as a cascade. Disappointingly, the presence of DMAD completely inhibited the reactivity
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of the catalyst, necessitating the reaction be run in a stepwise fashion. This sequence could be
further extended to incorporate oxidation of 398 with DDQ to afford dihydrobenzofuran 376 in
42% vyield over the three transformations. However, a much higher yield of 93% was obtained

when the oxidation was conducted as a discrete step.

o o
o~ Grubbs-Il % DMAD
ethene 1 atm X DCM rt. MeO MeO
N e . Me 80% (2 steps) MO PhH,rt. 0 Me
0
6

93%
399 378 Grubbs-II;

then DMAD;
then DDQ

DCM, r.t.
42% (one pot)

Scheme 3.17 Stepwise and one-pot reparation of diester 376

Unsatisfied with the high catalyst loadings and far from optimal yields further effort was
made to optimise the eneyne metathesis step. Catalyst loadings could be reduced to 2 mol% by
replacing the argon atmosphere with ethylene to provide an 80% yield of diester 398. The use of
ethylene was introduced by Mori to allow for the eneyne metathesis of terminal alkynes.?! In this
case, the 1,3-diene product 411 contains a reactive mono-substituted olefin which rapidly engages
with catalytic ruthenium carbene 406 and undergoes olefin metathesis to expel ethylene and form
carbene 411 which is non catalytically active and limits the efficacy of the ruthenium catalyst
(Scheme 3.18).21:22 Although carbene 411 could theoretically engage with the olefin of the starting
eneyne to regenerate the 1,3-diene and carbene 406, the coordination of the endocyclic olefin in
carbene 411 limits its reactivity. This may be particularly problematic in the case of eneyne 399
due to the more Lewis-basic vinyl ether (414). The introduction of ethylene allows for excess
olefinic substrate to accelerate the reformation of carbene 406 from carbene 411, thus maintaining

higher concentrations of the active catalyst. Attempts to reduce catalyst loadings further to 0.5 or
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1 mol% resulted in incomplete starting material consumption with a minimum catalyst loading of

2 mol% being identified as the minimum possible catalyst loading.
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Scheme 3.18 Enyne metathesis mechanism and off-cycle catalyst sequestration

3.3.4 Preparation of Dibromide 375

With a route established for the preparation of diester 376 synthesis of dibromide 375 was
quickly achieved. Global reduction of diester 376 with lithium aluminium hydride provided clean
conversion to diol 415 in 95% yield. Treating diol 415 with phosphorus tribromide efficiently
transformed it to the key dibromide in quantitative yield. With dibromide 375 successfully

synthesised, the crucial introduction of the a-quaternary carbon stereocentre could now take place.

o o o) o)
MeO o HO::& __ PBs Briﬁ
MeO Me THFO0°C HO Me DCM 0 °C Br Me

95% 100%

Scheme 3.19 Preparation of dibromide 375
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3.4  Formation of the a-Quaternary Carbon Stereocentre

Spiroalkylation of sulfone 277 with dibromide 375 using the biphasic conditions described
in chapter two, employing tetrabutylammonium iodide, provided the desired spirocycle 374 in
70% yield. As with the alkylation with dibromide 209, the reaction affords the spirocycle as a
single diastereomer with the relative stereochemistry governed by the ability of the aryl ether to
activate the methylene at the ortho position toward Sn2 displacement. Akin to the stereochemical
determination of spirocycle 287 (section 2.2.3) HSQC, HMBS, and NOESY NMR spectra were

acquired and examined to determine the configuration of the a-carbon of spirocycle 374.

- O
- 9 nBugNI N_ 0
N Br KOH (50 wt%) ,
+ HY / —
O‘.—K_/S% Br o
H Me THF/%[,O/’ 0°C S0O3 Me
’ >20:1 d.r.
277 375 374
i. LiDBB,
) ® H,S0, o o ) ITI;F, 7:: °c
1,4-dioxane : ii. iodomethane
HO™ -~ (\N
Me' Me 75°C on H™me Me  ii. HCI1 M,
86% 1,4-dioxane, r.t.
a17 ) , :
>20:1 d.r. 209%
416

Scheme 3.20 Construction of the key quaternary stereocentre
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Figure 3.3 Determination of relative stereochemistry by NOESY spectrum analysis for 374

Reductive enolization of spirolactam 374 with LiDBB, followed by methylation of the a,a-
disubstituted enolate likewise proceeded without difficulty providing amide 416, bearing the
anticipated quaternary stereocentre, in 78% vyield and in greater than 20:1 diastereoselectivity.
From this point the remaining valinol portion of the auxiliary could be removed via hydrolysis
with sulfuric acid in refluxing dioxane to give the corresponding carboxylic acid (417) in 86%
yield. As this sequence entails hydrolysis with hydrochloric acid followed by sulfuric acid, an
attempt was made to subject the initial alkylation product directly to the more vigorous sulfuric
acid hydrolysis condition. This would remove a step from the final count. However, this proved
unsuccessful and returned none of the desired carboxylic acid, or other useful products, after

purification.
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3.5  Oxidation to the Paraquinone: Total Synthesis of Puraquinonic Acid

With carboxylic acid 417 in hand, the final task was the seemingly simple oxidation of the
arene core to the para-quinone. Although not a classical precursor for paraquinone synthesis, due
to the lack of an unsubstituted heteroatom (i.e. phenol or aniline) or suitably disposed 1,4-
subsituents (e.g. methoxy), the first oxidants tried were those described for the oxidation of arenes
to quinones; such as Fremy’s salt, PIDA and CAN. None of these provided any discernible

oxidation products (Scheme 3.21).

Fremy's salt or

o o PIDA or o Q
CAN OH
HO™ B — (O
Me Me M 3 Me
3
417

e“.
(¢}
164

Scheme 3.21 Initial attempts to oxidise the arene core to the para-quinone

Disappointed by the lack of any oxidation products the challenge at hand was examined
from a more fundamental perspective. The task presented was twofold: 1) an oxidation of the arene
to the paraquinone and 2) by extension, introduce an oxygen atom at C3. It was thought that a
process proceeding through such an oxidation would allow for opening of the dihydrofuran ring
through formation and subsequent hydrolysis of an oxonium intermediate. Considering direct
oxidation to the paraquinone failed, efforts were directed at the functionalisation of C3 to provide

a handle for subsequent oxidation.

Due to the electron rich nature of the arene, the most attractive strategy was to functionalise
the arene by engaging an appropriate electrophile. Happily, it was discovered that C3 could be
very easily brominated simply using bromine in chloroform to provide aryl bromide 418. As aryl

bromide 418 is, formally a two-electron oxidation product of carboxylic acid 417, it was thought
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that a further two-electron oxidation may be achieved using CAN. Unfortunately, oxidation to the
paraguinone was not observed. Instead, treatment with CAN led to formation of benzofuran 419,

with distinctive C4 and C5 proton signals indicating the fate of the reaction.

CAN

HO™ -

Me\\ Me

417

419
observed by '"H NMR

Scheme 3.22 Bromination of arene 417

Using the aryl bromide as a synthetic handle, it may have been possible to perform a
Buchwald-Hartwig coupling to install a second aryl ether and ultimately facilitate the oxidation to
the paraquinone (Scheme 3.23). This was determined to be an unacceptably long sequence and the

idea was abandoned in favour of direct oxidative functionalisation.

0]
Buchwald—Hartwig o} OH
coupling
Me\\‘ Me
(0]
164

Scheme 3.23 Possible synthetic route to puraquinonic acid via aryl bromide 418

Undeterred and convinced that leverage of the nucleophilic properties of the arene held the
key to completing the synthesis, a series of electrophilic oxidants were screened on both carboxylic
acid 417 and diol 415. Several including DMDO, Oxone®, and mCPBA returned only starting
material but peracetic acid in chloroform proved able to not only install the required oxygen but

also oxidised the arene to the paraquinone in 58% vyield, completing the total synthesis of
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puraquinonic acid. A possible mechanism for this transformation is provided in Scheme 3.24. The
reaction initiates with an electrophilic aromatic substitution with peracetic acid. Loss of a proton
generates an equivalent of acetic acid while also aromatizing to phenol 422. This process repeats
a second time. However, lacking the ability to quench the oxonium (423) via aromatization and
proton loss, the oxonium is hydrolysed to break the dihydrofuran ring. Finally, dehydration

furnishes the para-quinone (164).

o @

4~ OH
Me)J\O
O (0]
O (0]
OH - H,0
HO™ ~—  HO ¢
Me' Me Me' Me
HO OH
164 424

Scheme 3.24 Proposed mechanism for the oxidation of carboxylic acid 417

The mediocre yield required that time be taken to optimise the reaction conditions. The
selection of peracid was investigated with both trifluoroperacetic acid and magnesium
monoperoxyphthalate screened. The use of trifluoroperacetic acid resulted in complete
decomposition while treatment of carboxylic acid 417 with magnesium monoperoxyphthalate in
acetonitrile and water provided slow and affected incomplete conversion to puraquinonic acid.
Acetonitrile, water, dioxane, and DCM were all examined as possible replacements for
chloroform. The reaction failed to proceed in dioxane or water (in the case of water due to the
insolubility of carboxylic acid 417 in aqueous media) while the use of acetonitrile resulted in

increased degradation, as observed by *H NMR. Addition of water to reagent chloroform, to ensure
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the solvent was saturated with water, provided no positive change. Pleasingly, a two-to-one
solution of DCM to 39% peracetic acid in acetic acid (approximately seventy equivalents of
peracetic acid) gave an increased yield of 73% and with the reaction achieving full conversion in
ninety minutes. This was considerably more rapid when compared to the two days required to

achieve full conversion if carboxylic acid 417 is treated with five equivalents of peracetic acid in

o)
o)
AcOOH/AcOH OH
HO™ ™
DCM, r.t. Me Me
73% S
164

Scheme 3.25 Oxidation of carboxylic acid 393 to puraquinonic acid

chloroform.

With the optimisation of the final step complete, the total synthesis of puraquinonic acid
comprised eight steps and with an overall yield of 14% (see Table 3.1 for comparison of
characterisation data to known literature values). The physical appearance of the synthesised
puraquinonic acid matched the physical description of a yellow oil previously reported.
Additionally, the *H and *3C NMR spectra agreed with the literature data. Importantly the direction
of the optical rotation was consistent with literature values indicating that the R-enantiomer had

been prepared by the route herein described.
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Table 3.1 Comparison of (R)-puraquinonic acid characterisation data

Method Experimental Value Literature Value!
3.77,2H,t,J=6.4 Hz 3.75,2H,t,J=6.5Hz
3.39,2H, m 3.37,2H, m
2.80,2H,t,J=6.4 Hz 2.78,2H,t,J=6.5Hz
1 ’ s 4 ’ » b
H NMR 500 MHz, CDCls (ppm) 2.76, 2H, m 2.74, 2H, m
2.08,3H, s 2.07,3H, s
1.43,3H,s 1.41,3H,s
186.2 186.2
185.7 185.7
180.0 181.5
145.7 145.7
145.3 145.4
142.8 142.8
141.4 141.4
13
C NMR 500 MHz, CDClIs (ppm) 61.5 61.4
46.7 46.9
434 42.3
42.3 42.3
29.9 29.9
25.7 25.7
12.2 12.1
3393, 2968, 1702, 1647, 1462, 3450, 2965, 1705, 1650, 1460,
IR (cm™) 1430, 1376, 1333, 1276, 1210, 1425, 1375, 1330, 1285, 1210,
1022, 736 1045, 720
HRMS (m/z)
[C14H1605Na]* = 287.0890 287.0899 [C14H160sNa]* 264.0999 [C14H160s]*

[C14H1605]* = 264.0998

Optical Rotation
(Ng lamp 589 nm) +3.5 [a]&? (c 0.5, CHCl3) +1 [a]4? (c 1.0, CHCly)

Physical Appearance yellowish oil yellowish oil
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3.6  Determination of Absolute Stereochemistry

With the total synthesis of puraquinonic acid complete, the central question of absolute
stereochemistry was addressed next. Due to the near symmetric nature of the a-quaternary carbon
stereocentre the magnitude of the optical rotation is particularly small. In fact, the optical rotation
of opposite enantiomers has been reported with the same direction of rotation; Clive’s report of
(S)-puraquinonic acid [a]%? +3.1 (c 0.7, CH2Cls) [sic],* Gleason and Tiong’s report of (R)-
puraquinonic acid [a]4% +1.5 (c 0.3, CHCI3),® Clive’s report of (S)-puraquinonic acid [a]3? +3.1
(c 0.7, CH2Cls) [sic],* and Baudoin’s report of (S)-puraquinonic acid [a]3® +1.4 (¢ 0.5, CHCls).?
This inconsistency necessitated an alternative method for unambiguous method for stereochemical

determination.

To provide definitive evidence for the absolute stereochemical outcome of their synthesis,
Gleason and Tiong directly compared the stereochemistry of products formed from the alkylation
of lactam 104 to the derivative of Mannich product 427, for which the stereochemistry had been
unambiguously determined by X-ray crystallography (Scheme 3.26).> By employing this generic
method to prove the alkylation selectivity, Gleason and Tiong were able to assert that the alkylation
of lactam 104 had indeed resulted in the formation of the (S)-a stereocentre and, by analogy, the
total synthesis of (R)-puraquinonic acid. The cyclic alkylation products in our new route lack any
easily accessible structures for comparison to prove the stereochemical outcome of the alkylation
process. Instead, we intercepted an intermediate in the prior synthesis of (R)-puraquinonic acid by

preparing two diastereomeric paraquinones, (R,S)-433 and (R,R)-433.
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Gleason and Tiong (2013)
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3 2. LDA, LiCl, Etl N 2. 1M HCI Hwud Et

H 86% 73%
104 425 426
1. LiDBB 1. LiDBB
PhCH=HSO,Ph PhCH=HSO,Ph
2. 1M HCI 2. HO3SONH,, NaOH
83% 59%
7 0 NHSO,Ph
HO A~
~"ONT 7 Ph
Hme Et

427

stereochemistry confirmed by
X-ray crystallograpy

Scheme 3.26 Stereochemical determination of alkylation products of lactam 104

To prepare (R,S)-433 and (R,R)-433 (Scheme 3.27), the hydroxyl group in amide 416 was
first protected with methoxymethyl chloride, producing (R,S)-432 in essentially quantitative yield.
Oxidation of (R,S)-432 to the corresponding paraquinone was achieved though treatment with
peracetic acid. The preparation (R,R)-433 required slightly more synthetic work. (R)-Valinol was
obtained from the reduction of unnatural valine with sodium borohydride and iodine in 70% yield
after purification by distillation. (R)-Valinol could then be orthogonally protected in a two-step
one-pot procedure involving initial amine protection with benzyl chloroformate followed by
treatment with methoxymethyl chloride to yield carbamate 430 in 94% yield. Removal of the
benzyl carbamate via hydrogenolysis with palladium on carbon furnished the requisite primary
amine 431 in a low but adequate 46% yield. Next, EDC mediated peptide coupling with carboxylic
acid 393 afforded a 98% vyield of (R,R)-432. As in the case of (R,S)-433, (R,R)-433 was oxidised

to the analogues paraquinone with the use of peracetic acid.
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Scheme 3.27 Synthesis of para-quinones (R,S)-433 and (R,R)-433

With the two diastereomers of para-quinone 433 in hand their *H and 3C NMR spectra
were compared to the spectra of authentic (R,S)-433 from the Gleason/Tiong synthesis; the results
are displayed in Figures 3.4 and 3.5. As predicted, from analogy to the alkylation of lactam 104,
the reduction and alkylation of sulfone 250 does indeed lead to the synthesis of (R,S)-433 and the
generation of the (R)-a-stereocentre in puraquinonic acid. This was confirmed by both H and *C
NMR spectroscopy (Figures 3.4 and 3.5). While the *H NMR spectra for both diastereomers share
many similarities the signals at 2.72 and 2.69 ppm are the most dissimilar with second order
coupling effects leading to a large tenting effect in the spectra of (R,S)-433 which is mostly absent
in the spectra of (R,R)-433. As the original *H NMR FID data were unavailable for high resolution
comparison, greater weight was placed on the comparison of *C NMR spectral analysis. These

data again supported the conclusion that the (S)-valinol derivative was indeed (R,S)-433. To reach
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this conclusion the resonance of 42.7 was taken to be diagnostic, with (R,R)-433 having a
resonance of 42.8 ppm for this carbon signal (Figure 3.5). This provides clear evidence that (R)-

puraquinonic has been successfully prepared by the synthesis outlined in this chapter.
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Figure 3.4 Comparison of *H NMR spectra for para-quinones (R,S)-433 and (R,R)-433, data for
authentic (R,S)-433 was only available as a printout and has been manipulated to provide a one-
to-one comparison
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Figure 3.5 Comparison of 3C NMR spectra for para-quinones (R,S)-433 and (R,R)-433
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3.7  Comparison to Proline Derivatives

At the outset of this project, the synthesis of (R)-puraquinonic and the interception of
related synthetic intermediates provided the most direct route to establishing the stereochemistry
of the quaternary stereocentres synthesised in chapter two. However, towards the culmination of
the project, Baudoin reported the use of chiral palladium catalysis in the preparation of a variety
of amides related to 353 via a C-H activation approach.® Among these were (R)- and (S)-proline
derivates (R,S)-435 and (S,S)-435 (Scheme 3.28) which provided attractive species for
stereochemical comparison and further confirmation of the absolute stereochemistry of the

products described in section 2.3.3.

OMe [Pd(cinnamyl)Cl], (5 mol%) OMe

o
\( (R) 436 (10 mol%) 02" o
& TELel
. NT
Me Me CsOPiv, Cs,CO C/ @
Br : 23 Me

mesitylene, 160 °C >/ —\
(R)-434 81% (S.R)-435 2 +N§/N (s)

63:37 d.r. ~
C eY
OMe [Pd(cinnamyl)ClI], (56 mol%)
\( Y 436 (10 mol%) \( o S 436
Me Me CsOPiv, Cs,CO3

mesitylene, 160 °C

(S)-434 82% (S,S)-435
87:13 d.r.

Scheme 3.28 Baudoin’s palladium catalysed C-H activation

To make the necessary spectroscopic comparisons, the enantiomers of (R,S)-435 and (S,S)-
435 were prepared from amide 353. This was accomplished through initial amide hydrolysis with
warm sulfuric acid followed by EDC-mediated peptide coupling with either (R)- or (S)-proline
isopropyl ester (Scheme 3.29). This sequence afforded (R,S)-435 and (R,R)-435 in 98% and 75%

yield respectively.
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Scheme 3.29 Synthesis of proline derivates of amide 353

At this stage the quaternary stereocentre was assigned by analogy to the stereochemical
outcome observed in the synthesis of (R)-puraquinonic acid. By extension this indicated that
derivatisation of amide 353 had resulted in the preparation of the enantiomers of Baudoin’s two
products. Fortunately, this still enabled comparison of the *H and **C NMR spectra; the results are
outlined in Table 3.2. The most diagnostic differences in the *H NMR spectra were found to be
signals at 3.33/3.39 ppm and 1.21/1.19 ppm. The 3C NMRs spectra were close to identical, a
characteristic also observed in the data reported by Baudoin, with the largest change being a 0.4
ppm difference in the signal at 40.1/40.5 ppm. While the spectra of diastereomers only differed
subtly, these experiments indeed reconfirmed that the absolute stereochemistry of the quaternary

carbon is the (R)-isomer.
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Table 3.2 Comparison of *H and 3C NMR spectra data for amide 435

Experimental Value

Literature Value®

Experimental Value

Literature Value®

o O
T
(

R,S)-435

oM

(0]
Me\“. @O

OMe

© o o
G
Ao

(S,R)-435

0P o oM

(R,R)-435

y e o P o OMe
iR s I,

\( dNMe‘c. \( ENJE
(S.S)

S,S)-435

7.15,1H,dd, J=8.1, 7.4 Hz

6.82,1H,d,J=7.4Hz
6.68, 1H,d, J=8.1 Hz

7.15,1H,t,J=7.8Hz
6.82,1H,d,J=7.8 Hz
6.68, 1H,d, J=7.8 Hz

7.15,1H,dd, J=8.1, 7.5 Hz

6.82,1H,d,J=7.5Hz
6.68,1H,d,J=8.1Hz

7.15,1H,t,J=7.8 Hz
6.81,1H,d,J=7.8 Hz
6.68, 1H,d, J=7.8 Hz

5.03, 1H, qq, J = 6.3, 6.2
450, 1H, dd, J = 8.4, 4.8 Hz

5.04, 1H, hept, J = 6.2 Hz
4.49, 1H, dd, J= 8.6, 4.8 Hz

5.03,1H,qq,J=6.3,6.2Hz  5.03, 1H, hept, J = 6.2 Hz
4.50, 1H,dd, J=8.6,4.8 Hz 4.49, 1H,dd, J=8.6,4.8 Hz

3.82,1H, s

3.81,3H,s

3.82,3H,s

3.81,3H,s

1H NMR 3.75, 1H, m; 3.69, 1H, m 3.76-3.60, 2H, m 3.73, 1H, m; 3.64, 1H, m 3.76-3.60, 2H, m
500 MHz 3.61, 1H, d, J = 16.3 Hz 3.61, 1H, d, J = 16.2 Hz 3.61, 1H, d, J = 16.3 Hz 3.60, 1H, d, J = 16.2 Hz
' 3.33,1H,d,J=16.1 Hz 3.33, 1H, d, J = 16.2 Hz 3.39, 1H, d, J = 16.3 Hz 3.39, 1H, d, J = 16.4 Hz
CDCls 2.95, 1H, d, J = 16.1 Hz 2.95, 1H, d, J = 16.4 Hz 2.94, 1H, d, J = 16.3 Hz 2.94, 1H, d, J = 16.4 Hz
(ppm) 2.87,1H, d, J = 16.3 Hz 2.86, 1H, d, J = 16.2 Hz 2.87, 1H, d, J = 16.3 Hz 2.86, 1H, d, J = 16.2 Hz
2.15,1H, m 2.21-2.11, 1H, m 2.17,1H, m 2.21-2.11, 1H, m
2.06,1H, m 2.12-2.00, 1H, m 2.06, 1H, m 2.12-2.00, 1H, m
1.96, 1H, m; 1.90, 1H, m 1.99-1.83, 2H, m 1.97-1.85, 2H, m 1.99-1.83, 2H, m
1.37,3H, s 1.37,3H, s 1.36,3H, s 1.35,3H, s
1.26,3H, d, J = 6.3 Hz 1.26,3H, d, J = 6.2 Hz 1.26,3H, d, J = 6.3 Hz 1.26,3H, d, J= 6.2 Hz
1.21,3H,d,J=6.2 Hz 1.21,3H,d,J=6.2 Hz 1.19,3H,d,J=6.2 Hz 1.19,3H,d,J=6.2 Hz
175.8 175.9 175.8 175.9
172.1 172.2 172.1 172.3
156.1 156.3 156.2 156.4
143.0 1432 143.0 143.2
128.3 1285 1285 128.6
128.0 128.2 128.0 128.2
1171 117.2 1171 117.2
156 NMR 107.8 108.0 107.9 108.1
68.1 68.3 68.1 68.3
500 MHz, 60.7 60.9 60.8 61.0
CDCls 55.1 55.2 55.1 55.3
(ppm) a6 48 Poxs rx
44.8 45.0 44.6 44.7
40.1 40.3 40.5 40.7
28.1 28.3 28.1 28.3
25.6 25.8 25.7 25.9
25.0 25.1 25.2 25.4
21.8 21.9 21.8 21.9
21.7 21.8 21.7 218

Highlighted entries correspond to differences between the diastereomers of greater than 0.02
ppm in the *H NMR spectrum and greater than 0.2 ppm in the **C spectrum; discrepancies
between experimental and literature data are attributed to refencing the residual chloroform peak
to 77.00 ppm and 77.16 ppm respectively.
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3.8 Future Directions

With the synthesis of (R)-puraquinonic acid complete, room exists for the contemplation
of future directions that may follow from this work. Potential goals might include the following:
1) further reduction in step count by eliminating redox manipulations and functional group
interconversions, 2) find suitable conditions for the direct hydrolysis to carboxylic acid 393, and

3) application of the methodology to additional natural product targets.

Stated at the outset, one of the central goals of the synthesis was to provide as rapid as
possible access to the carbon framework of puraquinonic acid. Though the synthesis described in
the chapter represents a marked improvement over previous approaches, it consists of a few non-
constructive steps; mainly the reduction of diester 376 and the subsequent bromination of diol 415.
These steps may be rendered unnecessary if the electrophilic functionality was introduced directly
as part of the dienophile. To accomplish this, a suitably electron deficient, and appropriacy
decorated, alkyne would be needed to replace DMAD and may take the form of dimesylate 436
by employing cobalt catalysis, which has been shown to tolerate electron rich dienes and
dienophiles in the same reaction.?® 2* Considering that nonactivated alkyl mesylates were shown
to have been competent electrophiles in chapter two, it is reasonable to assume that dimesylate 438
may be a suitable replacement for dibromide 375. Such a modification may encounter issues with
the stability of the Diels-Alder adduct, as the allylic leaving groups may be prone to elimination

resulting in aromatisation.
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Scheme 3.30 Proposed use of alternate alkynes

The second proposed improvement would be to screen hydrolysis conditions to directly
provide carboxylic acid 417 without the need for the isolation of amide 416. Considering the
similarities between the conditions of the two sequential hydrolysis steps it appears eminently
reasonable that hydrolytic conditions should exist to accomplish this transformation. This study
would take the form of a solvent and acid screen and hopefully not require an excess amount of

investigation to complete.

Finally, this work naturally leads to proposing continued efforts in total synthesis. Some
ideas for future targets are provide in Figure 3.6 and display quaternary carbon stereocentres that
may otherwise be challenging to introduce. Another possible arena for this chemistry may be in
the preparation of molecules for the purposes of drug discovery and development; an area the

Gleason Group is active in.
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3.8 Conclusions

To conclude, the work put forth in this chapter has demonstrated the utility and practicality
of sulfone 277 in providing a rapid and efficient means for the construction of challenging a-
quaternary carbon stereocentres. The synthesis of (R)-puraquinonic acid was completed in only
eight steps though the rapid construction of a key bis-electrophile with much of the carbon
framework rapidly constructed with a one-pot enyne/Diels-Alder/oxidation sequence. Use of
sulfone 277 allowed for the a-quaternary carbon stereocentre to be introduced in the final carbon-
carbon bond forming step of the synthesis. Finally, oxidation to the para-quinone was achieved in
a single step through leveraging the inherently nucleophilic arene in conjunction with electrophilic

oxidants.
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Scheme 3.31 Total synthesis of (R)-puraquinonic acid

This work provides a highly useful advancement in the chemistry of bicyclic thioglycolate

lactam-based auxiliaries as it allows of the chemistry to be performed late within a synthetic route.

This is critical for the use of chiral auxiliaries as they are inherently an atom inefficient endeavour

best employed late within a synthesis to limit the amount of auxiliary consumed in each synthesis.

The efficacy of this synthetic route is particularly striking when its 8-steps are compared to the

twelve-steps previously required for the construction of puraquinonic acid using lactam 104 or the

ten-step racemic synthesis of puraquinonic acid ethyl ester. Additionally, at 22.3% overall yield in

its 9-step incarnation, it is the highest yielding synthesis to date (i.e. when the DDQ oxidation is
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conducted separate of the enyne-metathesis-Diels-Alder sequence); this is again comparable to the

synthesis of racemic puraquinonic acid ethyl ester in 23% overall yield.
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CHAPTER 4
Design of HDAC/HIV-1 Protease Inhibitor Hybrid Molecules for the Development of Novel

HIV Treatments

160



4.1 Current HIV Treatment

411 HIV/IAIDS

Acquired immune deficiency syndrome (AIDS) was first clinically reported on June 5,
1981 as a cluster of five cases in Los Angeles, California.! While initially not providing a name
for the new disease, the American Centers for Disease Control (CDC) coined it the “4H disease”,
a reference to the disease’s prevalence among heroin users, homosexuals, haemophiliacs, and
Haitians.? The term 4H disease was replaced by the CDC in 1982 with AIDS as the disease was
frequently referred to in the press as GRID (gay-related immune deficiency) which was considered
misleading as it had become clear that the disease was not isolated to the gay community. By 1983
the independent groups of Gallo® and Montagnier* had discovered that AIDS was caused by a
novel retrovirus. It was later established that the viruses identified by the two groups were in fact

the same virus. As such, the virus was renamed the human immunodeficiency virus (HIV).

In the years following the identification of the disease, it spread quickly across the globe
with the number of new cases raising to 2.7 million by 2000 and HIV-related deaths reaching a
peak of 1.7 million in 2005. Today HIV/AIDS remains endemic to many parts of the world and
populations and by World Health Organization (WHO) estimates, some 38 million people

currently live with the disease (2019 numbers).®
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Figure 4.1 Overall global trends of HIV infection and associated deaths

Acute HIV infection may result in no symptoms but is often associated with a brief phase
characterised by fever, generalized lymphadenopathy, a nonspecific rash, myalgias, and/or
malaise. As the infection continues progressive loss of CD4" T cells is observed. As these so-called
T helper cells play a critical role in the overall function and regulation of the immune system their
loss eventually results in overwhelming immunodeficiency. Infected individuals thus succumb to
characteristic infections and/or oncological complications which define AIDS. Although timelines
may vary, with some cases proceeding rapidly or never progressing, infected individuals typically

progress to death within ten years.®

4.1.2 Viral Lifecycle

HIV is a diverse collection of retroviruses with the two most encountered bring HIV-1 and
HIV-2. HIV-1 is both more prevalent and more pathogenic than HIV-2 and is the major focus of

research and discussion as it is responsible for most cases worldwide. From genetic analyses it has
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been discovered that HIV arose as a result of cross-species transmission of strains of simian

immunodeficiency virus found in chimpanzees and sooty mangabeys.

The primary cellular target of HIV-1 is the CD4 receptor found on the surface of T
lymphocytes, monocytes, macrophages, and dendritic cells, all of which are critical components
of the host’s immune system. To enter the cell the virus engages co-receptors such as CCR5 and
CXCR4 and once inside uses its viral proteins to incorporate its genome into that of the host. As a
retrovirus this process is achieved through the reverse transcription of the virus’ RNA genome into
HIV-DNA with the process mediated by the HIV reverse transcriptase enzyme. The HIV-DNA is

then imported to the host cell nucleus where HIV integrase inserts it into the genome of the host.

Once the HIV-DNA is fully incorporated, the host’s enzymes transcribe and/or translate
the viral genome into the enzymes, genome, and structural components necessary for the formation
of new virions.” Finally, for the new virions to mature and become capable of infecting new cells,
viral proteins must be cleaved by specific HIV protease enzymes. Specifically, HIV-1 protease is
responsible for site selective peptide hydrolysis of the Gag polyprotein (gag-pol) which results in

mature, functional proteins such as HIV-reverse transcriptase and HIV-integrase.®
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Figure 4.2 The HIV viral lifecycle
4.1.3 State of the Art Treatment

While no cure for HIV infection exists, the herculean efforts made in its management have
led to the development of numerous antiretroviral drugs with around twenty-five unique
antiretroviral drugs having been approved for use in adults in America and Europe. These drugs
belong to five classes, with each class targeting a different step in the viral life cycle.® These
include: (i) entry inhibitors, (ii) nucleoside reverse transcriptase inhibitors, (iii) non-nucleoside
reverse transcriptase inhibitors (iv) integrase strand transfer inhibitors, and (v) protease inhibitors

(Figure 4.3).1°
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Entry inhibitors, such as maraviroc (445), act by binding to receptor protein (CCR5 in the
case of maraviroc) and prevent the virus from entering host cells. To date only a few entry
inhibitors have been approved. Once the virus has made it into a host cell both nucleoside and non-
nucleoside reverse transcriptase inhibitors prevent the viral RNA’s conversion to DNA. In the case
of nucleoside reverse transcriptase inhibitors this is achieved by preferential incorporation into
growing viral DNA which leads to premature termination of DNA synthesis. As nucleoside reverse
transcriptase inhibitors must be suitable substrates for HIV-reverse transcriptase these drugs are
typically analogues of natural nucleosides and nucleotides (e.g. abacavir, 446) that lack the 3’
hydroxyl group. Non-nucleoside reverse transcriptase inhibitors inhibit the same enzyme but bind

to an allosteric site and thus are structurally unrelated (e.g. efavirenz, 447) to nucleoside reverse
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transcriptase inhibitors. Integrase strand transfer inhibitors such as dolutegravir (448), can prevent
HIV-DNA from being incorporated into the host genome ultimately preventing the macronodular
components of new virions from ever being produced by the host cell. Lastly, protease inhibitors,
such as atazanavir (449), inhibit the HIV-PR enzymes responsible for cleaving newly synthesised

long viral polypeptides into the active proteins necessary for new virions to mature and become

infective.
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Figure 4.4 Representative examples of entry inhibitors (maraviroc), nucleoside reverse
transcriptase inhibitors (abacavir), non-nucleoside reverse transcriptase inhibitors (efavirenz),
integrase strand transfer inhibitors (dolutegravir), and protease inhibitors (atazanavir)

While anti-HIV drugs of any class can on their own lower the viral load of infected
individuals, they are overwhelmingly prescribed in combination treatment regimens known as
highly active antiretroviral therapy (HAART, frequently simplified to as ART or cART). A

common drug combination will consist of two nucleoside reverse transcriptase inhibitors and one
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drug of another class such as the use of raltegravir (an integrase inhibitor) in combination with
tenofovir and emtricitabine). In extreme cases six or more dugs may be used simultaneously in

treatment regimens termed mega-HAART .1

The use of drug combinations in HAART allow for multiple viral targets to be inhibited
simultaneously leading to a high level of viral suppression and allows for recovery of the immune
system. Additionally, the low levels of viral replication that are achieved with HAART reduce the
risk of viral evolution/the emergence of drug-resistant mutations, and the further infection of virus
free cells or healthy individuals. In principle, HAART regimens should be able to supress the
infection indefinitely. Sadly, this is not the case; it is not always fully effective at restoring optimal
immune function, leads to long-term toxicity (due to the life-long need for treatment), and presents

the constant possibility of the development and/or transmission of drug resistant strains of HIV.

4.1.4 HIV Latency

The question remains: with so many available drugs targeting multiple druggable viral
enzymes why do none of them provide a route to curative treatment? The answer lies in HIV’s
ability to remain within a host cell’s genome yet remain transcriptionally silent.? In this state the
infected cell expresses no viral proteins depriving antiretroviral drugs from their targets. In this
state, termed latency, no viral proteins are expressed causing antiretroviral drugs to have no effect

as there are no druggable targets within an infected cell.

As infected CD4" T cells can remain in this quiescent state for many years and may live
for as long as non-infected cells, continuous HAART treatment is unable to clear the infection
despite nearly inhibiting all viral replication. The resulting viral reservoirs thus become a source

of viral recrudescence among individuals who stop/interrupt HAART or where drug resistance
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develops. Owing to limited host clearance mechanisms®® and viral sanctuaries (such as the lymph
nodes where antiretroviral drug penetration is limited!#) current estimates suggest it would take
several decades for the low levels of natural reservoir decay to completely eliminate the infection.*®
Considering that infection models have demonstrated that viral reservoirs can be established in a
short a time as three days post infection®® efforts to develop a cure must address latency as a central

concern.

A promising method in the targeting of latently infected cells is the so-called ‘shock and
kill’ approach to treatment design.’ In this paradigm, viral revisors are targeted for reactivation
such that they begin to produce druggable targets which may allow for new or established
antiretrovirals to eradicate the infection. Such a strategy needs to address the molecular factors
which inhibit infected cells from exiting latency. These epigenetic factors include histone
modification of the long terminal repeat unit (LTR) of the viral DNA by methylation and
deacetylation,'® translational restriction by host mMRNAs,'® and lack of necessary transcription
factors.?’ Due to the extensive research conducted in this field this chapter will focus on efforts to
activate infected cells by modulating histone acetylation. However, the reader is directed to
reviews by Verdin?* Davenport,?> and Palmer?® for an overview of other methods being

investigated.
4.1.5 Histones, Histone Deacetylases, and Their Role in HIV-Latency

4.1.5.1 Histones

Histones are a collection of proteins located within the nucleus of eukaryotic cells which
play a critical role in determining the transcriptional activity of discrete sections of DNA within a

genome. In general, covalent modifications made to histone tails by an array of endonuclear
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enzymes, modulate gene expression by influencing the level of chromatin condensation. The
extent of chromatin condensation is achieved through the modulation of several molecular
interaction: electrostatic interactions between positively charged histones and negatively charged
DNA phosphate groups, hydrogen bonds, salt bridges, and nonpolar interactions with the
deoxyribose portion of the DNA backbone. Many of these interactions are facilitated by post
translational modifications such as methylation, citrullination, acetylation, phosphorylation,
SUMOylation, ubiquitination, and ADP-ribosylation. At the macromolecular level, sections of the
genome that are bound less to histones are transcriptionally active with inactive genes being bound

tightly to associated histones.

Due to the prevalence of phosphate groups contained in the backbone of DNA strands, and
their propensity to be negatively charged under physiological conditions, post translational
changes influencing the overall charge of histones play a significant part in gene regulation. The
main loci of these modifications are protein residues displaying amino or carboxyl functional
groups as at physiological pH; these groups can provide histones with positive and negative

charges respectively.

