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A Novel, Versatile D—>BCD Steroid Construction
Strategy, Illustrated by the Total Syntheses of Estrone

and Desogestrel

By Vincent Foucher

Proposed are the total syntheses of the steroids desogestrel and estrone, utilizing a 1,4-
addition/alkylation process to install the correct stereochemistry at C8, C13 and C14 in a
single-pot operation. The racemic total synthesis of desogestrel includes a successful
domino anionic cyclisation leading to the formation of the steroid C and B rings in a single
operation with complete stereocontrol at C9. The B-keto phosphonates obtained were

subsequently subjected to A-ring annelation via a multistep one-pot process.

The enantioselective synthesis as well as the racemic total synthesis of estrone include a
sequential C and B-ring formation through ring closing metathesis and intramolecular

Heck reaction.

i



DECLARATION OF AUTHORSHIP

I, Mr Vincent FOUCHER, declare that the thesis entitled:

A Novel, Versatile D->BCD Steroid Construction Strategy, Illustrated by the Total

Syntheses of Estrone and Desogestrel.

and the work presented in the thesis are both my own, and have been generated by me as
the result of my own original research. I confirm that: this work was done wholly or
mainly while in candidature for a research degree at this University; where any part of this
thesis has previously been submitted for a degree or any other qualification at this
University or any other institution, this has been clearly stated; where I have consulted the
published work of others, this is always clearly attributed; where I have quoted from the
work of others, the source is always given. With the exception of such quotations, this
thesis is entirely my own work; I have acknowledged all main sources of help; where the
thesis is based on work done by myself jointly with others, I have made clear exactly what
was done by others and what I have contributed myself; parts of this work have been
published as:

(1) Clarkson, R. A. Towards the total synthesis of desogestrel, PhD thesis, 2004.

(2) Guizzardi, B. Total synthesis of 3-O-methyl-estrone, PhD thesis, 2005.

il



List of contents

ABSTRACT ..cueeertieienenesstestesaesesssessssssssassassssssssssssssssssssssssssssssessessssssssssssassassssssssssssssssasssssassassssssssnes 1T
DECLARATION OF AUTHORSHIP...........cociiiiiiiiiiiiiiiiiiitciccit et ae s I
LIST OF CONTENTS ....oconiiiertentenenecnecsttnnsaesessssssessssssssassesssssssssessssssssssssassassssssssssssssssassassassassses v
LIST OF SCHEMES ....couuoiiiiiiieitenenenneensisstessessesesssssssssssssssssssssssssssssessssssssssssasssessessssssssssssssssssassassses IX
LIST OF FIGURES ...ttt eneentesttsstesesssssesssssssssssssssesssssssssssssssssssassassnsssssssssssssassassassassses XIII
LIST OF TABLES .....ouuieeeestestenenecnecssessasssessesssssesssssssssssssssessssssssssssssssssssssassasssssssssssssassassassassses X1v
PREFACE....iitineintteteesesstestesaesaessessssssssasssesssssssssassasssssssssessasssessessssssssssssassassnsssssssssnsssassassases XV
ACKNOWLEDGEMENTS ....cuiiiiiiiininintiaenenssessisssssssasssessssssessessssssssssssasssssassssssssssssssssassassassassses XVI
ABBREVIATIONS ....ocouiiiitirteneneneentinttsnsaeseesssssessssssssssssessssssesssssssssssssssssssssasssssssssssssssssssassssssassnes Xvil
CHAPTER 1, INTRODUCTION ...ccccinuiiiiicsnniccnsrneccsssseecesssseseecssssessesssseesesssssasssssssssscssssessessns 1

1.1 STEROIDS .ttt e e e e e e e e e et e e e e e e e e eee e e e e e e e e ea e 1
1. 1.1 INrOAUCHON 10 SEETOIAS ... e e
112 SEEFOIAd BOTIONES ... e

1.1.3  Biosynthesis of Steroid BOTIMONES...............cc..ccceciuiiiaiiiee e e

N W N~

1.1.4  Hemi-synthesis of Steroid ROFTMONES ..............ccccivviiiiiiiiiiiiiiee e

1.2 THE ROLE OF STEROID HORMONES DURING MENSTRUATION AND PREGNANCY'"™'2. ...

SN D

1.2.1  The MEnSIUAL CYCLE ..o et
12,2 PPEQIANCY ... ettt e e e aeaa e O
1.3 THE CONTRACEPTIVE PILL ....ceettetitiieiieeeeseeeeeentetteeaeseseensneeaeesaesesnnnnsnneeaeesaen sennnnenseeeesens 8
1.3.1  Introduction to the CONtracePtion ...............c.ccovuieeiiriieieiiiaiieeeieee e 8
1.3.2  Steroidal CONIIACEPLIVES ...........c..ccovceiiiiiie ettt 9
1.3.3  Mode of action of oral CORtFACEPLIVES..............ccc..ceeeceeieeeiiieaeiieieeeiiiee e 9
1.3.4  Side effects of the contraceptive pill................ccccccccovviviivviiininicinciiieinceiee e 10
1.3.5  The evolution of oral contraceptives' ™ .............cc.coccoovviiiieieieieeeeeieen 10
1.4 PREVIOUS SYNTHESES OF DESOGESTREL ........uuttuititeeeraeinirenteeeeseenernnnraeeeeesesnnnnsnneseeseens 12
1.4.2  Introduction of the CI13-thyl @roup ............c.cccoeeveeeiieiniesiiieeseseeeseeseenenn 12
1.4.3  Introduction of the Cl1-methylene group ...............ccccoeeevceeevnceeenccennceeenceenneenee 17
1.4.3.1  Introduction of the C11-hydroxyl Sroup..........ccccceeeervierierioiieirereieeerviee e 17
1.4.3.1.1 Hydroboration/alkaline hydrogen peroxide .............cccocuverrveiinieriieininennnes 17
1.4.3.1.2 Microbial oXidation ...........ccceceeiiieiiiiiiiiiiieniee e 18
1.4.3.1.3  Other Methods .........ccciiiiiiiiiiie e 18



1.4.3.2  Oxidation of the C11-hydroxyl group to the Cl1-ketone............ccceevueerreeennnen. 19

1.4.3.3  Conversion of the C11-ketone to the C11-methylene group .........ccccceevveeennnee. 19
1.4.3.3.1 Peterson olefination ..........ccocueriiiiniiiriiiiiiee et 19
1.4.3.3.2 WIHE TEACTION. ....eeettiie ettt ettt ettt ettt et st sbte s saeeesbee s eae 20
1.4.3.3.3 Nucleophilic addition of a methyl group/dehydration...........cc.ccccoeeveenuienns 20

1.4.3.4  Other Method.......cccoeiiiiiiiiiiiie e 21

1.4.4  Modification/Construction of the A-Fing............c.cccceeevveeevciieonieeenienineiecennneeeeen. 21
1.5 PREVIOUS SYNTHESES OF ESTRONE......cciteiiiieiiieiiieeieeeeieeeeeeeeeeeeeeeeeeeeeveeveeeveeeveeaeeseeaesenes 23
L5 ] INIPOAUCHION ...ttt et nee s 23
1.5.2  Selected examples using Dane’s diene.................ccccccceevevceniceiniiceniceence e 23
1.5.3  Other selected MELROAS ...............cccceoveiiiiiiiiiiiiiiiieiiieeeeeste et 20

1.6 ATM OF THE PROJECT ...evuvttieeteeseetieeneeteeeeessatteeateteeeesn sasnnseeseesessssnsnssnseseeesesesnnsnnsnneseeseens 28

RESULTS AND DISCUSSIONS. ...ctuiititiiiiiiiiiiiitiiiiiiitieieiitietacissaeiacaecacnns 31

CHAPTER 2, SYNTHESIS OF THE ALLYLIC PHOSPHONATES/PHOSPHONAMIDE

FOR THE CONJUGUATE ADDITION REACTIONS .....uuuiirniensunecsseensaneessseessancesssesssncessns 31
2.1 INTRODUCTION.....cceeteeuutiuteeteeteseeeunrtieeeteeaesssssnnsenteetesaeasassnsesteeaesaessasnnssseeeseseennsnsnnnnnnes 31
2.2 DESOGESTREL SYNTHESIS. ...ceeettiteetuttutteteeeerertenreateetesaesssennsenteetessesssnsnnesseeseesessssnsnneesees 31

2.2.1 The attempted synthesis of orthoester (2.1)...........ccccoocvvevevvivoioenenieeeineeeneieennenn. 32

2.2.1.1  Retrosynthetic analySis .........ccccveerervriereiireieeseiiieeeriiniesesnrereessssresessssnesenennes 32
2.2.1.2  Route 1: Synthesis of orthoester (2.6)............ccecvveeeeriiirieriirieeeeeiiieeeriiee e 32
2.2.1.3  Route 2: Synthesis of orthoesters (2.6) and (2.7) ......c.cceeevevrvreeeecrnieeeriiie e 33
2.2.1.4  Oxidation to the aldehyde (2.5) ......ccvvieieiiiiiieeiiee et 33
2.2.1.5  Z-selective Wittig reaction™™® .............c.coooiiiiiieeee e 35
2.2.1.6  Synthesis of the propargylic alcohol (2.34)...........ccevvivieieiiiiiiiieiiie e 37
2.2.1.7  CONCIUSION ..ottt et ettt ettt et et e e s e eneenns 38
2.2.2  The synthesis of the dioxolane containing Z-allylic phosphonate (2.2) ....................38
2.2.2.1  Retrosynthetic analysis ........ccoccceevuieriiiiniie ettt e 38
2.2.2.2  Synthesis of propargylic alcohol (2.36) ...........ccoeveeeriieiiiiiinieiiie e, 39
2.2.2.3  Z-selective reduction of the alkyne (2.36) ........c..cceevvvieieiiiiieineiiiee e 40
2.2.2.4  Determination 0f the E/Z 1ati0........ceeveeiruieiniieniie ittt 42
2.2.2.5  Synthesis of the Z-allylic phosphonate (2.2) .........cccoceveriveiinienneienien e, 43
2.2.2.6  Synthesis of the E-allylic phosponate (2.45).........cccoveierieeiniienniienien e, 44
2.2.2.7  CONCIUSION ..ottt ettt et ettt e et eaneene e 45
2.3 ESTRONE SYNTHESIS ....uuttuitttteeerseeenrtireeteeeessesnnnenreetesaesssnssnsesseesessssssssnnssseeseessssssssnssennes 45

2.3.1  RetroSynthetic QnalySis.............cccceeeveeeiveieiiieeenieeiie et 4D



2.3.2  Synthesis of the allylic chloride common precursor (2.46) ...............cccccceeveuee.. 46

2.3.2.1  Synthesis of the Z-allylic alcohol (2.52) ......cccccoooiiiiniiiiiiiieeeee, 46
2.3.2.2  Conversion of the alcohol (2.52) to the chloride (2.46)...........ccccvveeevireerennnn. 47
2.3.3  Synthesis of the Z-allylic phosphonate (2.3)............ccccoooiiinieiiiiiiianiiies e 48
2.3.3.1  Synthesis of the Z-allylic phosphonate (2.3): Arbuzov reaction ...................... 48
2.3.32  Synthesis of the Z-allylic phosphonate (2.3): Corey-Winter olefination'*® ...... 49
2.3.4  Synthesis of the Z-allylic phosphonamide (2.4) ............cccccovvcvvevvveinineniceinenne . 50
2.3.4.1  Synthesis of the chiral phospholidine precursor (2.65)...........cceceeeveeeneeennnen. 50
2.3.42  Arbuzov reaction with homochiral phospholane (2.66)...............ccceceerreeennen. 51

2.4 SUMMARY ..ottt ettt ettt e e ettt ettt ettt e ettt es bt e eat bt e bt eat bt et eeab bt et eentbe eareeenn 52
CHAPTER 3, THE HANESSIAN 1,4-ADDITION REACTIONS .....cccccviinrsniccsnnicssnncssnnncsnnes 53
3.1 INTRODUCTION......ccttuutiuitureeereereseresersenssessansennsenesnssnnsaesasss s esasassaasssssassasasasesaeassassaaasens 53

3.1.1 Regioselectivity of the 1,4-addition reaction................cc.ccccecuveeevieeeeiicnieiinnnnn 53
3.1.2  Stereoselectivity during the 1,4-addition reaction................c.cccecvveevvccennnceeencc 55
3.1.3  Overview of the expected 1,4-addition/alkylation reactions ..............cccccceeeeec . 57

3.2 DESOGESTREL SYNTHESIS......uuuututtttteteeeeeintnreeaeeteseesssssnreseeesessesssnssnnearessesssansssnneseesenns 58
3.2.1 Synthesis of the Michael acceptor (1.131) and electrophile (3.27)..........ccccccce..... . 58
3.2.1.1  Synthesis of 2-ethylcyclopent-2-en-1-one (1.131) .....ccooveiiniiiiniiieniienieeeen. 58
3.2.1.2  Synthesis of the electrophile (3.29) .......ccceviiiiriiiiiiieiie e 59
3.2.2  Attempted 1,4-AddItIONS.............cccoooevieiiiiiaie e et 59
3.3 ESTRONE SYNTHESIS ...cettttteeeeiieturetteeteseeeinenreeaeetessesssssnsesaesaessasssnssnnesressesessnsssneeseesenns 65

3.3.1  RACEMIC SYNIRESIS ......ooveeeieeeeie ettt et eisiae e e eneveenenns O

3.3.2  Enantioselective SYNIRESIS ...........c.cccvuuieieiiiiieieiies et eee e 08

3.4 SUMMARY ..ottt et ettt et et et e e e e e 69
CHAPTER 4, DESOGESTREL: THE TANDEM C-B RING CYCLISATION........ccceeveeuneee 70
4.1 INTRODUCTION ... ..tutttiriitttesetiteeeeitite e st tee s ebtaeeeeatite et s sttt eesebebeeseasateae s suneaesenbeneeeenannes 70
4.2 STEROID C AND B RING FORMATION .....uuuttieteiiieeeniiieierasiteeesenieieeeeiireeesesaeeeesenbeneeeenannes 70

4.2.1 Introduction to the domino reaction ..............cccc.ceceveevceeeviieencieeniceeenienseeeneanne 70
4.2.2  Overview of the expected domino C-B reaction................cccceeeceeeevceeenccensceeencecnnn 71
4.2.3  Lessons learned from previous studies by R. Clarkson™ ................ccc.cccocovvvcei 73
4.23.1  Lesson 1: C17-ketone protection requirement prior to cyclisation/ Choice of the
base for the halogen/metal eXchange. ..............ocooviiriiiiiien e e 73
4.2.3.2  Lesson 2: Protection of the C17-Ketone.............ocveeeerieiiiieniieniienienene s 74
4.2.4  Preamble to a successful domino C-B reaction: C-ring formation .......................... 74

4.2.4.1  C17-KetOne PrOtECHION ....uuviieeieiiieseiiiieeeiire e e eetiteeeenteeseenreaeeseereaesesssseesenannes 74



4242  C-riNG fOIMAtION ..c.veiiiiiiiitiies ittt ettt sttt 75
4.2.43  Establishing the C-ring formation stereochemistry ..........cccocccevveveneennerennnen. 76
4.2.5 Synthesis of the methyl ester domino C-B precursors (4.1) and (4.33)..........c......... 77
4.2.5.1  Acetal to methyl ester transformations ............ccecceeeveeerieeenieenneienee e 77
4.2.52  C17-Ketone ProteCHiON .....ccuueerieeiriiieriieieniiie ettt siee ettt eieeestiee st e et sbe e 79
4.2.6 Attempted domino C-B reactions................ccccoevceevciiereveencieseneeaineeeeieseneeeeenennnn . 80

4.2.6.1 Main domino C-B IEaCLIONS .........cuuuueeiiiiiiieee ettt eee e e e 80
4.2.6.2  Alternative domino C-B reaction...........ccouuuueeeiiiiiiiieeeeeeeeeeeeee e eeeeeeeeeeee e 83
4.2.6.3  Derivatisation of the domino C-B products ..........ccceceevreiiniiennieeinieenneeennen. 83

4.2.7 Domino C-B reactions with Weinreb amides .................ccccceeveeeeceeeeiiiiiiiiiiieeeenen .85

4.2.7.1 Synthesis of the domino C-B precursors (4.47) and (4.48)..........ccccvevvvecvnennne. 86
4.2.72  Ci7-ketone protection with LDA/TBDMSOTT: B-ring cyclisation.................. 88
4273  Attempted domino C-B reactions ........c.ceueeiriierieeeniienieeeniieeesieeeniiee e eeeiees 90
4.2.8 Domino C-B reactions with other SUbSIrates...............cccccceeveeevieciieeecveeeainn. 91
4.2.8.1  The attempted synthesis of a MEM-ester domino C-B precursor .................... 91
4.2.8.2  Domino C-B reaction with a phenyl ester (4.64)..........c.ccceevueernriiinienneeennnen. 92

42,9 CONCIUSTON. ..o et 93

CHAPTER 5, DESOGESTREL: A-RING ANNELATION AND SYNTHESIS

CONCLUSION. cccuuuiiiierinneniecssnneeccsssseetessssesnecssssessessssessesssssstessssssssesssssssessssssessssssssssssssssssssssasees 94
5.1 INTRODUCTION. .. .cetitimtitteeriittteraetteteseettteeteiiteeeeu saeetesesbebeesentaneeeensareaesenbebeesensaneeeensaneaens 94
5.2 THE HORNER-WADSWORTH-EMMONS REACTIONS........cuuutirireierserirenerereeeenennnnenneeaeeeenns 94