A common modification made to histones is the acetylation of lysine residues, a process
modulated by histone acetyltransferases (HATSs) and histone deacetylase (HDAC) enzymes. By
acetylating the g-amino group of lysine residues the basic amines are converted to the
corresponding acetamides. At physiological pH the significantly lower basicity of amides prevents
the residue from forming interactions as in the cationic ammonium. In turn, this results in weaker
DNA binding and promotes DNA transcription. This dynamic process provides an avenue for
small molecular inhibitors to influence the levels of gene expression through selective inhibition

of HDACs and HATS, respectively leading to up and down regulation of genes. The remainder of
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this chapter will focus on the inhibition of HDACS as the chemistry of HAT inhibition falls beyond

the purview of this work.
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Figure 4.5 Dynamic modification of histone lysine residues by HDAC and HAT enzymes

4.1.5.2 Histone Deacetylases (HDACs)

Although the primary function of HDACs is the regulation of gene transcription,
acetylation of lysine residues is also an observed post-translation modification of other proteins.?*
However, it is less well studied than protein phosphorylation regulated by kinases and
phosphatases. Within humans there are a total of eighteen HDAC enzymes which are organised
into four classes based on their homology to yeast proteins.?® Class | HDACs (HDAC 1, 2, 3, and
8) display high homology to the yeast transcriptional regulator RPD3 are expressed in all tissues
and are predominantly localised in the cell nucleus. As such, they play critical roles in fundamental

cellular processes such as cell proliferation/apoptosis (HDACs 1 and 2)% and DNA damage
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response (HDAC 3).2” HDAC 8 is the outlier of the class, being found in the cytosol of cells
showing smooth muscle differentiation.?® Class 1l HDACs are subdivided into class Ila (HDACs
4,5,7,and 9) and class llb (HDACs 6 and 10). Class Il HDACs are expressed in a tissue-specific
manner and can be found in both the nucleus and cytoplasm?® where they are responsible for signal
transduction and other functions in the cytoplasm.®® 3! Class 11l HDACs are the most dissimilar
due to their active site not containing a catalytic Zn®* centre (Figure 4.6) which is conserved in all
three other HDAC classes. Also, unlike HDACs of other classes, class Il enzymes are NAD*
dependent. Owing to these fundamental differences, class Il HDACs are known as sirtuins
(SIRTL, 2, 3,4, 5, 6, and 7) but perform a similarly broad range of biological function as class I,
Il and 11l HDACS, such as regulation of oxidative stress, DNA repair, regulation of metabolism
and aging.3> 3 Class IV is the smallest class consisting of only HDAC 11. HDAC 11 is not well
studied but displays homology to both class | and 1l HDACs and is thus categorised separately.3*
Its exact functions are unknown but has been found expressed in kidney, brain, testis, heart and

skeletal muscle tissues.%®
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Figure 4.6 Mechanism for zinc dependant HDAC cleavage of acetylated lysine residues
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4.1.5.3 Use of HDAC Inhibitors for Latent HIV Reactivation

Due to the ubiquitous presence of HDACSs and their critical role in gene regulation, it is
unsurprising that they are implicated in aspects of the HIV lifecycle.®® Specifically, Class | HDACs
(HDACs 1, 2, and 3%) are recruited to the HIV LTR by transcription factors and remodel the
nucleosome nuc-1 by removal of acetyl groups on lysine residues. This leads to down regulation
of enhancer and promoter elements contained within the LTR allowing the virus to remain in its
latent state.3 Inhibition of HDACs by small molecule inhibitors has been demonstrated to supress
the level of histone acetylation and reactivate latently infected CD4" cells. In hopes of leveraging
this activity into novel treatments for HIV infection, HDAC inhibitors vorinostat,3
panobinostat,*? and romidepsin®® have all been studied in clinical trials while many others have
been tested in vetro.***® For discussions on other classes of agents designed to promote latent HIV

reactivation kindly see reviews by Kim,*” Spivak,* and Sadowski.*°

It is important to acknowledge that inhibition of HDAC activity has effects beyond latent
HIV reactivation. In addition to general toxicity associated with non-specific HDAC inhibitors (a
direct consequence of the involvement of HDACSs in normal/healthy cellular function) HDAC
inhibitors have been shown to preferentially induce apoptosis in diseased cells such as cancer cells.
Indeed, a similar response was observed to treatment of latently infected cell lines with HDAC
inhibitors (valproic acid, oxamflatin and metacept-1).%° More subtle effects are have also been
documented such as the decreased expression of co-receptors (CXCR4 and CCR5) on CD4"
lymphocytes and monocyte upon treatment with gavinostat.®® This is significant as these co-
receptors are necessary for viral fusion to uninfected cells. In all, the effects of HDAC inhibitors,
beyond straightforward HIV reactivation, provide compelling reasons to investigate their use in

novel HIV treatment.

172



4.2  Combination Therapy and Hybrid Drugs

4.2.1 Combination Therapy

The use of multiple drugs in concert to address a single condition has been used to great
success in many diseases beyond HIV/AIDS. The use of multiple drugs in this way is termed
combination therapy and is distinguished from monotherapies where a single drug is enough to
treat or manage a given disease. Examples where combination therapy is routinely used include
artemisinin-based combination therapies (ACT) for malaria,>® the use of ethambutol, isoniazid,
pyrazinamide, rifampicin, and streptomycin in first line tuberculosis treatment,® and the numerous
treatment regimens designed to combat specific cancers.> Combination therapies have found such
varied use, be that in vial (HIV) parasitic (malaria), bacterial (TB), or cancerous disease states, as
they are an excellent method of proactively countering drug resistance. Under combination
treatment, mutations conferring resistance to most or all drugs being used must develop
simultaneously for resistance to arise. Considering this invariably requires an unlikely set of
mutations in multiple proteins/enzymes, combination therapy greatly reduces the risk of

developing drug resistant strains of the disease.

While combination therapy has its advantages, it suffers from several disadvantages
including increased risk of drug-drug interactions, complex dosing protocols, increased research
and development time, and increased cost. A strategy commonly employed to exploit some of the
benefits of combination therapy while minimising its drawbacks, is the design of hybrid drugs and

inhibitors, wherein a single molecule is responsible for the multiple desired biological effects.
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4.2.2 Advantages of Hybrid Drug Design

While upon brief inspection the use of a hybrid drug would appear to have a
similar/identical impact to combination therapy, the development and use of hybrid drugs has
several advantages over such combination treatment regimens. These advantages include
eliminating the need to develop and gain approval for multiple drugs, predictable pharmacokinetic
properties, limiting negative drug-drug interactions, convenient dosing regimens, decreased
prevalence of drug resistance, and spatial/temporal homogeneity of activity (i.e. prevents the need
for multiple different drug molecules to be present in the same place at the same time and at the
necessary concentrations to elicit the desired synergistic effects). Additionally, hybrid drugs can
take advantage of a Trojan Horse strategy where one structural element can induce the molecule’s
translocation (e.g. by exploiting endogenous cellular transportation mechanisms) to locations

where one of its intended targets is localised.

Several examples of hybrid drugs have been approved for use in humans, mainly in the
field of anti-cancer treatment. The simplest examples are those where promiscuity in enzymatic
targets leads to the interaction with multiple similar targets. Example of this approach include
imatinib (450) approved for the treatment of myelogenous leukaemia, sorafenib (451) used in the
treatment of primary liver and kidney cancer, and lapatinib (452) which obtained FDA in 2007 for
treatment of metastatic breast cancer (Figure 4.7). In these three cases at least two kinases are

inhibited by each drug leading to more effective treatments.
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Figure 4.7 FDA approved kinase inhibitors known to target multiple kinases

4.2.3 Examples of Hybrid Drugs

The synthetic development of drugs which can interact with multiple unrelated targets
allows for the design of single molecules which can have effects on multiple biochemical
pathways. Ideally this will lead to synergistic effects to treat the underlying disease state. As
enzymatic promiscuity is not a reliable method to specifically interact with/inhibit multiple targets,
molecules intended to function in this manner require greater efforts towards their design.
Accordingly, several strategies and molecule classes have emerged to tackle this challenge. Four
main methods have emerged for successfully incorporating multiple pharmacophores into a single

molecular scaffold.

The four methods routinely encountered in hybrid drug development can be organised by
the spatial relationship between two pharmacophores. This leads to the following classes of
molecules: (i) linked pharmacophores, (ii) joined pharmacophores, (iii) overlapped
pharmacophores, and (iv) merged pharmacophores. However, it should be noted that this purely
structural classification system is not the only method encountered with classification based on the
activity of the two pharmacophores is also advanced in the literature. In this regard molecules are

split into two families, molecules wherein the two pharmacophores act through the same
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mechanism (e.g. imatinib, sorafenib, and lapatinib, vide supra) and molecules with each

pharmacophore acting through distinct mechanisms (e.g. estramustine, vide infra).

Linked and joined pharmacophore molecules are perhaps the most easily designed
approach to hybrid drugs. In the linked case two known pharmacophores are linked with a covalent
linker of variable size and length. Common molecular motifs such as (poly)ethers, esters, amides,
peptides, and carbamates may be employed as the linking unit. The linker may be permanent or
may be designed to hydrolyse under biological conditions to allow each pharmacophore to act
independently. While this allows for the use of known pharmacophores and minimises the need
for pharmacophore structural optimisation, optimisation of the linker type and location is
necessary. This is a significant design challenge as pharmacophores are invariably optimised to
occupy the limited space of an enzyme active site, leaving few (in any) avenues to introduce
additional structural complexity. Additionally, molecules of this design tend to be large and violate
Lipinski's rule of five, specifically having a molecular weight over 500 Da, more than five

hydrogen bond donors, and more than ten hydrogen bond acceptors.

The requirement of linker optimisation may be eliminated by use of a joined hybrid
approach, but this strategy retains many of the same issues inherent in linked hybrid design. Use
of a joined design is only suitable in situations where each pharmacophore can tolerate the
proximity of the other as to not reduce potency against either target. As with linked hybrids, the
inclusion of two full pharmacophores frequently leads to molecules of this design having high
molecular weights which may have detrimental impacts on bioavailability, pharmacodynamics,
and methods of administration; the resulting designs again often violating one or more of Lipinski's
rules. An illustrative example of a joined hybrid is the anti-prostate cancer drug extramusting®®

(457). Here the pharmacophore of estradiol (458, an oestrogen receptor modulator) and mustine
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(456, an alkylating agent) are joined though a minor alternation to the oxidation state of the methyl

group found in mustine (Figure 4.8b).
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Figure 4.8 Examples of a) linked and b) joined pharmacophores

The final two structural classes of hybrid drugs address the tendency of linked and joined
molecules to quickly balloon in molecular weight. To make economic use of structural elements,
designs employing overlapped or merged pharmacophores attempt to have structural motifs
perform multiple biologic roles. If these is some structural similarity between both
pharmacophores the common elements may be overlapped to minimise the size of the final
molecule, such as in the case of triciferol®® (460, Figure 4.10a). In some cases, this overlapping of
pharmacophores can be taken further to a point where one pharmacophore is almost entirely
encompassed by the second, leading to a merged pharmacophore design. To accomplish this
without loss of activity generally requires considerable structural similarity between the two

pharmacophores but can produce remarkable results such has azatoxin®’ (463) where similarity
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between the two constitutive pharmacophores of ellipticine (462) and etoposide (464) can be

clearly observed (Figure 4.10Db).
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Figure 4.9 Examples of a) overlapped and b) merged pharmacophores

178



4.3  Design of Novel Hybrid HDAC/HIV-1 Protease Inhibitors

4.3.1 Rational for a Hybrid Drug Approach

Considering the early promise associated with the use of HDAC inhibitors in HIV
treatment and our groups long standing interest in the development of hybrid HDAC inhibitor
molecules, it was envisioned that we could design a hybrid inhibitor to introduce the advantages
of hybrid drug design (vide supra) to the arena of HIV treatment. It should be noted that the work
outlined in this chapter does not represent the first attempt by the Gleason group to develop a
hybrid inhibitor to target latent HIV infection. Investigations by C. Doyle resulted in the
preparation of several HDAC/NNRT (465, 466, and 467) hybrid inhibitors and a single
HDAC/NRT (468 hybrid inhibitor (Figure 4.10).% While the HDAC/NNRT hybrid inhibitors were
successfully shown to both inhibit HDAC and reverse transcriptase activity their further
development was abandoned due to their failure to lead to latent HIV reactivation. Similarly, the
HDAC/NRT hybrid inhibitor was also not investigated further as it demonstrated poor HDAC

inhibitor activity.
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Figure 4.10 HDAC/(N)NRT hybrid inhibitors developed by Doyle and Gleason

In tackling HIV infection for a second time, a different tactic was proposed for reducing
viral reservoirs and preventing undesired post reactivation infection of healthy cells. It was

hypothesised that replacing reverse transcriptase inhibitor activity with HIV-1 PR inhibitor activity
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would prevent the maturation of infectious virions by the newly activated cells, thus supressing
the spread of infection. This downstream inhibition of the HIV lifecycle is in contrast to the
function of HDAC/RT hybrid inhibitor where inhibition of RT must take place in a separate, newly
infected cell and not in it the latently infected cell undergoing reactivation by HDAC inhibition.
By targeting the inhibition of two enzymatic processes within the same cell, a HDAC/HIV-PR
hybrid inhibitor can take full advantage of a hybrid drug’s ability to ensure inhibitors of both
enzymes are present in the same location at the same time to perhaps provide superior results to

combination therapies.

4.3.2 General HDAC Inhibitor Design

The design of HDAC inhibitors is largely dictated by the relative simplicity of zinc
dependant HDAC active site. The HDAC ligand binding pocket is an 11 A tunnel at the base of
which is located a catalytically active Zn?* cation (Figure 4.11).%° The entrance to the tunnel is a
narrow opening of 5.5 by 4.5 A, evolved for the to accommodate the aliphatic chain of lysine
residues, with the walls of the binding pocket being lipophilic. These features are reflected in the
molecular structures of HDAC inhibitors with HDAC inhibitors being constructed of

complementary structural motifs (Figure 4.12).
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Figure 4.11 Co-crystal structure of HDAC2 and vorinostat (469) illustrating the extension of the
linker away from the cap group on the surface of the enzyme allowing the hydroxamic acid to
engage the zinc atom at the end of the lipophilic tunnel (PDB: 4LXZ)

There are three central structural units in the majority of HDAC inhibitors. They are (i) a
cap group, (i) a lipophilic linker, and (iii) the key zinc binding group. A large degree of structural
diversity may be tolerated in the cap group as it rests on the surface of the enzyme. However, some
level of isoform selectivity can be derived through careful cap group design. Significantly less
variation is tolerated in the linker. Due to the hydrophobic nature of the enzyme pocket the linker
is invariably nonpolar. Although, this demand does not limit it to only aliphatic structures, with
olefins and aromatic rings successfully employed to increase rigidity and/or participate in m-7
interactions. Finally, at the end of the linker is the zinc binding group which is responsible for
chelation to the catalytically active Zn?*. Many chemical functional groups can perform this role
with their common feature being at least one Lewis basic atom. Such functional groups include:
ortho-amino anilides, N-formyl hydroxylamines, epoxy ketones, carboxylic acids, thiols, and

mercapto amides. In most cases these act as bidentate ligands for zinc.
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Figure 4.12 Illustration of the design principles common to most HDAC inhibitors

While the use of HDAC inhibitors for the treatment of HIV infection is of great interest,
HDAC inhibitors have to date found the greatest utility in the management of cancer. Examples of
FDA approved drugs in this class include vorinostat (469) for the treatment of cutaneous T-cell
lymphoma, romidepsin for cutaneous and peripheral T-cell lymphoma, belinostat for the
management of refractory peripheral T-cell lymphoma, panobinostat (470) for use in the treatment
of multiple myeloma, and chidamide (471) for peripheral T-cell lymphoma.®® Currently there are

no HDAC inhibitors approved for use in humans for the treatment of HIV infection.

4.3.3 HIV-1 Protease and Inhibitors Thereof

HIV-1 Protease is a 22 kDa homo-dimeric retroviral aspartyl protease.®’ 62 As stated in
section 4.1.2, its function is integral to the formation of functional viral enzymes, which are key
to producing new infectious HIV virions. Interestingly, HIV-1 PR is synthesised as part of the
Gag-Pol which contains the other viral enzymes (i.e. reverse transcriptase, RNase H, and
integrase).®® This necessitates an initial auto-processing step wherein the protease portion of the
polyprotein preforms an intramolecular peptide bond cleavage to assemble the more active HIV-1
PR homodimer. This homodimer is then able to carry out a series of intermolecular peptide bond

cleavages to facilitate the maturation of reverse transcriptase and integrase.®
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Figure 4.13 X-Ray crystal structure of HIV-1 protease homodimer complexed with gag-pol
(blue) (PDB:1KJF)

At the centre of the HIV-1 PR Cz-symmetric dimer are two Asp25-Thr26-Gly27 triads, one
found on each polypeptide monomer. While the Asp25 and Asp25’ residues are catalytically active,
Thr26, Thr26’, Gly27, and Gly27' are evolutionarily conserved but their role is unknown.% In the
active site the two aspartate residues are brought into proximity along with a proton and a molecule
of water (Figure 4.14). This monoprotonated state is supported by the pH-rate profile of the
enzyme®® and the key role of the water molecule has been established by 20 labelling studies.®
Once the enzyme binds to the peptide substate , the aspartic acid residue (Asp25) activates the
amide carbonyl while the complementary aspartate residue (Asp25’) activates the water molecule
towards 1,2-addition to the carbonyl. Subsequent proton transfer to the amide nitrogen is facilitated
by Asp25 and Asp25’ with collapse of the tetrahedral intermediate affording the hydrolysed
peptide products. In total, nine sites within the Gag-Pol polyprotein, are cleaved by HIV-1 PR in

order to produce a mature HIV virion.
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Figure 4.14 HIV-1 protease peptide bond hydrolysis mechanism

It has been shown that the immature PR embedded within the Gag-Pol is as much as ten
thousand-fold less sensitive to inhibition by competitive PR inhibitors (specifically ritonavir) when
compared to the free mature enzyme.®® The indispensable nature of mature HIV-1 PR to the HIV

life cycle as made it a popular target for HAART.

To date the FDA has approved ten HIV-1 PR inhibitors for use in humans. They are
saquinavir (1996), indinavir (1996), ritonavir (1996), nelfinavir (1997), amprenavir (1999),
lopinavir (2000), fosamprenavir (2003), atazanavir (2003), tipranavir (2005), and darunavir
(2006).8 All ten are competitive inhibitors of HIV-1 PR and accordingly all bind to the Asp25 and
Asp 25’ catalytic residues. To accomplish this, each possess a hydroxyl group at the core of the
active molecule, able to hydrogen-bond to the active site and thus function as transition state
mimics (Figure 4.15). Additionally, PR inhibitors take advantage of non-covalent interactions with
the generally conserved residues Gly27, Asp29, Asp30, and Gly48 to increase their binding
potential. This along with the development of more recent PR inhibitors through modification of
approved drugs has led to several structural motifs appearing repeatedly in PR inhibitor design

(e.g. benzyl groups, para-aminophenylsulfonamides).

Upon first inspection, there appears to be little requirement for the large number of
approved HIV-1 PR inhibitors. They all target the same enzyme and it is the only protease HIV-1

encodes for and produces. The issue successive generations of HIV-1 PR inhibitors attempt to
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address is the development of PR inhibitor resistance. As result of HIV reverse transcriptase
lacking any editing function, HIV can mutate at a rapid rate, resulting in a viral pool containing
species with almost any conceivable mutation.®® This coupled with lifelong treatment with PR
inhibitors provides the perfect Darwinian environment for resistance to develop and treatments to
rapidly become ineffective.’® What makes this issue most alarming is that as these mutations for
drug resistance are fostered in the wider infected population it becomes increasingly likely that
newly infected individuals will become infected with a resistant HIV strains making frontline
HAART less effective. This perennial problem makes a strong argument for the need to
investigation new PR inhibitor designs and to continue to work towards a cure, despite the proven

success of HAART over the past few decades.
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Figure 4.15 FDA Approved HIV-1 protease inhibitors oriented and arranged to highlight
common structural features.

4.3.4 Proposed HDAC/HIV-PR Design

As it was intended that the HDAC/HIV-1 RP hybrid inhibitors designed in this project
would provide a proving ground for combining these specific biological functions and a possible
launch point for SAR studies, it was reasoned an overlapped hybrid design approach would be best
suited. This would allow for some degree of independent variation to be made to each
pharmacophore while minimising the overall size of the structure. Since HDAC inhibitors can
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accommodate a large degree of variation in the structure of the HDAC inhibitor’s cap group,
attention was initially focused on where modification to a known HIV-1 PR inhibitor skeleton
could be made. With darunavir representing the most recently approved PR inhibitor it was
selected to be the central scaffold for the HIV-1 PR inhibitor pharmacophore. To determine where
modifications to the darunavir structure could be made, the X-ray crystal structures of HIV-1 PR

co-crystallised with darunavir was examined.

Upon inspection of the structure it was clear that the heteroatom functionality of darunavir
is key to its activity, with the molecule forming many hydrogen bonds to residues Asp25, Asp 25°,
Gly27’, Asp 29°, and Asp30, within the active site. Wishing for the design not to interfere with
these hydrogen bonds and due to these sites being located deep within the active site, attention was
placed on the benzyl fragment. While C-H-= interactions are observed with Val82 and Pro81 at
distances of between 3.3 and 4.0 A, the group lies with the p-hydrogen orientated to the outside of
the active site. This observation lead to the assertion that the phenyl group would be a suitable site
for structural modification and could provide a suitable replacement for the cap group of the

HDAC inhibitor pharmacophore.

To complete the HDAC inhibitor pharmacophore, inspiration was lifted from the structure
of vorinostat, as its phenyl amide cap group is closely mimicked by darunavir’s phenyl group.
Additionally, vorinostat’s ability to inhibit a broad spectrum of HDAC isoforms made it an
attractive selection as any observed isoform selectivity could be attributed to the presence of the
HIV-PR pharmacophore. By placing a saturated aliphatic linker at the para position of the phenyl
ring and terminating the linker with a hydroxamic acid, the overlapped hybrid molecule 482

containing both the requisite HDAC and HIV-PR inhibitor pharmacophores was envisioned
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(Figure 4.17). Critically, this design fully incorporates the cap, lipophilic linker, and zinc binding

group elements of classic HDAC inhibitors while retaining all darunavir’s key structural features.
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Figure 4.16 a) X-ray crystal structure of HIV-1 protease co-crystallised with darunavir
(478)(PDB:1T3R) and b) schematic of key interactions
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Figure 4.17 Initial design of darunavir based HDAC/HIV-1 PR hybrid inhibitor

Looking at the proposed structure from an HDAC inhibitor viewpoint, the benzyl group is
a reasonable replacement for the phenyl amide cap group of vorinostat and leads this design
squarely into the realm of overlapped hybrid drug design. The use of a long, flexible, linear linker
was selected for several reasons beyond its similarity to vorinostat. The flexibility of the linker
allows for it to easily adopt a conformation least detrimental to PR inhibition. Its location at the
periphery of the active site and length provides some similarity to the polypeptide fragments that
extend from either side of the PR active site when it engages Gag-Pol. Finally, this placement of
the terminal hydroxamic acid allows it to be solvent exposed to minimise deleterious interactions
within the PR binding site. Being convinced that this design approach was a highly suitable starting

point attention shifted to retrosynthetic analysis.
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4.4  Synthesis of HDAC/HIV-1 Protease Inhibitors Hybrid

4.4.1 Retrosynthetic Analysis

Owing to its status as an FDA approved drug, many syntheses of darunavir and its
derivatives are to be found in the organic synthesis literature. Many of the approaches begin with
the commercially available epoxide 484 (Scheme 4.1). Unfortunately, epoxide 484 lacks a
synthetic handle for the installation of the HDAC inhibitor unit and the corresponding aliphatic
linker. As such, a surrogate of epoxide 484 displaying a bromide at the para-position (epoxide
485) was envisioned as to allow for Suzuki-Miyaura cross-coupling of the alkyl chain at a late

stage in the synthesis.
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Scheme 4.1 Late stage Suzuki-Miyaura cross-coupling approach

Confident in being able to prepare chiral epoxide 485 through a Sharpless epoxidation,
attention was turned to addressing the synthesis of hexahydrofuran[2,3-b]furan portion of
darunavir. Literature procedures for the enantioselective construction this moiety requires nine
steps,’! greatly increasing the complexity of the synthesis necessary to prepare the target hybrids.
To simplify the task at hand other, more synthetically tractable side chains were investigated.
Fortunately, there exists a large body of work on the development of HIV-1 protease analogues

for the purposes of overcoming emergent viral drug resistance. Many of these studies investigate
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the replacement of the hexahydrofuran[2,3-b]furan allowing for the reported data on the activity

of these analogues to inform the selection of simpler substituent.

Efforts reported by Tidor examined the effects of various amides, benzamides, and peptides
on activity of several drug resistant strains of HIV-1 protease.’”” A highly potent subset of these
molecules where those decorated with an a-N-acetyl valine in place of the hexahydrofuran[2,3-
b]furan. The most potent member of the series, MIT-2-KB-86 (486), was reported to have a
subnanomolar binding affinity of 0.084 nM against wild-type HIV-1 protease. Although this is
more than an order of magnitude greater than for darunavir (K; = 0.008 nM) it is well in the range
of other effective HIV-1 protease inhibitors such as atazanavir (Ki = 0.046 nM), tipranavir (Ki =
0.088 nM), and saquinavir (Ki = 0.065 nM) while performing better than indinavir (Ki = 0.18 nM),
nelfinavir (Ki = 0.28 nM), and amprenavir (K; = 0.10 nM). From these results target structure 482
was revised to incorporate the aN-acetyl valine fragment giving the final HDAC/HIV-1 protease

hybrid inhibitor design (487, 488, 489; Figure 4.18).
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Figure 4.18 Final HDAC/HIV-1 protease hybrid inhibitor design

4.4.2 Chemical Synthesis

The synthesis commenced with the preparation of enantioenriched epoxide 495. Para-
bromophenyl magnesium bromide was prepared from 1,4-dibromobenzene and treated with allyl
bromide to afford arene 491 contaminated with 1,4-diallylbenzene. As separation of the two
products proved difficult, the mixture was subjected to ozonolysis after which short path
distillation afforded an 82% yield of aldehyde 492 which solidified as a white solid upon standing.
Wittig olefination with (ethoxycarbonylmethyl)triphenylphosphonium bromide in DCM followed
by DIBAL reduction of the a,B-unsaturated ester gave allylic alcohol 493 in 91% yield. Finally,
subjecting allylic alcohol to standard Sharpless asymmetric epoxidation conditions provided the

key epoxide intermediate 495 in 75% yield and 97% ee.
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Scheme 4.2 Synthesis of enantioenriched epoxide 51

From epoxide 495, azide 496 was synthesised through regioselective epoxide opening with
TMS-azide mediated by titanium tetraisopropoxide, providing the product as a single regioisomer
in 82% vyield. Selective tosylation of the primary alcohol was achieved using catalytic dibutyltin
oxide and proceeded in yield of 94%. Subsequent nucleophilic displacement with isobutyl amine
and installation of the sulfonimide with para-nitrobenzenesulfonyl chloride afforded sulfonimide
499 in a good yield of 81%. Staudinger reduction followed by EDC peptide coupling with N-acetyl
valine provided access to aryl bromide 501 in 57% yield over two steps. Introduction of the peptide
fragment also provided a point where diastereomers could be separated by column
chromatography for batches of epoxide prepared with low enantioselectivity. With intermediate
501 in hand it was decided that investigations into the introduction of the linker group could

commence.
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Scheme 4.3 Synthesis of key aryl bromide intermediate 501

Initial investigations employing standard conditions for alkyl Suzuki-Miyaura cross-
couplings failed to provide the desired product (Scheme 4.4). These failures continued despite
changes to reaction temperature (r.t. to 50 °C), base (Cs2COs3, KoCOs, K3POs), solvent (THF,
DMF, PhMe, H>0) and ligand (dppf, PPhs, OAc), with the desired product 57 never being

identified even in trace amounts.
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Scheme 4.4 Failed Suzuki-Miyaura cross-coupling
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Frustrated by the lack of progress, intermediates earlier in the synthetic route were
examined for suitability towards cross-coupling. While epoxide 495 provided a reasonable 59%
yield of the expected product (503) the most informative reaction was that of azide 499. Here it
was observed that the intended cross-coupling had been achieved to yield benzyl ester 504.
However, this was complicated by the observation of a concomitant Smiles rearrangement, likely
prompted by the presence of the para-nitro group decorating the aryl sulfonimide. As the use of a
late-stage Suzuki-Miyaura cross-coupling was intended to allow for easy diversification of the
HDAC inhibitor portion of the hybrid, the preparation of epoxide 503 was not viewed as a viable
alternative synthetic route and instead efforts were made to suppress the undesired Smiles

rearrangement.
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Scheme 4.5 Successful Suzuki-Miyaura cross-couplings

To examine if it was in fact the nitro group which was leading to issues, a simplified
system, phenylsulfonamide 506, lacking the para-nitro group, was quickly prepared from amine
505. Additionally, reduction of the azide and protection of the resulting primary was also carried

out as the acetamide was thought to be more comparable to the valine moiety in the original
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substrate. Gratifyingly, subjecting sulfonimide 506 to palladium(0) cross-coupling conditions with
JohnPhos afforded the expected cross-coupled product 507 in a reasonable 68% yield.
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Scheme 4.6 Successful cross coupling of model substate 506

With the successful cross-coupling of sulfonimide 506 achieved it was decided that
reduction of the para-nitro group would be conducted prior to subjecting intermediate 501 to cross-
coupling conditions. It was reasoned that by reducing the electrophilicity of the ipso-carbon the
Smiles rearrangement could be inhibited. The use of aniline 508 was initially discounted as amines
are occasionally problematic substates in transition metal catalysed transformations as they may
compete for ligand binding sites on the metal leading to reaction inhibition. However, in this case
it was believed that the para-sulfonimide could be enough to deactivate the aniline towards

coordination.

Reaction of the nitro group with tin dichloride proceeded in quantitative yield with the
subsequent cross-coupling giving the long-sought ester products 509, and 510 in 65%, and 61%

yield respectively. From this point introduction of the hydroxamic acid moiety through treatment
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with hydroxylamine under alkaline conditions, afforded hybrid inhibitors 488 and 489 in 59% and

63% yield respectively.
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Scheme 4.7 Preparation of hybrid inhibitors 488 and 489

The preparation of the final inhibitor in the series (487) required that a different strategy
be employed as the hydroboration of the necessary unsaturated ester (methyl acrylate) was not
possible. Instead, a Grubbs’ cross-metathesis between olefin 511 (prepared via Suzuki-Miyaura
coupling with potassium vinyltrifluoroborate’®) and excess methyl acrylate was performed to
introduce the requisite methyl ester. Subsequent hydrogenation of a,B-unsaturated ester 512
afforded the necessary aliphatic ester 70 in a low 31% vyield for the two steps. Ester 513 was not
taken on further to the hydroxamic acid due both to the very small amounts of ester 513 synthesized
in the first successful attempt and the poor initial biological data acquired (vide infra) for inhibitors

488 and 489.
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45  Biological Evaluation of Hybrid Molecules

45.1 HDAC Inhibition Assay

With a HDAC/PR hybrid inhibitors 488 and 489 in hand their HDAC inhibition activity
was investigated by fluorogenic assay. The methodology for this in vitro assay was adapted from
methods developed by Schwienhorst,”* Mazitschek,” and Olsen’® and is designed around a two-
step enzymatic process outlined in Scheme 4.9. In the assay a small peptide surrogate substrate
(e.g. Boc-Lys(Ac)-AMC, 514) containing an acylated lysine residue and a covalently linked
fluorophore (e.g. 7-amino-4-methylcoumarin, AMC, 516), is used to report enzymatic activity.
The assay is designed such that the fluorophore is quenched in the absence of HDAC activity. To
accomplish this a two-step protocol is used wherein in step one HDAC cleaves the g-N-acetyl
group of the lysine residue which allows it to be recognised and processed by trypsin in step two.
Trypsin then cleaves the fluorophore from the peptide substate thus activating the fluorophore. In
the case of AMC the switch controlling its fluorescent properties is the amide bond used to
covalently link it to the substate. As the amide is electron withdrawing it disrupts the electronic
push-pull character of the amine-lactone system the chromophore has smaller dipole and
correspondingly poor fluorescence. Once the amide is cleaved by trypsin the amine may donate
electron density through the conjugated system to the lactone increasing the dipole and affording
greatly improved fluorescent properties. In the presence of HDAC inhibitors the lysine residue
cannot be cleaved by HDAC and is thus not subsequently processed by trypsin resulting in low

fluorescence.
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Scheme 4.9 Enzymatic processing of HDAC inhibitor assay substrates

While substrate 514 has been routinely used by the Gleason group it has been shown to
perform poorly and require large assay concentration of HDAC. To address this Mazitschek
developed a tripeptide substrate where the Boc group of substrate 514 has been replaced by Ac-
Leu-Gly.”™ This new substrate was described to have higher HDAC affinity and allowed for the
concentration of HDAC in the assay to be lowered. As this work represented first use of substate
518 in the Gleason group, a synthesis for its preparation from lysine was developed by adapting

literature routes. Please refer to section 5.4.2 for details regarding its synthesis.

A
OY’\”J\
HN

NHBoc ;\

Boc-Lys(Ac)-AMC (514) Val(Ac)-Gly-Lys(Ac)-AMC (518)

Figure 4.19 First and second generation eN-acetyllysine substrates
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45.1 Results

Inhibitors 488 and 489 were tested for HDAC inhibition activity against HDACs 3 and 6,
a class | HDAC (HDAC3) and class 11B (HDACSG) to investigate if the inhibitors displayed any
isoform selectivity. This is important as it is desired that these inhibitors provide inhibition of
nuclear HDACs (class I) to reactivate latent HIV while allowing HDACS in the cytoplasm (class
11B) to continue to function normally. To conduct the assays vorinostat was used as a control and
eight inhibitor concentrations were used to generate a dose-response curve. Ki values were
determined by approximation with the Cheng-Prusoff equation by using the results of two assays

run at different substrate concentrations.

Unfortunately, it was found that compound 488 failed to inhibit HDAC3 or 6 within the
measurable range of the assay. Inhibitor 489 was observed to inhibit both HDAC3 and 6 with a K;
of 25 nM for HDACSG, roughly equivalent to the K; of the vorinostat control (20 nM). However, it
was six-fold less potent against the intended target nuclear HDAC3 (K; = 166 nM). These results
indicate that hybrid inhibitor design outlined in this chapter are capable of HDAC inhibitory
activity but that challenges remain in endowing them with the necessary class | HDAC isoform

selectivity.

Table 4.1 HDAC inhibitor assay results for 488 and 489

Inhibitor
. HDAC vorinostat 488 489
isoform
HDAC 3 28 nM Not Active 166 nM
HDAC 6 20 nM Not Active 25 nM
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In addition to the setback caused by the poor activity and isoform selectivity of hybrids
488 and 489, reports disclosing the disappointing results of HDAC inhibitors began to appear in
the literature as the syntheses described in this chapter were reaching completion.*? As such, only
preliminary biological investigations (vide supra) were carried out and attention was redirected to

other projects (chapters 2 and 3).
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4.6 Discussion and Future Direction

Dishearteningly, towards the end of the investigations outlined in this chapter, clinical
studies began to demonstrate that HDAC inhibitors consistently failed to reduce the size of the
viral reservoirs in vivo. In fact, this inability to eliminate viral reservoirs was not limited to studies
investigating HDAC inhibitors. Drug/treatment classes targeting other parts of the HIV
reactivation pathway (e.g. PKC agonists,”” MAPK agonists,’® CCR5 antagonists,’® Tat vaccines,®°
second mitochondria-derived activator of caspases mimetics,' inducers of P-TEFb release,®
activators of Akt pathway,®® benzotriazole derivatives,® epigenetic modifiers,®® and
immunoregulators®®) all fail to achieve the desired results. A significant divide remains between
the potent effects many of these compounds have in vitro and the failure of clinical trials to show
deceases in the size of latent reservoirs. To date, only studies with nivolumab®’ (an immune check
point inhibitor) and romidepsin (519)% in combination with an immuovaccine have shown a clear
change in plasma HIV-1 RNA with a subsequent decrease in viral reservoirs. However, in neither

case was the time to viral rebound extended after interruption of HAART.

S|O¢]~\£/NH Z
\S iPr

romidepsin (519)

Figure 4.20 Romodepsin, the only HDAC inhibitor shown to have shown clear clinical benefits
in decreasing HIV reservoirs

Current perspectives on the consistently poor performance of HIV reactivations as a

treatment vector are that targeting a single mechanism is insufficient to reactivate the majority of
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latent cells. This coupled with the need for treatments to penetrate all tissue sites where HIV
reservoirs are located provide issues that significantly complicate the rational design of hybrid
reactivation/antiretroviral agents. However, the recent observation that the HDAC/PI3K hybrid
inhibitor fimepinostat (520, an anticancer drug currently undergoing phase Il trials for the
treatment of diffuse large B cell lymphoma and thyroid cancer) effectively reverses HIV latency
ex vivo may indicate a path forward in the use of hybrid drug design to target viral reactivation
alone.®® Such findings suggest that future endeavours into anti-HIV hybrid drug design should
focus on the development of reactivation agents with the aim to use them in combination with

classic HAART antiretrovirals in a curative treatment regimen.

HN OH

e y

fimepinostat (520)

Figure 4.21 Structure of HDAC inhibitor fimepinostat

Ultimately, the present lack of an intimate understanding of all cellular pathways and
molecular mechanisms impacting HIV gene expression, productive viral replication, and/or
silencing prevent the organic chemist from constructively engaging in this arena through rational
drug design.® In the short to medium term efforts in organic synthesis may be put to better use in
the development of molecular probes for more detailed exploration of the implicated biochemical

pathways.
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Final Conclusions and Future Perspectives
CHAPTER 2

In Chapter 2 the development of a convenient strategy for the preparation of a-quaternary
carbon stereocentres has been described and evaluated. The methodology developed employs
biselectrophiles and an easily prepared bicyclic sulfone to construct these challenging centres in
only two steps, in good yield, and generally high diastereoselectivity. Despite the overall success
of the method, the exploration of substrate scope and the accompanying chemistry leaves avenues
of inquiry open to further investigation.

Among the possible lines of inquiry is the comparatively poor stereoselectivity observed
in the allylation of the key a,a-disubstituted enolates, in contrast to alkylation and propargylation.
These contrasting outcomes may point to a possible change in mechanism, a notion put forward in
Section 2.3.3. However, with additional time and resources this hypothesis could be further
explored beyond the Sn2' mechanism considered herein and may include the consideration of
single electron processes and the investigation of different classes of allylic electrophiles (e.g.
halide, sulphates, etc.). Additionally, imines and aldehydes could be explored to extend the
chemistry to Mannich and aldol type chemistry, as these have previously been shown to be
competent electrophiles for use with similar a,a-disubstituted amide enolates.