5.2.1 Initial experiments with aldehyde (4.3)...........ccccooovviiiviiiniiiianiiniiieeeiieeeeeeennn . 94

5.2.2  HWE reactions with formaldehyde ................c.cc.occoiiviiimiiiiiiiiiiieiieie e 95
5.2.3  Attempted dephosphonylation FeACtIONS. ..................ccecueieiiieieeeaiiiaeeiiiee e e 98
5.3 A-RING FORMATION: 7 REACTIONS IN A ONE-POT PROCESS......ccceeeiiiieiiieeieeeieeeeeeeeeeeeeeeens 99
5.4 TOTAL SYNTHESIS OF DESOGESTREL.......cccectuutitiieiereeeeieneeeeeeaese e snenneeeessesssnsnnenneaeeeas 101

5.4.1  Dithioacetal protection ...............cccccocuuveeeenioeiisceieiiieeneiesieeseeeeseeeneeesneeenneenns 101
5.4.2  DeSulfurization reactions ................ccccoeeceeeeeeenceiecieaineeeieseeeeeineeeeneseneeenenennns 102
5.4.3  Introduction of the C170-ethinyl gQroup............cccoccveevevveeciienevceenineeeeeeeneeenenn 102
T T )1 (@) 5101 (6 ) PSP 104

CHAPTER 6, STEROID C AND B RING FORMATION: COMPLETION OF ESTRONE

TOTAL SYNTHESIS ..couuiiiniiienitintinnieinieenssneesseessssessssessssscesssssssssessssasssssssssssssssssssssasssss 105
6.1 INTRODUCTION. .. .ceteiititieeriitttenieeteseteteeeeititee e sttt tes sabeteeseatiteeestbeeeen sabeteessasbeeeensabeees 105
6.2 THE C-RING CLOSING METATHESIS ....uttiieiriiiieeenieeteneieteesetiteeesiieeee eaveneessanieeeesuneees 105

6.2.1  Racemic synthesis: RCM with phosphonate (3.3).......c.ccccocceevveeenivennceencoennenen. 106



0.2.2  EnantioSelective SYNIMESIS ............ccccuuuieaiieeieeeee et et eaeaee e
6.2.2.1  Phosphonamide RCM 1€aCtIONS .....c...ceerirerriiiriieriieeniiieeie et et e

6.2.2.2  RCM reactions with phosphonic acid (6.3).........cccevveeiniieiniiinie e

6.3 B-RING CLOSURE AND SYNTHESIS CONCLUSION ......cceiitiiieeieiieeeieeeeeeeeeeeieeeeeeeeeeieeeeeeveeens
0.3.1  HECK FOACHION. ..ottt
6.3.2  Reduction of the All,12-double bond: synthesis of O-methyl-estrone.....................
6.3.3  Isomerisation of the All,12- to A9,11-double bond followed by hydrogenation .......
6.3.4  Deprotection t0 ESIFONE ................couieiiieiieiiee et et e

0.4 SUMMARY ...ootiviiiiiiiieiieeeteetetaresersaersarseranas e s aeesasesaesaassaasaasasasasesaesaaessesesaseseeseesseeseeees
CHAPTER 7, FUTURE DIRECTIONS OF THE RESEARCH .........ccccntiinniiinnencssuecsseneenn
7.1 SHORT TERM ...ccoviiiiiiueeiureeresaresersanssarsnnrennssnesasnnnsssesassassasssassasssssasaesssassesssesseesseesseeseeens
7.1.1  Enantioselective synthesis of deSOZestrel.................ccoccoeieviiieaiiiiiiieiiiieeeeienn
7.1.1.1  Viaa domino C-B r€action........c.ceeeruiiiriiiriiiiniieniee et

7.1.1.2  Viaa sequential C and B-ring cyclisation..........ccceevveeeviieiniienee e

72\ 1210 18 N 23 . PP
7.2.1 Towards a new desogestrel synthesis via a domino B-C cyclisation. .....................
7.2.1.1  Investigations of direct functionalisation of enolate (7.11)............cccceeeeeneee.

7.2.1.2  Investigations of a stepwise alkylation of enolate (7.11)........ccccceevevenneeennen.
7.2.1.2.1 Synthesis of the silyl enol ether (7.17) ....c.ccccocoeiriieriiiiiner e

7.2.1.2.2 Cross-aldol reactions: synthesis of alcohol (7.12)..........cccccvveerrcnreernnnnn.

7.2.1.3  Attempted domino B-C reaction...........cccceevvveeiniieniieeiniienieieiee e

7 T I 0) (€ N 2320, PP
CHAPTER 8, OVERALL SUMMARY ....couiiiiiriecreensennsunessncssncsssecssecssacsssessnesssessssssssssssessne
CHAPTER 9, EXPERIMENTAL ...cccuiiiiinuinnienienseensenessnessnessneessesssesssassssessnesssesssessssssssessns
9.1 EXPERIMENTAL DATA FOR CHAPTER 2.......ouutiiiiiieieeeeeeiiiieiieeeeseeeeneineeeeeaesesnnnenneaeeeas
9.2 EXPERIMENTAL DATA FOR CHAPTER 3.....cutitiiiiiiieieeeeeeieeeeeeeeeeeeeeeeeeeeeeaeeeeeeaeeeaeeeaeeveeene
9.3 EXPERIMENTAL DATA FOR CHAPTER 4.......oouiiiiiiieieee e eiiieeieeeeeee e eneeeaeeeaeseenneneeaeee s
9.4 EXPERIMENTAL DATA FOR CHAPTER 5.......outiiiiiiieiiieeeeiiieiie e e ee et eeeee e e e eneee e s
9.5 EXPERIMENTAL DATA FOR CHAPTER O.......ouvviiiiiieiereeeeiiiieiieeeeee e eeeireaeeeeesesnnenneaeeeas
9.6 EXPERIMENTAL DATA FOR CHAPTER 7.......cuviiiiiiieieeeeeeiiiieieeeaeee e eeeeneeaeeeaesesnneneeaeeeas

APPENDIX I : COPIES OF 'H AND “C NMR SPECTRA
APPENDIX II: X-RAY DATA

LIST OF REFERENCES

oooooooooooooooooooooooooooooooooooooooooooooooooo

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

107
107
108
109
109
109
111
113
113

114

114
114
114
116
116
117
118
119
119
120
121
122

123

124



List of schemes

SCHEME L1t e e s s s s 3
SCHEME 1.2, e e e s s s 5
SCHEME 1.3 e e s s s s e 6
SCHEME 1.4.....coiiiiiiii i e e e s s e 13
SCHEME 1.5ttt e e e s s s 13
SCHEME 1.6.....coiiiiiiiiiiiiiii i e e e e s s s s 14
SCHEME 1.7ttt e e e s s s 15
SCHEME 1.8ttt e e s e s e 16
SCHEME 1.9.....ciiiiiii i e e e s 17
SCHEME 110 ..o e s e s s s s s s 17
SCHEME L.11 ..ottt e s s s s s 18
SCHEME 1.12...0iiiiii i e e s s e s s 19
SCHEME 1130 e s e s s s s s s 19
SCHEME 1.14 ..ot e e s s s s s 20
SCHEME 115, e s e s s s s s s 20
SCHEME 116ttt e s e s s e s s s 21
SCHEME 117 ..ottt e s s e s s s 22
SCHEME 118 e s e s s s s s s 22
SCHEME 1,19 e s s s s 24
SCHEME 1.20.....ciiiiiii it e e s e s s e s s e 24
SCHEME 12100ttt e s s s s s s 25
SCHEME 1.22....oiiiiiiii i e s e s s s e s s 26
SCHEME 1.23 ..ot e s e s s e e s s 27
SCHEME 1.24 ..ottt e s s s s s s s 27
SCHEME 1.25....oiiiii i e e s e s s e s s s 29
SCHEME 2. 1.ttt e e e s s s 32
SCHEME 2.2t e e e s s 32
SCHEME 2.3t e e et e s s s s 33
SCHEME 2.4......oiiiiiiiiiiii it e et e e e s 34
SCHEME 2.5, e e et e s s s s 34
SCHEME 2.6.....cciiiiiiiiiiiiiiii it e e e s s 35
SCHEME 2.7ttt e e e s s 35
SCHEME 2.8.....ciiiiiiii i e e e s s 36
SCHEME 2.9.....ciiiiiii i et e s s 36
SCHEME 2,10ttt e e s e s s s s s s 37
SCHEME 2,11 ..ot e et s e s s s s s 38