While allylation provides poor yet potentially useful levels diastereoselectivity, the use of
sulfone 350 in alkylation reactions provided products with diastereomeric ratios of as low as two-
to-one. This low level of diastereoselectivity appears to suggest that the steric hindrance of the
geminal dimethyl group, located at the y-carbon is detrimental to stereoselective alkylation of the
enolate. While initial computational studies were carried out and referenced herein, they fail to

provide a convincing reason for this dramatic loss of selectivity. The preparation and alkylation of
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additional sterically hindered substrates (e.g. congeners with larger carbocyclic rings) may provide
insight into if the poor selectivity is a general feature of sterically larger systems or if it is unique
to the exact placement of the geminal dimethyl group. This line of investigation (and the others
delineated above) would also be well served through development of a more generally method for
the preparation of larger library of biselectrophiles, as considerable time and effort was devoted to
the synthesis of the small library synthesised for this thesis.

CHAPTER 3

The total synthesis of (R)-puraquinonic acid described in Chapter 3 provides a strong
demonstration of the synthetic utility of the method developed in Chapter 2. The robust and reliable
nature of the alkylation procedure is evidenced by the absence of any need to optimise the reaction
conditions for the key spiroalkylation/reductive alkylation step to achieve good yield and high
diastereoselectivity. This experience suggests that this methodology may be relied upon for critical
late-stage quaternary carbon stereocentre formation in future total synthesis and medicinal
chemistry endeavours. Possible targets are outlined at the end of Chapter 3. However, the value of
this mythology could be greatly increased by exploring the use additional classes of electrophiles.
These classes could include secondary halides to install contiguous stereocentres or aryl/vinyl
halides through application of transition metal catalysis.
CHAPTER 4

While continued research in the field of latent HIV reactivation has dampened hopes that
HDAC/HIV-protease hybrid inhibitors may be enough to clear viral reservoirs from infected
individuals, the project outlined in Chapter 4 provides advancements in the preparation of HIV-
proteases inhibitor analogues. The need to functionalise the benzyl moiety of the darunavir

scaffold has led to the development of a synthetic strategy wherein a highly useful aryl bromide
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was installed to facilitate late-stage diversification. Due to the near guaranteed appearance of novel
strains of HIV, which are immune to the current line-up of approved protease inhibitors, there
exists a constant need to develop ever more advanced inhibitors. In this is regard, the
functionalisation of darunavir may be particularly important as in 2006 it became the most recent
protease inhibitor to gain approved from the FDA. Leveraging the aryl bromide functionality
allows for the rapid functionalisation of the darunavir scaffold and would provide facile access to
new libraries of protease inhibitors. Such libraries would be an asset in researching the next

generation of HIV protease inhibitors.
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CHAPTER 5

Experimental Procedures
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5.1 General Experimental

All reactions were performed using magnetic stirring. Reactions employing dry solvents
were conducted using oven or flame-dried round bottom flasks. Reactions requiring controlled
atmospheres were fitted with rubber septa unless otherwise stated. Oil baths were used for
reactions performed at temperatures in excess of room temperature. The cooling of reactions below
room temperature was accomplished using one of the following techniques: ice/water bath (0 °C),
dry ice/acetone bath (-78 °C), or by placement in an iPrOH bath within a cryostat (variable
temperature). Liquids and solutions were transferred via syringe or stainless-steel cannula under
inert conditions. Thin-layer chromatography (TLC) was carried out on glass plates, coated with
250 um of 230 — 400 mesh silica gel that had been saturated with F-254 indicator. TLC plates were
visualised using ultraviolet light and/or by exposure to an acidic solution of cerium(I\VV) ammonium
molybdate followed by heating, a basic solution of potassium permanganate followed by heating,
an acidic solution of p-anisaldehyde followed by heating, or exposure to 12 vapours. Flash column
chromatography was carried out utilising 230 — 400 mesh silica gel (Silicycle) with reagent grade
solvents. In some instances, a CombiFlash Rf automated column system was employed. In such
cases the solvent gradient and flow rate are indicated. Room temperature (r.t.) indicates a
temperature of 22 °C. All commercial reagents were used without further purification with the
following exceptions: tetrahydrofuran (THF) and diethyl ether (Et.O) were distilled from
sodium/benzophenone ketyl radical under an atmosphere of nitrogen; dichloromethane (DCM),
toluene (PhMe), triethylamine, and diisopropylamine were distilled from calcium hydride under a
dry air atmosphere; or unless otherwise stated. Alkyl halides were purified immediately prior to
use by passing neat through activated, basic, Brockmann | aluminum oxide. Infrared (IR) spectra

were obtained using a Perkin-Elmer Spectrum One FT-IR spectrophotometer. NMR spectra were
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recorded on a 500 MHz Varian or 400, 500 MHz Bruker spectrometers. Chemical shifts (5) were
internally referenced to the residual solvent resonance; CDCls (6H 7.26 ppm, 6C 77.0 ppm) and
DMSO-ds (6H 2.50 ppm, 6C 39.5 ppm). The following abbreviations were used to describe NMR
signal multiplicities: singlet (s), doublet (d), triplet (t), quartet (q), and multiplet (m). Coupling
constants (J) are reported in Hertz (Hz). Optical rotations were measured on a JASCO DIP-40
digital polarimeter using a Na lamp (589 nm). High resolution mass spectrometry (HRMS) was
conducted by Dr. Alexander Wahba or Dr. Nadim Saadé in the Mass Spectrometry Facility in the
Department of Chemistry, McGill University. High resolution, accurate mass measurements were
made using the a Thermo Exactive Plus Orbitrap-API or Bruker Maxis APl QqTOF mass
spectrometer. Low resolution mass spectrometry (LRMS) were measured on a Thermo Polaris Q
Cl quadrupole in trap mass spectrometer. Chemical names were assigned using ChemDraw
Professional 18.1.2.18 using the rules and recommendations of International Union of Pure and

Applied Chemistry (IUPAC).
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5.2  Procedures for Chapter 2

Lithium 4,4'-Di-tert-butylbiphenylide (LiDBB): LiDBB was prepared from a procedure
described by Hill and Rychnovsky.! 4,4'-Di-tert-butylbiphenyl was purified via recrystallisation
from hot Et,O and dried under high vacuum prior to use. Following purification 4,4'-Di-tert-
butylbiphenyl (1.50 g, 5.63 mmol, 1 equiv) was placed in a dry flask equipped with a stir bar and
fused under vacuum. Once cooled to r.t. 4,4'-di-tert-butylbiphenyl was dissolved in THF (14 mL,
dry and degassed freeze-pump-thaw, three cycles) Li° (390 mg, 56.4 mmol, 10 equiv) was pressed
into thin sheets then rinsed with hexanes, MeOH, hexanes, and finally THF, then quickly added to
the solution of 4,4'-di-tert-butylbiphenyl under a stream of argon. The reaction was cooled to 0 °C
and left to stir for 5 hours under an atmosphere of argon. Excess reagent was stored at 0 °C, under

an argon atmosphere for up to one week.

(R)-Valinol:

NaBH,, I,, THF
OH OH
HoN H,N

0 °C to reflux
o 76%

A solution of iodine (50.8 g, 200 mmol, 1 equiv) in dry THF (140 mL) was added drop-wise to a
solution of L-valine (23.4 g, 200 mmol, 1 equiv) and NaBHs (18.2 g, 480 mmol, 2.4 equiv) in dry
THF (500 mL) over the course of 1 hour at 0 °C under an atmosphere of argon. Once the addition
was complete the flask was then equipped with a reflux condenser then heated to reflux and left to
stir overnight. The reaction was then cooled to r.t. and quenched with MeOH until effervescence
ceased then concentrated by rotary evaporation to afford a white paste which was dissolved in 25%
KOHaq) (400 mL), left to stir for 4 hours at r.t. then extracted with DCM (3 x 400 mL). Combined

organic extracts were then dried over Na>SOyg, filtered, and concentrated to afford a clear colourless
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liquid. The liquid was purified via distillation (4 mmHg, 58 — 61 °C) to afford (R)-valinol as a
clear colourless viscous liquid (15.64 g, 76%) which solidified to give a white solid upon cooling.
The solid gave off an odour reminiscent of corn chips or hay. Spectra agreed with previous reports.?
'H NMR (500 MHz, CDCls) 6H 3.63 (1H, dd, J = 10.4, 3.64 Hz), 3.26 (1H, dd, J = 10.3, 10.0
Hz), 2.75 (1H, br. s, D20 exch.), 2.54 (1H, ddd, J = 9.0, 6.5, 4.1 Hz), 1.55 (1H, qqd, J = 6.9, 6.9,
6.9 Hz), 1.11 (2H, br. s, D20 exch.), 0.93 (3H, d, J = 7.4 Hz), 0.91 (3H, d, J = 7.1 Hz). 3C NMR

(126 MHz, CDCIs) 6C 63.0, 58.7, 30.3, 19.0, 18.7.
(S)-Vvalinol:

(S)-valinol was prepared in the same fashion as described for (R)-valinol, from D-valine (5.86 g,
50.0 mmol, 1 equiv), iodine (12.7 g, 50 mmol, 1 equiv), and NaBH4 (4.54 g, 120 mmol, 2.4 equiv)
in THF (160 mL). Purification via distillation (4 mmHg, 58 — 61 °C) to afford (S)-valinol as a clear
colourless viscous liquid (3.60 g, 70%) that has a more pronounced amine odour than (R)-valinol
and is reminiscent of the smell found within a barn. *H NMR (500 MHz, CDCls) H 3.61 (1H, dd,
J=10.4, 3.64 Hz), 3.26 (1H, dd, J = 10.3, 10.0 Hz), 2.61 (1H, br. s, D20 exch.), 2.55 (1H, ddd, J
= 0.0, 6.5, 4.1 Hz), 1.55 (1H, qqd, J = 6.9, 6.9, 6.9 Hz), 1.26 (2H, br. s, D20 exch.), 0.93 (3H, d, J

=7.4Hz),0.91 (3H, d, J=7.1 Hz). 3C NMR (126 MHz, CDCls) 8C 63.0, 58.7, 30.3, 19.0, 18.7.

7,7-Dioxide (3S,9aR)-3-isopropyltetrahydro-8H-oxazolo[3,2-d][1,4]thiazepin-5(6H)-one

(277):

(@)
mCPBA :
A A
O“'K_/S DCM, 0 °C to r.t. o—‘_&_/so2
h 96% h

MCPBA (77% wt%, 11.45 g, 51.09 mmol, 2.2 equiv) was added in small portions to a solution of

lactam 1043 (5.00 g, 23.2 mmol, 1 equiv) in DCM (150 mL) at 0 °C. To this was added and the
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reaction stirred at r.t. overnight. Sat. NHCO3 (150 mL) was then added to the reaction and phases
separated. The aqueous phase was extracted with DCM (2 x 150 mL). Combined organic extracts
were dried over NaxSOg, filtered, and concentrated to afford a white solid. The solid was triturated
with Et,O and provided sulfone 6 as a white solid upon filtration (5.51 g, 96%). *H NMR (500
MHz, CDCl3) 8H 5.45 (1H, d, J = 9.0 Hz), 4.27, (1H, d, J = 15.0 Hz), 4.25 (1H, m), 3.89 (3H, m),
3.39 (1H, m), 3.35 (1H, m), 2.57 (1H, m), 2.46 (1H, m), 2.33 (1H, m), 0.91 (3H, d, J = 7.1 Hz),
0.82 (3H, d, J = 7.0); 'H NMR (500 MHz, DMSO-dg) 8H 5.71 (1H, d, J = 9.4 Hz), 5.09 (1H, d, J
= 14.8 Hz), 4.01 (1H, m), 3.97 (1H, m), 3.78 (1H, dd, J = 14.8, 4.1 Hz), 3.69 (1H, dd, J = 13.2,
3.2 Hz), 3.37 (1H, m), 2.24 — 2.36 (2H, m), 2.12 (1H, dt, J = 14.3, 4.1 Hz), 0.83 (3H, d, J = 7.0
Hz), 0.74 (3H, d, J = 7.0 Hz); 3C NMR (126 MHz, CDCls) 5C 157.2, 88.7, 65.6, 62.1, 61.2, 53.0,
32.0, 27.5, 19.2, 15.8; 13C NMR (126 MHz, DMSO-ds) 5C 157.8, 87.6, 64.7, 61.0, 60.8, 52.2,
31.9, 27.1, 18.9, 15.6; HRMS (ESI/QgTOF) m/z: [M+Na]" calculated for [C10H17NO4SNa]*
270.0770, found 270.0764; IR (neat) v = 2992, 2962, 2932, 2893, 2869, 1661, 1487, 1463, 1438,
1420, 1392, 1372, 1337, 1313, 1295, 1239, 1225, 1192, 1169, 1158, 1115, 1110, 1092, 1036, 1007,
977, 967, 954, 853, 826, 790, 759, 709, 686 cm™*; [a]4% —74.6 (c 0.5, 9:1 MeOH/DMSO); Mp

261-263 °C.
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(35,3'S,6S,6'S,9aR,9a'R)-6,6'-((3-Methoxy-1,2-phenylene)bis(methylene))bis(3-isopropyl

tetrahydro-8H-oxazolo[3,2-d][1,4]thiazepin-5(6H)-one) (271):
o/}"“‘k
Himy»—N o

\:/ o ~_

OMe o0 s
i B K OMe
(\N)S e LDA, LiCl (\NJ\
OTK_/S Br THF, 78 °C OTK_/S
H H

10%

“u,

nBuLi (0.23 mL, 0.55 mmol, 1.1 equiv) was added to a solution of diisopropylamine (0.80 mL,
0.58 mmol, 1.15 equiv) and flame dried lithium chloride (106 mg, 2.5 mmol, 5.0 equiv) in dry
THF (5 mL) at —78 °C under an atmosphere of argon. After stirring at —78 °C for 15 min, lactam
104 (108 mg, 0.50 mmol, 1 equiv) was added drop-wise as a solution dry THF (2.5 mL). The
reaction was stirred at —78 °C for 20 min before dibromide 209 (294 mg, 1.0 mmol, 2.0 equiv) was
added drop-wise as a solution in dry THF (2.5 mL). The reaction was then left to stir at =78 °C for
4 h. At this time the reaction was quenched with sat NH4Clzg) (10 mL) and then extracted with
EtOAc (2 x 15 mL). Combined organic extracts were dried over Na,SO4 and concentrated to afford
a yellow solid which was purified by column chromatography (15 g SiO2, 0-40% EtOAc in
hexanes) affording arene 12 was as a white solid (28 mg, 10%). 'H NMR (500 MHz, CDCls) §H
7.16 (1H, t, J = 7.9 Hz), 6.89 (1H, d, J = 7.8 Hz), 6.77 (1H, d, J = 7.9 Hz), 5.48 (1H, d, J = 6.9
Hz), 5.46 (1H, d, J = 6.6 Hz), 4.29 (2H, m), 3.92 — 3.97 (2H, m), 3.75 — 3.87 (4H, m), 3.81 (3H,
s), 3.63 (1H, dd, , J = 14.8, 6.0 Hz), 3.56 (1H, dd, 14.3, 4.6 Hz), 3.15 (1H, dd, 14.2, 9.3 Hz), 3.02
(1H, m), 2.88 (1H, m), 2.72 (1H, dt, 14.2, 4.6 Hz), 2.65 (1H, dt, 14.3, 4.3 Hz), 2.30 — 2.44 (4H,
m), 2.06 (2H, m), 0.88 (6H, d, 6.7 Hz), 0.56 (3H, d, 7.0 Hz), 0.84 (3H, d, 6.9 Hz); 3C NMR (126
MHz, CDCIs) 6C 170.1, 169.6, 158.0, 138.3, 127.4, 126.1, 122.2, 109.1, 88.8, 88.7, 64.5, 64.2,

62.4, 62.2, 55.4, 48.6, 47.9, 34.7, 34.4, 33.8, 28.0, 27.7, 26.8, 24.4, 24.3, 19.1, 19.1, 16.1, 15.9;
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HRMS (ESI/QqTOF) m/z: [M+Na]* calculated for [C29H120sN2NaS,]" 585.2437, found
585.2438; IR (neat) v = 3049, 2959, 2874, 2837, 1626, 1583, 1462, 1404, 1369, 1314, 1263, 1191,

1162, 1119, 1095, 1080, 1045, 987, 952, 822, 775, 753, 731, 701, 668, 619, 582, 495, 427 cm ™™,

1-Methoxy-2,3-dimethylbenzene (208):

OH OMe

Me Acetone ,reflux Me

93%

2,3-Dimethylphenol (9.16 g, 75.0 mmol, 1 equiv), iodomethane (6.1 mL, 97.5 mmol, 1.3 equiv)
and K>CO3 (25.90 g, 187.5 mmol, 2.5 equiv) were added to a flask containing acetone (100 mL).
The resulting slurry was left to reflux overnight. The reaction was quenched with MeOH (10 mL)
then cooled to r.t. and filtered; washing with excess acetone. The filtrate was concentrated to one
half its volume then H20 (100 mL) added and the solution extracted with hexanes (3 x 125 mL).
Combined organic extracts were dried over Na2SOs, filtered, and concentrated to afford the crude
product as a liquid. The liquid was purified by passing it through a plug of SiO> eluting with
hexanes. Removal of the hexanes by rotary evaporator gave anisole 208 as a clear colourless liquid
(9.52 g, 93%). Spectra agreed with previous reports.* *H NMR (500 MHz, CDCIz) 6H 7.09 (1H,
t,J = 7.9 Hz), 6.80 (1H, d, J = 7.5 Hz), 6.74 (1H, d, J = 8.2 Hz), 3.83 (3H, ), 2.29 (3H, s), 2.17
(3H, s). 13C NMR (126 MHz, CDCls) 8C 157.5, 137.8, 125.8, 125.0, 122.2, 107.8, 55.5, 20.0,

11.5.
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1,2-Bis(bromomethyl)-3-methoxybenzene (209):
OMe OMe

M
©: e NBS,ABN ©C8r
Me  CCly, reflux Br

63%

NBS (5.34 g, 30.0 mmol, 2 equiv) and AIBN (99 mg, 0.6 mmol, 4 mol%) were added to a solution
of anisole S1 (2.04 g, 15.0 mmol, 1 equiv) in CCl4 (50 mL). The reaction was refluxed for 1 hour
at which point an additional portion of AIBN (49 mg, 0.3 mmol, 2 mol%) was added and the
reaction continued to reflux for another 4 hours. The solution was then cooled to 0 °C, filtered,
and the filtrate concentrated to afford a yellow oil. Dibromide 209 was obtained by crystallisation
from Et,O and hexanes providing two crops of a white solid (2.92 g, 63%). Spectra agreed with
previous reports.® 'H NMR (400 MHz, CDCls) 8H 7.30 (1H,t, J=8.0 Hz), 7.0 (1H,d, J = 7.6
Hz), 6.9 (1H, t, J=8.3 Hz), 4.81 (2H, s), 4.65 (2H, s), 3.9 (3H, 5); 3C NMR (126 MHz, CDCl3) 5C
157.9, 138.0, 130.1, 125.1, 122.8, 111.5, 56.0, 29.9, 23.8 LRMS (CI) m/z: 214.9 (M—Br, 94.1),

213.9 (M—Br, 100.0), 134.0 (27.3), 105.0 (60.9) .

(3S,6(R/S),9aR)-6-Benzyl-3-isopropyltetrahydro-8H-oxazolo[3,2-d][1,4]thiazepin-5(6H)-one

7,7-dioxide (310a and 310b):

~_" \:/ 0 ~_"

P CPBA :

< \ m ~ \
(\NJ\»“\Ph L NJ\(\Ph . (\N)J\“\\\Ph
ol 5 omocwrn oL So, | bd ko

H 96% h H

H

6:5d.r.

MCPBA (83 wt%, 363 mg, 1.74 mmol, 2.1 equiv) was added to a solution of (3S,6S,9aR)-6-benzyl-
3-isopropyltetrahydro-8H-oxazolo[3,2-d][1,4]thiazepin-5(6H)-one® (252 mg 0.83 mmol, 1 equiv)

in dry DCM (10 mL) at 0 °C under a stream of argon. The reaction was then warmed to r.t. and
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left to stir overnight under an atmosphere of argon. Sat. NaHCO3(q) (25 mL) was added and the
resulting solution extracted with DCM (3 x 40 mL). Combined organic extracts were dried over
Na2SOq4, filtered, and concentrated to afford a mixture of sulfones 310a and 310b as a white solid
(6:5d.r.). The product was used in further reaction without additional purification, however small

amounts of each diastereomer were isolated for characterisation purposes.

(3S,6R,9aR)-6-Benzyl-3-isopropyltetrahydro-8H-oxazolo[3,2-d][1,4]thiazepin-5(6H)-one

7,7-dioxide (310a):

IH NMR (500 MHz, CDCls) 8H 7.27 (3H, m), 7.22 (2H, m), 5.38 (1H, dd, J = 7.5, 2.0 Hz), 4.28
(1H, m), 4.08 (1H, dd, J = 10.7, 2.3 Hz), 4.00 (1H, dd, J = 9.2, 6.9 Hz), 3.88 (1H, dd, J = 9.2, 3.4
Hz), 3.70 (1H, dd, J = 13.8, 10.7 Hz), 3.39 (3H, m), 2.56 (1H, m), 2.39 (1H, m), 2.26 (1H, m),
0.76 (3H, d, J =7.0 Hz), 0.60 (3H, d, J = 6.9 Hz); 13C NMR (126 MHz, CDCls) 5C 159.3, 137.4,
129.1, 128.6, 126.9, 88.0, 68.5, 65.8, 61.9, 52.2, 31.6, 27.9, 27.6, 18.9, 15.7; HRMS (ESI) m/z:
[M+Na]" calculated for [C17H23NO4sNaS]* 360.1240, found 360.1232; IR (neat) v = 2958, 2927,
2858, 1725, 1673, 1600, 1580, 1462, 1378, 1269, 1222, 1121, 1071, 1040, 957, 861, 834, 743,

704, 651, 488, 471 cm™L,

(3S,6S,9aR)-6-Benzyl-3-isopropyltetrahydro-8H-oxazolo[3,2-d][1,4]thiazepin-5(6H)-one 7,7-

dioxide (310b):

IH NMR (500 MHz, CDCls) 8H 7.33 (2H, m), 7.24 — 7.38 (3H, m), 5.65 (1H, d, J = 9.9 Hz), 4.32
(1H, ddd, J = 12.1, 4.5, 2.9 Hz), 4.26 (1H, m), 3.93 (1H, dd, J = 9.2, 1.8 Hz), 3.88 (1H, dd, J =
9.2, 6.3 Hz), 3.60 (2H, m), 3.28 (1H, dd, J = 14.3, 12.1 Hz), 3.24 (1H, m), 2.55 (1H, m), 2.32 (1H,
m), 2.04 (1H, d of septet, J = 7.1, 3.7 Hz), 0.77 (3H, d, J = 7.0 Hz), 0.67 (3H, d, J = 6.9 Hz); 13C

NMR (126 MHz, CDCls3) 6C 160.4, 134.4, 129.0, 128.5, 127.8, 86.9, 74.1, 64.3, 63.2, 47.8, 32.8,
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32.1, 27.9, 19.4, 16.0; HRMS (ESI) m/z: [M+Na]* calculated for [C17H23NO4NaS]* 360.1240,
found 360.1235; IR (neat) ¥ = 3063, 3031, 2960, 2931, 2898, 2874, 1660, 1630, 1456, 1422, 1390,
1372, 1315, 1292, 1232, 1166, 1120, 1098, 1031, 952, 878, 843, 757, 738, 697, 571, 540, 492, 473

cm L,

(3S,6R,9aR)-6-Benzyl-3-isopropyl-6-methyltetrahydro-8H-oxazolo[3,2-d][1,4]thiazepin-

5(6H)-one 7,7-dioxide (311):

\E/ o Mel, nBugNI \_:/ O _Ph

: KOH
(\N)Hﬂf\ph (\N Me
_ Lo THF/H,0 "K_/SO
OEK_/ 2 0°C, 16 h 0 2

H

93%
6:5d.r. >95:5d.r.

KOH(aq) (50 wt%, 1.5 mL) was added drop-wise to a solution of sulfones 310a and 310b (6:5 d.r.,
50 mg, 0.15 mmol, 1 equiv), iodomethane (23 pl, 0.37 mmol, 2.5 equiv), and TBAI (27 mg, 0.075
mmol, 0.5 equiv) in THF (6 mL) at 0 °C. The reaction was then vigorously stirred for 18 hours.
The solution was then diluted with H>O (15 mL) and extracted with DCM (3 x 15 mL). Combined
organic extracts were dried over Na>SOs, filtered, and concentrated to afford a white solid. The
solid was subjected to column chromatography (10 g SiO, 4% EtOAc in DCM) and afforded
sulfone 311 as a white solid and as a single diastereomer (49 mg, 93%). 'H NMR (500 MHz,
CDCl3) 8H 7.39 — 7.42 (2H, m), 7.22 — 7.29 (3H, m), 5.49 (1H, d, J = 10.8 Hz), 4.49 (1H, m), 3.95
(1H, dd, J=9.0, 6.0 Hz), 3.88 (1H, d, J = 13.7 Hz), 3.82 (1H, dd, J = 9.0, 4.3 Hz), 2.05 (1H, m),
3.35 (1H, d, J = 13.7 Hz), 3.18 (1H, dt, J = 15.2, 4.3 Hz), 2.24 (2H, m), 2.18 (1H, m), 1.58 (3H,
s), 0.85 (3H, d, J = 7.0 Hz), 0.85 (3H, d, J = 7.0 Hz); 3C NMR (126 MHz, CDCl3) 5C 165.1,
135.4,131.7, 128.2, 127.2, 87.5, 72.3, 64.6, 63.6, 48.5, 35.9, 31.0, 28.1, 18.9, 18.6, 16.2; HRMS
(ESI) m/z: [M+Na]" calculated for [C1sH2sNO4NaS]* 374.1396, found 374.1387; IR (neat) v =

3088, 3064, 3030, 2960, 2932, 2896, 2874, 1620, 1495, 1456, 1402, 1390, 1377, 1370, 1358, 1310,
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1286, 1229, 1207, 1185, 1168, 1129, 1083, 1054, 1032, 898, 957, 935, 840, 796, 783, 773,
754,737,700, 609, 594, 560, 540, 530, 513, 474, 458, 416 cm™%; [a]4? —0.2 (c 1.0, CHCIs); Mp

208-209 °C.

Dimethyl 4-methoxyphthalate (320):
Pd(dba),, XPhos
Br\©iC02Me Cs,005 Me0\©:COZMe
CO,Me  MeOH/PhMe, reflux COyMe

65%

MeOH (810 pl, 20.0 mmol, 5 equiv) was added to a solution of dimethyl 4-bromophthalate (1.09
g, 4.00 mmol, 1 equiv) in dry, degassed (sparged with argon), PhMe (20 mL). To this was added
Cs2CO3 (1.56 g, 4.80 mmol, 1.2 equiv), Pd(dba), (11.5 mg, 0.02 mmol, 0.5 mol%), and XPhos
(9.5 mg, 0.02 mmol, 0.5 mol%,). The reaction left to reflux, under an atmosphere of argon, for 5
hours then cooled to r.t. and filtered; washing with DCM. The filtrate was concentrated to afford
a yellow liquid. The liquid was purified by column chromatography (24 g SiO2, 10 — 20% EtOAc
in hexanes, 30 mL/min, 15 min) to afford the anisole 320 as a clear colourless liquid (581 mg,
65%). Spectra agreed with previous reports.® tH NMR (400 MHz, CDCls) 6H 7.83 (1H, d, J=8.7
Hz), 7.08 (1H, d, J = 2.3 Hz), 7.01 (1H, dd, J = 8.7, 2.3 Hz), 3.94 (3H, s), 3.89 (3H, s), 2.06 (3H,

S).
(4-Methoxy-1,2-phenylene)dimethanol (521):

MeO CO,M MeO
o OH
coMe THRO°C

100%

LAH (197 mg, 5.18 mmol, 2 equiv) was added in small portions, to a solution of anisole 320 (581

mg, 2.59 mmol, 1 equiv) in dry THF (26 mL) at 0 °C under a stream of argon. Once the addition
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was complete the reaction was left to stir at 0 °C under argon, for 2 hours. The reaction was then
slowly quenched with water (200 pl) and 15% KOH(q) (200 pul). An additional portion of water
(600 pl) was then added and the solution warmed to r.t. Vigorous stirring was maintained for 1
hour at which point a white solid had formed. The solution was dried with Na;SO4 and flirted
through Celite-®; washing with excess THF. The filtrate was concentrated to afford diol 521 as a
clear colourless liquid (435 mg, 100%). Spectra agreed with previous reports.” *H NMR (500
MHz, CDCls) 8H 7.27 (1H, d, J = 8.2 Hz), 6.93 (1H, s), 6.83 (1H, d, J = 8.2 Hz), 4.69 (4H, m),
3.82 (3H, s), 3.15 (1H, br. s), 2.85 (1H, br. s); 33C NMR (126 MHz, CDCls) 5C 159.7, 141.2,

131.5,131.2, 115.6, 113.0, 64.4, 63.8, 55.4.
1,2-Bis(bromomethyl)-4-methoxybenzene (313):

MeO\©COH PBrs MeO\©CBr
OH DCM, r.t Br

93%.

Phosphorus tribromide (180 ul, 2.0 mmol, 2 equiv) was added drop-wise, via syringe, to a solution
of diol 521 (168 mg, 1 mmol, 1 equiv) in dry DCM (10 mL) at 0 °C under an argon atmosphere.
The reaction was left to stir at 0 °C overnight then quenched at 0 °C with sat. NaHCO3 (10 mL)
and vigorously stirred for 10 minutes. The solution was then extracted with DCM (3 x 15 mL)
with the combined organic extracts then dried over MgSQOg, filtered, and concentrated to afford
dibromide 313 as a white waxy solid (273 mg, 93%). Spectra agreed with previous reports.® 1H
NMR (500 MHz, CDCl3) 8H 7.29 (1H, d, J = 8.5 Hz), 6.90 (1H, d, J = 2.6 Hz), 6.83 (1H, dd, J =
8.4,2.7 Hz), 4.66 (2H, s), 4.62 (2H, s), 3.82 (3H, s); 3C NMR (126 MHz, CDCl3) 5C 160.1, 138.0,
132.5, 128.5, 116.5, 114.6, 114.4, 55.4, 30.5, 30.0; IR (neat) v = 3003, 2959, 2933, 2836, 1720,
1606, 1576, 1502, 1461, 1438, 1425, 1322, 1292, 1260, 1202, 1166, 1141, 1075, 1034, 937, 857,

818, 767, 740, 728,718, 649, 597,577, 547, 524, 457, 439 cm ™.,
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Dimethyl 3-nitrophthalate (322):

NO, O NO, O
oH Mel, NaHCO3, Ar OMe
OH DMF, 80 °C OMe

8 91% S

Iodomethane (930 ul, 15.0 mmol, 2.7 equiv) was added to a solution of 3-nitrophthalic acid (1.20
g 5.66 mmol, lequiv) and NaHCO3 (1.68 g, 20 mmol, 3.5 equiv) in DMF (10 mL). The reaction
was then warmed to 60 °C and left to stir overnight. The reaction was quenched with MeOH (2
mL) and after being allowed to stir at 60 °C for an additional 1 hour the solution was diluted with
a 1:1 solution of sat. NaClq) to H20 (125 mL). The resulting mixture was extracted with EtOAc
(150 mL) with the organic then being washed with a 1:1 solution of sat. NaClq) to H20 (125 mL)
before the organic phase being dried over Na>SOg, filtered, and concentrated to afford a yellow
residue. The residue was purified by column chromatography (24 g SiO2, 0 — 55% EtOACc in
hexanes, 30 mL/min, 20 min) to afford diester 322 as a slightly yellow solid (1.23 g, 91%). Spectra
agreed with previous reports.® tH NMR (500 MHz, CDCls) 8H 8.38 (1H, dd, J = 8.3, 1.2 Hz), 8.34
(1H, dd, J=7.9, 1.2 Hz), 7.68 (1H, dd, J = 8.1, 8.1 Hz), 4.03 (3H, s), 3.95 (3H, 5); 13C NMR (126

MHz, CDCl3) 6C 165.8, 164.1, 146.3, 135.7, 131.1, 130.1, 130.0, 128.3, 53.5, 53.2.

(3-Nitro-1,2-phenylene)dimethanol (323):

NO, O NO,
OMe DIBAL @COH
OMe  TUF 0°Ctort. OH
5 38%

DIBAL (1 M in THF, 19.9 mL, 19.9 mmol, 4.1 equiv) was added drop-wise to a solution of diester
322 (1.16 g, 4.86 mmol, 1 equiv) in dry THF (20 mL) at 0 °C under argon. The reaction was then

allowed to warm to r.t. and left to stir overnight. The reaction was then quenched with H>O (780
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ul) and 15% KOHgqg) (780 pl) followed by a second portion of H2O (1.95 mL) and then left to
vigorously stir at r.t. for 2 hours. The solution was then dried over Na,SO4 and filtered through a
pad of celite; washing with excess THF. Concentration of the filtrate afforded a viscous orange
liquid which was purified by column chromatography (24 g SiO2, 10 — 90% EtOAc in hexanes, 30
mL/min, 15 min) to afford diol 323 as a yellow solid (341 mg, 38%). Spectra agreed with
previously reported data.l??! tH NMR (500 MHz, CDCl3) H 7.81 (1H, dd, J = 8.2, 1.1 Hz), 7.70
(1H, d, J = 7.6 Hz), 7.48 (1H, dd, J = 7.9, 7.9 Hz), 4.88 (2H, s), 4.80 (2H, s), 2.97 (1H, s, D20
exch.), 2.81 (1H, s, D20 exch.); 13C NMR (126 MHz, CDCls) C 150.9, 142.9, 133.8, 132.7,

129.3, 123.9, 63.3, 57.6.
1,2-Bis(bromomethyl)-3-nitrobenzene (314):
NO, NO,

OH DCM, 0 °C Br

73%

NBS (727 mg, 4.08 mmol, 2.2 equiv) was added in portions to a solution of diol S323 (340 mg,
1.86 mmol, 1 equiv) and triphenylphosphine (1.07 g, 4.08 mmol, 2.2 equiv) in dry DCM (10 mL)
at 0 °C. The reaction was then allowed to stir at 0 °C for 2 hours before being diluted with excess
Et>O and then filtered. The filtrate was concentrated to afford a yellow residue which was subjected
to column chromatography (20 g SiO2, 20% hexanes in DCM) to afford dibromide 314 as a yellow
solid (420 mg, 73%). Spectra agreed with previous reports.’? 1TH NMR (500 MHz, CDCls) 5H 7.88
(1H, dd, J = 8.2, 1.2 Hz), 7.64 (1H, dd, J = 7.7, 1.2 Hz), 7.47 (1H, d, J = 8.0 Hz), 4.86 (2H, s),
4.69 (2H, s); 13C NMR (126 MHz, CDCl3) 8C 150.0, 139.5, 135.4, 131.0, 129.8, 125.4, 28.4, 22 4;
LRMS (CI) m/z: 229.8 (M—Br, 98.2), 227.9 (M—Br, 100.0), 149.0 (10.6), 120.0 (40.0), 118.0

(25.3), 91.0 (90.2), 90.0 (27.1); IR (neat) v = 3086, 3042, 2960, 2873, 1730, 1656, 1607, 1527,
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1455, 1433, 1346, 1308, 1265, 1215, 1186, 1164, 1131, 1075, 942, 878, 854, 832, 816, 782, 749,

703, 621, 566, 542, 482 cm™*; Mp 67-69 °C.
Dimethyl cyclopropane-1,1-dicarboxylate (336):

K,COj, nBuNI

MeO,C._CO,Me MeO,C

DCE, PhH, 70 °C K
70%

CO,Me

Dimethyl cyclopropane-1,1-dicarboxylate was synthesised according to the procedure reported by
Heiszman et. al.'* H20 (250 pl) was added to a slurry of dimethyl malonate (5.74 mL, 50.0 mmol,
1 equiv), 1,2-dichloroethane (6.68 mL, 100 mmol, 2 equiv), K.CO3 (17.3 g, 125 mmol, 2.5 equiv),
and tetrabutylammonium iodide (923 mg, 2.50 mmol, 5 mol%) in PhH (25 mL). The reaction was
warmed to 70 °C and vigorously stirred overnight. The reaction was then filtered and washed with
excess PhH. The filtrate was collected and concentrated to afford a liquid contaminated with solid
tetrabutylammonium iodide. The liquid was again filtered and washed with hexanes to remove the
tetrabutylammonium iodide prior to being subjected to short path distillation (98 °C, 15 mmHg).
This afforded diester 336 as a clear colourless liquid (5.55 g, 70%). Spectra agreed with previously
reported data.’? *H NMR (500 MHz, CDCls) 8H 3.76 (6H, s), 1.48 (4H, s); 3C NMR (126 MHz,

CDCl3) 86C 170.2, 52.6, 27.9, 16.7.

Cyclopropane-1,1-diyldimethanol (522):

MeO,C.__CO,Me LAH
HO OH
K e K
60%
LAH (408 mg, 10.8 mmol, 1.7 equiv) was added in small portions to a solution of diester 336 (1.0

g, 6.3 mmol, 1 equiv) in dry Et2O (30 mL) then cooled to 0 °C under an argon atmosphere. Once

the addition was complete the reaction was stirred at 0 °C for 1 hour. At this point the reaction was
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carefully quenched with H2O (400 pl) and 15% KOHgag) (400 pl). An additional portion of H.O
(1.2 mL) was then added before the solution was left to vigorously stir at r.t. for 15 min before
being dried with Na,SO4 and filtered through a pad of celite; washing with excess Et>O. The filtrate
was collected and concentrated to afford diol 522 as a clear colourless liquid (390 mg, 60%).
Spectra agreed with previously reported data.** *H NMR (500 MHz, CDCls) 6H 3.63 (4H, s), 2.52

(2H, s, D20 exch.), 0.54 (4H, s); 13C NMR (126 MHz, CDCls) 6C 69.3, 24.4, 8.7.

Cyclopropane-1,1-diylbis(methylene) dimethanesulfonate (337):

MsCl, EtsN
HO/X\OH .~ MsO/X\OMs

DCM, 0 °C
63%

Methanesulfonyl chloride (890 pl, 11.5 mmol, 3 equiv) was added drop-wise to a solution of diol
522 (390 mg, 3.82 mmol, 1 equiv) and triethylamine (2.1 mL, 15 mmol, 4 equiv) in dry DCM (9
mL) at 0 °C under an argon atmosphere. The reaction was stirred at 0 °C for 15 minutes before
being warmed to r.t. and left to stir at 2 hours. The reaction was quenched with 1 M HClq) (50
mL) and the resulting solution extracted with EtOAc (2 x 75 mL). Combined orgaknic extracts
were dried over Na2SOs, filtered, and concentrated to afford an off-while solid. The solid was
triturated with warm DCM and filtered to afford a first crop of white crystals (456 mg). The filtrate
was concentrated, triturated with DCM, and filtered to afford a second crop of dimesylate 337 (170
mg, 626 mg total, 63%). Spectra agreed with previously reported data.!* 'H NMR (500 MHz,

CDCls) 8H 4.17 (4H, s), 3.07 (6H, s), 0.84. (4H, s).
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4-methoxy-2-methylenebutyl methanesulfonate (329):

neat, 110 °C

oM
Mso/X\OMs MsO/\n/\/ s
77%

Neat dimesylate 337 (258 mg, 1 mmol) was heated in a small vail at an external temperature of
110 °C for 15 min affording a black residue which was purified by column chromatography (12 g
SiO2, 50 — 80% EtOAcC in hexanes, 30 mL/min, 10 min) to afford olefin 329 as a viscous liquid
(200 mg, 77%). Please note that extended reaction times result in dramatically lower vyields.
Reactions performed at 120 °C for 10 minutes resulted in complete decomposition. Spectra agreed
with previously reported data.’®> 'H NMR (500 MHz, CDCIs) 6H 5.38 (1H, s), 5.26 (1H, s), 4.73
(2H, s), 4.40 (2H, t, J = 6.5 Hz), 3.07 (3H, s), 3.05 (3H, 5), 2.63 (2H, t, J = 6.4 Hz); 13C NMR (126

MHz, CDCl3) 6C 137.2,119.3,71.8, 67.2, 37.9, 37.6, 32.5.

2-(2-(Hydroxymethyl)phenyl)ethan-1-ol (325):

©f\CozH LAH ©i/\/OH
CO,H THF, rt. OH

92%

LAH (5.77 g, 150 mmol, 6 equiv) was added in small portions to a solution of homophthalic acid
(4.5 g, 25 mmol, 1 equiv) in dry THF (100 mL) under a stream of argon at 0 °C. Once the addition
was complete the reaction was warmed to r.t. and left to stir overnight. The reaction was quenched
with 2 M HClag) (150 mL) followed by the addition of conc. HCI (25 mL). The resulting solution
was extracted with DCM (2 x 150 mL). Combined organic extracts were dried with Na>SOg,
filtered, and concentrated to afford a viscous light-brown liquid. The liquid was purified by column
chromatography (60 g SiO2, 50% EtOAc in hexanes) to afford diol 325 as a clear yellow viscous

liquid (3.51g, 92%). Spectra agreed with previous reports.® 1H NMR (400 MHz, CDCls) H 7.27

235



—7.32 (2H, m), 7.20 — 7.24 (2H, m), 4.62 (2H, s), 3.85 (2H, t, J = 5.9 Hz), 3.65 (2H, br. s, D20
exch.), 2.93 (2H, t, J = 5.9 Hz). 3C NMR (126 MHz, CDCls) 8C 139.1, 138.2, 130.0, 129.7, 128.5,

126.6, 63.1, 62.9, 35.0.
1-(2-Bromoethyl)-2-(bromomethyl)benzene (315):

OH NBS, PPhy Br

83%

NBS (1.93 g, 10.8 mmol, 2.2 equiv) was added, in small portions, to a solution of diol 325 (750
mg, 4.93 mmol, 1 equiv) and triphenylphosphine (2.84 g, 10.8 mmol, 2.2 equiv) at 0 °C. The
reaction was then left to stir at 0 °C for 2 hours then concentrated to one third its volume, via rotary
evaporation. Excess EtO was added causing precipitation. The solution was filtered, washed with
excess Et20, and the filtrate concentrated to afford a yellow residue, which was purified by column
chromatography (24 g SiO2, 0 — 5% EtOAc in hexanes, 30 mL/min, 10 min) to afford dibromide
315 as white solid (1.13 g, 83%). Spectra agreed with previous reports.” 1H NMR (500 MHz,
CDCl3) 8H 7.37 (1H, d, J = 7.6 Hz), 7.32 (1H, m), 7.26 (2H, m), 4.57 (2H, s), 3.66 (2H, t, J = 7.7
Hz), 3.32 (2H, t, J = 7.8 Hz); 13C NMR (126 MHz, CDCl3) 5C 137.8, 135.9, 130.9, 130.2, 129.3,

127.7,35.7,31.7, 31.2.

2,3-Dimethyl-1,1'-biphenyl (339):

Br O

Me i. Mg°, THF, r.t.

Me
ii. PhBr, NiCl,, O
Me 80% Me

Under a stream of argon, THF (15 mL), a small chip of I, and (1 equiv, 1.35 mL, 10 mmol) were

added to a dry flask contacting Mg° turnings (243 mg, 10.0 mmol, 1 equiv), which had been flame-
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dried. Following the resulting exotherm, the solution was stirred at r.t. for 30 min (at which point
no Mg° was visible) and solution was transferred to a phial containing a solution of bromobenzene
(1.10 mL, 10.5 mmol, 1.05 equiv) and NiCl. (26 mg, 0.20 mmol, 0.02 equiv) in dry THF (1 mL)
under argon. The phial was sealed and heated to 66 °C and left to stir for 3 hours. The reaction was
then cooled to r.t. and diluted with 1M HCI (100 mL). The resulting solution was extracted with
Et20O (3 x 100 mL). Combined organic extracts were dried over MgSQg, filtered, and concentrated
to afford a yellow-orange liquid. The liquid was purified by column chromatography (24 g SiOz,
0 — 5% EtOACc in hexanes, 30 mL/min, 12 min) to afford biphenyl 339 as a clear colourless liquid
(1.46 g, 80%). Spectra agreed with previous reports.'® 1H NMR (500 MHz, CDCl3) §H 7.41 (2H,
m), 7.30 — 7.35 (3H, m), 7.14 — 7.18 (2H, m), 7.09 (1H, dd, J = 7.1, 1.8 Hz), 2.35 (3H, s), 2.16
(3H, s); 3C NMR (126 MHz, CDCls) 6C 142.6, 142.2, 137.2, 134.0, 129.4, 128.8, 127.9, 127.6,

126.6, 125.2, 20.7, 16.9.

2,3-Bis(bromomethyl)-1,1'-biphenyl (317):

O NBS, AIBN O
O Me  cHely, relux O Br
84%
B
Me r

NBS (1.6 g, 9.0 mmol, 2.25 equiv) and AIBN (53 mg, 0.32 mmol, 8 mol%) were added to a

solution of biphenyl 339 (729 mg, 4.00 mmol, 1 equiv) in CHCIz (40 mL) under an argon
atmosphere. The reaction was heated to reflux and left to stir overnight. The solvent was then
removed by rotary evaporation and EtoO added which resulted in precipitation of a white solid
(succinimide). The precipitate was filtered off and the filtrate concentrated to afford a yellow reside
which was purified by column chromatography (24 g SiO2, 0 — 5% DCM in hexanes, 30 mL/min,

12 min) to afford dibromide 317 as a slightly opaque colourless viscous liquid (1.14 g, 84%). 'H
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NMR (500 MHz, CDCls) 8H 7.40 — 7.47 (6H, m), 7.35 (1H, t, J = 7.5 Hz), 7.24 (1H, dd, J = 7.6,
1.5 Hz), 4.79 (2H, s), 4.60 (2H, s). 3C NMR (126 MHz, CDCls) 3C 144.0, 139.9, 137.5, 133.8,
131.1, 130.5, 128.8 (2C), 128.2, 127.6, 30.6, 28.2; LRMS (CI) m/z: 260.8 (M-Br, 13.7), 258.9
(M-Br, 12.7), 179.1 (100.0), 178.2 (30.4); IR (neat) # = 3058, 3028, 2980, 1951, 1890, 1817,
1606, 1589, 1574, 1496, 1460, 1441, 1290, 1264, 1215, 1191, 1178, 1155, 1114, 1073, 1026, 1001,

972, 913, 876, 837, 806, 761, 737, 701, 682 cm™*; Mp 46-47 °C.
2,2-Dimethylbutane-1,4-diol (341):

Me Me LAH Me Me

HO,C OH
2 \)QCOZH Et,O, rt. HO/\)§/

86%

2,2-Dimethylsuccinic acid (1.46 g, 10.0 mmol, 1 equiv) was added in small portions, under a
stream of argon, to a suspension of LAH (, 2.24 g, 60.0 mmol, 6 equiv) in dry Et,O (100 mL) at 0
°C. The reaction was then warmed to r.t. and left to stir for 2 hours before being cooled to 0 °C
and slowly quenched with water (2.24 mL) and 15% KOHg) (2.24 mL). An additional portion of
water (6.72 mL) was then added and the solution warmed to r.t and vigorously stirred for 1 hour
at which point a white solid had formed. The solution was dried with Na,SQa, filtered, and then
flirted through a pad of celite; washing with excess Et,O. The filtrate was concentrated to afford
diol 341 as a clear colourless liquid (1.12 g, 86%). Spectra agreed with previous reports.'® 1H
NMR (400 MHz, CDCls) 8H 3.73, (2H, t, J = 5.6 Hz), 3.36 (2H, s), 2.92 (1H, br. s, D20 exch.),
2.49 (1H, br. s, D20 exch.), 1.56 (2H, t, J = 5.5 Hz), 0.92 (6H, s); 13C NMR (126 MHz, CDCl3) C

71.6,59.2,42.7, 34.9, 25.0.
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2,2-Dimethylbutane-1,4-diyl dimethanesulfonate (342):

Me Me MsCI, EtzN Me Me
H > M
0 Mso/\)@o s
DCM, r.t.
88%

HO

Triethylamine (915 pl, 6.6 mmol, 2.2 equiv) and MsCl (464 ul, 6.0 mmol, 2.0 equiv) were added
to a solution of diol 341 (354 mg, 3.0 mmol, 1 equiv) in DCM (10 mL) at 0 °C. The reaction was
then allowed to warm to r.t. and left to stir for 2 hours, then diluted with DCM (50 mL) and washed
with 1M HCI (50 mL), The aqueous phase was then extracted with DCM (2 x 150 mL). Combined
organic extracts were dried over Na>SOg, filtered, and concentrated to afford dimesylate 342 as a
clear colourless oil (728 mg, 88%). 'H NMR (500 MHz, CDCls) 6H 4.30, (2H, t, J = 6.9 Hz), 3.93
(2H, s), 3.02 (3H, s), 3.01 (3H, s), 1.82 (2H, t, J = 6.9 Hz), 1.03 (6H, s); 3C NMR (126 MHz,
CDCls) §C; 76.7, 66.3, 37.4, 37.1, 37.0, 33.6, 24.1; HRMS (ESI) m/z: [M+Na]* calculated for
[CeH1806S2Na]" 297.0442, found 297.0437; IR (neat) v = 2958, 2927, 2858, 1725, 1673, 1600,

2580, 1462, 1378, 1269, 1222, 1121, 1071, 1040, 957, 861, 834, 742, 705, 651, 488, 471 cm™™.

5.2.1 General Method for Spiroalkylation
(2R,3'S,9a'R)-3"'-Isopropyl-4-methoxy-1,2',3,3",9",9a"'-hexahydro-5'H, 8'H-spiro[indene-2,6'-
oxazolo[3,2-d][1,4]thiazepin]-5'-one 7',7'-dioxide (287):

\L
N

~ o OMe KOH(aq) — OMe

: 0
~ BuyNI 50 mol% o_ N
N Br N
+ H 4
O’;K_/302 Br THF, 0 °C Z,
i SO;3;

74%

KOHag) (50 wt%, 3 mL) was added drop-wise to a solution of sulfone 277 (111 mg, 0.45 mmol,
1.5 equiv), 1,2-bis(bromomethyl)-3-methoxybenzene (209, 88 mg, 0.30 mmol, 1 equiv), and

tetrabutylammonium iodide (55 mg, 0.15 mmol, 0.5 equiv) in THF (6 mL) at 0 °C. The reaction
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was then vigorously stirred for 18 hours. The solution was then diluted with H,O (10 mL) and
extracted with DCM (3 x 20 mL). Combined organic extracts were dried over Na,SOa, filtered,
and concentrated to afford a yellow solid. The solid was subjected to column chromatography (10
g SiO, 0 — 6% EtOAc in DCM) to afforded spirocycle 287 as a white solid (>95:5 d.r., 84 mg,
74%). 'H NMR (500 MHz, CDCls) 8H 7.16 (1H, dd, J = 8.1, 7.6 Hz), 6.76 (1H, d, J = 7.6 Hz),
6.70 (1H, d, J = 8.1 Hz), 5.59 (1H, d, J = 9.3 Hz), 4.39 (1H, m), 1H (1H, d, J = 17.9 Hz), 3.95 (2H,
m), 3.83 (1H, d, J = 16.1 Hz), 3.82 (3H, s), 3.80 (1H, d, J = 17.9 Hz), 3.64, (1H, m), 3.69 (1H, m),
(1H, d, J = 16.1 Hz), 3.31 (1H, ddd, J = 15.3, 5.4, 2.9 Hz), 2.57 (1H, m), 2.31 (1H, m), 2.26 (1H,
dgg, J=7.0, 7.0, 4.2 Hz), 0.82 (3H, d, J = 7.0 Hz), 0.75 (3H, d, J = 7.0 Hz); 13C NMR (126 MHz,
CDCl3) 6C 163.1, 155.8, 138.4, 128.7, 127.8, 115.7, 109.0, 87.8, 76.8, 64.5, 63.4, 55.2, 48.1, 40.5,
33.9,31.8,27.7,19.1, 16.1; HRMS (APCI) m/z: [M+H]* calculated for [C19H2sNOsS]* 380.1532,
found 380.1539; IR (neat) v = 2963, 2937, 2889, 2873, 2837, 1624, 1592, 1472, 1451, 1438, 1398,
1389, 1372, 1330, 1316, 1293, 1278, 1265, 1238, 1221, 1187, 1172, 1134, 1096, 1066, 1050, 1035,

992, 955, 943, 931, 912, 892, 848, 838, 800, 770, 754, 731, 711, 706, 691 cm™*; Mp 242-245 °C.

(2S/R,3'S,9a'R)-3"-Isopropyl-5-methoxy-1,2',3,3",9",9a’'-hexahydro-5'H,8"H-spiro[indene-

2,6'-0xazolo[3,2-d][1,4]thiazepin]-5'-one 7*,7'-dioxide (345):

o KOH(aq) — o o

; OMe BuyNI 50 mol% o_ N Oo_ N
(\N Br A\ v ,‘\\\
o«&_/so; Br THF, 0 °C : .

H 85% SO; OMe S0z OMe

3:1dr.

Spirocycle 345 was synthesised according to the example procedure from dibromide 313 (294 mg,
1.0 mmol, 1 equiv), sulfone 277 (371 mg, 1.5 mmol, 1.5 equiv), tetrabutylammonium iodide (185

mg, 0.5 mmol, 0.5 equiv), THF (40 mL), and KOHag) (50 wt%, 5 mL). Once complete, the reaction
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was diluted with H2O (50 mL) and extracted with DCM (3 x 50 mL). Combined organic extracts
were dried over MgSOs, filtered, and concentrated to afford a white solid. The solid was subjected
to column chromatography (40 g SiO2, 4% EtOAc in DCM) to afford spirocycle 345 as a white
solid (3:1 d.r., 321 mg, 85%) however, the diastereomers proved completely inseparable. HRMS
(APCI) m/z: [M+H]" calculated for [C19H26NOsS]" 380.1532, found 380.1545; IR (neat) v = 2961,
2932, 2901, 2873, 2835, 1621, 1594, 1497, 1463, 1439, 1409, 1389, 1372, 1354, 1331, 1313, 1290,
1257, 1229, 1201, 1185, 1169, 1147, 1128, 1098, 1063, 1031, 1009, 988, 952, 931, 909, 879, 840,

802, 765, 754, 732, 702 cmL,
(2S,3'S,9a'R)-345:

IH NMR (500 MHz, CDCls) §H 7.17 (1H, d, J = 8.4 Hz), 6.77 (1H, dd, J = 8.4, 2.4 Hz), 6.70 (1H,
d, J = 2.1 Hz), 5.60 (1H, d, J = 9.1 Hz), 4.38 (1H, m), 4.27 (1H, d, J = 17.0 Hz), 3.96 (2H, m),
3.80 (1H, d, J = 17.0 Hz), 3.79 (1H, d, J = 16.1 Hz), 3.77 (3H, s), 3.69 (1H, m), 3.61 (1H, d, J =
16.0 Hz), 3.31 (1H, ddd, J = 15.3, 6.0, 2.7 Hz), 2.58 (1H, m), 2.32 (1H, m), 2.25 (1H, m), 0.82
(3H, d, J =7.2 Hz), 0.75 (3H, d, J = 6.9 Hz); 3C NMR (126 MHz, CDCls) 6C 163.1, 159.2, 137.9,

131.8, 125.0, 113.7, 109.3, 87.9, 77.5, 64.6, 63.5, 55.5, 48.2, 40.3, 35.7, 31.9, 27.8, 19.1, 16.2.
(2R,3'S,9a'R)-345:

IH NMR (500 MHz, CDCl3) §H 7.04 (1H, d, J = 8.4 Hz), 6.81 (1H, d, J = 2.1 Hz), 6.73 (1H, dd,
J =83, 2.4 Hz), 5.60 (1H, d, J = 9.1 Hz), 4.37 (1H, m), 4.31 (1H, d, J = 17.4 Hz), 3.96 (2H, m),
3.84 (1H, d, J = 17.5 Hz), 3.78 (3H, s), 3.75 (1H, d, J = 14.5 Hz), 3.69 (1H, m), 3.57 (1H, d, J =
15.4 Hz), 3.31 (1H, m), 2.58 (1H, m), 2.32 (1H, m), 2.25 (1H, m), 0.81 (3H, d, J = 7.0 Hz), 0.75
(3H, d, J = 6.8 Hz); 3C NMR (126 MHz, CDCls) 8C163.1, 159.8, 141.4, 128.2, 124.4, 113.9,

109.0, 87.9, 77.6, 64.6, 63.5, 55.4, 48.2, 39.4, 36.6, 32.0, 27.8, 19.1, 16.2.
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(2S,3'S,9a'R)-3"-isopropyl-4-nitro-1,2*,3,3',9',9a'-hexahydro-5'H,8'H-spiro[indene-2,6"-

oxazolo[3,2-d][1,4]thiazepin]-5'-one 7*,7'-dioxide (346):

~" o NO, KOH(aq) — o
; Bu,NI 50 mol% o N
(\N Br o
+ H 4
OTK_/SOZ Br THF, 20 °C &
H 40% 2
NO,
9:1d.r.

Spirocycle 346 was synthesised according to the example procedure from dibromide 314 (93 mg,
0.3 mmol, 1 equiv), sulfone 277 (111 mg, 0.45 mmol, 1.5 equiv), tetrabutylammonium iodide (110
mg, 0.3 mmol, 1.0 equiv), THF (6 mL), KOH@g) (50 wt%, 1.5 mL) and sat. NaCl (1.5 mL). Once
complete, the reaction was diluted with H,O (10 mL) and extracted with DCM (3 x 20 mL).
Combined organic extracts were dried over MgSOs, filtered, and concentrated to afford a white
solid. The solid was subjected to column chromatography (10 g SiO2, 5% EtOAc in DCM) to
afford spirocycle 346 as a white solid (9:1 d.r., 47 mg, 40%). The major isomer could, in large
part, be separated, by column chromatography (10 g SiO-, 50 to 80% EtOAc in hexanes). *H NMR
(500 MHz, CDCls) 8H 8.09 (1H, d, J = 8.2 Hz), 7.62 (1H, d, J = 7.5 Hz), 7.45 (1H, dd, J = 8.2,
7.5 Hz), 5.71 (1H, d, J = 9.4 Hz), 450 (1H, d, J = 18.0 Hz), 4.38 (1H, m), 4.29 (1H, d, J = 18.3
Hz), 4.14 (1H, d, J = 18.3 Hz), 3.95 — 4.01 (3H, m), 3.82 (1H, ddd, J = 15.6, 13.3, 3.1 Hz), 3.35
(1H, ddd, J = 15.6, 5.5, 2.9 Hz), 2.57 — 2.65 (1H, m), 2.38 (1H, m), 2.27 (1H, dqg, J = 7.0, 7.0, 4.1
Hz), 0.84 (3H, d, J = 7.0 Hz), 0.77 (3H, d, J = 7.0 Hz); 13C NMR (126 MHz, CDCl3) 5C 162.3,
144.7,144.0, 133.3, 130.4, 129.3, 123.0, 87.8, 64.6, 65.7, 47.8, 40.9, 36.5, 31.9, 27.8, 19.1, 16.2;
HRMS (APCI) m/z: [M+H]" calculated for [C1sH23N206S]* 395.1277, found 395.1284; IR (neat)

v = 2959, 2929, 2874, 1629, 1528, 1483, 1462, 1407, 1391, 1352, 1326, 1312, 1293, 1226, 1187,

242



1164, 1128, 1098, 1068, 1051, 1032, 989, 950, 837, 801, 756, 732, 703, 536, 512, 499, 485, 473

cm%; [a]32 —206.5 (¢ 1.0, CHCl3); Mp 245-246 °C.
(2R,3'S,9a'R)-3"-Isopropyl-2',3,3",4,9",9a’-hexahydro-1H,5'"H,8'H-spiro[naphthalene-2,6'-
oxazolo[3,2-d][1,4]thiazepin]-5'-one 7*,7'-dioxide (347):

\—_/ 0] KOH(aq)

. Br Bu4NI 50 mol% \/g/:Q
+
OEK_/SOZ ;C@ THF, 0°C Lso@

93%

Spirocycle 347 was synthesised according to the example procedure from dibromide 288 (278 mg,
1.0 mmol, 1 equiv), sulfone 277 (371 mg, 1.5 mmol, 1.5 equiv), tetrabutylammonium iodide (185
mg, 0.5 mmol, 0.5 equiv), THF (40 mL), and KOHag) (50 wt%, 5 mL). Once complete, the reaction
was diluted with H>O (50 mL) and extracted with DCM (3 x 50 mL). Combined organic extracts
were dried over MgSOs, filtered, and concentrated to afford a white solid. The solid was subjected
to column chromatography (40 g SiO», 2 — 6% EtOAc in DCM) to afford spirocycle 13e as a white
solid (>95:5 d.r., 337 mg, 93%). 'H NMR (500 MHz, CDCl3) 8H 7.24 (1H, d, J = 7.7 Hz), 7.17
(1H, t, 7.3 Hz), 7.10 (1H, t, J = 7.3 Hz), 7.03 (1H, d, J = 7/5 Hz), 5.67 (1H, d, J = 10.0 Hz), 4.37
(1H, m), 3.87 — 3.96 (2H, m), 3.77 (1H, d, J = 16.1 Hz), 3.71 (1H, m), 3.48 (1H, d, J = 15.9 Hz),
3.28 (1H, ddd, J = 15.5, 5.5, 2.7 Hz), 2.98 (1H, dt, J = 16.8, 4.4 Hz), 2.76 (1H, m), 2.51 — 2.66
(2H, m), 2.41 (1H, td, J = 12.8, 5.0 Hz), 2.29 (1H, m), 2.15 (1H, qqd, J = 6.8, 6.8, 3.3 Hz), 0.80
(3H, d, J = 7.0, Hz), 0.79 (3H, d, J = 7.0 Hz); 13C NMR (126 MHz, DMSO-ds) 5C 162. 2, 133.9,
132.6, 128.9, 127.9, 126.9, 125.9, 87.7, 71.7, 63.9, 63.7, 47.5, 32.3, 29.3, 27.8, 26.2, 25.9, 19.4,
16.1; HRMS (APCI) m/z: [M+H]" calculated for [C19H26NO4S]* 364.1583, found 364.1586; IR

(neat) v = 3021, 2962, 2930, 2897, 2847, 1620, 1586, 1496, 1463, 1438, 1401, 1387, 1371, 1360,
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1309, 1284, 1255, 1228, 1181, 1169, 1128, 1109, 1067, 1055, 1033, 1015, 990, 958, 917, 899,
883,842, 817, 794, 778, 753, 738, 705, 692, 603, 561, 541, 528, 512, 489, 472, 454, 436, 424 cm™*;

[a]32 —199.1 (c 1.0, CHCl3); Mp 248-251 °C.

(1R,3'S,9a'R)-3'-Isopropyl-3-methylenetetrahydro-5'H,8'"H-spiro[cyclopentane-1,6'-

oxazolo[3,2-d][1,4]thiazepin]-5'-one 7*,7'-dioxide (348):

\

>

o KOH(aq) M o

A BuyNI 50 mol% (o) N
(N MsO
+ H 4
O’:K_/302 MsO THF, 0 °C Z,
s S03

85%

Spirocycle 348 was synthesised according to the example procedure from dimesylate 311 (75 mg,
0.30 mmol, 1 equiv), sulfone 277 (111 mg, 0.45 mmol, 1.5 equiv), tetrabutylammonium iodide (55
mg, 0.15 mmol, 0.5 equiv), THF (6 mL), and KOHag) (50 wt%, 3 mL). Once complete, the reaction
was diluted with H20 (10 mL) and extracted with DCM (3 x 20 mL). Combined organic extracts
were dried over MgSOsa, filtered, and concentrated to afford a yellow solid. The solid was subjected
to column chromatography (10 g SiO2, 0 — 4% EtOAc in DCM) to afforded spirocycle 348 as a
white solid (>95:5 d.r., 95 mg, 95%). 'H NMR (500 MHz, CDCls) 6H 5.56 (1H, d, J = 9.1 Hz),
5.03 (1H, tt, J = 1.9, 1.9 Hz), 4.93 (1H, tt, J = 2.1, 2.1 Hz), 4.39 (1H, m), 3.91 — 3.96 (2H, m),
3.61 (1H, dd, J = 16.8, 1.6 Hz), 3.55 (1H, ddd, J = 16.1, 13.3, 3.0 Hz), 3.27 (1H, ddd, J = 15.3,
5.7, 2.8 Hz), 3.20 (1H, dd, J = 16.8, 1.4 Hz), 2.66 (1H, m), 2.26 — 2.56 (6H, m), 0.88 (3H, d, J =
7.0 Hz), 0.81 (3H, d, J=6.7 Hz); 3C NMR (126 MHz, CDCls) 8C 162.7, 145.8,107.4,87.9, 77.1,
64.4, 63,7, 48.4, 35.8, 32.6, 31.9, 31.7, 27.9, 19.2, 16.2; HRMS (APCI) m/z: [M+H]* calculated
for [C1sH24NO4S]* 314.1421, found 314.1430; IR (neat) v = 3075, 2958, 2931, 2897, 2873, 1738,

1661, 1623, 1485, 1463, 1438, 1404, 1388, 1373, 1364, 1316, 1300, 1288, 1253, 1229, 1206, 1186,
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1171, 1127, 1097, 1050, 1033, 1007, 991, 965, 954, 934, 912, 878, 841, 802, 784, 776, 754, 730,

701 cm%; [a]32 —206.0 (c 1.0, CHCI3); Mp 285-286 °C.

(2R,3'S,9a'R)-3"-Isopropyl-4-phenyl-1,2*,3,3',9',9a’-hexahydro-5"H,8'"H-spiro[indene-2,6'-

oxazolo[3,2-d][1,4]thiazepin]-5'-one 7*,7'-dioxide (349):
KOH(aq)

_ C
: Bu,NI 50 mol%
(\N , B
QTK_/SOZ Br THF, 0 °C
H

68%

Spirocycle 349 was synthesised according to the example procedure from dibromide 290 (102 mg,
0.3 mmol, 1 equiv), sulfone 277 (111 mg, 0.45 mmol, 1.5 equiv), tetrabutylammonium iodide (55
mg, 0.5 mmol, 0.5 equiv), THF (6 mL), and KOH(q) (50 wt%, 3 mL). Once complete, the reaction
was diluted with H2O (10 mL) and extracted with DCM (3 x 20 mL). Combined organic extracts
were dried over MgSOs, filtered, and concentrated to afford a white solid. The solid was subjected
to column chromatography (10 g SiO2, 5% EtOAc in DCM) to afford spirocycle 349 as a white
solid (4:1 d.r., 87 mg, 68%). The major isomer ((R,S,R)- 349) could, in large part, be separated, by
column chromatography (12 g SiO2, 20 — 50% EtOAc in hexanes, at 20 mL/min over 15 min). *H
NMR (500 MHz, CDCls) 8H 7.50 (2H, m), 7.43 (2H, m), 7.35 (1H, tt, = 7.3, 1.2 Hz), 7.24 — 7.29
(2H, m), 7.15 (1H, d, J = 7.2 Hz), 5.63 (1H, d, J = 9.4 Hz), 4.43 (1H, d, J = 17.5 Hz), 4.36 (1H, dt,
J=43,4.3Hz),3.95 (2H, d, J = 4.4 Hz), 3.89 (1H, d, J = 17.1 Hz), 3.89 (1H, d, J = 17.1 H2),
3.71 (1H, d, J = 16.0 Hz), 3.70 (1H, m), 3.30 (1H, ddd, J = 15.3, 5.5, 2.7 Hz), 2.57 (1H, m), 2.31
(1H, m), 2.26 (1H, m), 0.82 (3H, d, J = 7.0 Hz), 0.76 (3H, d, J = 6.9 Hz); 13C NMR (126 MHz,
CDCIs) 6C 162.9, 140.1, 138.7, 137.7, 137.1, 128.5 128.3, 127.6, 127.3, 122.6, 87.8, 76.8, 64.5,

63.4, 48.1, 40.2, 36.2, 31.9, 27.7, 19.1, 16.1; HRMS (APCI) m/z: [M+H]" calculated for
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[C24H28NO4S]* 426.1739, found 426.172; IR (neat) v = 3058, 2962, 2929, 2875, 1641, 1466, 1431,
1391, 1369, 1311, 1292, 1266, 1226, 1187, 1162, 1129, 1098, 1065, 1034, 989, 954, 910, 835,
791, 758, 731, 700, 649, 612, 586, 567, 539, 497, 476, 446 cm™!; [a]3? —207.9 (c 1.0, CHCIy);

Mp 200-204 °C.

(1S,3'S,9a'R)-3"-Isopropyl-3,3-dimethyltetrahydro-5'H,8'H-spiro[cyclopentane-1,6’-

oxazolo[3,2-d][1,4]thiazepin]-5'-one 7*,7'-dioxide (350):

\

N
S

~_ R
E [\ 0o
N

o)
; Me KOH(aq), BuyNI o_ N

(\ J\ . Wso Me (aq), Buy o

O?K—/SOZ MsO THF, rt. S0\ Me
H 2 Me

63%

KOHag) (50 wt%, 3 mL) was added drop-wise to a solution of sulfone 277 (74 mg, 0.3 mmol, 1
equiv), dimesylate 329 (184 mg, 0.60 mmol, 2.0 equiv), and tetrabutylammonium iodide (442 mg,
1.2 mmol, 4 equiv) in THF (6 mL) at r.t. The reaction was then vigorously stirred for 4 days. The
solution was diluted with H.O (10 mL) and extracted with DCM (3 x 30 mL). Combined organic
extracts were dried over MgSOs, filtered, and concentrated to afford a yellow solid. The solid was
subjected to column chromatography (10 g SiO2, 2% EtOAc in DCM) to afforded spirocycle 350
as a white solid (62 mg, 63%). 'H NMR (500 MHz, CDCls) 8H 5.54 (1H, d, J = 9.6 Hz), 4.38 (1H,
m), 3.90 — 3.98 (2H, m), 3.63 (1H, ddd, J = 15.3, 13.4, 3.0 Hz), 3.11 — 3.22 (2H, m), 2.46 — 2.61
(2H, m), 2.34 (1H, qqd, J = 7.0, 7.0, 3.9 Hz), 2.18 (1H, m), 2.15 (2H, s), 1.57 — 1.70 (2H, m), 1.15
(3H, s), 0.95 (3H, s), 0.89 (3H, d, J = 7.0 Hz), 0.82 (3H, d, J = 7.0 Hz); 3C NMR (126 MHz,
CDCI3) 6C 164.2, 88.0, 77.8, 64.4, 63.4,48.2,47.9, 41.4,39.9, 32.1, 29.3, 28.8, 27.9, 27.8, 19.3,
16.2; HRMS (APCI) m/z: [M+H]" calculated for [C16H2sNQ4S]* 330.1739 found 330.1741; IR

(neat) v = 2958, 2933, 2870, 1710, 1622, 1487, 1463, 1437, 1405, 1389, 1370, 1352, 1334, 13009,
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1289, 1228, 1201, 1172, 1129, 1096, 1050, 1032, 1021, 985, 953, 882, 848, 836, 798, 777, 754,
731 cmY; [a]32 —212.4 (¢ 1.0, CHCI3); Mp 227-229 °C.
5.2.2 General Procedure for Reductive Alkylation

(R)-N-((S)-1-Hydroxy-3-methylbutan-2-yl)-4-methoxy-2-methyl-2,3-dihydro-1H-indene-2-

carboxamide (353):

O/ \'N o OMe i. LIDBB, Mel ~ o oMe
Hm THF, =78 °C HO\/:\N
05 ii. 1,4-dioxane Hwme :i

HCI, r.t.
61%

LiDBB (0.4 M, 2.1 equiv, 2.6 mL) drop-wise to a solution of spirocycle 287 (159 mg, 0.42 mmol,
1 equiv), that had been azeotropically dried with PhMe (2 x 15 mL), in dry and degassed THF (10
mL) at —78 °C. Following the addition, the solution left to stir at —78 °C for 20 min. lodomethane
(157 pl, 2.51 mmol, 6 equiv), which had been passed through a column of activated, basic,
Brockmann | aluminium oxide, was then added drop-wise via glass syringe and the reaction
allowed to stir at —78 °C for 4 hours. The reaction was warmed to r.t. and all volatiles removed
under reduced pressure. The resulting residue was dissolved in 1,4-dioxane (10 mL) and 1 M
HCl@ag (10 mL) added. After stirring at r.t. for 12 hours the solution was adjusted to pH 7 with
NaOHq) (15% w.t.) and allowed to stir at r.t for 1 hour before being extracted with EtOAc (3 x
50 mL). Combined organic extracts were dried over Na2SOg, filtered, and concentrated to afford a
yellow solid which was purified by column chromatography (20 g SiO2, 40-50% EtOAC in
hexanes). Amide 353 was isolated as a white solid (74 mg, 61%). *H NMR (500 MHz, CDCls) §H
7.16 (1H, dd, J = 7.8, 7.8 Hz), 6.83 (1H, d, J = 7.5 Hz), 6.70 (1H, d, J = 8.1 Hz), 5.75 (1H, br. d,

J=7.0 Hz, D20 exch.), 3.82 (3H, s), 3.61 — 3.76 (3H, m), 3.42 (1H, d, J = 15.9 Hz), 3.28 (1H, d,
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J=16.1Hz), 2.87 (1H, d, J = 715.8 Hz), 2.87 (1H, d, J = 15.8 Hz), 2.65 (1H, t, J = 5.1 Hz, D,O
exch.), 1.86 (1H, qqd, J = 6.8, 6.8, 6.8 Hz), 1.40 (3H, s), 0.91 (3H, d, J = 6.8 Hz), 0.85 (3H, d, J =
6.8 Hz); 3C NMR (126 MHz, CDCls) 8C 178.9, 156.2, 143.4, 128.7, 128.4, 117.2, 108.3, 64.7,
57.3, 55.2, 50.2, 44.8, 41.0, 29.0, 25.8, 19.6, 18.5; HRMS (APCI) m/z: [M+H]* calculated for
[C17H26NO3]* 292.1913, found 292.1911; IR (neat) # = 3311, 3261, 3079, 2960, 2933, 2877, 2833,
1624, 1590, 1556, 1483, 1470, 1464, 1439, 1389, 1371, 1351, 1328, 1316, 1299, 1274, 1262, 1241,
1189, 1171, 1155, 1116, 1075, 1033, 970, 900, 888, 864, 827, 813, 771, 750, 725, 704 cm™%; [a]32

+44.9 (c 1.0, CHCI3); Mp 140-141 °C.

(R)-2-Ethyl-N-((S)-1-hydroxy-3-methylbutan-2-yl)-4-methoxy-2,3-dihydro-1H-indene-2-

carboxamide (354):

d L M i. LiDBB, Etl ~ o OMe
THF, 78 °C :
R » H
S03 ii. 1,4-dioxane H Et

HCI, r.t.
57%

Amide 354 was synthesised according to the example procedure using LiDBB (0.4 M, 2.4 mL,
0.94 mmol, 2.1 equiv), spirocycle 287 (170 mg, 0.45 mmol, 1 equiv), degassed dry THF (12 mL),
iodoethane (145 pl, 1.8 mmol, 4 equiv), which had been passed through a column of activated,
basic, Brockmann I aluminium oxide, 1,4-dioxane (12 mL) and 1 M HCl@q) (6 mL). EtOACc (3 %
30 mL) was employed for the aqueous work up with combined organic extracts dried over Na>SOs,
filtered, and concentrated to afford a yellow oil which was purified by column chromatography
(20 g SiO2, 40 — 50% EtOAc in hexanes). Amide 353 was isolated as a colourless oil (79 mg,
57%). 'H NMR (500 MHz, CDCl3) 8H 7.14 (1H, t, J = 7.8 Hz), 6.81 (1H, d, J = 7.5 Hz), 6.68 (1H,

d, J = 8.1 Hz), 5.73 (1H, d, J = 7.7 Hz, D;0 exch.), 3.82 (3H, s), 3.74 (1H, m), 3.67 (1H, m), 3.61
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(1H, m), 3.36 (1H, d, J = 16.1 Hz), 3.24 (1H, d, J = 16.2 Hz), 2.94 (1H, d, J = 16.2 Hz), 2.92 (1H,
d, J=16.2 Hz), 2.79 (LH, br. s, D20 exch.), 1.84 (1H, m), 1.73 (1H, m), 0.93 (3H, t, J = 7.4 Hz),
0.87 (3H, d, J = 6.8 Hz), 0.83 (3H, d, J = 6.9 Hz); 13C NMR (126 MHz, CDCls) 5C 177.9, 155.9,
143.6, 128.7, 128.3, 117.0, 108.2, 64.7, 57.3, 55.2(4), 55.2(0), 42.9, 38.4, 32.1, 28.9, 18.4, 9.8;
HRMS (ESI) m/z: [M+Na]" calculated for [C1sH27NOsNa]* 328.1883, found 328.1879; IR (neat)
v = 3306, 3260, 3070, 2962, 2936, 2901, 2874, 2837, 1716, 1619, 1591, 1551, 1482, 1467, 1385,
1371, 1353, 1338, 1316, 1298, 1262, 1230, 1185, 1168, 1149, 1109, 1074, 1056, 1022, 1009, 967,

939, 885, 858, 828, 814, 765, 736, 703 cm™%; [a]4% —0.3 (¢ 1.0, CHCl3); Mp 123-125 °C.