X



SCHEME 2,120t e e s s e s 39

SCHEME 2.13 ... e e s e s s 39
SCHEME 2.14 ..ot e e s s s s 40
SCHEME 2,15, e e et e s s s 40
SCHEME 2.16......cciiiiiiiiiiiiiii i et s s e e s 41
SCHEME 2,17ttt et s s s s s s 42
SCHEME 218 et s e s s e s s 43
SCHEME 2,19t e e s 44
SCHEME 2.20......0ciii ittt et s s s s s s s 45
SCHEME 2.21 ..ot e s e s s e s 46
SCHEME 2.22.....oiiiii it e e e s s s 48
SCHEME 2.23 ...t e e s s s s 48
SCHEME 2.24......ooiiiiiiii i e s s e s 49
SCHEME 2.25.....oiiiii i e et s s s e s s 50
SCHEME 2.26......ccciiiiiiiiiiiii i e et s s e s 50
SCHEME 2.27 ..ottt e e et s s s s 50
SCHEME 2.28......oiiiii i e s s e s 51
SCHEME 3.1t e e e e s 53
SCHEME 3.2, e e e e s s 54
SCHEME 3.3 s et e s s 54
SCHEME 3.4.....coiiiiiii i et e e s e 55
SCHEME 3.5ttt e e e e s s 56
SCHEME 3.0.....coiiiiiiiii i e e e e s s 56
SCHEME 3.7ttt e et e e s s 57
SCHEME 3.8.....ciiiiiii i et e e s s s 58
SCHEME 3.9.....ciiiiiii i e e s 59
SCHEME 3,100t e e s e s e s s 60
SCHEME 3.11 ..ot e s s e s s e s 61
SCHEME 3,120 e s s s 62
SCHEME 3.13 ... e e s s s 64
SCHEME 3.14 ... e e s s s 65
SCHEME 315, e e s s s s s 68
SCHEME 4.1.....ocoiiiiii i e e s s 70
SCHEME 4.2.....coiiiiiii i e e s s 71
SCHEME 4.3t e et e s s 71
SCHEME 4.4........oiiiiiiiiiiii i e e s s 72
SCHEME 4.5.....ciiiiiii it e e e s s s 72
SCHEME 4.6.......ooiiiiiiiiiiiiiiii e e e e s s 72
SCHEME 4.7.....ciiiiiiiii ittt e e e s s 73



SCHEME 4.8.......oiiiiiii it e e s s 74

SCHEME 4.9.....coiiiiiiiiii i e e s s 74
SCHEME 4,101ttt e s e s s s s 75
SCHEME 4.11 ..ot e e s s e s s e 76
SCHEME 4,12t e s s s s s 76
SCHEME 4.13 ... e e s s s 78
SCHEME 4.14 ..ottt e e s s s s s 79
SCHEME .15t et s e s s e e 80
SCHEME 4.16.......cciiiiiiiiiiiiiiic e e e e s s s e 80
SCHEME 4,17ttt e e s s e e s 83
SCHEME 418t e s s s s s e s 84
SCHEME 4,19 e s 84
SCHEME 4.20......0cciiii it et e s s s s s 85
SCHEME 4.21 ..ottt et e s s 86
SCHEME 4.22......oiiiiiii it e e s s s s 86
SCHEME 4.23 ...t e e s s 87
SCHEME 4.24......oooiiiiiiiiiii i e s e e s 88
SCHEME 4.25......oiiiiiii it e e s s s s s s 88
SCHEME 4.26.......cciiiiiiiiiiiiiiii e et s s s s 89
SCHEME 4.27 ..ottt e et s s s s 89
SCHEME 4.28......oooiiiiiiiiiii i et s e s s s 90
SCHEME 4.20......oiiiiiii i e s 91
SCHEME 4300ttt e et s e s s s s s s 91
SCHEME 4.3 1 ..ottt s e s e e s 92
SCHEME 4.32.....ciiiiiii i e et s s s e s 92
SCHEME 5.1ttt e e e e s s 94
SCHEME 5.2ttt e e e e e s s 95
SCHEME 5.3ttt e et e e s s s 96
SCHEME 5.4......coiiiiiiiii i e e e e s s e 98
SCHEME 5.5, e e e s s s 98
SCHEME 5.0.....coiiiiiiiiiii i e et e s s 99
SCHEME 5.7ttt e e et e s s 99
SCHEME 5.8.....ciiiiiiii it e et e e e s s s 101
SCHEME 5.9.....ciiiiii i e e e 101
SCHEME 5.10.....cciii ittt e s s s s s 102
SCHEME 5.11 ..ot e s e e s s 103
SCHEME 5.12.....ciiiiiiii i e et e s s e 103
SCHEME 6.1......coiiiiiiiiiiiiii e e e s s 105
SCHEME 6.2......oiiiiiiiiiiiii it et e e s s 106

Xi



SCHEME 6.3.....coiiiiiiii i e et e s e s s s 107

SCHEME 6.4........ociiiiiiiiiiiiiic ettt e e s s s 108
SCHEME 6.5.....coiiiiiiii it e e s 109
SCHEME 6.6.......coiiiiiiiiiiiiiiiitic st et e s s s 109
SCHEME 6.7.....coiiiiiiii ittt e et e s s s 110
SCHEME 6.8.......ooiiiiiiiiiiiii et s e s 110
SCHEME 6.9.....ccoiiiiiii i e e e 112
SCHEME 6.10.......cciiiiiiiiiiiiiiii e s s s 112
SCHEME 6. 11 ..o e e s s s 113
SCHEME 7.1ttt e e e e s e s s 115
SCHEME 7.2, e et e s s s s 116
SCHEME 7.3 ettt e s e s s 117
SCHEME 7.4.....cciiiiiiii ittt et e e s s s s 118
SCHEME 7.5ttt e et e s s s 118
SCHEME 7.6.....coiiiiiiii ittt e e e s s s 119
SCHEME 7.7ttt e e et e e s s s 120
SCHEME 7.8ttt e et e s s s s s 121
SCHEME 7.9ttt e e e s 122

Xii



List of figures

FIGURE 1.2 .o e et et ettt e e et et e ettt et e e h bt sa sa e et eeeaae 1
FIGURE L. 11 ettt et et a e e e e et en e e e s e e s eaeenans 16
FIGURE L1200 e ettt e et et a e e e eee et en e sae e es e e e eneentn 23
FIGURE L.13. ettt e e s e e eae et en e eaeea s s e eaeenans 28
FIGURE 2.1 ..o ettt e et et s e et eae et en e e e s e e snan 31
FIGURE 2.2 ..o e ettt et e e s e et s e e e e 43
FIGURE 2.3 .ottt e e e e e e s e e et es e e e s e e 47
FIGURE 2.4 ..o et et e e s e e et ea e s e e e 47
FIGURE 3.1 oottt et e et ee e s e eae et en e s e e e e 53
FIGURE 3.2 ..ottt et e s e e e e e e e eaae 61
FIGURE 3.3 .ottt s e e s e e et ea e e e s e e e 63
FIGURE 3.4 ..ot e e s e ea e ea e s e e e e 66
FIGURE 3.5: X-RAY STRUCTURE OF (3.3)
FIGURE 3.6 ...ttt e s e et ea e s s e e 67
FIGURE 4.1 .o et e e s e e ea s e e s e e snnn 75
FIGURE 4.2: X-RAY STRUCTURE OF (4.26)........ccocccoiiiiiiiiiiii it 77
FIGURE 4.3: X-RAY STRUCTURE OF (4.29) .......cciiiiiiiiiiiii i 78
FIGURE 4.4 ..o e et s st ea e ea s s e e 82

FIGURE 4.5: X-RAY STRUCTURE OF (4e40Q1)...............oosvveeseeeeeseeeeeeeeeeeeeee e eee oo se oo ees oo eeees e eee e ee e 84
FIGURE 4.6: X-RAY STRUCTURE OF (443B).........ovvveeoeveeeeseeeeeeseeeoeeeeeeeeeee e eee oo se oo ees oo esees e eeese e 84
FIGURE 4.7: X-RAY STRUCTURE OF (445) .........ovvvoooeeeoceeeeoeeeeeeeeeeeeee oo ee oo eee oo eee oo eeees e 85
FIGURE 4.8 ..o e e oo 86
FIGURE 5.1 ... oo 95
FIGURE 5.2: X-RAY STRUCTURE OF (1.71)
FIGURE 5.3: X-RAY STRUCTURE OF (5.13)
FIGURE 5.4: X-RAY STRUCTURE OF (5.14)

FIGURE 5.5: X-RAY STRUCTURE OF (5.15)
FIGURE 6.1 ..ottt et e e s e s e e s s 111
FIGURE 7.1 .o e e s et s st e s e s aen e e 114
FIGURE 7.2 ..ottt e et e et s bt s et s s s 117

Xiii



List of tables

TABLE 2.1 .o e s s s 36
TABLE 2.2ttt e e s s s 41
TABLE 2.3 e s s s 48
TABLE 3.1 e s s s 60
TABLE 3.2, e e s s s 66
TABLE 3.3 e s e s s e 68
TABLE 4.1 ..o e s s s 81
TABLE 5.1 ..ot e s e 96
TABLE 6.1 ..ot e 106
TABLE 6.2, e s 108
TABLE 6.3 s 110
TABLE 6.4t s 112
TABLE 7.1 ..o e s 118
TABLE 7.2t e s 119

Xiv



Preface

The research described in this thesis was carried out under the supervision of Dr. Bruno

Linclau at the University of Southampton between January 2006 and April 2009.

XV



Acknowledgements

I would like to express my deepest sincere gratitude to the following people and

organizations for their contribution to the realization and completion of my research:

My supervisor, Dr. Bruno Linclau, for offering me the opportunity for postgraduate
studies and for enabling me to live this tremendous experience over the past four years, for his
excellent supervision, his support, encouragement and friendship during my research. His
genuine and cheerful personality and his generosity and kindness will always be
remembered.

The Engineering and Physical Sciences Research Council (EPSRC) for financial
support of this project.

My parents, Jean-Luc and Annie, for so many reasons including the financial support
for higher education. My beloved sister, Audrey.

Dr. Ganesan, my advisor, for providing me useful feedback from my quarterly
reports.

My former colleagues in the group, Dr. Leo Leung, Dr. Cyrille Tomassi and Dr. Elena Cini
for their warm welcome in Southampton, the enjoyable and supporting work environment
they provided and their wonderful friendship.

Mrs Joan Street and Dr. Neil Wells for their assistance with the NMR facilities.

Dr. Mark E. Light for providing such important X-Ray analyses.

Dr. Marinus Groen for his precious advices and expertise concerning desogestrel.

The present members of this group, Catherine, Kylie, Konrad, Nathan and Jean.

Miss Julie Herniman and Dr. John Langley for their assistance with the MS
facilities.

Special thanks to people I've been working with during my work-placements over the
last seven years and to whom contact I've learned so much: Dr. Karl Hemming and Dr.
Christina Loukou from Huddersfield (UK), Dr. Fabrice Balavoine from CEREP (France),
Prof. Jacques Pornet and Prof. Georges Bashiardes from Poitiers (France).

Finally, all my friends met in Southampton, and all my friends from France for friendship

and support.

Xvi



Abbreviations

The following abbreviations have been used throughout this thesis:

b.p. - boiling point

br - broad

CAN - Cerium ammonium nitrate

CIMS - Chemical ionization mass spectrometry
CSA - DL-camphor-10-sulfonic acid

d - doublet

DCC - Dicyclohexylcarbodiimide

DCM - Dichloromethane

de - diastereomeric excess

DHA - Dehydroepiandrosterone acetate
DIBAL - Diisobutylaluminium hydride

DBU - 1,8-Diazabicyclo[5.4.0Jundec-7-ene
DIC - Diisopropylcarbodiimide

DIPEA - Diisopropylethylamine

DMAP - Dimethylaminopyridine

DMF - Dimethylformamide

DMSO - Dimethylsulfoxide

ee - enantiomeric excess

EIMS - Electron ionization mass spectrometry
equiv - equivalent

FSH - Follicle stimulating hormone

g - gram

GnRH - Gonadotrophin releasing hormone

Xvii



HCA
HMPA
HMPT
HPLC
HRMS
HWE

IMHW

LAH
LDA
LG
LH
min
m.p.
NaHMDS
NBS
NMO
NMR
OTf
0X
PG
PPTS

pTSA

py

RCM

hour

Hexachloroacetone
Hexamethylphosphoramide
Hexamethyl phosphorus triamide
High performance liquid chromatography
High resolution mass spectrometry
Horner-Wadsworth-Emmons
Intramolecular Horner-Wittig

Litre

Lithium aluminium hydride
Lithium diisopropylamide

Leaving group

Luteinizing hormone

minute

melting point

Sodium hexamethyldisilazide (sodium bis(trimethylsilyl)amide)
N-bromosuccinimide
N-Methylmorpholine-N-Oxide
Nuclear magnetic resonance
Triflate/trifluoromethanesulfonate
oxidation

Protecting group

Pyridinium p-toluenesulfonate
para-Toluenesulfonic acid
Pyridine

Quaternary

quartet

Ring Closing Metathesis

XViii



S

t
TBS/TBDMS
TFA

THF

TLC

TMS

room temperature

singlet

triplet
tert-Butyldimethylsilyl
Trifluoroacetic acid
Tetrahydrofuran

Thin layer chromatography

Trimethylsilyl

XiX



Chapter 1, Introduction

1.1 Steroids

1.1.1 Introduction to steroids

Steroids are a class of compounds whose structure is based on the tetracyclic ring system
as illustrated in Figure 1.1. By convention, it is agreed that the rings are labeled with a
letter and that this begins with the lower left hand ring, working towards the upper right

hand ring. It is also convention to begin the carbon numbering in the A-ring.'

Cholestanol (1.1)

Figure 1.1

By convention, the upper and lower faces of the steroid are defined as the -face and the

o-face, as shown in Figure 1.2.

;H ); CgHy7
HO

H  Cholestanol (1.1)

Figure 1.2

Another commonly used nomenclature within steroids is the nor-prefix which indicates the
lack of a particular group.' As illustrated in Figure 1.3, 19-norcholesterol (1.2) is the
analogue of cholesterol (1.3), with a missing methyl group at C10 (the C19 methyl group).



O
19-Norcholesterol (1.2) Cholesterol (1.3)

Figure 1.3

Hundreds of distinct steroids have been identified in plants and animals, where they play
an essential role in many physiological functions."™ For instance, they are particularly

involved within the reproduction process and the regulation of growth.

1.1.2 Steroid hormones’

Within the human body, two classes of steroid hormones can be distinguished: the sex
hormones which include androgens, progestogens and oestrogens; and the adrenal cortex
hormones which include glucocorticoids and mineralocorticoids. There are many
examples of individual steroids within each class, natural or synthetic steroids. Figure 1.4

presents some of the naturally occurring steroids.

Natural steroid sex hormones

Androgen Progestogen Oestrogen

Testosterone Progesterone Estrone

(1.4) (1.5) (1.6)
Natural steroid adrenal cortex hormones

o
Aldosterone (1.7) Cortisol (1.8)

Figure 1.4

Androgens are mainly produced in the testes, though they are produced in small amounts
in the adrenal cortex and ovaries, and are associated with the development and
maintenance of male characteristics, fertility, muscle growth and mood effects. The most
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well-known androgen is testosterone (1.4). Progestogens, like progesterone (1.5) which is
the only naturally occurring human one, are associated with the regulation of the
menstrual cycle, the maintenance of pregnancy and the inhibition of ovulation. They are
secreted by the ovaries and the placenta. Oestrogens are associated with the development
and maintenance of female characteristics, fertility, muscle growth and mood effects. They
are also involved in the control of the menstrual cycle and are mainly produced by the
ovaries and the placenta. Estrone (1.6) is one of the three natural oestrogens that account
for most of the estrogenic activity in humans. Mineralocorticoids and glucocorticoids are
produced by the cortex of the adrenal gland. Mineralocorticoids, like aldosterone (1.7),
maintain the balance of sodium and potassium in the body and are therefore associated
with blood volume and pressure. Glucocorticoids are involved in carbohydrate, protein
and fat metabolism. They also have anti-inflammatory properties and cortisol (1.8), also

called hydrocortisone, is the most important human glucocorticoid.

1.1.3 Biosynthesis of steroid hormones

Any steroid hormone produced within nature has cholesterol (1.3) as the common

precursor, which biosynthesis is shown in Scheme 1.1."

)\/\)\/\WVY
|

Squalene (1.9)
‘ NADPH, Oz
X
S
Squalene oxide (1.10) o

o Me H

Me Me
«~—  HO ~
steroid Me A /; s _Me
backbone H Me 'l|
rearrangement R
Cholesterol (1.3) Lanosterol (1.12) (1.11)

Scheme 1.1

From squalene (1.9), which has 30 carbon atoms (24 in the chain and 6 in the form of
methyl-group branches), the first step is an enzymatic epoxidation that forms squalene
oxide (1.10) as a single enantiomer, which then undergoes a complex -cationic
polycyclization leading to the tetracyclic cation intermediate (1.11). Cation (1.11) then
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undergoes a series of 1,2-shifts to form lanosterol (1.12). Finally, lanosterol (1.12) is
converted to cholesterol (1.3) by CO,-elimination of the methyl groups at C4 and C14,
transposition of the C8-9 to the C5-6 double bond and reduction of the side chain double
bond."

A key consequence of the use of squalene oxide (1.10) as steroid precursor is the resulting
methyl group at the C13 position. Steroids with other groups than a methyl at C13 are
synthetic steroids.

1.1.4 Hemi-synthesis of steroid hormones

Since steroids are such an important class of compounds, it is hardly surprising to discover
that work concerning the synthesis of these compounds has been underway for many
years. Beside the natural compounds, many synthetic steroids have been prepared in order
to increase potency, limit side effects or improve other molecular characteristics

(examples in Figure 1.5).

Synthetic steroids

Androgen Progestogen Oestrogen Glucocorticoid Mineralocorticoid

HO (0]
19-Nortestosterone Deso%estrel 17a-Ethinylestradiol Prednisone © Dexamethasone
(1.13) (1.14) (1.15)

(1.16) (1.17)

Figure 1.5

The industrial production of steroids, natural or synthetic, requires high yields and cheap
and readily available starting materials. Although totally synthetic methods have been
employed, these syntheses are not convenient as they often lead to isomeric mixtures of
products. The steroid backbone itself often contains six asymmetric carbon centres, which
means that up to 64 (2°) stereoisomers are theoretically possible.” To avoid this problem,
steroids are frequently obtained by hemi-synthesis from an abundant natural steroid.
Natural steroid starting materials, a few examples are shown in Figure 1.6, are mainly
extracted from plants: diosgenin (1.18) (Dioscorea), hecogenin (1.19) (Agave Sisalana),

smilagenin (1.20) (Smilax), sitosterol (1.21) or stigmasterol (1.22) (soya seeds).