(R)-N-((S)-1-Hydroxy-3-methylbutan-2-yl)-4-methoxy-2-propyl-2,3-dihydro-1H-indene-2-

carboxamide (335):

—

o/ \'N o OMe i. LIDBB, nPrl ~ o oMe
THF, 78 °C :
> ' H
S03 ii. 1,4-dioxane H
HCI, r.t. J

30%

Amide 335 was synthesised according to the example procedure using LiDBB (0.4 M, 1.65 mL,
0.664 mmol, 2.1 equiv), spirocycle 287 (120 mg, 0.316 mmol, 1 equiv), degassed dry THF (6 mL),
1-iodopropane (123 pl, 1.26 mmol, 4 equiv), which had been passed through a column of activated,
basic, Brockmann | aluminium oxide, 1,4-dioxane (6 mL) and 1 M HCl@q) (2.5 mL). EtOAc (3 %
20 mL) was employed for the aqueous work up with combined organic extracts dried over Na>SOs,
filtered, and concentrated to afford a yellow oil which was purified by column chromatography
(15 g SiO2, 40 — 60% EtOAC in hexanes). Amide 335 was isolated as a colourless oil (30 mg,
30%). H NMR (500 MHz, CDCls) 8H 7.15 (1H, dd, J = 7.8, 7.8 Hz), 6.81 (1H, d, J = 7.5 Hz),

6.68 (1H, d, J = 8.1 Hz), 5.71 (1H, br. d, J = 7.3 Hz, D20 exch.), 3.82 (3H, s), 3.71 (1H, m), 3.59

249



—3.68 (2H, m), 3.36 (1H, d, J = 16.1 Hz), 3.25 (1H, d, J = 16.2 Hz), 2.95 (1H, d, J = 16.0 Hz),
2.92 (1H, d, J = 16.1 Hz), 2.69 (1H, br. s, D20 exch.), 1.83 (1H, m), 1.61 — 1.78 (2H, m), 1.34
(2H, m), 0.90 (3H, t, 7.3), 0.87 (3H, d, J = 6.8 Hz), 0.82 (3H, d, J = 6.8 Hz); 3C NMR (126 MHz,
CDCls) 5C 178.1, 155.9, 143.5, 128.7, 128.3, 117.0, 108.2, 64.8, 57.3, 5.2, 54.9, 43.0, 41.8, 38.7,
28.9,19.5, 18.7, 18.3, 14.5; HRMS (APCI) m/z: [M+H]" calculated for [C1gH3oNOs]* 320.2226,
found 320.2228; IR (neat) # = 3302, 3253, 3068, 2958, 2937, 29.05, 2872, 2837, 1717, 1619, 1591,
1552, 1482, 1467, 1441, 1388, 1372, 1353, 1335, 1324, 1297, 1284, 1262, 1225, 1184, 1167, 1151,
1132, 1119, 1081, 1057, 1041, 1017, 993, 966, 940, 898, 888, 874, 862, 832, 817, 766, 736, 704

cm?; [a]3? —3.4 (¢ 1.0, CHCI3) Mp 114-115 °C.

(R)-N-((S)-1-Hydroxy-3-methylbutan-2-yl)-4-methoxy-2-(prop-2-yn-1-yl)-2,3-dihydro-1H-

indene-2-carboxamide (356):

OMe

i. LIDBB, ICH,CCH " o
_THR -78°C :
HO
\(:9:@ \/\N)‘\C©
S03 ii. 1,4-dioxane H ¢

HCI, r.t.
63% | |

Amide 356 was synthesised according to the example procedure using LiDBB (0.4 M, 690 ul, 0.28
mmol, 2.1 equiv), spirocycle 287 (50 mg, 0.13 mmol, 1 equiv), degassed dry THF (5 mL),
propargyl bromide (80% in PhMe, 50 pl, 0.53 mmol, 4 equiv), which had been passed through a
column of activated, basic, Brockmann | aluminium oxide, 1,4-dioxane (5 mL) and 1 M HClq)
(2.5 mL). EtOAc (3 x 20 mL) was employed for the aqueous work up with combined organic
extracts dried over Na»SOu, filtered, and concentrated to afford a yellow oil which was purified by
column chromatography (15 g SiO2, 40-60% EtOAc in hexanes). Amide 356 was isolated as a

slightly yellow oil (26 mg, 63%). 'H NMR (500 MHz, CDCls) H 7.16 (1H, dd, J = 8.2, 7.6 Hz),
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6.83 (1H, J = 7.6 Hz), 6.70 (1H, d, J = 8.2 Hz), 6.04 (1H, d, J = 7.9 Hz, D20 exch.), 3.82 (3H, s),
3.78 (1H, m), 3.69 (1H, dd, J = 11.2, 2.9 Hz), 3.62 (1H, dd, J = 11.2, 6.3 Hz), 3.20 (1H, d, J = 16.2
Hz), 3.23 (1H, d, J = 16.2 Hz), 3.16 (1H, d, J = 16.3 Hz), 3.07 (1H, d, J = 16.2 Hz), 2.59 (2H, m),
2.13 (1H, t, J = 2.3 Hz), 1.86 (1H, dqg, J = 6.9, 6.7, 6.7 Hz), 0.91 (1H, d, J = 6.7 Hz), 0.86 (1H, d,
J = 6.9 Hz); *C NMR (126 MHz, CDCls) 6C 176.3, 156.2, 142.7, 128.6, 128.0, 117.2, 108.4,
81.9,71.6, 64.2, 57.4, 55.2, 53.4, 42.4, 38.2, 29.0, 27.3, 19.5, 18.3; HRMS (ESI) m/z: [M+Na]"
calculated for [C19H25NOsNa]* 338.1727, found 338.1717; IR (neat) v = 3380, 3299, 2960, 2937,
2874, 2838, 1720, 1641, 1591, 1523, 1482, 1468, 1440, 1389, 1369, 1335, 1264, 1180, 1150, 1110,

1070, 976, 939, 911, 769, 735, 704, 638, 525 cm*; [a]3% —3.2 (¢ 1.0, CHCIs).

(R)-2-Benzyl-N-((S)-1-hydroxy-3-methylbutan-2-yl)-4-methoxy-2,3-dihydro-1H-indene-2-

carboxamide (357):

-

N
S

IR OMe i. LIDBB, BnBr ~ o PMe
THF, -78 °C :
S0; ii. 1,4-dioxane H p
HCI, r.t.
60%

Amide 357 was synthesised according to the example procedure using LiDBB (0.4 M, 1.65 mL,

0.664 mmol, 2.1 equiv), spirocycle 287 (115 mg, 0.316 mmol, 1 equiv), degassed dry THF (6 mL),
benzyl bromide (150 pl, 1.26 mmol, 4 equiv), which had been passed through a column of
activated, basic, Brockmann | aluminium oxide, 1,4-dioxane (6 mL) and 1 M HCl@q) (2.5 mL).
EtOAc (3 x 20 mL) was employed for the aqueous work up with combined organic extracts dried
over NaxSOs, filtered, and concentrated to afford a yellow oil which was purified by column
chromatography (15 g SiO2, 40 — 60% EtOAc in hexanes). Amide 357 was isolated as a white
solid (69 mg, 60%). *H NMR (500 MHz, CDCl3) §H 7.22 — 7.33 (5H, m), 7.19 (1H,t, J = 7.8
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Hz), 6.88 (1H, d, J = 7.4 Hz), 6.73 (1H, d, J = 8.2 Hz), 5.79 (1H, d, J = 7.7 Hz, D20 exch.), 3.86
(3H, s), 3.64 (1H, m), 3.52 (2H, m), 3.34 (1H, d, J = 15.8 Hz), 3.17 (1H, d, J = 13.3 Hz), 3.14 (1H,
d, J = 14.8 Hz), 3.10 (1H, d, J = 16.2 Hz), 3.05 (1H, d, J = 15.9 Hz), 2.98 (1H, d, J = 13.4 Hz),
2.40 (1H, br. s, D20 exch.), 1.70 (1H, m), 0.76 (3H, d, J = 6.8 Hz), 0.67 (3H, d, J = 6.8 Hz); 13C
NMR (126 MHz, CDCls) 8C 176.8, 156.0, 143.4, 138.1, 130.1, 128.5, 128.2, 128.2, 126.7, 117.2,
108.4, 64.1, 57.4, 56.8, 55.2, 43.6, 43.3, 37.3, 28.9, 19.3, 18.2; HRMS (APCI) m/z: [M+H]"
calculated for [C23H30NOs]* 368.22267, found 368.2231; IR (neat) v = 3421, 3303, 3254, 3067,
3029, 2957, 2933, 2901, 2873, 2833, 1622, 1591, 1520, 1497, 1483, 1470, 1455, 1443, 1388, 1370,
1354, 1334, 1300, 1263, 1225, 1181, 1165, 1150, 1111, 1086, 1070, 1048, 1029, 998, 966, 942,

923, 984, 881, 835, 819, 764, 735, 701, 674 cm™%; [a]4% —2.6 (c 1.0, CHCl3); Mp 146-147 °C.

(R)-2-Allyl-N-((S)-1-hydroxy-3-methylbutan-2-yl)-4-methoxy-2,3-dihydro-1H-indene-2-

carbox amide (358):

\
3 OMe

d \'N o OMe i. LIDBB, AllylBr ~ o
THF, —78 °C :

S0% ii. 1,4-dioxane H ®

HCI, rt. )

72% (9:1 d.r.)

Amide 358 was synthesised according to the example procedure using LiDBB (0.4 M, 3.3 mL, 1.3
mmol, 2.1 equiv), spirocycle 287 (224 mg, 0.590 mmol, 1 equiv), degassed dry THF (13 mL),
allyl bromide (205 pl, 2.36 mmol, 4 equiv), which had been passed through a column of activated,
basic, Brockmann I aluminium oxide, 1,4-dioxane (8 mL) and 1 M HClq) (4 mL). EtOAc (3 x 30
mL) was employed for the aqueous work up with combined organic extracts dried over Na;SOg,
filtered, and concentrated to afford a yellow oil which was purified by column chromatography

(20 g SiO2, 40-60% EtOAC in hexanes). Amide 358 was isolated as a colourless oil (135 mg, 72%).
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IH NMR (500 MHz, CDCls) 8H 7.15 (1H, dd, J = 8.2, 7.5 Hz), 6.82 (1H, J = 7.5 Hz), 6.69 (1H,
d, J = 8.2 Hz), 5.82 (1H, m), 5.71 (1H, d, J = 7.5 Hz, D0 exch.), 5.09 (2H, m), 3.82 (3H, s), 3.73
(1H, m), 3.59 — 3.67 (2H, m), 3.35 (1H, d, J = 16.2 Hz), 3.19 (1H, d, J = 16.2 Hz), 2.99 (1H, d, J
=16.2 Hz), 2.99 (1H, d, J = 16.2 Hz), 2.64 (1H, br. s, D20 exch.), 2.52 (1H, dd, J = 14.0, 7.3 Hz),
2.43 (1H, dd, J = 14.0, 7.2 Hz), 1.83 (1H, m), 0.88 (3H, d, J = 6.7 Hz), 0.83 (3H, d, J = 6.9 Hz);
13C NMR (126 MHz, CDCls) 5C 177.4, 156.0, 143.3, 134.3, 128.4 (2C), 118.4, 117.1, 108.3, 64.5,
57.3, 55.2, 54.2, 42.9, 42.5, 39.0, 29.0, 19.6, 18.4; HRMS (ESI) m/z: [M+Na]* calculated for
[C10H2sNO3]* 318.2062, found 318.2064; IR (neat) # = 33012, 2157, 3074, 3000, 2960, 2937,
2905, 2873, 2836, 1621, 1591, 1551, 1482, 1468, 1449, 1388, 1372, 1353, 1336, 1305, 1263, 1223,
1183, 1167, 1149, 1102, 1083, 1057, 1130,993, 966, 919, 886, 862, 834, 818, 765, 736, 704, 655

cm%; [a]32 —1.6 (¢ 1.0, CHCls); Mp 102-103 °C.

(R)-2-Allyl-N-((S)-1-hydroxy-3-methylbutan-2-yl)-4-phenyl-2,3-dihydro-1H-indene-2-

carboxamide (361)

i. LIDBB, AllylBr
THF, 78 °C

ii. 1,4-dioxane
HCI, r.t.

IH NMR (500 MHz, CDCl3) 8H 7.39 — 7.45 (4H, m), 7.35 (1H, m), 7.19 — 7.28 (4H, m), 5.78 (1H,
m), 5.67 (1H, d, J = 7.8 Hz, D20 exch.), 5.08 (1H, s), 5.05 (1H, d, J = 2.9 Hz), 3.70 (1H, m), 3.62
(1H, dd, J = 11.0, 3.3 Hz), 3.56 (1H, dd, J = 11.0, 6.2 Hz), 3.39 (1H, d, J = 15.9 Hz), 3.34 (1H, d,
J=16.2 Hz), 3.07 (1H, d, J = 15.8 Hz), 3.05 (1H, d, J = 16.1 Hz), 2.66 (1H, br. s, D20 exch.), 2.51
(1H, dd, J = 14.0, 7.3 Hz), 2.44 (1H, dd, J = 14.0, 7.2 Hz), 1.80 (1H, qqd, J = 6.8, 6.8, 6.8 Hz),

0.85 (3H, d, J = 6.8 Hz), 0.77 (3H, d, J = 6.8 Hz); 13C NMR (126 MHz, CDCls) 5C 177.0, 142.0,
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140.6, 138.7, 138.7, 134.2, 128.4 (two signals), 127.3, 127.2, 127.1, 123.5, 118.3, 64.1, 57.2, 54.5,
42.3,42.2,41.5,28.8, 19.5, 18.4; HRMS m/z: [M+Na]" calculated for [C24H29NO2Na]" 386.2090,
found 386.2090; IR (neat) v = 3289, 3240, 3083, 3067, 3052, 3032, 3000, 2962, 2944, 2907, 2874,
2849, 1619, 1557, 1500, 1466, 1449, 1428, 1388, 1372, 1353, 1336, 1306, 1278, 1265, 1244, 1224,
1179, 1154, 1136, 1099, 1078, 1062, 1048, 1026, 996, 964, 922, 891, 881, 851, 834, 821, 793,

757,737, 700, 655.

(R)-1-Allyl-N-((S)-1-hydroxy-3-methylbutan-2-yl)-3,3-dimethylcyclopentane-1-carbox

amide (362):
I\ o i. LIDBB, AllylBr o
oN THF, 78°C  HO_A\ A
HL I v H Me
SO € ii. 1,4-dioxane ) Me
Me HCI, r.t. Z

73%

Amide 362 was synthesised according to the example procedure using LiDBB (0.4 M, 2.8 mL, 1.1
mmol, 2.1 equiv), sulfone 350 (176 mg, 0.53 mmol, 1 equiv), degassed dry THF (10 mL), allyl
brmoide (185 pl, 2.14 mmol, 4 equiv), which had been passed through a column of activated, basic,
Brockmann | aluminium oxide, 1,4-dioxane (12 mL) and 1 M HClg) (6 mL). EtOAc (4 x 20 mL)
was employed for the aqueous work up with combined organic extracts dried over NaxSOa,
filtered, and concentrated to afford a yellow oil which was purified by column chromatography
(20 g SiO2, 45% EtOAcC in hexanes). Amide 362 was isolated as a colourless oil as 4:1 mixture of
diastereomers (104 mg, 73%). Major isomer: *H NMR (500 MHz, CDCls) 6H 5.78 (1H, m, D20
exch.), 5.72 (1H, m), 5.06 (1H, dd, J = 10.2, 1.2 Hz), 5.03, (1H, d, J = 1.0 Hz), 3.71 (1H, m), 3.63
(2H, m), 3.05 (1H, broad s D20 exch.), 2.38 (1H, dd, J = 14.0, 2.4 Hz), 2.31 (1H, dd, J = 14.0, 2.3

Hz), 2.11 (1H, dt, J = 13.0, 7.5 Hz), 2.04 (1H, d, J = 13.7 Hz), 1.88 (1H, dqg, J = 6.8, 6.8, 6.8 Hz),
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1,69 (1H, dt, J = 13.2, 6.8 Hz), 1.48 (1H, t, J = 6.3 Hz), 1.42 (1H, d, J = 13.7 Hz), 1.04 (3H, d),
0.98 (3H, s), 0.94 (3H, d, J = 6.8 Hz), 0.91 (3H, d, J = 6.8 Hz); 13C NMR (126 MHz, CDCls) 5C
178.3, 134.7, 117.8, 64.2, 57.2, 54.7, 50.2, 45.4, 40.3, 39.0, 34.7, 30.4, 29.6, 29.0, 19.7, 18.8;
Minor isomer: *H NMR (500 MHz, CDClIs) 8H 5.78 (1H, m, D20 exch.), 5.72 (1H, m), 5.06 (1H,
dd, J=10.2, 1.2 Hz), 5.03, (1H, d, J = 1.0 Hz), 3.71 (1H, m), 3.63 (2H, m), 3.05 (1H, broad s D20
exch.), 2.38 (1H, dd, J = 14.0, 2.4 Hz), 2.31 (1H, dd, J = 14.0, 2.3 Hz), 2.18 (1H, dt, J = 13.1, 7.6
Hz), 1.97 (1H, d, J = 13.6 Hz), 1.88 (1H, dqg, J = 6.8, 6.8, 6.8 Hz), 1.69 (1H, dt, J = 13.2, 6.8 Hz),
1.48 (1H, t, J = 6.3 Hz), 1.42 (1H, d, J = 13.7 Hz), 1.04 (3H, d), 0.98 (3H, s), 0.94 (3H, d, J = 6.8
Hz), 0.91 (3H, d, J = 6.8 Hz); 13C NMR (126 MHz, CDCl3) 6C 178.4, 134.7, 117.8, 64.2, 57.2,
54.7,50.3,45.5,40.2, 39.1, 34.7, 30.4, 29.6, 29.0, 19.7, 18.8; HRMS m/z: [M+Na]" calculated for
[C16H20NO2Na]* 290.2096, found 290.2086; IR (neat) v = 3433, 3359, 3079, 3056, 3008, 2956,
2937, 2868, 1638, 1512, 1464, 1415, 1387, 1366, 1329, 1310, 1275, 1265, 1233, 1175, 1150, 1120,

1075, 995, 917, 764, 739, 703 cm ™1,

(R)-N-((S)-1-Hydroxy-3-methylbutan-2-yl)-2-methyl-1,2,3,4-tetrahydronaphthalene-2-

carboxamide (363):

o/ N ® i. LIDBB, Mel ~ o
\ THF, -78 °C :
SO5 ii. 1,4-dioxane Hwme

HCI, r.t.
76%

Amide 363 was synthesised according to the example procedure using LiDBB (0.4 M, 500 ul, 0.20
mmol, 2.1 equiv), spirocycle 347 (35 mg, 0.10 mmol, 1 equiv), degassed dry THF (24 mL), methyl
iodide (60 pl, 1.0 mmol, 10 equiv), which had been passed through a column of activated, basic,

Brockmann | aluminium oxide, 1,4-dioxane (10 mL) and 1 M HCl@gg) (5 mL). EtOAc (3 x 20 mL)
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was employed for the aqueous work up with combined organic extracts dried over NaxSOa,
filtered, and concentrated to afford a colourless residue which was purified by column
chromatography (12 g SiO2, 40 — 50% EtOAc in hexanes). Amide 363 was isolated as a colourless
oil (20 mg, 76%). 'H NMR (500 MHz, CDCl3) 8H 7.12 (4H, m), 5.73 (1H, d, J = 6.6 Hz, D20
exch.), 3.71 (1H, ddd, J = 7.2, 6.7, 3.5 Hz), 3.64 9 (1H, dd, J = 11.0, 3.5 Hz), 3.56 (1H, dd, J =
11.0, 6.7 Hz), 3.07 (1H, d, J = 17.5 Hz), 2.77 — 2.88 (2H, m), 2.62 (1H, broad s, D20 exch), 2.22
(1H, m), 1.66 — 1.77 (2H, m), 1.33 (3H, s), 0.69 (3H, d, J = 6.8 Hz), 0.60 (3H, d, J = 6.8 Hz); 13C
NMR (126 MHz, CDCls) 6C 178.3, 135.8, 134.3, 129.1, 128.8, 126.4, 126.2, 65.0, 57.2, 42.0,
39.1, 33.2, 28.7, 26.5, 25.9, 19.4, 17.7; HRMS (ESI) m/z: [M+Na]* calculated for
[C17H2502NNa]* 298.1778, found 298.1775; IR (neat) v = 3309, 3046, 3019, 2960, 2929, 2878,
2846, 2259, 1627, 1581, 1540, 1495, 1463, 1440, 1418, 1389, 1371, 1347, 1215m 1292, 1273,
1250, 1236, 1215, 1189, 1149, 1125, 1088, 1056, 1032, 1021, 998, 973, 958, 922, 910, 824, 799,

743, 661, 589, 566, 5515, 502, 484, 449, 439 cm™?; [a]32 +55.7 (¢ 1.0, CHCIl3); Mp 117-118 °C.

(R)-N-((S)-1-Hydroxy-3-methylbutan-2-yl)-1-methyl-3-methylenecyclopentane-1-carbox

amide (364):
/_§N o) i. LIDBB, Mel ~ o
o THF, 78 °C :
<05 ii. 1,4-dioxane Hme

HCI, r.t.
87%

Amide 364 was synthesised according to the example procedure using LiDBB (0.4 M, 530 ul, 0.21
mmol, 2.1 equiv), spirocycle 348 (31 mg, 0.10 mmol, 1 equiv), degassed dry THF (20 mL), methyl
iodide (62 pl, 1.0 mmol, 10 equiv), which had been passed through a column of activated, basic,

Brockmann I aluminium oxide, 1,4-dioxane (10 mL) and 1 M HClg) (5 mL). EtOAc (3 x 20 mL)
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was employed for the aqueous work up with combined organic extracts dried over NaxSOa,
filtered, and concentrated to afford a colourless residue which was purified by column
chromatography (10 g SiO2, 50 — 60% EtOAc in hexanes). Amide 364 was isolated as a colourless
oil (20 mg, 87%). 'H NMR (500 MHz, CDCls3) §H 5.79 (1H, s, D20 exch), 4.96 (1H, s), 4.89 (1H,
s), 3.73 (2H, m), 3.64 (1H, m), 2.73 (1H, d, J = 16.1 Hz), 2.67 (1H, s, D20 exch), 2.44 (2H, m),
2.26 (1H, d, J = 16.0 Hz), 2.13 (1H, dt, J = 12.6, 8.3 Hz), 1.90 (1 H, d of septets, J = 6.8, 6.8 Hz),
1.67 (1H, dt, J = 12.7, 7.3 Hz), 1.28 (3H, s), 0.96 (3H, d, J = 6.8 Hz), 0.92 (3H, d, J = 6.8 Hz);
13C NMR (126 MHz, CDCls) 8C 178.7,150.4, 107.1, 64.5, 57.1,49.7, 44.6, 37.1, 30.5, 29.1, 24.2,
19.6, 18.6; HRMS (APCI) m/z: [M+H]" calculated for [C13H2402N]* 226.1801, found 226.1806;
IR (neat) v = 3351, 3069, 2961, 2929, 2873, 1724, 1636, 1522, 1464, 1388, 1370, 1304, 1267,
1228, 1174, 1127, 1072, 1034, 950, 925, 879, 734, 702, 609, 479, 423 cm™*; [a]3? +48.1 (c 1.0,

CHCIy).

(R)-N-((S)-1-Hydroxy-3-methylbutan-2-yl)-2-methyl-4-phenyl-2,3-dihydro-1H-indene-2-

carboxamide (365):

i. LiDBB, Mel
O THF, -78 °C
HY
ii. 1,4-dioxane
HCI, r.t.

62%

Amide 365 was synthesised according to the example procedure using LiDBB (0.4 M, added until
colour persisted), spirocycle 349 (43 mg, 0.10 mmol, 1 equiv), degassed dry THF (5 mL),
iodomethane (25 pl, 0.40 mmol, 4 equiv), which had been passed through a column of activated,
basic, Brockmann | aluminium oxide, 1,4-dioxane (10 mL) and 1 M HClg) (5 mL). EtOAc (3 x

20 mL) was employed for the aqueous work up with combined organic extracts dried over Na;SOa,
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filtered, and concentrated to afford a yellow oil which was purified by column chromatography (8
g SiO2, 10-60% EtOAc in hexanes). Amide 365 was isolated as a slightly yellow solid (21 mg,
62%). 'H NMR (500 MHz, CDCl3) 8H 7.42 (4H, m), 7.34 (1H, m), 2.27 (1H, m), 7.22 (2H, m),
5.71 (1H, d, J = 7.1 Hz, D20 exch.), 3.59 — 3.73 (2H, m), 3.6 (1H, m), 3.49 (1H, d, J = 16.0 Hz),
3.48 (1H, d, J = 15.6 Hz), 2.94 (1H, d, J = 15.4 Hz), 2.92 (1H, d, J = 16.0 Hz), (1H, broad s, D20
exch.), 1.84 (1H, d of septets, J = 6.8, 6.8 Hz), 1.37 (3H, s), 0.88 (3H, d, J = 6.8 Hz), 0.81 (3H, d,
J = 6.8 Hz); HRMS (ESI) m/z: [M+Na]" calculated for [C22H27NO2Na]* 338.2115, found
338.2118; 3C NMR (126 MHz, CDCls) 6C 178.7, 142.3, 140.7, 139.1, 138.8, 128.5, 128.4, 127 .4,
127.3,127.1, 123.8, 64.6, 57.3, 50.5, 44.8, 44.0, 29.0, 25.1, 19.6, 18.4; IR (neat) v = 3348, 3058,
2959, 2928, 2872, 1638, 1519, 1465, 1426, 1386, 1370, 1312, 1265, 1142, 1072, 1027, 978, 920,
889, 789, 757, 736, 700, 670, 590, 569, 519, 444 cm™?; [a]3? —4.1 (c 1.0, CHCls3); Mp 140-142

°C.

(S)-N-((S)-1-Hydroxy-3-methylbutan-2-yl)-1,3,3-trimethylcyclopentane-1-carboxamide

(366):
o NP i. LIDBB, Mel ~ o
THF, -78 °C :
Hmw‘ HO\/\”)%OVM
S0% € . 1,4-dioxane Me' e
Me HCI, r.t. Me
45% 2:1dur.

Amide 366 was synthesised according to the example procedure using LiDBB (0.4 M, 640 ul, 0.25
mmol, 2.1 equiv), sulfone 350 (40 mg, 0.12 mmol, 1 equiv), degassed dry THF (4 mL),
iodomethane (30 ul, 0.49 mmol, 4 equiv), which had been passed through a column of activated,
basic, Brockmann I aluminium oxide, 1,4-dioxane (5 mL) and 1 M HClg) (5 mL). EtOAc (15 %

30 mL) was employed for the aqueous work up with combined organic extracts dried over Na>SOs,
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filtered, and concentrated to afford a yellow oil which was purified by column chromatography
(10 g SiO2, 30% EtOAC in hexanes). Amide 366 was isolated as a colourless oil as 2:1 mixture of
diastereomers (13 mg, 45%). Major isomer: *H NMR (500 MHz, CDCls) 8H 5.71 (1H, broad s,
D20 exch.), 3.72 (2H, m), 3.66 (1H, m), 2.66 (1H, broad s, D20 exch.), 2.23 (1H, m), 2.06 (1H, d,
J=13.4 Hz), 1.9 (1H, dqq, J = 6.8, 6.8, 6.8 Hz), 1.51 — 1.63 (4H, m), 1.37 (1H, d, J = 13.4 Hz),
1.31 (3H, s), 1.07 (3H, s), 1.01 (3H, s), 0.97 (3H, d, J = 6.8 Hz), 0.94 (3H, d, J = 6.8 Hz); 13C
NMR (126 MHz, CDCls) 8C 180.2, 64.8, 57.3, 52.3, 50.6, 40.7, 39.5, 37.2, 30.6, 29.7, 29.1, 27.8,
19.7, 18.8; Minor isomer: *H NMR (500 MHz, CDCls) 8H 5.71 (1H, broad s, D2O exch.), 3.72
(2H, m), 3.66 (1H, m), 2.66 (1H, broad s, D20 exch.), 2.23 (1H, m), 2.07 (1H, d, J = 13.4 Hz), 1.9
(1H, dqg, J = 6.8, 6.8, 6.8 Hz), 1.51 — 1.63 (4H, m), 1.36 (1H, d, J = 13.4 Hz), 1.31 (3H, s), 1.07
(3H, s), 1.01 (3H, s), 0.97 (3H, d, J = 6.8 Hz), 0.94 (3H, d, J = 6.8 Hz); 3C NMR (126 MHz,
CDCls) 6C 180.3, 64.8, 57.3,52.2, 50.6, 40.7, 39.5, 37.3, 30.6, 29.7, 29.1, 27.9, 19.7, 18.8; HRMS

m/z: [M+Na]" calculated for [C1aH2702NNa]" 264.1934, found 264.1943.

(R)-N-((S)-1-Hydroxy-3-methylbutan-2-yl)-3,3-dimethyl-1-(3-methylbut-2-en-1-yl)cyclo

pentane-1-carboxamide (367):

i. LiDBB
§‘ Mej/\/Br
I\ o Me ~ o

Oo__N 780 :
Hm = HO\/\NJ\’<:|r
Y AMe i i H Me
SO ii. 1,4-dioxane
2 Me HCI, r.t. Me_ Me
14%

Me
2:1dr.

Amide 367 was synthesised according to the example procedure using LiDBB (0.4 M, 620 ul, 0.25
mmol, 2.1 equiv), sulfone 350 (39 mg, 0.12 mmol, 1 equiv), degassed dry THF (4 mL),

iodomethane (55 ul, 0.48 mmol, 4 equiv), which had been passed through a column of activated,
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basic, Brockmann I aluminium oxide, 1,4-dioxane (5 mL) and 1 M HClg) (5 mL). EtOAc (15 %
30 mL) was employed for the aqueous work up with combined organic extracts dried over Na2SOa,
filtered, and concentrated to afford a yellow oil which was purified by column chromatography
(10 g SiO2, 25% EtOAC in hexanes). Amide 367 was isolated as a colourless oil as 2:1 mixture of
diastereomers (5 mg, 14%). Major isomer: *H NMR (500 MHz, CDCl3) 8H 5.72 (1H,d, J=7.0
Hz, D20 exch.), 5.11 (1H, tt, J = 7.1, 1.3 Hz), 3.71 (2H, m), 3.60 (1H, dd, J = 10.9, 6.5 Hz), 2.76
(1H, broad s, D20 exch.), 2.32 (2H, m), 2.14 (1H, dt, J = 13.0, 7.5 Hz), 2.05 (1H, d, J = 13.6 Hz),
1.88 (1H, dqq, , J = 6.8, 6.8, 6.8 Hz), 1.70 (3H, s), 1.67 (1H, m), 1.62 (3H, s), 1.51 (2H, t,, J=7.1
Hz), 1.43 (1H, d, , J = 13.6 Hz), 1.06 (3H, s), 1.01 (3H, s), 0.95 (3H, d, J = 6.8 Hz), 0.92 (3H, d, J
=6.8 Hz); *C NMR (126 MHz, CDCls) 8C 179.1, 134.5, 120.7, 64.9, 57.5, 55.0, 50.6, 40.5, 39.3,
39.1, 35.0, 30.5, 29.7, 29.2, 26.0, 19.6, 18.6, 18.1; Minor isomer: *H NMR (500 MHz, CDCl3) 6H
5.72 (1H, d, J = 7.0 Hz, D20 exch.), 5.11 (1H, tt, J = 7.1, 1.3 Hz), 3.71 (2H, m), 3.60 (1H, dd, J =
10.9, 6.5 Hz), 2.78 (1H, broad s, D20 exch.), 2.32 (2H, m), 2.19 (1H, dt, J = 13.1, 7.5 Hz), 2.00
(1H, d, J = 13.4 Hz), 1.88 (1H, dqq, , J = 6.8, 6.8, 6.8 Hz), 1.70 (3H, s), 1.67 (1H, m), 1.62 (3H,
s), 1.51 (2H, t,, J = 7.1 Hz), 1.45 (1H, d, , J = 13.4 Hz), 1.06 (3H, s), 1.00 (3H, s), 0.95 (3H, d, J
= 6.8 Hz), 0.92 (3H, d, J = 6.8 Hz); 13C NMR (126 MHz, CDCl3) 6C 179.2, 134.5, 120.7, 65.0,
57.6, 54.9, 50.6, 40.4, 39.3, 39.2, 35.0, 30.5, 29.7, 29.1, 26.0, 19.6, 18.6, 18.1; HRMS m/z:

[M+H]* calculated for [C1sH3402N]" 296.2584, found 296.2580.
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5.2.3 DFT Calculations

All DFT calculations were conducted using Gaussian 16, Revision B.01. Calculations were
run at the B3LYP/6-311+G(d,p) with THF solvation. All thermochemistry was determined using

frequency calculations on stationary points.

Spirocycle 350:

C 0.62618 -1.38118 -0.18881
C -0.02929 -0.91849 1.15102
c -0.13531 0.64927 1.33721
H 0.25097 -0.7791 -0.98977
H 0.54427 -1.35061 1.94403
H 0.38536 -2.40798 -0.36915
H -1.03716 -1.2763 1.18403
H -0.85684 1.00829 0.63341
C -0.48782 2.54362 2.58020
H -0.70833 3.1003 3.46716
H -1.11554 2.91897 1.79924
C 2.40453 0.92865 1.26986
N 1.09334 1.5148 1.13182
S 2.40852 -1.29361 -0.05473
@) 3.03097 0.88433 2.36071
@) 2.84946 -2.00998 1.38808
@) 3.11771 -2.09686 -1.33553
C 2.95041 0.36451 -0.02632
C 4.49496 0.36804 -0.24184
C 2.45064 1.2979 -1.16835
C 4.73836 1.59986 -1.08935
H 4.75257 -0.45297 -0.87778
H 5.04923 0.28431 0.66955
C 3.61622 1.32666 -2.13113
H 2.38598 2.29722 -0.79112
H 1.49553 1.01648 -1.55963
H 4.56955 2.5118 -0.55606
H 5.7253 1.64501 -1.49997
C 3.48223 2.41031 -3.21755
H 4.3722 2.43176 -3.81163
H 2.64227 2.1875 -3.84168
H 3.33969 3.36429 -2.75452
C 3.82435 -0.01734 -2.85298
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Enolates derived from Spirocycle 350:
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.98468
.71431
.91856
.976

.51904
.5233

.56045
. 74397
.12376
.86022
.29321
.357

.89904
.73624
.31992
. 6237

| |
P OO s DWW wwdhDNDO OO

AG® = 0 kcal/mol

.89391
.365

.43786
.95705
.54413
.43427
. 75915
.37631
.34848
.05797
.9834
.26287
.9833
.11432
.03558
.51014
.74148
.45442
.92028
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.21556
.02976
.80006
.55831
.23199
.92735
.8341

.41306
.36412
L7061

.5058

.94377
.6061

.89509
.03635
.03262

.24052

0.
-0.
-1.
.92272
-0.
.27563
.55257
.97532
.33811
.89251
.25903
.55485
.34496
.36188
.06093
.41757
.12555
.07693

60109
87624
01816

40957

-3.
-3.
.12963
.19844
.06093
.75492
.50901
.51854
.20855
.27645
.76469
.89968
.75824
.58985
.14645
.72760
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48596
44545

.14975
.66654
.91732
.62228
.08219
.39512
.715770
.36084
.09696
.01978
.14377
.68314
.15406
.10481
.29372
.23211
.00586
.92801
.92263
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AG° = 1.7 kcal/mol

.40049
.08533
.19753
.78082
.54806
.29499
.91204
.06886
.78159
.17503
.23744
.62243
.48253
.28581
.00756
.25231
.09877
.95348
.45278
. 71065
.28073
.11137
.47585
.88143
.8837
.86577
.68134
.08527
.22795
.46652

.89391
.365

.43786
.95705
.54413
.43427
.75915
.37631
.34848
.05797
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-0

0

.62348
.3032

.42228
.78982
.54375
.90695
.93392
.3841

.78934
.5044

.6895

.80469
.78419
.49041
.14614
.82211
.30715
.94392
.28334
.65609
.47533
.60894
.83247
.72502
.82098
.6655

.20674
.1648

.25487
L4799

.24052

0.
-0.
-1.
-1.
-0.
.27563
-0.

0.

0.