Sitosterol (1.21) Cholesterol (1.3) Stigmasterol (1.22)

Figure 1.6

Diosgenin (1.18) and sitosterol (1.21) are the main sources of natural steroids for hemi-
synthesis. For example, the commercial synthesis of desogestrel (1.14) is a hemi-synthesis
starting from diosgenin (1.18) which is transformed to dehydroepiandrosterone acetate

(DHA) (1.27) in six steps via the Marker process (Scheme 1.2).

Diosgenin (1.18)

(o]

' 1) POCI
SO
2) Hel
o

DHA (1.27) 74 %, 6 steps AcG

Ac

Scheme 1.2

The first step of the Marker process is to cleave the F-ring in diosgenin by heating the
compound at 200 °C with acetic anhydride. Chromic acid oxidation at the C20-22 double
bond in (1.23) converts this compound into the keto ester diacetate (1.24) and immediate
treatment of the keto ester diacetate with base eliminates the C16 side chain, forming the
enone (1.25). Treatment of (1.25) with hydroxylamine forms the C17-oxime (1.26). POCl;
is used to drive the Beckmann rearrangement of (1.26), and DHA (1.27) is formed after
acid hydrolysis. Overall, DHA can be prepared from diosgenin in 74% yield on an
industrial scale." The industrial desogestrel synthesis consists of 24 steps from diosgenin

(1.18) but is not discussed in this thesis.



1.2 The role of steroid hormones during menstruation and
11,12

pregnancy

1.2.1 The menstrual cycle

The term menstrual cycle defines the periodic series of changes in the female reproductive
system associated with the preparation of the uterus, key to which is the production and
the release of an egg from the ovaries. The release of an egg is called ovulation and occurs
every 28-35 days from non-pregnant women. The lining of the uterus, the endometrium,
builds up in a synchronized fashion. If implantation of a foetus doesn’t take place, the

expanded endometrium is broken down and excreted which is known as the menstruation.

All aspects of the menstrual cycle are controlled and synchronized by five hormones:
gonadotrophin releasing hormone (GnRH), luteinizing hormone (LH), follicle-stimulating
hormone (FSH), oestrogen and progesterone (Figure 1.6). GnRH is produced by the
hypothalamus. FSH and LH are both gonadotrophin hormones and are secreted by the
anterior pituitary gland (in the brain). Oestrogen and progesterone (1.5) are both steroid
hormones and are mainly produced by the ovaries. As already mentioned in part 1.1.2,
progesterone (1.5) is the only naturally occurring human steroid hormone that belongs to
progestogens. Oestrogens, however, are represented by three naturally occurring steroids:
estrone (1.6), estradiol (1.28) and estriol (1.29) (Scheme 1.3).

Estrone Estriol Estradiol
(1.6) (1.29) (1.28)

Scheme 1.3

These are all produced in the body from androgens (like testosterone (1.4)) through
enzyme action. Estradiol (1.28) is the primary oestrogen: it is 12 times more potent than
estrone (1.6) and 80 times more potent than estriol (1.29). Estradiol is converted to estrone

in the blood. Estriol is produced in the liver by oxidation of the other two.



Figure 1.7 shows the change of blood levels for each hormone during the menstrual cycle.
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Figure 1.7

No units are displayed on the Y-axis as what is really important is the relative

concentration of each hormone.

By convention, the “cycle day one” refers to the first day of menstrual bleeding. From day
one, the hypothalamus releases GnRH, which causes the secretion of relatively low levels
of LH and FSH from the pituitary gland (section 1, Figure 1.7). Under the influence of the
FSH, a number of follicles in the ovary start to grow. The cells of these growing follicles
release oestrogen (primarily estradiol) which partly stimulates the rebuilding of the
endometrium. As the oestrogen levels become higher, the oestrogen stimulates the
hypothalamus to increase the output of GnRH, and as a result increases gonadotrophin
(LH and FSH) release. This in turn leads to a further increase in oestrogen production. The
overall effect of this is to cause a surge in oestrogen, LH and FSH production, which in

turn stimulates the release of an egg, and ovulation occurs (section 2, Figure 1.7).

After the ovulation, the residual follicle transforms into the corpum luteum under the
effect of the LH. The corpus luteum will produce progesterone in addition to oestrogens
for the next two weeks. The progesterone works in conjunction with the oestrogen to stop
the secretion of LH and FSH so no other follicle can develop during the cycle. In the
absence of pregnancy, the corpus luteum demises and oestrogen and progesterone levels

fall. Progesterone withdrawal leads to menstrual shedding, while the falling oestrogen



levels allow FSH levels to rise resulting in the beginning of a new cycle (section 3, Figure

1.7).
1.2.2 Pregnancy

If fertilization of an egg has occurred, the corpus luteum does not degenerate but persists.
This is the result of another hormone: the human chorionic gonadotrophin (hCG), secreted
by the placenta. The corpus luteum is now able to continue to produce progesterone and
rd th
-4

low levels of oestrogen until the 3 month of gestation, when the placenta replaces it.

Human chorionic gonadotropin (hcG)

Progesterone

Relative blood levels

cf41 2 3 4 s 6 7 8 9410
Months

Fertilization Delivery

Figure 1.8

The placenta then secretes increasing amounts of oestrogen and progesterone until the end
of pregnancy. The main oestrogen produced by the placenta is estriol. The high levels of
oestrogen and progesterone during pregnancy maintain the development of the uterus,
prevent menstruation and inhibit the production of FSH so that no further follicles can
develop. They are also required by the mother’s body to prepare for birth. For instance,
they allow changes to the uterine musculature and also allow the development and the
maintenance of the mammary glands for lactation. Variations in hormone levels during

pregnancy are shown in Figure 1.8.

1.3 The contraceptive pill

1.3.1 Introduction to contraception




Contraceptives and other forms of fertility control have quite possibly always been
employed in mankind history and the methods used have evolved alongside society.® The
role of contraception is to reduce fertility in a reversible manner. There are many forms of
contraception, which include diaphragms, caps, male or female condoms, the rhythm

method, intrauterine contraceptive devices (IUCDs) and steroidal contraceptives.

1.3.2 Steroidal contraceptives

Steroidal oral contraceptives are one of the most innovative pharmacological products of
the 20™ century and no other pharmacological agents have been more widely studied."
They were introduced in the 1950s but they only became reliable and acceptably effective
in the 1960s.

Two types or oral contraceptives can be distinguished: preparations that contain a
combination of an oestrogen and a progestogen, and preparations that only contain a
progestogen. The roles of these hormones in relation to contraception are explained in the

next section.

1.3.3 Mode of action of oral contraceptives

During the female cycle, progesterone is produced after ovulation for the purpose of
preventing additional eggs from developing by inhibiting the production of the
gonadotrophin hormones FSH and LH. During pregnancy, the persistent production of
progesterone also prevents further follicles from developing. The idea behind oral
contraceptives was to supply a continuous source of a progestogen so as to inhibit the
production of FSH and LH, and as a result ovulation could not occur. This is what the
contraceptive pill does as it serves as an artificial source of a progestogen. The biggest
weakness with this type of contraceptive is that the effects only last for 22-26 hours and
therefore must be taken daily. Non-oral progestogen contraceptives do not have this
problem. Injection is effective for 8 weeks and sub-dermal implants are effective for up to

five years.

In the combined oral contraceptives, the oestrogen is present in very small amounts and
assists the progesterone in preventing the production of FSH and LH. The oestrogen is
thought to promote the development of progesterone receptors, thus making the

progestogens in the contraceptive pill more effective.



1.3.4 Side effects of the contraceptive pill

Oral contraceptives have a number of associated side-effects.'>'

They may influence
coagulation, increasing the risk of blood clots causing deep venous thrombosis, pulmonary
embolism, stroke and myocardial infarction. This is especially true for women who
already have some pre-existing vascular disease, for women who have a familial tendency
to form blood clots, women with obesity or hypercholesterolaemia or smokers. The pill
has also been linked to an increased risk of breast cancer, although this was mostly related
to the high doses of oestrogen contained in the first pill type.'” Minor side effects include

weight gain, nausea, headaches, depression, libido changes or skin problems.

Not all of the side effects of taking oral contraceptives are negative however. Indeed, oral
contraceptives users have a reduced risk of developing ovarian and endometrial cancers,
and these effects can persist for up to ten years after discontinuation of oral contraceptive
use.'* Oral contraceptives also help women with menstrual disorders and have sometimes

been found to reduce the incidences of acne amongst users.

1.3.5 The evolution of oral contraceptives' !

The first steroid to be used as an oral contraceptive was norethisterone (1.30), synthesised
in 1951 (Figure 1.9). Norethisterone and all of the synthetic progestogens are derived from
19-nortestosterone (1.13). Norethisterone is extremely similar in structure to 19-
nortestosterone; the only difference is that norethisterone has an additional 17a-ethinyl
group. It is this combination of the 17a-ethinyl and the 173-hydroxyl groups that appear

to mimic the 17B-acetyl group found in progesterone (1.5)."®

Progesterone (1.5) 19-Nortestosterone (1.13)

Levonorgestrel (1.31) Gestodene (1.32) Norgestimate (1.33) 3-Keto-desogestrel (1.34)

Figure 1.9
10



The first generation of oral contraceptives had a number of serious side effects associated
with them. In order to eliminate these problems, a few structural changes were made, from
which the second generation of oral contraceptive were born (levonorgestrel, norgestrel).
These new steroids had different selectivity profiles, which meant that they remained
active progestogens but no longer caused the side effects previously observed. The second
generation steroids were also found to be more potent than the first generation compounds,
which meant that smaller doses could be used to maintain contraceptive efficiency. The
key structural difference between the first and second generation compounds was that the
later compounds had an additional methyl group on Ci8 (a C13 ethyl group) (Figure 1.9,
levonorgestrel versus norethisterone). This group was believed responsible for the
increased potency of the second generation compounds.” The different selectivity profile
was not at all for the better, however, as the second generation oral contraceptives were
found to cause androgenic effects (e.g. facial hair) which were clearly not desirable in a
pill for women. A solution was found to this problem by altering the dose of progestogen,
leading to bi or tri-phasic oral contraceptives. Meanwhile, further research was underway
into the development of new progestogens. These became the third generation of oral
contraceptives, of which desogestrel (1.14) was the first on the market; introduced in
Europe in 1981. Several years later, two more third generation oral contraceptives were
introduced: gestodene (1.32) and norgestimate (1.33) (Figure 1.9). Compared with
norethisterone and levonorgestrel, the third generation oral contraceptives again had a
higher binding affinity to progesterone receptors (in vitro studies) and fewer androgenic
effects according to in vivo studies.”® In terms of structure, gestodene is very similar to
levonorgestrel, the only difference is an additional double bond between C15 and C16 in
gestodene. Norgestimate and desogestrel both have two stuctural changes from
levonorgestrel. Norgestimate has both the C17-p acetate and the C; oxime groups whereas
desogestrel has no oxygenated C3 functional group, but it does have an exocyclic
methylene group at C11. The Ci1 methylene group is responsible for the increased
progestogenic but reduced androgenic activity of desogestrel.”’ The pharmacologically
active form of desogestrel is its metabolite, 3-keto-desogestrel'’ (1.34) (Figure 1.9), which
can be injected, implanted, or it can be formed in the liver from orally administered
desogestrel (1.14).

11



1.4 Previous syntheses of desogestrel

1.4.1 Svynthetic challenges

Three main challenges can be identified for the synthesis of desogestrel (1.14) as shown in

Figure 1.10:
e Construction of the A-ring with the double bond at the C4-C5 position
e Introduction of the exocyclic C11-methylene group

e Introduction of the angular C13-ethyl group, without contamination with

the cis-fused C-D ring system

Desogestrel (1.14)

Figure 1.10

Each of these challenges is discussed below, as well as a discussion of selected examples
of existing total syntheses of desogestrel. Hemi-synthesis approaches will not be discussed

however.

1.4.2 Introduction of the C13-ethvyl group

One of the most common method that enables the introduction of the C13-ethyl group
involves the use of 2-ethyl-1,3-cyclopentanedione (1.35) as the D-ring precursor. Many
groups including Smith,* Corey,23 Saucy24’25 or Tietze™ have employed this precursor in

related total syntheses of desogestrel.

An example of the synthesis devised by Smith and co-workers™ is shown in Scheme 1.4
where the triketone (1.37) is obtained by a Michael addition of the enolate of (1.35) onto
the enone (1.36).

12
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_ H2 Pd/CaCOs, PhH ’Q
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(1.39) (1.38)

~,

Scheme 1.4

Acid mediated cyclisation led to the racemic tetracyclised steroid (1.38) which upon regio-
and stereoselective hydrogenation afforded the desired frans-hydrindane ring system

(1.39). Due to the ease of the synthesis of steroid (1.39), this starting material has

frequently been used for C13-ethyl steroids.”’=*

The Parrish-Hajos diketone® (1.43) has also been frequently employed for C13-ethyl

31-33

steroids, and can be synthesized enantioselectively by organocatalysis from (1.35) as

shown in Scheme 1.5.

0
ON f J/i H,0, 82% J/i% (8)-(-)-Proline m PTSA, PhH, A ﬁﬁ
~ DMF 100%, O

(1.35) (1.40) (1 a1) 71%,100%ee 4 4900 100%ee 4 43)

Scheme 1.5

A Michael addition conducted in aqueous media between diketone (1.35) and the enone
(1.40) led to the triketone (1.41) in 82% yield. The next asymmetric aldol reaction, using a
catalytic amount of (S)-(-)-proline, led to the optically pure frans-hydrindane (1.42) in
71% after recrystallization. The Parrish-Hajos diketone (1.43) was obtained by subsequent

acid catalysed dehydration in quantitative yield.’'

An example from Corey and Huang® is given below (Scheme 1.6) which illustrates the

use of the Parrish-Hajos ketone (1.43) towards desogestrel synthesis.
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o

Scheme 1.6

From the Parrish-Hajos ketone (1.43), the ketone was selectively reduced in the presence
of the enone using sodium borohydride and the intermediate alcohol was protected as a
silyl ether (1.44). Using a catalytic amount of ‘BuCu (0.3 equiv) in the presence of an
excess of DIBAL-HMPA complex (2 equiv), the o,p-double bond in (1.44) was
stereoselectively reduced. The frans-hydrindane compound (1.45) was obtained in 91%
yield. The regioselectivity was problematic for the next a-methoxycarbonylation leading
to (1.46) using dimethyl carbonate, sodium hydride and sodium methoxide in a 1 : 1
mixture of THF/hexane. The optimized conditions still led to a 6.3 : 1 mixture of
regioisomers. The tricyclic B-keto ester (1.48) was then obtained by sequential double
deprotonation with NaH followed by "BuLi and regio- and stereoselective alkylation with
(1.47). The cationic cyclization was achieved with 10% TFA in DCM that formed the
tetracyclic steroid skeleton with the correct geometry at C8, C13 and C14. However, the
use of TFA partially deprotected the C17-silyl ether, forming the Ci7-trifluoroacetate
which was cleaved by methanolic base (also hydrolysing the Ci1-ester). The C17-silyl
ether was reintroduced with TBS-CI leading to (1.50) in 73% overall 4 steps. Details for
the Cl1-methylene introduction are given below (part 1.4.3.4) and the final steps of the

synthesis of desogestrel are discussed in part 1.4.4.

In a recent publication, Tietze and co-workers®® also introduced the C13-ethyl group from
a modification of the Parrish-Hajos ketone, where the steroid backbone was constructed

via a double Heck reaction as illustrated in Scheme 1.7.
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81%, 2 steps O

Scheme 1.7

Reduction of the carbonyl group in (1.51) was achieved with DIBAL-H in DCM with
attack of the hydride taking place exclusively from the less hindered a-face to give alcohol
(1.52). Treatment of (1.52) with N-formylimidazole afforded allyl formate (1.53), which
was further transformed into the trans-hydrindane compound (1.54) by stereoselective Pd-
catalysed rearrangement. For the first Heck reaction, coupling of (1.54) and (1.55), the
oxidative addition of the palladium catalyst exclusively took place at the more reactive
vinyl iodide moiety in (1.55). Although the reaction was very stereoselective, with
exclusive insertion into the double bond in (1.54) from the a-face (the Ci3-ethyl group
shielding the -face), regioselectivity was not so great as a 7 : 1 mixture of regioisomers
was obtained. The intramolecular Heck reaction, using Herrmann catalyst (1.57),
proceeded in a highly stereoselective fashion, leading exclusively to the unnatural cis
junction of the B- and C-rings (1.58). The less sterically hindered benzylic A6,7-double
bond in (1.58) was then selectivily reduced with PtO,.H,O, and the remaining A11,12-
double bond was isomerized to the A9,11-position (1.59). Many total syntheses of
desogestrel rely on this particular A9,11-double bond for the introduction of the exocyclic
Ci1-methylene group, as discussed below (part 1.4.3). Tietze and co-workers have also

employed this double Heck methodology in a related total synthesis of estrone (1.6).**

Beside those examples that rely on 2-ethyl-1,3-cyclopentanedione (1.35) for the
introduction of the C13-ethyl group, Corey and co-workers®>*® have demonstrated it could

. ) ) . . . . 3738
be introduced via an enantioselective Diels-Alder reaction between Dane’s diene’”
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(1.60) and the dienophile (1.61) in presence of an oxazoborilidine ca‘[alyst36 (1.62)

(Scheme 1.8, Figure 1.11).