60109
87624
01816
92272
40957

55257
97532
33811

-1

.43000
.81378
.61806
.72184
.78772
.29490
.59586
.63582
.22381
.28098
.01233
.32500
.47098
.71362
.44174
.28205
.81094
.55058
.94251
.77579
.90949
.54490
.30025
.18343
.26290
.56279
.36840
.11571
.33640
.37805

.14975
0.
.91732
-0.
-1.
.39512
-0.
.36084
-0.
.01978

66654

62228
08219

75770

09696
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0.9834
-1.26287
-0.9833
-0.11432

1.03558

1.51014
-0.74148
-0.45442
-1.92028
-4.40049
-5.08533
-5.19753

1.78082
.54806
.29499
.91204
.06886
.78159
.17503
.23744
.62243
.48253
.28581
.00756
.25231
.09877
.95348
.45278
.71065
.28073
.11137
.47585
.88143
.8837
.86577
.68134
.08527
.22795
.46652

BW s WORPRPORPRWEeEEDNNMNMNNOORFRFONMNWEDNDNDRE WDN

"y

29

AG® = 0.9 kcal/mol

-1.2443
-1.86119

264

0.89251
1.25903
2.55485
2.3449¢6
3.36188
3.06093
2.41757
3.12555
3.07693
-1.62348
-0.3032
-2.42228
-0.78982
-1.54375
-0.90695
-1.93392
-1.3841
-0.78934
-1.5044
-2.6895
-2.80469
4.78419
5.49041
5.14614
4.82211
3.30715
3.94392
2.28334
3.65609
-2.47533
-3.60894
-3.83247
-3.72502
-4.82098
-3.6655
-3.20674
-4.1648
-3.25487
-2.4799

-0.30366
0.18556

.14377
.68314
.15406
.10481
.29372
.23211
.00586
.92801
.92263
.43000
.81378
.61806
.72184
78772
.29490

2.59586
-0.63582
-1.22381
-1.28098

1.01233
-0.32500

0.47098

0.71362
-0.44174

1.28205
-0.81094
-0.55058
-0.94251
-1.77579

0.90949

1.54490
-0.30025
-1.18343
-0.26290

0.56279
-1.36840
-1.11571
-2.33640
-1.37805

|
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.67059
.13

.53519
.77608
.23132
.1187
.1236
.91285
.89368
.0321
.1511
.53092
.2528
.03843
.0267
.99362
.29715
.24412
.00721
.12935
.1448
.07371
.18768
.12704
.90347
.33357
. 79185
.04363
.34138
.277747
.54623
.61827
.28961
.3689
.14185
.01608
.43523
.20326
.60478
.60616
.90009
.36953
.92441
.95886
.83751
.29114
.575
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.0862
.91661
L4229
.17794
.70718
.026
.37925
.46614
.86422
.77899
.48821
.004
.59513
.94983
.78836
.62214
.21139
.3799
.64701
L7214
.16219
.93453
.35959
.57805
.44709
.66259
.84377
.23865
.78899
.15819
.11227
.08884
.9124
.47914
.26419
.95779
.17871
.51234
.53513
.89582
.01108
.88699
.50621
.78206
.41957
.94308
.29353

.14477
.73020
.49717
.21310
.22762
.41244
.25753
.69158
.74941
.65303
.29657
.18366
.53324
.27249
.06765
.15047
.08547
.19367
.38824
.58812
.56917
.66441
.28372
.33567
.98094
.26648
.90858
.78760
.99810
.82482
.10586
.00358
.40668
.12346
.80076
.84152
.62930
.68700
.09586
.35127
.718774
.91349
.57997
.80941
.64396
.36005
.79652
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AG® = 1.0 kcal/mol

.1503
.0303
.75223
.62279
.76876
.06884
.28064
.13517
.92467
.45089
.64447
.58866
.68124
.44789
.20328
.38248
.58677
. 75946
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.57751
.07826
.18945
.81939
.4929
.83604
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.20688
.09224
.18752
.44599
.0811
.91913
.6926
.31319
.48653
.88453
.11365
.78047
.1053
.40538
.82709
.11805
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-0.
-0.
-1.
-0.
.13597
.69262
.90863
.66077
.03134
.09247
.01053
.22575
.76089
.86418
.32475
.35984
.28478
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-1.
.75706
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.79746
.50555
.38497
.23578
.6646

.36964
.00739
.24394
.23241
.57335
.37456
.67995
.03266
.73674
.17509
.34691
.26951
.28991
.11223
.43996
.17264

(@}
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32047
58534
15107
10087

59449

|
NP OOORr OOoORr o

oONNORFr O O R

-1

.02764
.02685
.62249
.35457
.41308
.25203
.32266
.05514
.10963
.30584
-0.
.46728
. 75114
.02807
.61135
.49112
. 73380
.37772
.04029
.49187
.44297
.94112
.39362
.55016
.62322
.01276
.57437
. 73143
.49639
.35578
.74412
. 72566
.64442
.36027
.42533
.82956
.30650
.18842
.42100
.51900
.32329
.10485

52855
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Enolates derived from Spirocycle 287:

.59951
.25376
.09692
.7805

.5831

.69322
.90578

.09588
.48517
.59095
.44493
.53983
.46084
.90801
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AGe =

BwWWWwNORPREPEPWNOODOOR WE NE W

0 kcal/mol

.22699
.03983
.488

.75755
.95635
.54452
.53899
.79121
.95979
.13281
.54413
.46929
.04477
.94918
.32014
.47915
.35834
.35001
.93743
.53402
.76014
.96681
.03575
.37374
.51983
.70337
.06799
.62238
L74777
.50023
.87692
.30443
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.87402
.42884
.24836
.01607
.48973
.69222
.22042
.24754
.32744
.06503
.52331
.86424
.94581
.40846
.79099
.87769
.45798
.71055
.60156
.39116
.6909
.35737
.36928
.25973
.787
.46094
.03213
.41498
.77808
.21474
.09044
.92634

.62836
.96992
.15612
.73158
.43487
.51666
.86952

.17094
.75144
.88773
.68736
.26400
.37416
.66995
.31787
.09235
.26601
.39390
.54603
.80108
.18018
.12373
.57425
.19474
.51697
.26572
.29642
.91998
.83085
.06427
.27580
.72598
.04638
.10643
.03554
.43086
.05383
.39139
.19081
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AG° = 1.2 kcal/mol

2
2
1
3
4
4
1
0
0
0
2
1
0

-0.

.83149
.17901
.66376
. 75937
.20221
.08538
.55595
.14143
.16423
.84935
.67276
.91005
.55449
.35179
.26378
.33844
.02697
.22041
.22236

.4524
.33279
.89444
.92598
.06622
.52534
. 79329
.36825
.55985
.13248
.37434
.41036
.05132
54783
.40752
.67674
.59986
.51585
.72889
.66029
.17629
.0789
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-1

.90445
.89453
.86563
.91093
.8461

.07997
.90933
.12761
.9179

.22199
.63588
.88446
.80547
.43373
.4802

.16654
.54856
.30117
.69524

.61426
.82636
.3799
.65921
.47928
.93802
.26258
.25678
. 76947
.82248
.78298
.20105
.94183
.139

.72169
.68688
.25146
.61578
.30362
.40461
.02818
.21117

NP OOORrOOOoOo

.05801
.46930
.22304
.54587
.66321
.76558
.29807
.78910
.26995
.83007
.90524
.90503
.07070
.44516
.79910
.83920
.75888
.29732
.22798

.37447
.69193
.92644
. 76164
.83206
.19843
.67871
.35199
.35560
.56955
-0.
.09009
.43631
.35106
.88827
.21418
.32098
.01293
.43624
.10333
.90673
.61262

12148
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.60116
.26788
.7829

.39769
.11818
. 74075
.27785
.96847
.78623
.81916
.31759
.47365
.07347
.04728
.5548

.73544
.47703
.43427
.13848
.20004
.5145

.49692
.1892

.98621
.82093
.01015
.76188
.58078
.69473
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.00191
.68662
78711
.75294
.53897
.00208
.20491
.00032
.15693
.76587
.17419
.71488
.12376
.00855
.43739
.20377
.20942
.43204
.85799
.07589
.27903
.90834
.37789
. 74158
.92577
.68242
. 73646
.01432
.09607

NMNNOBRFR O ONE

(@)

.06493
.17608
.33606
.39254
.95449
.10620
.92410
.72739
.92847
.86045
.49091
.30418
.71548
.95712
.23511
.81856
.46895
.47531
.69917
.37763
.35060
.58914
.74718
.22794
.49770
.57136
.92598
.42380
.95547



5.3  Procedures for Chapter 3
5-(Vinyloxy)pent-2-yne (399):

OH o
K /\O/\ q
X Hg(OAc),, rt. A

Me

88% Me

3-pentyn-1-ol (1.84 mL, 20.0 mmol, 1 equiv) and Hg(OAc)2 (319 mg, 1.0 mmol, 0.05 equiv) were
dissolved in ethyl vinyl ether (39.4 mL, 400 mmol, 20 equiv) and left to stir at r.t. for 12 days. The
reaction solution was then washed with sat. NaHCOz (20 mL) and the organic phase dried over
Na>SO4 and filtered. Excess ethyl vinyl ether by simple distillation. Ene-yne 399 was purified by
fractional distillation (45 mmHg, 60-63 °C) and isolated as a clear colourless sweet-smelling liquid
(1.93 g, 88%). 'H NMR (500 MHz, CDCl3) H 6.49 (1H, dd, J = 14.4, 6.6 Hz), 4.22 (1H, dd, J =
14.4, 2.0 Hz), 4.04 (1H, dd, J = 6.7, 2.0 Hz), 3.78 (2H, t, J = 7.0 Hz), 2.52 (2H, tq, J = 7.0, 2.4
Hz), 1.81 (3H, t, J = 2.5 Hz); 3C NMR (126 MHz, CDCl3) 5C 151.5, 86.8, 77.1, 75.1, 66.5, 19.5,
3.5; HRMS (APCI) m/z: [M+H]" calculated for [C7H1101]* 111.0804, found 111.0806; IR (neat)
v = 3118, 2944, 2921, 2879, 2861, 1637, 1615, 1423, 1374, 1340, 1321, 1290, 1197, 1152, 1079,

1018, 998, 963, 945, 816, 700 cm ™1,

Dimethyl 4-methyl-2,3,5,7a-tetrahydrobenzofuran-6,7-dicarboxylate (398):

i. Grubbs Gen Il

N Ethene 1 atm o
DCM, rt. MeO,C
X ii. DMAD MeO,C Me

Me 80%

Ethylene was bubbled through a solution of ene-yne 399 (220 mg, 2.0 mmol, 1 equiv) in DCM (12
mL) before Grubbs generation two catalyst (17 mg, 0.020 mmol, 0.01 equiv) was added as a

solution in DCM (3 mL) via canula. The flask was then fitted with a balloon of ethylene and stirred
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at r.t overnight. Activated charcoal was added to the reaction and the solution filtered through a
small pad of celite. The filtrate was transferred to a vial and freshly distilled dimethyl
acetylenedicarboxylate (0.98 mL, 8.0 mmol, 4 equiv) added before the vial was sealed and the
reaction left to still at r.t. overnight. Solvent was removed by rotary evaporator and the resulting
residue purified by column chromatography (24 g SiO2, 0 — 45% EtOAc in hexanes, 30 mL/min,
15 min) to afford dihydroarene 398 as a white solid (400 mg, 80%). *H NMR (500 MHz,
CDCl3) 8H 4.77 (1H, m), 4.00 (2H, m), 3.86 (3H, s), 3.78 (3H, s), 3.11 (1H, dd, J = 22.0, 5.6 Hz),
2.90 (1H, dd, J = 22.1, 9.7 Hz), 2.64 (1H, m), 2.54 (1H, m), 1.79 (3H, s); 3C NMR (126 MHz,
CDCl3) 6C 167.6,166.4,137.8,131.0, 129.3,122.2,74.5, 66.9, 52.4 (2C), 34.0, 27.7, 18.9; HRMS
(ESI) m/z: [M+Na]* calculated for [C13H160sNa]* 275.0890, found 275.0881; IR (neat) v = 2952,
2913, 2859, 2813, 1721, 1648, 1434, 1385, 1350, 1259, 1212, 1147, 1114, 1086, 1013, 977, 956,

913, 844, 788, 763, 681 cm™; Mp 107-109 °C.

Dimethyl 4-methyl-2,3-dihydrobenzofuran-6,7-dicarboxylate (376):

0 o
MeOzc:@ DDQ MeOzcjﬁi
MeO,C Me PhH, rt. MeO,C Me

93%

DDQ (1.24 g, 5.45 mmol, 1 equiv) was added to a solution of dimethyl dihydroarene 398 (1.38 g,
5.45 mmol, 1 equiv) in benzene (36 mL). The solution was stirred at r.t. for 1 hour then filtered
through celite. The filtrate was concentrated to afford a solid residue which was purified by column
chromatography (24 g SiO2, 20 — 60% EtOAc in hexanes, 30 mL/min, 15 min) to afford
dihydrobenzofuran 376 as an off white solid (1.273 g, 93%). *H NMR (500 MHz, CDCl3) 6H 7.22
(1H, s), 4.70 (2H, t, J = 8.7 Hz), 3.90 (3H, s), 3.85 (3H, s), 3.16 (2H, t, J = 8.7 Hz), 2.28 (3H, s);

13C NMR (126 MHz, CDCls3) 8C 167.0, 167.0, 157.7, 136.4, 131.7, 129.3, 123.4, 113.4, 72.2,

271



52.6,52.5, 28.5, 19.0; HRMS (ESI) m/z: [M+Na]" calculated for [C13H140sNa]* 273.0733, found
273.0725. IR (neat) v = 3044, 3004, 2957, 2921, 2849, 1715, 1615, 1589, 1483, 1456, 1429, 1411,
1386, 1367, 1348, 1280, 1226, 1191, 1174, 1142, 1066, 1023, 1004, 978, 937, 928, 864, 808, 786,

773,736, 701 cm™!; Mp 104-105 °C.

One-Pot Procedure:

o~ i. Grubbs Gen Il o
q i. DMAD MeO,C
X iii. DDQ MeO,C Me

Me DCM, r.t.
42%

Grubbs generation two catalyst (68 mg, 0.080 mmol, 0.04 equiv) was added, as a solution in DCM
(2 mL), via canula to a solution of ene-yne 399 (220 mg, 2.0 mmol, 1 equiv) in DCM (8 mL) under
an atmosphere for argon. The reaction was stirred at r.t. for 14 hours at which point freshly distilled
dimethyl acetylenedicarboxylate (0.98 mL, 8.0 mmol, 4 equiv) was added and the resulting
solution allowed to stir at r.t. for 24 hours. DDQ (1.24 g, 5.45 mmol, 1 equiv) was then added and
the reaction stirred for an additional 3 hours. At this point volatiles were removed under reduced
pressure and the resulting black residue subjected to purification by column chromatorgraphy (30
g SiO2, 25% EtOAc in hexanes). Fractions in interest were combined and concentrated to afford a
solid which was taken up in a small volume of DCM and filtered through celite to remove
remaining 2,3-dichloro-5,6-dicyano hydroquinone. Concentration of the filtrate provided

dihydrobenzofuran 376 as a brown solid (210 mg, 42%).
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(4-Methyl-2,3-dihydrobenzofuran-6,7-diyl)dimethanol (415):

0 0
MeO,C

o HO
MeO,C Me THF, 0°C Me

LAH (141 mg, 3.72 mmol, 3 equiv) was added, in small portions, to a solution of

dihydrobenzofuran 376 (310 mg, 1.24 mmol, 1 equiv) in dry THF (20 mL), under argon at 0 °C.
The reaction was left to stir at 0 °C for 70 min. The reaction was then carefully quenched with
water (0.14 mL) and 15% KOHq) (0.14 mL) followed by a second portion of water (0.42 mL).
The solution was warmed to r.t. and left to stir vigorously for 45 min at which point a white solid
had formed. The solution was dried with Na;SO4and flirted through a pad of Celite-®. The filtrate
was concentrated to afford diol 415 as a white solid (229 mg, 95%). 'H NMR (500 MHz, DMSO-
ds) 8H 6.71 (1H, s), 5.01 (1H, t, J = 5.5 Hz, D20 exch.), 4.69 (1H, t, J = 5.4 Hz, D20 exch.), 4.53
(2H, d, J=5.4 Hz), 4.52 (2H, t, J = 8.6 Hz), 4.43 (2H, d, J = 5.4 Hz), 3.08 (2H, t, J = 8.6 Hz), 2.81
(3H, s); *H NMR (500 MHz, CDCls) 8H 6.68 (1H, s), 4.76 (2H, s), 4.67 (2H, s), 4.61 (2H, t, J =
8.7 Hz), 3.13 (2H, t, J = 8.7 Hz), 2.63 (2H, broad s, D20 exch.), 2.23 (3H, s); 13C NMR (126 MHz,
DMSO-dg) 5C 158.2, 141.5, 133.1, 124.9, 121.1, 118.2, 71.0, 61.2, 54.7, 28.7, 19.1; *C NMR
(126 MHz, CDCl3) 86C 158.6, 139.7, 134.5, 126.2, 122.9, 118.3, 71.4, 64.1, 56.9, 28.9, 18.8;
HRMS (ESI) m/z: [M+Na]" calculated for [C11H140sNa]* 217.0835, found 217.0831. IR (neat) v
= 3315, 3238, 2960, 2915, 1625, 1595, 1477, 1445, 1411, 1371, 1356, 1328, 1278, 1256, 1201,

1082, 1060, 1027, 1000, 949, 871, 847, 761, 726, 691 cm™; Mp 123-124 °C
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6,7-Bis(bromomethyl)-4-methyl-2,3-dihydrobenzofuran (375):

(0] (6]
HO o B
Me DCM, 0 °C r Me

100%

Phosphorus tribromide (51 pl, 0.54 mmol, 1 equiv) was added to a solution of diol 415 (104 mg,
0.535 mmol, 1 equiv) in dry DCM (10 mL) under argon at 0 °C. The reaction was left to stir at 0
°C for 6 hours then quenched with sat. NaHCOs3 (3 mL) and stirred at 0 °C for 5 min before being
diluted with water (7 mL). The phases were separated, and the aqueous phase extracted with DCM
(1 x 15 mL). Combined organic extracts were dried over NaSOs, filtered, and concentrated to
afford dibromide 375 as a slightly off-white solid (172 mg, 100%). 'H NMR (500 MHz,
CDCl3) 8H 6.70 (1H, s), 4.69 (2H, s), 4.67 (2H, t, J = 8.6 Hz), 4.60 (2H, s), 3.13 (2H, t, J = 8.6
Hz), 2.22 (3H, s); 13C NMR (126 MHz, CDCls) 6C 159.1, 136.1, 135.7, 127.5, 124.2, 115.6, 71.9,
30.4, 28.9, 24.4, 18.9; LRMS (C1) m/z: 240.9 (M—Br, 100.0), 238.9 (M—Br, 100.0), 195.1 (16.1),
161.1 (18.7), 160.1 (85.1); IR (neat) v = 3028, 2972, 2915, 2853, 1723, 1622, 1585, 1478, 1450,
1439, 1412, 1379, 1334, 1291, 1263, 1244, 1221, 1149, 1116, 1088, 1040, 999, 976, 911, 864,

824, 737,676 cm™t; Mp 139-140 °C.
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(3'S,7R,9a'R)-3"'-Isopropyl-4-methyl-2,2',3,3",6,8,9',9a"-octahydro-5'H,8"H-spiro[indeno[4,5-

b]furan-7,6'-oxazolo[3,2-d][1,4]thiazepin]-5'-one 7*,7'-dioxide (374):

0 0 KOH(aq) o 0
BuyNI 50 mol% o_ N
(\ Br A\
o‘&_/SO Y oBr THF, 0 °C ; %
H 2 Me ; SO; Me

70%

KOHag) (50 wt%, 2 mL) was added drop-wise to a solution of sulfone 277 (80 mg, 0.32 mmol, 1.5
equiv), dibromide 375 (69 mg, 0.22 mmol, 1 equiv), and TBAI (40 mg, 0.11 mmol, 0.5 equiv) in
THF (4 mL) at 0 °C. The reaction was then vigorously stirred for 18 hours then diluted with H.O
(10 mL) and extracted with DCM (3 x 20 mL). Combined organic extracts were dried over Na;SOg,
filtered, and concentrated to afford a yellow solid. The solid was subjected to column
chromatography (10 g SiO2, 0 — 5% EtOAc in DCM, R =0.22 in 5% EtOAc in DCM) and afforded
spirocycle 374 as a white solid (61 mg, 70%). *H NMR (500 MHz, CDCls) 6H 6.48 (1H, s), 5.58
(1H, J = 9.6 Hz), 4.60 (2H, t, J = 8.7 Hz), 4.39 (1H, q, J = 4.4 Hz), 4.24 (1H, d, J = 17.4 Hz), 3.96
(2H, d, J = 4.6 Hz), 3.75 (1H, d, J = 16.0 Hz), 3.74 (1H, d, J = 17.4 Hz), 3.68 (1H, m), 5.57 (1H,
d, J = 16.0 Hz), 3.32 (1H, dg, J = 15.3, 2.8 Hz), 3.06 (2H, t, J = 8.7 Hz), 2.57 (1H, m), 2.23 — 2.31
(2H, m), 2.19 (3H, s), 0.82 (3H, d, J = 7.0 Hz), 0.75 (3H, d, J = 6.9 Hz); 3C NMR (126 MHz,
CDCIs3) 6C 163.0, 155.2,137.8,133.7, 125.1, 118.0, 116.0, 87.7, 77.4, 71.6, 64.5, 63.4, 48.1, 40.1,
33.0, 31.8, 28.6, 27.6, 19.1, 189, 16.0; HRMS (ESI) m/z: [M+Na]® calculated for
[C21H27NOsSNa]* 428.1508, found 428.1483; IR (neat) v = 2961, 2930, 2873, 1732, 1623, 1600,
1483, 1457, 1445, 1406, 1389, 1372, 1312, 1292, 1264, 1227, 1202, 1185, 1167, 1129, 1096, 1085,
1050, 1030, 1000, 969, 952, 910, 899, 888, 878, 840, 811, 797, 756, 732, 702 cm™*; [a]3% —212.1

(c 1.0, CHCls); Mp 229-231 °C.
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(R)-N-((S)-1-Hydroxy-3-methylbutan-2-yl)-4,7-dimethyl-3,6,7,8-tetrahydro-2H-indeno[4,5-

b]furan-7-carboxamide (416):

O/ \'N 0 1% i. LIDBB, Mel ~ o %
H\‘\'K/ THF, =78 °C Ho\/:\N
SO% Me ii. 1,4-dioxane Hme™ Me

HCI, r.t.
78%

LiDBB (0.4 M, 2.1 equiv, 2.6 mL) drop-wise to a solution of spirocycle 374 (190 mg, 0.47 mmol,
1 equiv), that had been azeotropically dried with PhMe (2 x 15 mL), in dry and degassed THF (12
mL) at —78 °C. Following the addition, the solution left to stir at —78 °C for 20 min. lodomethane
(117 pl, 1.87 mmol, 4 equiv), which had been passed through a column of basic Al.Oz, was then
added drop-wise via glass syringe and the reaction allowed to stir at —78 °C for 6 hours. The
reaction was warmed to r.t. and all volatiles removed under reduced pressure. The resulting residue
was dissolved in 1,4-dioxane (10 mL) and 1 M HClg) (5 mL) added. After stirring at r.t. for 12
hours the solution was adjusted to pH 7 with NaOHgq) (15% w.t.) and allowed to stir at r.t for 1
hour before being extracted with EtOAc (3 x 15 mL). Combined organic extracts were dried over
Na.SOg, filtered, and concentrated to afford a yellow solid which was purified by column
chromatography (10 g SiO», 40-50% EtOACc in hexanes, Rt = 0.20 in 50% EtOAc in hexanes).
Amide 416 was isolated as a white solid (116 mg, 78%). *H NMR (500 MHz, CDCls) 8H 6.55
(1H, s), 5.75 (1H, d, J = 7.5 Hz, D,0 exch.), 4.58 (2H, dd, J = 9.8, 1.2 Hz), 3.61-3.75 (3H, m),
3.33 (1H, d, J = 15.7 Hz), 3.23 (1H, d, J = 15.6 Hz), 3.09 (2H, t, J = 8.7 Hz), 2.78 (1H, d, J = 15.7
Hz), 2.78 (1H, d, J = 15.6 Hz), 2.75 (1H, d, J = 5.2 Hz, D,0 exch.), 2.14 (3H, s), 1.89 (1H, m),
1.38 (3H, s), 0.91 (3H, d, J =6.8 Hz), 0.86 (3H, d, J = 6.8 Hz); 13C NMR (126 MHz, CDCl3) 8C
178.9, 155.7,142.8, 133.4,124.1, 119.0, 117.5, 71.5, 64.6, 57.3, 50.7, 44.4, 40.3, 29.0, 28.7, 25.7,

19.6, 19.0, 18.5; HRMS (ESI) m/z: [M+Na]" calculated for [C19H27NOsNa]*™ 340.1889, found
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340.1873; IR (neat) v = 3340, 3001, 2960, 2926, 2869, 2853, 1637, 1596, 1524, 1481, 1458, 1417,
1386, 1369, 1320, 1292, 1256, 1188, 1140, 1126, 1075, 1034, 1005, 976, 961, 933, 895, 841, 731

cm?; [a]3? +54.8 (¢ 1.0, CHCIs); Mp 149-152 °C.

(R)-4,7-Dimethyl-3,6,7,8-tetrahydro-2H-indeno[4,5-b]furan-7-carboxylic acid (417):

\z/ 0 0 “ 0 (0]
: H
HO\/\N R 2 4 HO R
Hme' Me 1/4-dioxane, 80 °C Me' Me

90%

4 M H2SO4(aq) (1 mL) was added dropwise to a solution of amide 416 (27 mg, 0.085 mmol) in 1,4-
dioxane (2 mL). The solution stirred at 80 °C for 8 hours. The reaction was cooled to r.t., diluted
with H20 (5 mL), and extracted with Et,O (3 x 15 mL). Combined organic extracts were dried
over NaxSOq, filtered, and concentrated to afford a brown solid which was purified by column
chromatography (5 g SiO2, 3% EtOAc, 1% AcOH in DCM, Rt = 0.20 in 1% AcOH in DCM).
Carboxylic acid 417 was isolated as a white solid (26.4 mg, 90%). *H NMR (500 MHz, CDCls) 8H
11.57 (1H, br. s, D20 exch.), 6.55 (1H, s), 4.59 (2H, t, J = 8.6 Hz), 3.44 (1H, d, J = 15.9 Hz), 3.38
(1H, d, J = 15.8 Hz), 3.09 (2H, t, J = 8.6 Hz), 2.77 (1H, d, J = 15.9 Hz), 2.77 (1H, d, J = 15.8 Hz),
2.22 (3H, s), 1.40 (3H, s); 3C NMR (126 MHz, CDCl3) 5C 184.1, 155.7, 142.5, 133.2, 124.0,
119.0, 117.3, 71.5, 49.9, 43.8, 39.8, 28.7, 25.0, 19.0; HRMS m/z: [M—-H] ~ calculated for
[C14aH1503]™ 231.1027, found 231.1017; IR (neat) v = 3036, 2970, 2915, 2855, 2695, 2675, 2590,
2524,1734,1694, 1636, 1590, 1536, 1480, 1457, 1432, 1414, 1383, 1368, 1354, 1307, 1295, 1254,
1231, 1178, 1140, 1116, 1090, 1071, 1029, 1003, 977, 965, 938, 895, 868, 845, 795, 769, 739, 706

cm L.
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(R)-Puraquinonic acid (164):

0
o) © 0
AcOOH/ACOH OH
HO N HO S
Me' Me DCM, 0°C Me' Me
0

84%

Peracetic acid (39 wt. % in acetic acid, 500 pl) was added dropwise to a solution of carboxylic
acid 417 (5.0 mg, 0.022 mmol) in DCM (1.0 mL) at 0 °C. The reaction was stirred at 0 °C for 2
hours then diluted with H20 (5 mL) and extracted with Et2O (2 x 5 mL). Combined organic extracts
were washed with an additional portion of H.O (5 mL). The phases were separated, and the
aqueous phase extracted with Et2O (5 mL). All organic extracts were dried over Na>SOg, filtered,
and concentrated to afford a yellowish residue. The residue was purified by column
chromatography (2 g SiO2, 0 to 5% MeOH in DCM) to provide (R)-puraquinonic acid as a yellow
film (4.9 mg, 84%). Characterisation was consistant with previous reports of (R)-Puraquinonic
acid.2>2 14 NMR (500 MHz, CDCls) 6H 3.77 (2H, t, J = 6.4 Hz), 3.39 (2H, m), 2.80 (2H, t, J =
6.4 Hz), 2.76 (2H, m), 2.08 (3H, s), 1.43 (3H, s); 3C NMR (101 MHz, CDCls) 5C 186.2, 185.7,
180.5, 145.7, 145.3, 142.8, 141.4, 61.5, 46.8, 42.3, 42.3, 29.9, 25.7, 12.2; HRMS (ESI) m/z:
[M+Na]* calculated for [C14H160sNa]* 287.0890, found 287.0899; IR (neat) v = 3440, 2925, 1707,
1647, 1607, 1431, 1376, 1334, 1265, 1209, 1110, 1037, 1021, 908, 801, 733, 702 cm%; [a]32 +3.5

(c 0.5, CHCls).
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Benzyl (R)-(1-(methoxymethoxy)-3-methylbutan-2-yl)carbamate (430):

i. DIPEA, CbzCl

\I DCM, 0 °C to r.t. \I
HO ~  MOMO
NH, ii. DIPEA, MOMCI NHCbz

DCM, r.t.
94%

DIPEA (870 pl, 5.0 mmol, 1 equiv) and benzyl chloroformate (896 ul, 5.25 mmol, 1.05 equiv)
were added to a solution of (R)-valinol (515 mg, 5.00 mmol, 1 equiv) in DCM (25 mL) at 0 °C.
The reaction was then warmed to r.t. and left to stir overnight. At this time TLC inspection showed
no (R)-valinol. A second portion of DIPEA (1.74 mL, 10.0 mmol, 2 equiv) was added followed by
chloromethyl methyl ether (570 pl, 7.50 mmol, 1.5 equiv). The reaction was then left to stir at r.t.
for 24 hours before being diluted with sat. NH4Cl@g) (30 mL) and extracted with DCM (2 x 50
mL). Combined organic extracts were dried over MgSOs, filtered, and concentrated to afford a
yellow-orange liquid. The liquid was purified by column chromatography (24 g SiO», 0 — 60%
EtOAc in hexanes, 30 mL/min, 15 min) to afford carbamate 430 as a clear colourless viscous liquid
(1.32 g, 94%). *H NMR (500 MHz, CDCls) 8H 7.31 — 7.39 (5H, m), 5.13 (2H, s), 4.97 (1H, d, J
= 8.2 Hz, D;0 exch.), 4.62 (2H, s), 3.64 (1H, m), 3.54 (1H, dd, J = 9.8, 3.7 Hz), 3.36 (3H, s) 1.92
(1H, m), 0.99 (3H, d, J = 6.8 Hz), 0.96 (3H, d, J = 6.8 Hz); *H NMR (500 MHz, DMSO-ds) 5H
7.35 (4H, m), 7.30 (1H, m), 7.13 (1H, d, J = 8.6 Hz, D20 exch.), 5.02 (2H, s), 4.54 (2H, m), 3.47
(2H, m), 3.40 (1H, m), 3.23 (3H, s), 1.78 (1H, dqq, J = 6.8, 6.8, 6.7 Hz), 0.86 (3H, d, J = 6.8 Hz),
0.84 (3H, d, J=6.8 Hz); 3C NMR (126 MHz, CDCls) 8C 156.14, 136.7, 128.5, 128.1, 96.7, 68.1,
66.7, 56.2, 55.4, 29.6, 19.5, 18.7; 13C NMR (126 MHz, DMSO-ds) 6C 156.2, 137.4, 128.3, 127.7,
127.6, 95.7, 67.5, 65.0, 55.8, 54.6, 29.0, 19.3, 18.0; HRMS (ESI) m/z: [M+Na]" calculated for

[C15H23NO4Na]* 304.1519, found 304.1516; IR (neat) v = 3335, 3067, 3033, 2959, 2933, 2882,
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2824,2770, 1698, 1587, 1529, 1466, 1455, 1403, 1389, 1370, 1334, 1310, 1280, 1230, 1152, 1109,

1026, 956, 918, 846, 824, 775, 738, 697 cm ™~

(R)-1-(Methoxymethoxy)-3-methylbutan-2-amine (431):

\:( Pd/C, H, \:(
MOMO MOMO
NHCbz MeOH NH,

46%

Pd/C (5 wt%, 10 mg, 4.7 nmol, 5 mol%) was added to a solution of carbamate 430 (200 mg, 0.71
mmol, 1 equiv) in MeOH (1 mL) under an argon atmosphere at r.t. The flask was then equipped
with a balloon of H, with the Hz allowed to bubble through the solution for 5 min to remove argon.
The reaction was then allowed to stir at r.t. under a H, atmosphere for 40 min at which point TLC
indicated the reaction was complete. The solution was filtered through a small pad of celite and
rinsed with Et20. The filtrate was diluted with sat. NaHCO3 (10 mL) then extracted with Et.O (3
x 20 mL). Combined organic extracts were dried over Na>SOs, filtered, and concentrated to afford
amine 431 as a slightly yellow liquid (48 mg, 46%) which was used without further purification.
IH NMR (500 MHz, CDCl3) $H 4.58 (2H, m), 3.53 (1H, dd, , J = 9.3, 3.5 Hz), 3.31 (3H, s), 3.28
(1H, dd, , J = 9.5, 8.2 Hz), 2.68 (1H, ddd, J = 8.2, 5.9, 3.7 Hz), 1.59 (1H, dq, J = 6.8 Hz) 1.58 (2H,
br. s, D20 exch.); *C NMR (126 MHz, CDCls) 5C 96.6, 71.3 56.2, 30.8, 19.2, 18.0; HRMS
(APCI) m/z: [M+H]" calculated for [C7H18NO2]* 148.1332, found 148.1326; IR (neat) v = 3381,
3302, 2955, 2929, 2877, 2825, 2774, 1728, 1611, 1592, 1566, 1466, 1437, 1388, 1368, 1297, 1268,

1218, 1193, 1143, 1108, 1041, 999, 917, 858, 840, 793, 770, 735, 699 cm ™™,
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(R)-N-((R)-1-(Methoxymethoxy)-3-methylbutan-2-yl)-4,7-dimethyl-3,6,7,8-tetrahydro-2H-

indeno[4,5-b]furan-7-carboxamide ((R,R)-432):

o} 0
;( i EDC-HCI, HOA ;( o
> MOMO
MOMO * HOT Y N™
NH, Me' Vo DCM/DMF, r.t. Hye' Ve

98%

EDC-HCI (19 mg, 0.097 mmol, 1.5 equiv), and HOAt (13 mg, 0.097 mmol, 1.5 equiv) were added
to a solution of carboxylic acid 417 (15 mg, 0.065 mmol, 1 equiv) in 6:1 DCM/DMF (1.75 mL) at
0 °C. The solution was stirred at 0 °C for 15 minutes before amine 431 (29 mg, 0.20 mmol, 3
equiv) was added as a solution in DCM (1 mL) via syringe. The reaction was then warmed to r.t.
and left to stir overnight. The reaction was diluted with H.O (8 mL) and then extracted with Et2O
(3 x 20 mL). Combined organic extracts were dried over Na;SOs, filtered, and concentrated to
afford a yellowish residue. The residue was purified by column chromatography (8 g SiO2, 40%
EtOAc in hexanes) to afford amide (R,R)-432 as a colourless liquid (25 mg, 98%). *H NMR (500
MHz, CDCls) 8H 6.57 (1H, s), 5.88 (1H, d, J = 9.0 Hz, DO exch.), 4.60 (2H, t, J = 8.5 Hz), 4.60
(2H, s), 3.90 (1H, m), 3.73 (1H, dd, J = 10.2, 3.7 Hz), 3.47 (1H, dd, J = 10.2, 3.9 Hz), 3.37(1) (1H,
d, J = 15.7 Hz), 3.37(0) (3H, s), 3.25 (1H, d, J = 15.7 Hz), 3.11 (2H, t, J = 8.7 Hz), 2.79 (1H, d, J
= 15.6 Hz), 2.78 (1H, d, J = 15.8 Hz), 2.24 (3H, s), 1.91 (1H, qqd, J = 7.5, 7.5, 7.5 Hz), 1.38 (3H,
s), 0.97 (3H, d, J = 6.8 Hz), 0.91 (3H, d, J = 6.9 Hz); 13C NMR (126 MHz, CDCl3) 5C 177.1,
155.8, 143.0, 133.2, 124.0, 119.1, 117.4, 96.9, 71.5, 68.4, 55.4, 53.9, 50.7, 44.1, 40.2, 29.5, 28.8,
25.8, 19.6, 19.0, 18.8; HRMS (ESI) m/z: [M+Na]* calculated for [Co1Hs10sNNa]* 384.2145,
found 384.2148; IR (neat) v = 3448, 3346, 2958, 2927, 2821, 1728, 1641, 1595, 1522, 1479, 1459,
1417, 1386, 1370, 1318, 1290, 1258, 1214, 1187, 1141, 111, 1075, 1035, 1005, 976, 963, 920,

895, 840, 776, 733, 702 cm ™1,
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(R)-5-(2-Hydroxyethyl)-N-((R)-1-(methoxymethoxy)-3-methylbutan-2-yl)-2,6-dimethyl-4,7-

dioxo-2,3,4,7-tetrahydro-1H-indene-2-carboxamide ((R,R)-433):

0 o)
0 ACOOH " OH
MOMO N - -~ MOMO N
ACOH/DCM, r.t.
HMme Me 129, r HMme Me
0

Peracetic acid (39% in AcOH, 500 pl) was added to a solution of amide (R,R)-432 (5.0 mg, 0.014
mmol) in DCM (1 mL). The reaction stirred at r.t. for 1 hour. The reaction was then diluted with
H>0 (5 mL) and extracted with DCM (2 x 10 mL). Combined organic extracts were dried over
Na>SOg, filtered, and concentrated to afford a yellow residue. The residue was purified by
preparative TLC (230-400 mesh silica, 2% MeOH in DCM) to afford the desired quinone (R,R)-
433 as a yellow film (2.1 mg, 42%). *H NMR (400 MHz, CDCls) §H 5.95 (1H, d, J=9.2 Hz, D;O
exch.), 4.61 (2H, m), 3.86 (1H, m), 3.76 (2H, m), 3.65 (1H, m), 3.48 (1H, m), 3.37 (3H, s), 3.36
(1H, m), 3.33 (LH, m), 2.79 (2H, t, J = 6.6 Hz) 2.73 (1H, m), 2.69 (1H, m), 2.08 (3H, s), 1.91 (1H,
m), 1.61 (1H, t, J = 5.3 Hz, D20 exch.), 1.38 (3H, s), 0.97 (3H, d, J = 6.7 Hz), 0.93 (3H, d, ] = 6.8
Hz); 3C NMR (126 MHz, CDCls) 6C 186.4, 185.9, 175.7, 145.9, 145.6, 142.8, 141.4, 97.0, 68.6,
61.5, 55.5, 54.3, 47.8, 42.8, 42.6, 29.9, 29.6, 26.6, 19.6, 19.2, 12.2; HRMS (ESI) m/z: [M+Na]"
calculated for [C21H3106NNa]* 416.2044, found 416.2052; IR (neat) v = 3352, 2959, 2926, 2874,
2855, 1725, 1639, 1530, 1462, 1377, 1267, 1215, 1148, 1110, 1035, 955, 920, 735, 702, 603, 541

cm L,

282



(R)-N-((S)-1-(Methoxymethoxy)-3-methylbutan-2-yl)-4,7-dimethyl-3,6,7,8-tetrahydro-2H-

indeno[4,5-b]furan-7-carboxamide ((R,R)-433):

~ o 0O ~ o 0
Ho\/.\N . MOMCI, DIPEA X MOMO\/.\N .
Hve Me DCM, rt. Hue Me

100%

DIPEA (54 pl, 0.32 mmol, 10 equiv) followed by MOMCI (20 pl, 0.15 mmol, 8 equiv) were added
to a solution of amide 416 (10 mg, 0.032 mmol, 1 equiv) in DCM (3 mL) at r.t. and left to stir at
overnight. The reaction was quenched with sat. NH4Cl (5 mL) and the resulting solution extracted
with DCM (3 x 10 mL). Combined organic extracts were dried over Na>SOs, filtered, and
concentrated to afford a yellow residue which was purified by column chromatography (3 g SiO2,
40% EtOAc in hexanes) affording amide (R,S)-432 as a white film (11 mg, 97%). *H NMR (500
MHz, CDCls) 8H 6.55 (1H, s), 5.85 (1H, d, J = 9.1 Hz, D,0 exch.), 4.58 (2H, t, J = 8.7 Hz), 4.58
(s, 2H), 3.88 (1H, m), 3.70 (1H, dd, J = 3.8, 10.2 Hz), 3.46 (1H, dd, J = 3.8, 10.2 Hz), 3.35 (1H,
d, 15.6 Hz), 3.35 (3H, s), 3.24 (1H, d, J = 15.5 Hz), 3.09 (2H, t, J = 8.2 Hz), 2.76 (1H, d, J = 15.5
Hz), 2.76 (1H, d, J = 15.5 Hz), 2.22 (3H, s), 1.88 (1H, m), 1.36 (3H, s), 0.94 (3H, d, J = 6.8 Hz),
0.88 (3H, d, J = 6.9 Hz); 13C NMR (126 MHz, CDCls) C 177.1, 155.7, 142.9, 133.2,123.9, 119.1,
117.5,96.9,71.5,68.4,55.4,53.8,50.7,44.1, 40.2, 29.5, 28.7, 25.8, 19.6, 19.0, 18.8; HRMS (ESI)
m/z: [M+Na]* calculated for [C2:H31NOsNa]* 384.2145, found 384.2133. IR (neat) v = 3345,
2958, 2967, 1639, 1595, 1525, 1460, 1417, 1386, 1290, 1256, 1214, 1187, 1143, 1112, 1075, 1036,

1006, 958, 920, 841, 730, 578, 536, 428 cm ™.
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(R)-5-(2-Hydroxyethyl)-N-((S)-1-(methoxymethoxy)-3-methylbutan-2-yl)-2,6-dimethyl-4,7-

dioxo-2,3,4,7-tetrahydro-1H-indene-2-carboxamide ((R,S)-433):
" 0o 0 N

0
> (0]
OH
MOMO\/\N . AcOOH/AcOH R MOMO\/\N
Hve Me CHCls, rt. Hve™ Me
65%

(0]

Peracetic acid (39% in AcOH, 50 ul) was added to a solution of amide (R,S)-432 (10 mg, 0.028
mmol) in CHCIs (1 mL). The reaction stirred at r.t. for 10 hours. The reaction was then diluted
with sat. NaHCO3(q) (1 mL) and extracted with DCM (3 x 2 mL). Combined organic extracts were
dried over Na>SOy, filtered, and concentrated to afford a yellow residue. The residue was purified
by preparative TLC (230-400 mesh silica, 2% MeOH in DCM) to afford quinone (R,S)-433 as a
yellow film (7.2 mg, 65%). Spectra agreed with previous reports.’® 'H NMR (400 MHz,
CDCl3) 8H 5.96 (1H, d, J = 9.1 Hz, D20 exch.), 4.60 (2H, m), 3.85 (1H, m), 3.75 (3H, m), 3.47
(1H, dd, J = 10.3, 3.5 Hz), 3.37 (3H, s), 3.36 (1H, m), 3.32 (1H, m), 2.79 (2H, t, J = 6.5 Hz) 2.73
(1H, d, J = 3.3 Hz), 2.68 (1H, d, J = 3.4 Hz), 2.07 (3H, s), 1.91 (1H, m), 1.38 (3H, s), 0.97 (3H, d,
J=6.7 Hz), 0.93 (3H, d, J = 6.8 Hz); 1*C NMR (101 MHz, CDCls) 5C 186.4, 185.9, 175.8, 145.9,
1455, 142.7,141.4,97.0, 68.5, 61.5, 55.5, 54.3, 47.8, 42.7, 42.6, 29.9, 29.6, 26.5, 19.5, 19.1, 12.2;

HRMS (ESI) m/z: [M+Na]* calculated for [C2:H3:0sNNa]* 416.2044, found 416.2049.

(R)-4-Methoxy-2-methyl-2,3-dihydro-1H-indene-2-carboxylic acid (437):

0  Hso, o)
HO
\/\N)‘\Oij dloxane/HZO HO 3
reflux Me

100%

OMe

4 M H2SOa(aq) (6 mL) was added dropwise to a solution of amide 353 (118 mg, 0.40 mmol) in 1,4-

dioxane (6 mL). The solution stirred at reflux for 4 hours. The reaction was cooled to r.t., diluted
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with H20 (20 mL), and extracted with Et,O (3 x 25 mL). Combined organic extracts were dried
over MgSOy, filtered, and concentrated to afford carboxylic acid 437 as a yellow-brown solid. *H
NMR (500 MHz, CDCls) 8H 11.59 (1H, br. s, D20 exch.), 7.15 (1H, dd, J = 7.8, 7.8 Hz), 6.81
(1H, d, J = 7.8 Hz), 6.69 (1H, d, J = 7.8 Hz), 3.82 (3H, s), 3.53 (1H, d, J = 16.0 Hz), 3.42 (1H, d,
J=16.4 Hz), 2.86 (1H, d, J = 16.4 Hz), 2.84 (1H, d, J = 16.0 Hz), 1.41 (3H, s); 3C NMR (126
MHz, CDClz) 8C 183.8, 156.1, 143.0, 128.7, 128.1, 117.0, 108.1, 55.2, 49.2, 44.2, 40.7, 25.1;
HRMS (APCI) m/z: [M-H] ~ calculated for [C12H1303]™ 205.0870, found 205.0862; IR (neat) v
= 3080, 2933, 2706, 2607, 1699, 1590, 1485, 1471, 1439, 1312, 1290, 1261, 1231, 1124, 1120,

1076, 941, 926, 763, 737 cm ™.

Isopropy! ((R)-4-methoxy-2-methyl-2,3-dihydro-1H-indene-2-carbonyl)-L-prolinate ((R,S)-

435):

o
o OMe NO/Q 0P o OMe
NH \(
HO™ N7
Me EDC-HCI, HOAt Me'

DCM/DMF, r.t
98%

EDC<HCI (14.4 mg, 0.075 mmol, 1.5 equiv) and HOAt (10.2 mg, 0.075 mmol, 1.5 equiv) were
added to a solution of carboxylic acid 437 (10.0 mg, 0.05 mmol, 1 equiv) in a 1:1 solution of DCM
and DMF (0.5 mL) at 0 °C. The solution was stirred at 0 °C for 15 min before isopropyl-L-proline
(60 mg, 0.38 mmol, 7.6 equiv) was added dropwise as a solution in DCM and DMF (1:1, 0.6 mL).
After being left to stir at r.t overnight, the reaction was diluted with sat. NH4Clq) (2.5 mL) and
H20 (2.5 mL) with the resulting solution extracted with Et,O (2 x 20 mL). Combined organic
extracts were dried over Na2SOs, filtered, and concentrated to afford an off-white solid. The solid
was purified by column chromatography (10 g SiO2, 40% EtOAc in hexanes) to provide amide

(R,S)-435 as a white solid (17 mg, 98%). Spectra are in agreement with data reported for the
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product.?2 'H NMR (500 MHz, CDCls) 8H 7.15 (1H, dd, J = 8.1, 7.4 Hz), 6.82 (1H, d, J = 7.4 Hz),
6.68 (1H, d, J = 8.1 Hz), 5.03 (1H, qqg, J = 6.3, 6.2), 4.50 (1H, dd, J = 8.4, 4.0 Hz), 3.82 (1H, s),
3.75 (1H, m), 3.69 (1H, m), 3.61 (1H, d, J = 16.3 Hz), 3.33 (1H, d, J = 16.1 Hz), 2.95 (1H, d, J =
16.1 Hz), 2.87 (1H, d, J = 16.3 Hz), 2.15 (1H, m), 2.06 (1H, m), 1.96 (1H, m), 1.90 (1H, m), 1.37
(3H, s), 1.26 (3H, d, J = 6.3 Hz), 1.21 (3H, d, J = 6.2 Hz); 13C NMR (126 MHz, CDCls) 5C 175.8,
172.1,156.1, 143.0, 128.3, 128.0, 117.1, 107.8, 68.1, 60.7, 55.1, 49.7, 47.6, 44.8, 40.1, 28.1, 25.6,
25.0, 21.8, 21.7; HRMS (APCI) m/z: [M+H]* calculated for [C20H2804N]* 346.2013, found
346.2016; IR (neat) v = 2976, 2937, 2877, 1734, 1625, 1592, 1485, 1401, 1372, 1265, 1108, 1076,

922, 767, 729, 707 cm ™.,

Isopropy! ((R)-4-methoxy-2-methyl-2,3-dihydro-1H-indene-2-carbonyl)-D-prolinate (R,R)-

435):

0
/.
K\
o OMe O (o/k 0P o OMe
)KC@ NH \( f KC@
HO™ > G\l
Me' EDC-HCI, HOAt Me'

DCM/DMF, r.t
75%

EDC<HCI (24 mg, 0.12 mmol, 1.5 equiv) and HOAt (17 mg, 0.12 mmol, 1.5 equiv) were added to
a solution of carboxylic acid 437 (17 mg, 0.082 mmol, 1 equiv) ina 1:1 solution of DCM and DMF
(0.5 mL) at 0 °C. The solution was stirred at 0 °C for 15 min before isopropyl-D-proline (52 mg,
0.33 mmol, 4.0 equiv) was added dropwise as a solution in DCM and DMF (1:1, 0.6 mL). After
being left to stir at r.t for 12 h, the reaction was diluted with sat. NH4Clq) (2.5 mL) and H2O (2.5
mL) with the resulting solution extracted with Et2O (2 x 20 mL). Combined organic extracts were
dried over Na>SOs, filtered, and concentrated to afford an off-white solid. The solid was purified
by column chromatography (10 g SiO, 10 to 30% EtOAc in hexanes) to provide amide (R,R)-435

as a colourless film (15 mg, 75%). Spectra are in agreement with data reported for the product.??
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IH NMR (500 MHz, CDCls) 8H 7.15 (H, dd, J = 8.1, 7.5 Hz), 6.82 (1H, d, J = 7.5 Hz), 6.68 (1H,
d, J = 8.1 Hz), 5.03 (1H, qq, J = 6.3, 6.2 Hz), 4.50 (1H, dd, J = 8.6, 4.8 Hz), 3.82 (3H, s), 3.73
(1H, m), 3.64 (1H, m), 3.61 (1H, d, J = 16.3 Hz), 3.39 (1H, d, J = 16.3 Hz), 2.94 (1H, d, J = 16.3
Hz), 2.87 (1H, d, J = 16.3 Hz), 2.17 (1H, m), 2.06 (1H, m), 1.85 — 1.97 (2H, m), 1.36 (3H, s), 1.26
(3H, d, J=6.3 Hz), 1.19 (3H, d, J = 6.2 Hz); 2*C NMR (126 MHz, CDCl3) 5C 175.8, 172.1, 156.2,
143.0, 128.5, 128.0, 117.1, 68.1, 60.8, 55.1, 49.5, 47.6, 44.6, 40.5, 28.1, 25.7, 25.2, 21.8, 21.7;
HRMS (APCI) m/z: [M+H]* calculated for [C20H2804N]* 346.2013, found 346.2016; IR (neat) v
= 2976, 2937, 2877, 1734, 1625, 1592, 1485, 1401, 1372, 1265, 1185, 1108, 1076, 922, 767, 729,

707 cm L,
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5.4  Procedures for Chapter 4

5.4.1 Synthesis of Hybrid Inhibitors

2-(4-Bromophenyl)acetaldehyde (492):
i. Mg®, THF, reflux

/@/Br /©/\/ i. Oz, DCM /©/VO
—_—
Br ii. AllylBr Br ii. PPhg Br

82 % (two steps)

Four small chips of 1> were added to a suspension of magnesium turnings (2.55 g, 105 mmol) in
anhydrous THF (300 mL). The solution was then heated to reflux under an argon atmosphere until
the brown colour had dissipated to a light yellow. The solution was cooled to r.t. and 1,4-
dibromobenzene (23.6 g, 100 mmol) was added causing an exotherm which continued for
approximately 1 h. Allyl bromide (15.6 mL, 180 mmol) was then added and the reaction headed
to reflux for 6 h. The reaction was quenched with sat. NH4Cl@q) (200 mL) and H20 (50 mL) and
extracted with Et2O (1 x 250 mL) and EtOAc (2 x 250 mL). Combined organic extracts were dried
over Na>SO4 and concentrated to afford a yellow-orange liquid. The liquid was the subjected to
distillation using a 15 cm vigreux column (4 mmHg, 58 °C). This afforded 4-allyl bromobenzene
(491, contaminated with 1,4-diallyl benzene) as a colourless oil which was used without further
purification. A stream of Oz was passed through a solution of crude 4-allyl bromobenzene in DCM
at —78 °C until a vivid blue colour persisted. The stream of Ozwas then replaced with a stream of
O2 until the solution became colourless. The solution was then warmed to r.t. and placed in a water
bath before PPhs was added in small portions. PPhs addition was continued until a signal at —6.0
ppm could be observed in the 3P NMR spectrum (14.3 g, 54.6 mmol, 1 equiv). All volatiles were
then removed by rotary evaporation affording a thick residue. EtoO/pentane were then added to

force the precipitation of triphenylphosphine oxide as a white solid. The solid was filtered through
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a glass frit and the filtrate concentrated before being subjected to short-path distillation (6 mmHG,
104-106 °C). This afforded 492 as a waxy white solid (8.91 g, 82%). Spectra are in agreement with
data reported for the product.?® 'H NMR (400 MHz, CDCl3) 8H 9.74 (1H, t, J = 2.1 Hz), 7.50 (2H,

m), 7.09 (2H, m), 3.66 (2H, d, J = 2.1 Hz).
Ethyl (E)-4-(4-bromophenyl)but-2-enoate (523):

/@No PhsPCHCO,Et /@WOH
0
8 DCM, rt. Br

93%

Ethyl (triphenylphosphoranylidene)acetate (12.7 g, 36.5 mmol, 1.0 equiv) was added to a solution
of 492 in DCM (150 mL) at r.t. and left to stir under argon overnight. All volatiles were removed,
and the resulting residue passed through a plug of SiO eluting with 4% EtOAc in hexanes. The
filtrate was concentrated and subjected to column chromatography (50 g SiO2, 0 — 5% EtOAc in
hexanes) to provide ester 523 as a colourless oil (9.13 g, 93%). 'H NMR (500 MHz, CDCls) §H
7.44 (2H, m), 7.05 (3H, m), 5.79 (1H, dt, J = 15.6, 1.7 Hz), 4.18 (2H, q, J = 7.0 Hz), 3.47 (2H, dd,

J=6.7,1.4Hz),1.27 (3H,t,J =7.0 Hz).
(E)-4-(4-Bromophenyl)but-2-en-1-ol (493):

DIBAL
/@/\/\H/OH /O/\/\/OH
(0] PhMe, 0 °C
Br Br

98%

DIBAL-H (25 wt%, 1.74 mL, 2.61 mmol, 2.35 equiv) was added dropwise to a solution of ethyl
(E)-4-(4-bromophenyl)but-2-enoate (523) in PhMe (10 mL) at O °C under argon. After 2.5 h the
reaction was quenched with H20 (100 L) followed by KOH aq) (15 wt%, 100 uL) and finally H.O
(260 pL). The solution was then warmed to r.t. and stirred vigorously until a white solid had
formed then filtered through a pad of celite. The filtrate was concentrated, and the resulting residue
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subjected to column chromatography (24 g SiOz, 0 — 40% EtOAc in hexanes over 15 min).
Fractions of interest were combined and concentrated to afford 493 as a colourless oil (300 mg,
98%). 'H NMR (400 MHz, CDCl3) $H 7.41 (2H, m), 7.06 (2H, m), 5.82 (1H, m), 5.69 (1H, m),
4.13 (2H, d, J = 5.0 Hz), 3.34 (2H, d, J = 6.5 Hz), 1.34 (1H, br. s, D20 exch.); 33C NMR (126

MHz, CDCls) 6C 138.9, 131.5, 130.8, 130.7, 130.3, 119.9, 63.4, 38.0.
((2R,3R)-3-(4-Bromobenzyl)oxiran-2-yl)methanol (495):

Ti(OiPr), 10mol%
(-)-DET 12 mol%

~_OH  TBHP, 4AMS - //«,.W/\OH
o}
Br Br

DCM, -20 °C
75%, 97% ee

Ti(OiPr)s (185 pL, 0.616 mmol, 5.50 mol%) was added to a solution of allylic alcohol 493 (2.54
g, 11.2 mmol, 1 equiv), (-)-diethyl D-tartrate (130 pL, 0.748 mmol, 6.60 mol%), and crushed
molecular sieves (4 A3 g) in anhydrous DCM (25 mL) at —25 °C under an argon atmosphere. The
solution was allowed to age for 15 min before TBHP (7.13 mL, 39.2 mmol, 3.5 equiv) was added
dropwise over 5 min. The reaction was then stirred at —25 °C for 12 h before being filtered through
a pad of celite (2 g) and H20 (10 mL) added. The biphasic solution was stirred vigorously at 0 °C
for 1 h before NaOHg) (1M, 50 mL) was added and the stirring continued for an additional 30
min at 0 °C. The phases were then separated, and the aqueous phase extracted with DCM (5 x 50
mL). Combined organic extracts were dried over Na.SO4 and concnetarted to afford a colourless
oil which was subjected to column chromatography (24g SiO2, 0 — 50% EtOAc in hexanes over
30 min) to afford epoxide 495 as a colourless oil (2.05 g, 75%, 97% ee). *H NMR (400 MHz,
CDCls) 8H 7.44 (2H, m), 7.12 (2H, m), 3.91 (1H. ddd. J = 12.7, 5.1, 2.6 Hz), 3.65 (1H, ddd, J =
12.7,7.4, 4.1 Hz), 3.19 (1H, ddd, J = 8.2, 4.9, 2.2 Hz), 2.96 (1H, ddd, J = 4.0 2.4, 2.4 Hz), 2.90

(1H, dd, J = 14.7, 49 Hz), 2.84 (1H, dd, J = 14.7, 6.1 Hz), 1.57 (1H, dd, J = 7.3, 5.6 Hz, D20
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exch); 13C NMR (126 MHz, CDCls) 8C 135.9, 131.6, 130.7, 120.7, 61.2, 58.0, 55.4, 37.1; Chiral
HPLC: OD column 5 to 15% iPrOH in hexanes over 20 min, major enantiomer:13.5 min, minor

enantiomer: 14.9 min.
(2S,3S)-3-Azido-4-(4-bromophenyl)butane-1,2-diol (496):

TMSN, OH

Ti(OiPr), ~_-OH
TMSN3 (6.60 mL, 49.7 mmol, 3.0 equiv) was added to a solution of Ti(OiPr)s (7.40 mL, 24.9
mmol, 1.5 equiv) in anhydrous PhH (34 mL) at r.t. under an argon atmosphere. The reaction was
then heated to reflux for 4 h then cooled to r.t. and epoxide 495 (4.03 g, 16.6 mmol, 1 equiv) added
as a solution in PhH (8 mL). The reaction was stirred for an additional 30 min before being
quenched with H2SOaq) (5% v/v, 100 mL) and the resulting biphasic mixture extracted with DCM
(3 x 100 mL). Combined organic extracts were dried over Na>SO4 and concentrated to afford a
slightly yellow solid. The solid was subjected to recrystallisation from hot DCM to afford diol 496
as a white solid (3.89 g, 82%). *H NMR (400 MHz, DMSO-ds) 5H 7.51 (2H, m), 7.24 (2H, m),
5.21 (1H, d, J = 5.21, D0 exch.), 4.72 (1H, dd, J = 5.5, 5.5, D20 exch.), 3.61 (2H, m), 3.47 (2H,
m), 2.95 (1H, dd, J = 14.1, 3.2 Hz), 2.69 (1H, dd, 14.2, 9.9 Hz); *C NMR (126 MHz, DMSO-

de) 0C 138.1, 131.4, 131.2, 119.4, 73.1, 64.7, 62.5, 34.0.
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(2S,35)-3-Azido-4-(4-bromophenyl)-2-hydroxybutyl 4-methylbenzenesulfonate (498):

TsCl, Ets;N
OH DMAP 10 mol% OH

/@/Y'\/OH Bu,SnO 2 mol% /@/Y'\/OTS
N
Br N3 DCM, rt. Br 3

94%

TsClI (21.20 g, 6.31 mmol, 1.1 equiv) was added to a solution of diol 496 (1.64 g, 5.74 mmol, 1
equiv), EtsN (1.60 mL, 11.5 mmol, 2.0 equiv), Bu2SnO (29 mg, 0.12 mmol, 2.0 mol%), and DMAP
(70 mg, 0.57 mmol, 10 mol%) in anhydrous DCM (30 mL) at 0 °C under an argon atmosphere.
The reaction was then warmed to r.t. and left to stir for 3.5 h then adsorbed onto SiO; and subjected
to column chromatography (24 g SiO,, 0 — 100% EtOAc over 20 min) affording azide 498 as a
colourless oil (2.365 g, 94%). 'H NMR (500 MHz, CDCls) H 7.80 (2H, m), 7.44 (2H, m), 7.38
(2H, m), 7.11 (2H, m), 4.21 (1H, dd, J = 10.7, 3.1 Hz), 4.09 (1H, dd, J = 10.8, 6.0 Hz), 3.72 (1H,
m), 3.64 (1H, m), 3.03 (1H, dd, J = 14.2, 3.8 Hz), 2.75 (1H, dd, J = 14.2, 8.7 Hz), 2.48 (1H, d, J =
5.8 Hz, D20 exch), 2.46 (3H, s); 13C NMR (126 MHz, CDCls) 8C 145.5, 135.6, 132.2, 131.8,

131.2,130.1, 128.0, 121.0, 70.8(4), 70.8(1), 64.1, 36.1, 21.7.

(2R,3S)-3-Azido-4-(4-bromophenyl)-1-(isobutylamino)butan-2-ol (531):

o L
/@/Y\/OTS iBuNH,» /@/Y\/N
- =
Br Na THF, 50 °C Br N3

72%

iBUNH: (230 uL, 2.30 mmol, 6 equiv) was added to a solution of azide 498(169 mg, 0.384 mmol,
1 equiv) in THF (2 mL). The reaction was then warmed to 50 °C and left to stir overnight. An
additional portion of iBuNH2 (230 pL, 2.30 mmol, 6 equiv) was added and the reaction left for
another 10 h before being adsorbed onto SiO2 and subjected to column chromatography (10 g

Si02, 12 — 100% EtOAc in hexanes). Fractions of interest were combined and concentrated to
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afford amine 531 as an oil (95 mg, 72%). (*H NMR (400 MHz, CDCls) 6H 7.45 (2H, m), 7.14
(2H, m), 3.59 (2H, m), 2.98 (1H, dd, J = 14.3, 3.7 Hz), 2.90 (1H, dd, J = 12.1, 3.4 Hz), 2.71 (2H,
dd, J = 12.6, 8.4 Hz), 2.48 (2H, m), 1.78 (1H, qq, J = 6.7, 6.7 Hz), 0.94(2) (3H, d, J = 6.7 Hz),
0.93(9) (3H, d, J = 6.6 Hz); 13C NMR (126 MHz, CDCls) 6C 136.6, 131.6, 131.1, 120.7, 70.0,

66.6, 57.5, 50.7, 36.4, 28.3, 20.4(6), 20.4(5).

N-((2R,3S)-3-Azido-4-(4-bromophenyl)-2-hydroxybutyl)-N-isobutyl-4-nitrobenzene-

sulfonamide (499):

OH OH ~S
OH 1 O
/©/Y-\/N\)\ NeCl, EtN : N
DCM, 0 °C to r.t. /@/Y\/ J\
Br Ns 97% Br Ns

NsCI (673 mg, 3.04 mmol, 1.1 equiv) was added to a solution of amine 531 (943 mg, 2.76 mmol,
1 equiv) and Et3N (770 uL, 5.53 mmol, 2.0 equiv) in anhydrous DCM (10 mL) at 0 °C under an
argon atmosphere. The reaction was warmed to r.t. and left to stir for 4.5 h then adsorbed onto
SiO2 and subjected to column chromatography (24 g SiO2, 0 — 40% EtOAc in hexanes over 15
min). Fractions of interest were combined and concentrated to afford azide 499 as a viscous yellow
0il (1.41 g, 97%). *H NMR (500 MHz, CDCl3) §H 8.40 (2H, m), 8.00 (2H, m), 7.46 (2H, m), 7.16
(2H, m), 3.74 (1H, m), 3.56 (1H, m), 3.28 (1H, dd, J = 15.3, 9.2 Hz), 3.19 (2H, dd, J = 13.6, 2.6
Hz), 3.07 (2H, m), 2.92 (1H, dd, J = 13.4, 6.6 Hz), 2.78 (1H, dd, J = 14.3, 9.2 Hz), 1.84 (1H, qg,
J=6.6,6.6 Hz),0.93 (3H, d, J=6.6 Hz), 0.88 (3H, d, J = 6.6 Hz); 33C NMR (126 MHz, CDCl3) 6C

150.2,144.3,135.8,131.8,131.1, 128.5, 124 .5, 121.0, 71.5, 66.2, 58.5, 52.7, 36.2, 27.1, 20.0, 19.7.
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N-((2R,3S)-3-amino-4-(4-bromophenyl)-2-hydroxybutyl)-N-isobutyl-4-nitrobenzene-

sulfonamide (500)

N02 NOZ
39 e
[ON]] PPh3, H,O
oH>S8 3, Hz
/@/Y\/NJ\ THF r.t. /@/Y\/ J\
81%

N
Br 3

PPhs (384 mg, 1.46 mmol, 1.1 equiv) was added to a solution of azide 499 (700 mg, 1.33 mmol, 1
equiv) in THF (15 mL). The reaction was left to stir at r.t. for 30 min before H>O (400 uL) was
added and the reaction left overnight. An additional volume of H>O (200 puL) was added and the
reaction left at r.t. overnight. The reaction was diluted with H>O (15 mL) and sat. NaHCOz3(aq) (5
mL) and extracted with EtOAc (3 x 50 mL). Combined organic extracts were dried over Na;SO4
and concentrated to afford a yellow oil which was purified by column chromatography (40 g SiOa,
1.5/0.5/98 v/viv MeOH to EtsN to DCM) to provide amine 500 (540 mg, 81%). *H NMR (500
MHz, DMSO-ds) §H 8.37 (2H, m), 8.06 (2H, m), 7.45 (2H, m), 7.17 (2H, m), 4.72 (1H, d, J = 6.3
Hz, D20 exch.), 3.51 (1H, dd, J = 14.8, 2.2 Hz), 3.38 (1H, m), 3.12 (2H, dd, J = 14.2, 8.7 Hz),
2.94 (1H, dd, J = 13.8, 6.7 Hz), 2.78 (1H, dd, J = 13.4, 4.1 Hz), 2.71 (1H, m), 2.33 (1H, dd, J =
13.4, 9.2), 1.96 (1H, qq, J = 6.7, 6.7 Hz), 1.30 (2H, br. s, D20 exch.), 0.84 (3H, d, J = 6.6 Hz),
0.80 (3H, d, J=6.7 Hz); 1*C NMR (126 MHz, CDCl3) 56C 150.0, 145.0, 137.5, 131.8, 131.0, 128.5,

124.4,120.5, 72.7,57.7, 55.5, 52.0, 38.6, 26.9, 20.0, 19.9.
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(S)-2-Acetamido-N-((2S,3R)-1-(4-bromophenyl)-3-hydroxy-4-((N-isobutyl-4-nitrophenyl)-
sulfonamido)butan-2-yl)-3-methylbutanamide (501):

NO, NO,
o/©/ EDC-HCI, HOBt o/©/
Osd Ac-Val-OH Osd

OH S _ Aoveron |

70%
NH HN (0]
Br 2 Br

To a flask charged with HOBt (88 mg, 0.66 mmol, 1.2 equiv), N-acyl valine (104 mg, 0.66 mmol,
1.2 equiv), and EDC-HCI (126 mg, 0.66 mmol, 1.2 equiv) cooled to 0 °C was added anhydrous
DMF (1 mL) and anhydrous DCM (1 mL). The solution was left to stir at 0 °C for 15 min before
amine 500 (273 mg, 0.55 mmol, 1 equiv) was added as a solution in 1:1 DMF to DCM (3 mL) via
canula. The reaction was then left to stir at 0 °C for another 15 min before being warmed to r.t.
and left overnight. DCM was removed by rotary evaporation and H.O (10 mL) added to the
remaining residue and the resulting solution extracted with EtOAc (3 x 15 mL) to afford a cloudy
solution. The solution was made homogeneous by addition of MeOH then dried over Na,SO4 and
concentrated to afford a white solid. Compound 501 was isolated as a white powder by
precipitation from DCM/hexanes (244 mg, 70%). ‘*H NMR (500 MHz, DMSO-dg) 6H 8.37 (2H,
m), 8.06 (2H, m), 7.81 (1H, d, J = 9.3 Hz, D20 exch.) 7.69 (1H, d, J = 9.0 Hz, D20 exch.), 7.34
(1H, m), 7.10 (1H, m), 4.97 (1H, d, J = 6.7 Hz, D20 exch.), 3.95 (1H, dd, J = 8.7, 8.7 Hz), 3.82
(1H, m), 3.52 (1H, m), 3.09 (2H, m), 2.94 (2H, m), 2.45 (1H, dd, J = 13.9, 11.0 Hz), 1.95 (1H, qq,
J=6.6,6.6 Hz), 1.81 (3H, s), 1.75 (1H, qq, J = 7.1, 7.1 Hz), 0.82 (3H, d, J = 6.1 Hz), 0.81 (3H, d,
J=6.1Hz),0.70 (3H, d, J = 6.7 Hz), 0.67 (3H, d, J = 6.7 Hz); 13C NMR (126 MHz, CDCls) §C
181.8, 170.4, 150.0, 144.7, 136.3, 131.8, 130.9, 128.7, 124.3, 120.8, 59.9, 57.4, 48.9, 45.3, 41.9,

37.0,30.4, 27.0, 22.9, 19.8, 19.7, 19.5, 18.2.
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(S)-2-Acetamido-N-((2S,3R)-4-((4-amino-N-isobutylphenyl)sulfonamido)-1-(4-
bromophenyl) -3-hydroxybutan-2-yl)-3-methylbutanamide (508):

NO, NH,
9@ 0\90

oN
OH ™3 OH 'S

N SnCl, N

_ >
HN 0 J\ EtOAc/EtOH HN 0 /\l\
Br Br

reflux
quant.
NHAc NHAc

SnClz (379 mg, 2.00 mmol, 4.0 equiv) was added to a solution of nitro arene 501 (320 mg, 0.50
mmol, 1 equiv) in EtOAc (7 mL) and EtOH (2 mL). The reaction was heated to reflux and left to
stir for 4.5 h before being diluted with sat. NaHCO3aq) (40 mL) and H20 (10 mL). The resulting
solution was extracted with EtOAc (3 x 15 mL). Combined organic extracts were dried over
Na>SOs and concentrated to afford aniline 508 as a white solid (306 mg, 100%). ‘H NMR (500
MHz, DMSO-dg) 8H 7.77 (1H, d, J = 9.4 Hz, D20 exch.), 7.66 (1H, d, J = 9.2 Hz, D;0 exch.),
7.39 (2H, m), 7.34 (2H, m), 7.13 (2H, m), 6.60 (2H, m), 5.95 (2H, s, D20 exch.), 4.91 (1H, d, J =
6.1 Hz, D20 exch.), 4.00 (1H, dd, J = 9.0, 7.6 Hz), 3.91 (1H, m), 3.59 (1H, m), 3.22 (1H, dd, J =
14.5, 4.3 Hz), 2.98 (1H, dd, J = 13.7, 3.0 Hz), 2.85 (1H, dd, J = 13.6, 8.4 Hz), 2.74 (1H, dd, J =
14.4, 8.3 Hz), 2.68 (1H, dd, J = 13.6, 6.6 Hz), 2.48 (1H, dd, J = 13.6, 10.8 Hz), 1.90 (1H, m), 1.82
(3H, s), 1.76 (1H, m), 0.81 (3H, d, J = 6.6 Hz), 0.78 (3H, d, J = 6.6 Hz), 0.70 (3H, d, J = 6.6 Hz),
0.69 (3H, d, J = 6.6 Hz); 13C NMR (126 MHz, DMSO-dg) 6C 171.0, 169.3, 153.2, 139.1, 132.1,
131.0, 129.5, 124.2, 119.3, 113.1, 72.0, 58.4, 57.6, 53.4, 53.0, 35.0, 30.6, 26.9, 23.0, 20.5(4),

20.4(9), 19.7, 18.7.
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Methyl 5-(4-((2S,3R)-2-((S)-2-acetamido-3-methylbutanamido)-4-((4-amino-N-

isobutylphenyl) sulfonamido)-3-hydroxybutyl)phenyl)pentanoate (509):
NH,

(0]
O
oH e
= i

1]

S

N 9-BBN X N
Br HN.__O J\ ii. Pd(dba),, JohnPhos MeO HN. O J\
THF, 40 °C 5
NHAG 65% NHAc

9-BBN (0.5 M in THF, 1.7 mL, 0.85 mmol, 5.0 equiv) was added dropwise over 5 min to a solution

of methyl 4-pentenoate (97 mg, 0.85 mmol, 5.0 equiv) in anhydrous THF (0.5 mL) at O °C under
an atmosphere of argon. The solution was then left at r.t. for 9 hours. The resulting solution was
then cannulated into a second flask charged with aryl bromide 508 (104 mg, 0.17 mmol, 1 equiv),
Cs2CO3 (277 mg, 0.85 mmol, 5.0 equiv), Pd(dba)2 (9.8 mg, 0.017 mmol, 10 mol%), and JohnPhos
(5.1 mg, 0.017 mmol, 10 mol%) in anhydrous THF (1 mL) under an atmosphere of argon. The
resulting mixture was heated to 40 °C for 2 days with the addition of additional anhydrous THF (1
mL) when needed. The reaction was diluted with sat. NH4Clg) (13 mL) and H20O (2 mL) and the
resulting solution extracted with EtOAc (4 x 15 mL). Combined organic extracts were dried over
Na.SO4 and concentrated. The resulting residue was purified by column chromatography (5 g
SiO2, 25% — 40% acetone in hexanes) to afford ester 509 as a white solid (71 mg, 65%). *H NMR
(500 MHz, CDCls) $H 7.55 (2H, m), 7.13 (2H, m), 7.06 (2H, m), 6.67 (2H, m), 6.34 (1H, d, J =
7.8 Hz, D20 exch.), 5.84 (1H, d, J = 8.3 Hz, D20 exch.), 4.10 — 4.21 (4H, m), 3.89 (1H, m), 3.81
(1H, m), 3.65 (3H, s), 3.00 — 3.04 (3H, m), 2.87 (2H, m), 2.78 (1H, dd, J = 13.4, 7.0 Hz), 2.57 (2H,
m), 2.32 (2H, m), 2.02 (1H, m), 1.96 (3H, s), 1.80 (1H, m), 1.62 (4H, m), 0.89 (3H, d, J = 6.8 Hz),

0.87 (3H, d, J = 6.6 Hz), 0.83 (3H, d, J = 6.8 Hz), 0.74 (3H, d, J = 6.8 Hz); 13C NMR (126 MHz,
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CDCls) 6C 174.2,171.5,170.2, 150.6, 140.2, 135.1, 129.5, 129.3, 128.5, 126.4, 114.1, 72.6, 59.0,

58.6,54.1, 53.5,51.5, 35.2, 35.1, 33.9, 30.7, 30.1, 27.3, 24.4, 23.2, 20.1, 19.9, 19.3, 17/.6.

Methyl 7-(4-((2S,3R)-2-((S)-2-acetamido-3-methylbutanamido)-4-((4-amino-N-isobutyl-

phenyl)sulfonamido)-3-hydroxybutyl)phenyl)heptanoate (510):

NH,

0 0
[N} ) J\/\/\/ [N}
OH \SI i. MeO OH \SI
“__N 9-BBN 0
Br HN.__O J\ ii. Pd(dba),, JohnPhos MBOMJ\
THF, 45 °C o
NHAGc 61% NHAG

9-BBN (0.5 M in THF, 2.0 mL, 1.0 mmol, 5.0 equiv) was added dropwise over 5 min to a solution
of methyl 6-heptenoate (160 puL, 1.0 mmol, 5.0 equiv) in anhydrous THF (0.5 mL) at O °C under
an atmosphere of argon. The solution was then left to slowly warm to r.t. overnight. The resulting
solution was then cannulated into a second flask charged with aryl bromide 508 (122 mg, 0.2
mmol, 1 equiv), Cs,CO3 (326 mg, 1.0 mmol, 5.0 equiv), Pd(dba) (11.5 mg, 0.02 mmol, 10 mol%),
and JohnPhos (6 mg, 0.02 mmol, 10 mol%) in anhydrous THF (1.5 mL) under an atmosphere of
argon. The resulting mixture was heated to 45 °C for 3 days with the addition of additional
anhydrous THF (1 mL) when needed. The reaction was diluted with sat. NH4Cl(g) (12 mL) and
H20 (2 mL) and the resulting solution extracted with EtOAc (4 x 15 mL). Combined organic
extracts were dried over Na2SO4 and concentrated. The resulting residue was purified by column
chromatography (20 g SiO., 40% acetone in hexanes) to afford ester 510 as a white solid (82 mg,
61%). *H NMR (500 MHz, CDCl3) 8H 7.55 (2H, m), 7.12 (2H, m), 7.05 (2H, m), 6.67 (2H, m),
6.41 (1H, d, J = 8.6 Hz, D20 exch.), 5.78 (1H, d, J = 8.6 Hz, D20 exch.), 4.16 (4H, m), 4.01 (1H,
d, J = 3.2 Hz), 3.82 (1H, m),3.66 (3H, s), 2.98 — 3.09 (3H, m), 2.87 (2H, m), 2.79 (1H, dd, J =
13.4, 7.0 Hz), 2.53 (2H, m), 2.29 (2H, m), 2.04 (1H, m), 1.95 (3H, s), 1.82 (1H, m), 1.59 (4H, m),
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1.32 (4H, m) 0.88 (3H, d, J = 6.7 Hz), 0.86 (3H, d, J = 6.7 Hz), 0.84 (3H, d, J = 6.8 Hz), 0.75 (3H,
d, J = 6.8 Hz); 3C NMR (126 MHz, CDCls) 5C 174.3, 171.6, 170.2, 150.7, 140.8, 134.9, 129.5,
129.3, 128.5, 126.5, 114.1, 72.6, 59.0, 58.6, 54.2, 53.4, 51.5, 35.5, 35.1, 34.1, 31.3, 30.3, 28.9(4),

28.8(9), 27.3, 24.8, 23.2, 20.0, 19.3, 17.7.

5-(4-((2S,3R)-2-((S)-2-Acetamido-3-methylbutanamido)-4-((4-amino-N-isobutylphenyl)

sulfonamido)-3-hydroxybutyl)phenyl)-N-hydroxypentanamide (488):

NH, NH,
oo lT o (T
1 [ONI]
S |

OH "$
N NHZOH,KOH “__N
H
MeOH/HZO _N HN_ _O J\
\H/\/\/©/\‘/\/ 290% HO I
NHAc NHAc

NH20H (50 wt% in H20, 1.53 mL, 25 mmol, 500 equiv) was added to solution of ester 509 (32
mg, 0.05 mmol, 1 equiv) in THF (0.2 mL) at 0 °C. The solution was allowed to stir at 0 °C for 15
min before KOH (15 wt% or 2.67 M, 170 puL, 7 equiv) was added dropwise followed by enough
MeOH to result in a homogeneous mixture. Stirring was continued at 0 °C for 30 min before the
reaction was warmed to r.t. and left overnight. The reaction was then brought to pH 7 with HCl ag)
(10% v/v) and extracted with EtOAc (3 x 20 mL). Combined organic extracts were dried over
Na>SO4 and concentrated and adsorbed onto celite the subjected to reversed phase column
chromatography (5.5 g C-18 SiO2, 10% — 100% MeOH in H20). Fractions of interest were
combined and MeOH removed by rotary evaporation. Hydroxamic acid 488 was isolated as a
fluffy white solid from the resulting aqueous solution by lyophilisation (19 mg, 59%). Aliquots
were subjected to semi-prep HPLC purification prior to use in HDAC inhibition assays. (Zorbax
SB-C18, 50 — 80% MeOH in H20, 3 mL/min over 30 min). *H NMR (400 MHz, DMSO-ds) 6H
10.33 (1H, s, D20 exch.), 8.65 (1H, s, D20 exch.), 7.73 (1H, d, J = 9.2 Hz, D,0 exch.), 7.66 (1H,
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d, J = 9.2 Hz, D20 exch,), 7.39 (2H, m), 7.09 (2H, m), 6.99 (2H, m), 6.60 (2H, m), 5.96 (1H, s),
4.86 (1H, d, J = 6.0 Hz), 4.04 (1H, m), 3.92 (1H, m), 3.59 (1H, m),3.30 (3H, s), 3.21 (1H, dd, J =
14.6, 3.8 Hz), 2.95 (1H, dd, J = 13.8, 3.1 Hz), 2.85 (1H, dd, J = 13.8, 8.4 Hz), 2.76 (1H, dd, J =
14.6, 8.4 Hz), 2.67 (1H, dd, J = 13.6, 6.8 Hz), 1.91 (3H, m), 1.82 (3H, s), 1.80 (1H, m), 1.48 (4H,
m), 0.81 (3H, d, J = 6.5 Hz), 0.78 (3H, d, J = 6.6 Hz), 0.70 (3H, d, J = 6.6 Hz), 0.69 (3H, d, J =

6.5 Hz).

7-(4-((2S,3R)-2-((S)-2-Acetamido-3-methylbutanamido)-4-((4-amino-N-

isobutylphenyl)sulfonamido)-3-hydroxybutyl)phenyl)-N-hydroxyheptanamide (489):

NH2 NH2
9@ OQ
S

NHQOH KOH

N
MeOH/H,0
; ;

NHAc NHAc

NH20H (50 wt% in H20, 3.7 mL, 60 mmol, 500 equiv) was added to solution of ester 510 (81 mg,
0.12 mmol, 1 equiv) in THF (0.4 mL) at 0 °C. The solution was allowed to stir at 0 °C for 15 min
before KOH (15 wt% or 2.67 M, 315 uL, 7 equiv) was added dropwise followed by enough MeOH
to result in a homogeneous mixture (1.3 mL). Stirring was continued at 0 °C for 30 min before the
reaction was warmed to r.t. and left for 2 days. The reaction was then brought to pH 7 with HCl )
(10% v/v) and extracted with EtOAc (4 x 20 mL). Combined organic extracts were dried over
Na>SO4 and concentrated and adsorbed onto celite the subjected to reversed phase column
chromatography (5.5 g C-18 SiO2, 10% — 100% MeOH in H20). Fractions of interest were
combined and MeOH removed by rotary evaporation. Hydroxamic acid 489 was isolated as a
fluffy white solid from the resulting aqueous solution by lyophilisation (51 mg, 63%). Aliquots
were subjected to semi-prep HPLC purification prior to use in HDAC inhibition assays (Zorbax
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SB-C18, 50 — 80% MeOH in H20, 3 mL/min over 30 min). *H NMR (500 MHz, DMSO-ds) SH
10.31 (1H, s), 8.64 (1H, s), 7.72 (1H, d, J = 9.3 Hz), 7.66 (1H, d, J = 9.1 Hz), 7.39 (2H, m), 7.09
(2H, m), 7.00 (2H, m), 6.61 (2H, m), 5.96 (1H, s), 4.86 (1H, d, J = 6.0 Hz), 4.04 (1H, m), 3.92
(1H, m), 3.59 (1H, m),3.30 (3H, s), 3.21 (1H, dd, J = 14.6, 3.8 Hz), 2.95 (1H, dd, J = 13.8, 3.1
Hz), 2.85 (1H, dd, J = 13.8, 8.4 Hz), 2.76 (1H, dd, J = 14.6, 8.4 Hz), 2.67 (1H, dd, J = 13.6, 6.8
Hz), 1.91 (3H, m), 1.82 (3H, s), 1.80 (1H, m), 1.48 (4H, m), 1.26 (4H, m), 0.81 (3H, d, J=6.5

Hz), 0.78 (3H, d, J = 6.6 Hz), 0.70 (3H, d, J = 6.6 Hz), 0.69 (3H, d, J = 6.5 H2).

(S)-2-Acetamido-N-((2S,3R)-4-((4-amino-N-isobutylphenyl)sulfonamido)-3-hydroxy-1-(4-
vinylphenyl)butan-2-yl)-3-methylbutanamide (511):

NH, NH,
I Z>BF. K O\u/©/
3 N
OH °$

Os
OH °$
N Pd(dba),, Cs,CO;3 A N

B HN (6] J\ tBuMePhos X HN (0] J\
r

nPrOH, reflux
0,
NHAc 48% NHAc

Degassed nPrOH (5 mL) and H20 (0.5 mL) were added to a flask equipped with a reflux condenser

containing aryl bromide 508 (92 mg, 0.15 mmol, 1 equiv), Pd(dba), (17.4 mg, 0.03 mmol, 20
mol%), tBuMePhos (9.4 mg, 0.03 mmol, 20 mol%), and Cs2CO3z (62 mg, 0.45 mmol, 3.0 equiv).
The reaction was then brought to reflux and left overnight. nPrOH was removed by rotary
evaporation, sat. NH4Cl@g) (10 mL) and H2O (2 mL) added, and the resulting solution was
extracted with EtOAc (3 x 10 mL). Combined organic extracts were dried over NaSO4 and the
resulting residue purified by column chromatography (15 g SiO2, EtsN/acetone/hexanes 1/40/59
v/vIv) to afford styrene 511 as a yellow residue (40 mg, 48%). *H NMR (400 MHz, CDCls3) 7.54
(2H, m), 7.30 (2H, m), 7.18 (2H, m), 6.67 (2H, m), 6.50 (1H, d, J = 8.8 Hz, D20 exch.), 5.77 (1H,
m), 5.70 (1H, d, J = 17.6 Hz), 5.20 (1H, d, J = 10.9 Hz), 4.22 (1H, m), 4,14 (2H, m), 3.99 (1H, m),
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3.83 (1H, m), 3,05 (2H, m), 2.88 (2H, m), 2.77 (1H, dd, J = 13.2, 6.7 Hz), 2.00 (1H, m), 1.91 (3H,
s), 1.82 (2H, m), 0.89 (3H, d, J = 6.6 Hz), 0.87 (3H, d, J = 6.7 Hz), 0.84 (3H, d, J = 6.8 Hz), 0.77
(3H, d, J = 6.8 Hz); *C NMR (101 MHz, CDCls) §C 171.4, 170.1, 150.6, 137.5, 136.5, 135.8,
129.6, 129.5, 126.4, 126.3, 114.1, 113.4, 72.6, 58.9, 58.7, 53.7, 53.6, 35.3, 30.4, 29.3, 27.3, 23.2,

20.1,19.9, 19.2.

Methyl (E)-3-(4-((2S,3R)-2-((S)-2-acetamido-3-methylbutanamido)-4-((4-amino-N-isobutyl-

phenyl)sulfonamido)-3-hydroxybutyl)phenyl)acrylate (512):

NH, o NH,
o T o T
Ol MeoJJ\/ HO\\II

S
N Grubbs' Gen || N

B —
DCM, rt. J\
N HN._O J\ MeO. HN._O

39%
O
NHAc NHAc

Grubbs’ second-generation catalyst (8.5 mg, 0.010 mmol, 14 mol%) was added to a solution of
styrene 511 (40 mg, 0.072 mmol, 1 equiv) and freshly distilled methyl acrylate (65 pL, 0.72 mmol,
10 equiv) in anhydrous DCM under an argon atmosphere. The flask was equipped with a reflux
condenser, heated to reflux and left overnight. An addition portion of methyl acrylate (65 puL, 0.72
mmol, 10 equiv) was added and the reaction left at reflux for a second night. At this point DCM
was removed by rotary and the resulting residue was purified by column chromatography (10 g
SiO», EtsN/acetone/hexanes 1/50/49 v/v/v) to afford ester 512 as a thin film (17 mg, 39%). H
NMR (500 MHz, CDCls) 8H 7.65 (1H, d, J = 16.0 Hz), 7.54 (2H, m), 7.42 (2H, m), 7.26 (2H, m),
6.67 (2H, m), 6.40 (1H, d, J = 16.0 Hz), 6.32 (1H, d, J = 8.9 Hz, D»O exch.), 5.66 (1H, d, J = 8.5
Hz, D20 exch.), 4.23 (1H, m), 4.08 (1H, dd, J = 8.5, 6.9 Hz), 4.01 (1H, d, J = 2.9, D0 exch.),
3.82 (1H, m), 3.80 (3H, s), 3.08 (1H, dd, J = 14.2, 4.9 Hz), 3.02 (2H, d, J = 6.1 Hz), 2.92 (1H, dd,
J=12.2,9.7 Hz) 2. 88 (1H, m), 2.77 (1H, dd, J = 13.4, 6.9 Hz), 2.00 (1H, m), 1.92 (3H, s), 1,81
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(1H, m), 1.31 (1H, broad s, D20 exch.), 0.88 (3H, d, J = 6.6 Hz), 0.87 (3H, d, J = 6.7 Hz), 0.83
(3H, d, J =6.7 Hz), 0.75 (3H, d, J =6.9 Hz); 3C NMR (126 MHz, CDCl3) 5C 171.5, 170.1, 167.5,
150.7, 144.5, 140.6, 132.7, 130.0, 129.5, 128.2, 126.2, 117.3, 114.1, 72.7, 59.1, 58.8, 53.7, 53.6,

51.7,35.4,30.2, 27.3, 20.1, 19.9, 19.2, 17.7.

Methyl 3-(4-((2S,3R)-2-((S)-2-acetamido-3-methylbutanamido)-4-((4-amino-N-isobutyl-

phenyl)sulfonamido)-3-hydroxybutyl)phenyl)propanoate (513):

NH, NH,
N e
H |

0 S
B Pd/C N

~ N
_—
MeO. HN.__O J\ MeOH, r.t. MeO HN.___O J\

80%
° NHAc © NHAc

Pd/C (5 wt%, 7.5 mg, 10 mol%) was added to a solution of ester 512 (20 mg, 0.032 mmol, 1 equiv)
in MeOH (1 mL) under a hydrogen atmosphere. The reaction was stirred vigorously for 1 h before
being filtered through a small plug of celite and the filtrate concentrated to afford ester 513 (16
mg, 80%). *H NMR (500 MHz, CDCls) 7.54 (2H, m), 7.14 (2H, m), 7.07 (2H, m), 6.67 (2H, m),
6.49 (1H, d, J = 8.9 Hz, D20 exch.), 5.88 (1H, d, J = 8.5 Hz, D20 exch.), 4.19 (3H, m), 4.13 (1H,
dd, J = 8.6, 6.7 Hz), 4.03 (1H, s, D20 exch.), 3.82 (1H, m), 3.66 (3H, s), 2.99 — 3.09 (3H, m), 2.83
— 2.9 (4H, m), 2.79 (1H, dd, J = 13.4, 7.1 Hz), 2.59 (2H, dd, J = 8.0, 8.0), 2.00 (1H, m), 1.95 (3H,
s), 1.82 (1H, m), 1.73 (1H, broad s, D20 exch.),0.88 (3H, d, J = 6.6 Hz), 0.87 (3H, d, J = 6.6 Hz),
0.82 (3H, d, J = 6.7 Hz), 0.74 (3H, d, J = 6.8 Hz); 3C NMR (126 MHz, CDCl3) 5C 173.4, 171.5,
170.3, 150.7, 138.5, 135.7, 129.4(8), 129.4(6), 128.3, 126.3, 114.1, 72.6, 58.9, 58.6, 54.0, 53.4,

51.6, 35.7,35.1, 31.7, 30.5, 30.1, 27.2, 23.2, 20.1, 19.9, 19.2, 17.7.
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5.4.2 Preparation of HDAC Inhibitor Assay Substrate

Acetyl-L-leucine (524):

o ACZO o
WJ\OH " WJ\OH
NH, eOH, rt. NHAC

79%
Acetic anhydride (4.8 mL, 51 mmol, 3.4 equiv) was added to a solution of L-leucine (2.0 g, 15
mmol, 1 equiv) in dry MeOH (9 mL). The reaction was then left to stir at r.t. overnight. All volatiles
were then removed and the resulting solid suspended in EtOAc (15 mL) and stirred for 2 hours
before being filtered. Acetyl-L-leucine (524) was obtained through recrystallisation of the solid
from DCM/hexanes (2.1 g, 79%). Spectra are in agreement with data reported for the product.?*
IH NMR (500 MHz, DMSO-ds) 5H 12.46 (1H, broad s, D20 exch.), 8.08 (1H, d, J = 7.9 Hz, D20
exch.), 4.20 (1H, m), 1.84 (3H, s), 1.63 (1H, m), 1.44 — 1.53 (2H, m), 0.89 (3H, d, J = 6.4 Hz),

0.84 (3H, d, J = 6.6 Hz).
Benzyl acetyl-L-leucylglycinate (525):
'HCl O EDC'HCl, HOAt O

o
DIPEA
H,N OB
“on + #gg o
NHAG DCM, 0 °C NHAdT O

97%

EDC+HCI (538 mg, 2.75 mmol, 1.1 equiv) was added to a solution of acetyl-L-leucine (524, 433
mg, 2.50 mmol, 1 equiv), and HOAt (364 mg, 2.68 mmol, 1.07 equiv) indry DCM (5 mL) at 0 °C.
The solution was stirred at 0 °C for 12 min before benzyl glycinate hydrochloride (554 mg, 2.75
mmol, 1.1 equiv) and DIPEA (466 pl, 2.68 mmol, 1.07 equiv) were added as a solution in dry
DCM (7.5 mL). The reaction was stirred at 0 °C 4.5 h then quenched with sat. NH4CI (20 mL) and
H20 (5 mL) and extracted with DCM (4 x 40 mL). Combined organic extracts were dried over

Na>S0; and concentrated. Chromatography (16 g SiO2, 40 to 100% EtOAc in hexanes) provided
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525 (780 mg, 97%). *H NMR (500 MHz, CDCl3) §H 7.35 (5H, m), 6.70 (1H, broad s, D20 exch.),
5.96 (1H, d, J = 8.2 Hz, D20 exch.), 5.30 (2H, s), 4.51 (1H, m), 4.09 (1H, dd, J = 18.3, 5.6 Hz),
4.03 (1H, dd, J = 18.3, 5.3 Hz), 1.99 (3H, s), 1.65 (2H, m), 1.51 (1H, m), 0.93 (3H, d, J = 6.4 Hz),

0.91 (3H, d, J = 6.4 Hz).

Acetyl-L-leucylglycine (526):

Q Pd/C, H 2
OBn L2 \NJ\ OH
mH o MeOH, r.t. NHAT O

99%

Pd/C (37 mg, 0.017 mmol, 2 mol%) was added to a solution of acetyl-L-leucylglycine (525, 280
mg, 0.87 mmol, 1 equiv) in MeOH (4 mL). The flask was then equipped with a balloon of H2 and
left to stir at r.t. for 2.5 hours. The reaction was filtered through a pad of Celite-® and washed with
excess MeOH. Concentration of the filtrate provided amide 526 as a white foam (200 mg, 99%).
IH NMR (500 MHz, DMSO-ds) 8H 12.56 (1H, broad s, D20 exch.), 8.15 (1H, dd, J = 5.7, 5.7 Hz,
D20 exch.), 7.98 (1H, d, J = 8.4 Hz, D;0 exch.), 4.32 (1H, m), 3.71 (2H, m), 1.84 (3H, s), 1.60

(1H, m), 1.45 (2H, m), 0.89 (3H, d, J = 6.5 Hz), 6.5 (3H, d, d, J = 6.5 Hz).
Né-Acetyl-L-lysine (527):

o} 0}

CuS0,, AC,0
NaOEt/EtOH
NH, <HCI NH
2 0°C, rt. 2

67%

Sodium metal (920 mg, 40 mmol, 2.0 equiv) was added to dry EtOH (35 mL) under argon. Upon
consumption of the sodium L-lysine hydrochloride (3.65 g, 20 mmol, 1 equiv) was added and the
resulting solution stirred for 1.5 hours before CuSO4 (1.63 g, 10.2 mmol, 0.51 equiv) and sat.

NaHCOs3(g) (20 mL) were added. The reaction was left to stir at r.t for 5 hours at which time it was
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diluted with H20 to a total volume of 175 mL (to allow for adequate stirring) before Ac.0 (3.7
mL, 40 mmol, 2 equiv) and left stirring overnight. Filtering of the reaction afforded a blue solid
which was resuspended in H2O (200 mL) with 8-hydroxyquinoline (3.2 g, 22 mmol, 1.1 equiv)
then added and the solution stirred at 45 °C overnight. The resulting yellow solid was filtered off
and washed with EtOAc (3 x 300 mL) with amino acid 527 afforded by concentration of the filtrate
(2.53 g, 67%). Spectra are in agreement with data reported for the product.?® *H NMR (500 MHz,
D20) 8H 3.63 (1H, dd, J = 6.5, 5.8 Hz), 3.08 (2H, dd, J = 6.9, 6.9 Hz), 1.88 (3H, s), 1.77 (2H, m),
1.45 (2H, m), 1.31 (2H, m); 3C NMR (126 MHz, D»0) 6C 174.8, 174.0, 54.6, 39.0, 30.0, 27.9,

21.8,21.7.

N6-Acetyl-N2-(tert-butoxycarbonyl)-L-lysine (528):

o Boc,0, NaHCO ?
0oC a
AcHN 2 3_ AcHN
c \/\/\‘)J\OH ¢ \/\/\‘)kOH
NH, H,O/THF, rt. NHBoc

87%

Boc20 (600 mg, 2.75 mmol. 1.1 equiv) was added to a solution of Né-acetyl-L-lysine (470 mg, 2.5
mmol, 1 equiv) and NaHCO3 (788 mg, 9.38 mmol, 3.75 equiv) in 2:1 H,O:THF (18 mL) atr.t. and
left to stir for 44 hours. THF was removed via rotary evaporation and the aqueous phase washed
with Et2O (2 x 15 mL) then acidified to pH 3 with conc. HClg). The aqueous phase was then
extracted with DCM (5 x 30 mL). Combined organic extracts were dried over Na>SO4 and
concentrated to afford acid 528 as a white foam (627 mg, 87%). *H NMR (500 MHz, CDCls) §H
10.17 (1H, broad s, D20 exch.), 6.11 (1H, s, D.O exch.), 5.34 (1H, d, J = 7.8 Hz, D.O exch.), 3.27
(1H, ddd, J = 6.8, 6.8, 6.8 Hz), 2.75 (2H, m), 2.02 (3H, s), 1.88 (2H, m), 1.57 (2H, m), 1.47 (9H,

s), 1.44 (2H, m).
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tert-Butyl (S)-(6-acetamido-1-((4-methyl-2-oxo-2H-chromen-6-yl)amino)-1-oxohexan-2-yl)-

carbamate (529):

Me
Me
X
(0] (e} N
AcHN HoN (0] (0] AcHN
¢ OH 2 ¢ N o o
NHBoc Boc,0 NHBoc

1,4-dioxane/DMF, 45 °C
84%

NC-acetyl-N2-(tert-butoxycarbonyl)-L-lysine (630 mg, 2.18 mmol, 1 equiv), as a solution in 1,4-
dioxane (10 mL) and DMF (3 mL), was added via canula to a flask charged with Boc,O (596 mg,
2.73 mmol, 1.25 equiv) under argon. To this was added pyridine (169 pl, 2.10 mmol, 0.96 equiv)
and 7-amino-4-methyl cumarin (478 mg, 2.73 mmol, 1.25 equiv) and the reaction then heated to
40 °C for 20 hours. The resulting solution was concentrated to one third its volume, diluted with
sat. NH4Cl@g) (40 mL) and H2O (10 mL), then extracted with EtOAc (5 x 60 mL). Combined
organic extracts were filtered to remove a fine suspended powder then dried over Na>SO4 and
concentrated to afford a yellow-orange liquid. The liquid was subjected to column chromatography
(35 g SiO2, 4% MeOH in DCM) to provide amide 529 which was further purified by
recrystallisation from DCM/hexanes (820 mg, 84%). Spectra are in agreement with data reported
for the product.?® 'H NMR (400 MHz, CDCls) 8H 9.20 (1H, broad s, DO exch.), 7.68 (1H, s),
7.53 (2H, m), 6.20 (1H, d, J = 1.1 Hz,), 5.74 (1H, dd, J = 5.9, 5.9 Hz, D20 exch.), 5.32 (1H, d, J =
5.0 Hz, D20 exch.), 4.27(1H, m), 3.22 — 3.39 (2H, m), 2.43 (3H, d, J = 1.2 Hz), 2.05 (1H, m), 2.02

(3H, s), 1.75 (1H, m), 1.61 (3H, m), 1.52 (2H, m), 1.49 (9H, s).
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(S)-6-Acetamido-2-amino-N-(4-methyl-2-0xo-2H-chromen-7-yl)hexanamide (530):

Me Me
X X
AcHN i m TFA AcHN i m
C B —— C
N [O XN ) N 0" 0
\/\/YJ\H DCM‘ 0 OC \/\/\HJ\H
NHBoc 87% NH,

TFA (3 mL, 39 mmol) was added to a solution of tert-butyl (S)-(6-acetamido-1-((4-methyl-2-oxo-
2H-chromen-6-yl)amino)-1-oxohexan-2-yl)carbamate (529, 445 mg, 1.0 mmol, 1 equiv) in DCM
(10 mL) at 0 °C. The reaction stirred at 0 °C for 2 hours at which point all volatiles were removed
by passing a stream of air over the solution. Sat. NaHCOz3(q) (20 mL) was added to the resulting
residue and the solution extracted with DCM (4 x 50 mL). Combined organic extracts were dried
over NaSO4 and concentrated to afford amine 530 as a white solid (300 mg, 87%). *H NMR (500
MHz, DMSO-ds) 8H 7.84 (1H, d, J = 2.0 Hz), 7.77 (1H, d, J = 4.5 Hz, D,O exch.), 7.73 (1H, d, J
= 8.7 Hz), 7.57 (1H, dd, J = 8.7, 2.0 Hz), 6.27 (1H, d, J = 1.2 Hz), 3.18 (1H, d, J = 5.2 Hz), 3.01
(2H, ddd, J = 6.6, 6.6, 6.6 Hz), 2.41 (3H, d, J = 1.2 Hz), 1.77 (3H, s), 1.65 (1H, m), 1.28 — 1.50

(5H, m).

(S)-6-Acetamido-2-(2-((S)-2-acetamido-4-methylpentanamido)acetamido)-N-(4-methyl-2-

0x0-2H-chromen-7-yl)hexanamide (518):

O e} X
Me OH AcHN
0 N Y S e
NHACc O H
AcHN o Ox-NH
N o o j/

H EDC+HCI, HOAt
NH, DCM/DMF, r.t. N
93% H

EDC+HCI (187 mg, 0.955 mmol, 1.1 equiv) was added to a solution of Acetyl-L-leucylglycine

(530, 200 mg, 0.869 mmol, 1 equiv) and HOAt (126 mg, 0.929 mmol, 1.07 equiv) in a 1:1 solution
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of DCM:DMF (4 mL) at 0 °C). The mixture was stirred at 0 °C for 10 min before (S)-6-acetamido-
2-amino-N-(4-methyl-2-oxo-2H-chromen-7-yl)hexanamide (530, 300 mg, 0.869, 1.0 equiv) as a
solution in 1:1 DCM:DMF (8 mL). The reaction was then left to stir at r.t. for 15 hours. DCM was
removed by rotary evaporator with the resulting solution diluted with sat. NaClg) (25 mol) and
extracted with DCM (2 x 30 mL). Combined organic extracts were dried over Na,SO4 and
concentrated to afford a yellow residue. The residue was subjected to column chromatography (30
g SiO2, 9 to 10% MeOH in DCM) to provide 518 as a slightly yellow foam (453 mg, 93%). Spectra
are in agreement with data reported for the product.?” *H NMR (400 MHz, DMSO-ds) 8H 10.37
(1H, s, D20 exch.), 8.33 (1H, dd, J = 5.8, 5.8 Hz, D20 exch.), 8,09 (1H, d, J = 7.3 Hz, D.0 exch.),
8.01 (1H, d, , J = 7.5 Hz, D20 exch.), 7.80 (1H, d, J = 2.0 Hz), 7.78 (1H, dd, J = 5.3, 5.3 Hz, D20
exch.), 7.74 (1H, d, J = 8.7 Hz), 7.54 (1H, dd, J = 8.7, 2.0 Hz), 6.28 (1H, d, J = 1.2 Hz), 4.38 (1H,
m), 4.23 (1H, m), 3.73 (2H, m), 3.01 (2H, ddd, J = 6.8, 6.8, 6.8 Hz), 2.41 (3H, d, J = 1.2 Hz), 1.85
(3H, s), 1.77 (3H, s), 1.24 — 1.76 (3H, m), 1.46 (2H, m), 1.39 (2H, m), 1.24 — 1.35 (2H, m), 0.89

(3H, d, J=6.6 Hz), 0.85 (3H, d, J = 6.5 Hz).
5.4.3 HDAC Inhibitor Assay

In Vitro Histone Deacetylase Inhibition Assays

For inhibition of recombinant human HDAC3 and HDAC6, dose—response experiments
with internal controls were performed in black low-binding Nunc 96-well microtiter plates.
Dilution series (8 concentrations) were prepared in HDAC assay buffer with 1.7 % v/v DMSO.
The appropriate dilution of inhibitor (10 pL of 5 times the desired final concentration) was added
to each well followed by HDAC assay buffer (25 pL) containing substrate [Ac-Leu-Gly-Lys(Ac)-
AMC, 40 or 30 uM for HDAC 3 and 80 or 60 uM for HDAC 6]. Finally, a solution of the
appropriate HDAC (15 pL) was added [HDAC3, 10 ng/well; HDAC 6, 60 ng/well] and the plate
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incubated at 37 °C for 30 min with mechanical shaking (270 rpm). Then trypsin (50 uL, 0.4
mg/mL) was added and the assay developed for 30 min at room temperature with mechanical
shaking (50 rpm). Fluorescence measurements were then taken on a Molecular Devices
SpectraMax i3x plate reader with excitation at 360 (9 nm bandwidth) nm and detecting emission
at 460 nm (15 nm bandwidth). Each assay was performed in triplicate at two different substrate
concentrations. Baseline fluorescence emission was accounted for using blanks, run in triplicate,
containing substrate (25 pL), HDAC assay buffer (15 uL), HDAC assay buffer with 1.7 % v/v
DMSO (10 pL), and trypsin (50 pL). Fluorescence emission was normalized using controls, run
in triplicate, containing substrate (25 pL), HDAC (15 pL), HDAC assay buffer with 1.7 % v/v
DMSO (10 pL), and trypsin (50 pL). The data were analyzed by nonlinear regression with
GraphPad Prism to afford 1Cso values from the dose—response experiments. K; values were
determined from the Cheng—Prusoff equation [Ki = ICso/(1+[S]/Km)] with the assumption of a

standard fast-on—fast-off mechanism of inhibition.
Assay Materials

HDAC3—“NCoR1” complex [(purity 90% by SDS—PAGE according to supplier; fusion
protein of GST-tagged HDACS3 with the deacetylase activation domain (DAD) of NCoR1 (nuclear
receptor corepressor)], HDAC6 (purity >90% by SDS—PAGE according to the supplier), The
HDAC assay buffer consisted of 50 mM Tris-HCI, 137 mM NaCl, 2.7 mM KCI, 1 mM MgClo,
and bovine serum albumin (0.5 mg/mL), pH was adjusted to 8 using 6 M NaOH and 1 M HCI as
needed. Trypsin [25 mg/mL, from porcine pancreas, in 0.9% sodium chloride, from Sigma
Aldrich]. All inhibitors were purified (>95% purity at 254 nm) by reversed-phase preparative or
semi-preparative HPLC. Stock solutions of inhibitors and substrate were obtained by dissolution

in DMSO and addition of HDAC assay buffer to afford solutions containing 1.7 % v/iv DMSO.
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Serial dilution using HDAC buffer contacting 1.7 % v/v DMSO was used to obtain all requisite

inhibitors and substrate solutions.
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BC NMR (126 MHz, CDCls, ppm) for Compound 310a
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HSQC (500 MHz, CDCls, ppm) for Compound 310a
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COSY (500 MHz, CDCls, ppm) for Compound 310b
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NOESY (500 MHz, CDCls, ppm) for Compound 310b
J ppm

\/ o
NJ\\\\Ph
‘L | . R
1 .
: i i . #' 3
e

P
T3
a8
T
Fs

b
s P

o
— ¢
]
T T T T T T T T T
75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

'HNMR (500 MHz, CDC|3, ppm) for Compound 311

7

B A A M A

9
325



3C NMR (126 MHz, CDCls, ppm) for Compound 31
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'H NMR (500 MHz, CDCIs ppm) for Compound 317
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'H NMR (500 MHz, CDCls, ppm) for Compound
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COSY (500 MHz, CDCls, ppm) for Compound 287
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HMB\(i(SOO MHz, CDCls, ppm) for Compound 287
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'H NMR (500 MHz, CDCIs ppm) for Compound 345
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COSY (500 MHz, CDCls, ppm) for Compound 345
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HMBC (500 MHz, CDCls, ppm) for Compound 345
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H NMR (500 MHz CDCIs ppm) for Compound 346
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HSQC (500 MHz, CDCls, ppm) for Compound 346
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NOESY (500 MHz, CDCls, ppm) for Compound 346
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HSQC (500 MHz, CDCls, ppm) for Compound 347
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NOESY (500 MHz, CDCls, ppm) for Compound 347
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13C NMR (126 MHz, CDClIs, ppm) for Compound 34
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HSQC (500 MHz, CDCls, ppm) for Compound 348
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HSQC (500 MHz, CDCls, ppm) for Compound 349
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NOESY (500 MHz, CDCls, ppm) for Compound 349
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13C NMR (126 MHz, CDCIs, ppm) for Compound 350
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NOESY (500 MHz, CDCls, ppm) for Compound 350
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BC NMR (126 MHz, CDCIs ppm) for Compound 353
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BC NMR (126 MHz, CDCls, ppm) for Compound 355
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BC NMR (126 MHz, CDCIs ppm) for Compound 356
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13C NMR (126 MHz, CDCIsﬁ ppm) for Compound 357
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13C NMR (126 MHz, CDCIs) for Compound 359
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BC NMR (126 MHz, CDCls, ppm) for Compound 362
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BC NMR (126 MHz, CDCls, ppm) for Compound 363
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BC NMR (126 MHz, CDCls, ppm) for Compound 365
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13C NMR (126 MHz, CDClIs, ppm) for Compound 366

mo® o ome M@ = 0
~ I~ © v ~ oag CHEOBRB- BE
N S @ [ FOOABANNN

(0]

HmMe

Me

I

(@)

g"'”< —— 1802
Z

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

COH NN 00O

@ o
S~
oo

. T . JJ‘ILU N
3 & 8 ﬁﬁﬁﬁﬁﬁﬁm

[ T T T T T T
9 8 7 6 5 4 1 0 ppm

97
28,
23,

0
1

3.
3

361



13C NMR (126 MHz, CDCls, ppm)

for Compound 367
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13C NMR (126 MHz, CDCls,
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BC NMR (126 MHz, CDCls, ppm) for Compound 398
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13C NMR (126 MHz CDCls, ppm) for Compound 376
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13C NMR (126 MHz, DMSO-ds, ppm) for Compound 41
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C NMR (126 MHz, CDCls, ppm) f or Compound 415
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BC NMR (126 MHz, CDCls, ppm) for Compound 374
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NOESY (126 MHz, CDCls, ppm) for Compound 374
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13C NMR (126 MHz, CDCIs, ppm) for Compound 416
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13C NMR (126 MHz, CDClIs, ppm) for Compound 417
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13C NMR (101 MHz, CDCls, ppm) for Compound (R) 164 ((R) puraqumomc aCld)
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13C NMR (126 MHz, DMSO-d
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BC NMR (126 MHz, CDCls, ppm) for ompound (R,R)-432
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13C NMR (101 MHz, CDCIa ppm) for Compound (R R) 433
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BC NMR (126 MHz, CDCls, ppm) for Compound (R,S)-432
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BC NMR (126 MHz, CDCIs ppm )f r Compound 437
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13C NMR(1w2§ MHz, CDCls, pQrp) for Compound (R )4
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13C NMR(1w2§ MHz, CDCIs pem) for Compound (R R) -435
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13C NMR (126 MHz, CDCls, ppm) for Compound 493
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13C NMR (126 MHz, CDClIs, ppm) for Compound 495
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13C NMR (126 MHz, CDClIs, ppm) for Compound 498

0Le—

198 —

[N p—
5oL
psoL =

00°LL

ppm

10

20

T T
40 30

50

60

70

012l ——
oo'ezl

80°0eL V
gllel
gL —7
sizel “
LSSEL

8F Gkl ——

T T
90 80

T T T T

190 180 170 160 150 140 130 120 110 100

IH NMR (400 MHz, CDCls, ppm) for

Br

ogToon
T TN
[N

Ppm

J

<
~
-

g

=]
o

ﬁ
N
-

|

ﬁ
o
-

-

385

Br

N




Skoc
ap 0z —
ce8d —

Pr9E —

00§ —

LG —

£9'99 —
100 —

00°£L

69021 ——

) for Compound 531

m

GO IE ~—_

Oegier —

pvw el — M

Ir=z

I
Qi
Laed
z

Br

13C NMR (126 MHz, CDCls

|

ppm

80 70 60 50 40 30 20 10

90

190 180 170 160 150 140 130 120 110 100

480
880
260
EB0
08l
[8: 1}
€s8'l
a8l
8l
98'1
81
88l
9Le
8Le
6L¢
lge
[
162

€62

Br

L M. I

‘%
88
=l=

¥

|
E

1

ﬁ«,
<
&

'H NMR (500

_J kHJULLJ

] |

-
-
(]

0
<
]

!

o
=1
-

|

ﬁ
<
o

|

90°¢

Té,.
28
=

EE

r

Ppm

386



13C NMR (126 MHz, CDCIs, ppm )f r Compound 499
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13C NMR (12§_MHz DMSQ gg,upmprzp) for Compound 508
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H NMR (400 MHz DMSO-ds, ppm) for Compound 489
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'H NMR (500 MHz, CDCIs ppm) for Compound 525
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'H NMR (400 MHz, DMSO-ds, ppm) for Co
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