Et
= O catalyst (1.62) "CHO
Et (20 mol %) CH
H
SORPNAL = oo
o MeO,C™ H 94%, 97% ee ? (1.63)
| (1.60) (1.61) 1 recryst, 100% ee :
1) MeMgBr 83%
2) LAH 3 steps
3) Swern
(o] Et
1) KOH .
(I ok O
i |H
o S eL
~,
) 2 steps O
(1.38) (1.64)
Scheme 1.8

The ABC steroid precursor (1.63) was obtained in 94% and in 97% ee, which was
improved to 100% ee after a single recrystallization. Such good enantioselectivity is
explained by the diene (1.60) attacking the catalyst-dienophile complex (1.65) (Figure
1.11) from the sterically less shielded front face, directing the [4+2] cycloaddition to form
(1.63).

H e
@ TN
H
H o
Ph PRy N
N o=B
J—N. O P
TN H B H.20 (1.65)
\© H =
(1.62) \
MeG™ "O N pigne (1.60)

Figure 1.11

From (1.63), the D-ring precursor (1.64) was obtained in 83% by addition of methyl
magnesium bromide to the aldehyde followed by LAH reduction of the ester and Swern
oxidation of the resulting two alcohols. Aldol reaction followed by acid mediated
dehydration constructed the D-ring (1.38), from which point literature methods were used
to synthesise desogestrel.”* Corey and co-workers have also employed this methodology

in a related total synthesis of estrone (1.6).*
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1.4.3 Introduction of the C11-methylene group

In the previous syntheses of desogestrel, the most frequently employed method for the
introduction of the exocyclic methylene group has been via a C11-ketone introduced from
a Cl1-hydroxyl group. Although several methods have been reported for the insertion of
the C11-hydroxyl group,” only the methods used towards desogestrel synthesis shall be

discussed in the following sections.

1.43.1 Introduction of the C11-hydroxyl group

1.4.3.1.1 Hydroboration/alkaline hydrogen peroxide

The most frequently employed method for the introduction of the C11-hydroxyl group has
been the hydroboration of a C9-11 double bond followed by treatment with alkaline
hydrogen peroxide. Many groups including Tietze® (Scheme 1.9), Corey,” Gao,”

Schwarz® or Stéphan*' have employed this methodology in related desogestrel syntheses.

OtBu

1) BoHe
2) H,0,, NaOH
R E—

90%

o!
|

Scheme 1.9

This hydroboration/alkaline hydrogen peroxide is particularly efficient (90% yield), but
there are several limitations. The main limitation is the requirement of the C9-11 double

bond and this could take several steps to install if not already present.

The other disadvantage is that the reaction seems not to be reliable. To illustrate this,

Scheme 1.10 shows the results obtained by Gao and co-workers.?’

1) BHy, THF

2) H,0,, NaOH

o o o
[ 56% (1.68) [ 16% (1.69) ] 4% (1.70)

Scheme 1.10
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Gao only reported a yield of 56% of desired 11a-OH product (1.68) along with 16% 93-H
product (1.69) and 4% of 11B-OH product (1.70). The two side-products are not always

obtained or mentioned in the literature examples when this hydroboration/alkaline

hydrogen peroxide is employed.

1.4.3.1.2 Microbial oxidation

The other common method for the introduction of the Ci1-0-OH group has been a
microbial oxidation® from the corresponding C11-hydrocarbon. For instance, the
microbial oxidation is used in the industrial desogestrel synthesis, and Gao and co-

workers® have also employed this procedure (Scheme 1.11).

Aspergillus ochraceus
_—

41%

Scheme 1.11

Although this method is advantageous as it is a direct insertion of the hydroxyl group,
which means no requirement of any functional group interconversion and so less steps, the
yields are rarely excellent. This is in part due to the fact that by-products are often

observed due to over-oxidation or non-selective oxidation.

1.4.3.1.3 Other methods

Other methods of insertion of the C11-hydroxyl group include oxygen-peroxidation***
and epoxidation.*® However, only the oxygen-peroxidation method has been successfully
employed for the synthesis of desogestrel. This is illustrated in Scheme 1.12 which shows

how Liu and co-workers have employed this methodology for the insertion of the 113-OH
group.
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Scheme 1.12

Compared to the previously mentioned methods, this reaction is the only method that
inserts the Cli-hydroxyl group at the B-position. Upon exposure to oxygen, the diene
(1.73) was peroxidized to the C11-B-hydroperoxide (1.74) which was reduced to the C11-
B-alcohol (1.75) by reduction with sodium iodide.

1.4.3.2  Oxidation of the C11-hydroxyl group to the C11-ketone

Many reagents have been successfully used for this transformation such as Jones’s

reagent,” PCC,”” Dess-Martin periodinane® or activated DMSO methods.*

1.4.3.3  Conversion of the C11-ketone to the C11-methylene group

Conversion of the C11-ketone to the Cl11-methylene can be achieved by one of the three
followings methods: Peterson olefination, Wittig reaction or nucleophilic addition of a

methyl group followed by dehydration of the resulting tertiary alcohol.

1.4.3.3.1 Peterson olefination

Although the Peterson olefination has been used in the original synthesis of desogestrel,’
it has not really been used since, apart from the recent desogestrel synthesis of Tietze*®
(Scheme 1.13).

LICH,TMS conc. HCI

—_ =

acetone
95%

THF
94%

Scheme 1.13
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Addition of LiCH,TMS to (1.76) in THF afforded the B-hydroxy intermediate (1.77)
which upon acid-catalyzed Peterson olefination led to the C11-exo-methylene compound

(1.78) in excellent yield.

1.4.3.3.2 Wittig reaction

The introduction of the Cill-methylene has also been accomplished on separate
occasions™"* by Wittig olefination with methylene triphenylphosphorane. An example is

given in Scheme 1.14 from the group of Schwarz.”

PhsP=CH,
NaH, DMSO

85%

Scheme 1.14

Interestingly, the lack of functionality at C3 resulted in the reaction being very slow and
with moderate yields. This was circumvented by running the reaction under sonication.

Tietze has also reported this non-reactivity issue in his total synthesis of desogestrel.*

1.4.3.3.3 Nucleophilic addition of a methyl group/dehydration

The last method relies on the addition of methyl magnesium iodide or methyllithium
followed by dehydration in formic acid. Gao and co-workers have used this method as

illustrated in Scheme 1.15.%

Scheme 1.15

Treatment of the C11-ketone (1.81) with methyllithium in Et,O and benzene proceeded in
good yield. The conditions required for the dehydration at the newly formed hydroxyl
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group also removed the two acetal groups, and steroid (1.71) was obtained in 65% yield

over both steps.

1.43.4  Other method

The only synthesis of desogestrel where the C11-methylene group is not inserted from the

C11-ketone is the synthesis from Corey and Huang,> as shown in Scheme 1.16, via an

allylic diazine-sigmatropic rearrangement,*->°

LAH, THF

(1.83)
DEAD, PPhs, \

O-N02C5H4302NHNH2

allylic diazine
[3,3]-sigmatropic
rearrangement

Scheme 1.16

The Cil-acid (1.50) was reduced to the primary alcohol (1.83) with LAH. The Ci1-
methylene group was then introduced via a Mitsunobu reaction leading to the
sulphonamide intermediate (1.84), which upon a [3,3]-sigmatropic rearrangement*>"
stereoselectively introduced the C9-a proton as well as the exocyclic methylene group

(1.85).

1.4.4 Modification/Construction of the A-ring

From a total synthesis point of view, only two methods exist for the formation of the A-
ring for C19-norsteroids: Construction of the A-ring via a Robinson annulation or
reduction of an aromatic A-ring. Towards the total synthesis of desogestrel, only the
modification of an aromatic A-ring has been used. This methodology is illustrated in
Scheme 1.17, for the final steps of the total synthesis of desogestrel from Corey and

Huang.23
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Scheme 1.17

A Birch reduction was employed for the de-aromatization of the A-ring in (1.85) using
lithium in ammonia. Subsequent treatment of intermediate (1.86) with acid formed the
o,B-unsaturated ketone (1.87) and also removed the TBS protecting group. From (1.87),
the C3-ketone was converted to a thioacetal which was reduced using lithium in ammonia
in 85% over two steps. The final steps proceeded in high yields, where the C17-hydroxyl
group in (1.88) was oxidized to the ketone (1.89) which allowed the introduction of the

C17-a-ethinyl group in the final desogestrel product (1.14).

The Robinson annulation is also a very common reaction in steroid chemistry and has
been employed on separate occasions for the construction of the A, B and D rings.”' As an
example, the Robinson-type chemistry has successfully been employed for the
construction of the A-ring in both natural steroids and C19-norsteroids. Scheme 1.18
shows how Parrish and Hajos have used this reaction to construct the A-ring in a total

synthesis of 19-nortestosterone (1.13).*?

Scheme 1.18
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Interestingly, 19-nortestosterone (1.13) was obtained from diketone (1.90) in 27% overall
yield in 13 steps (or an average yield per chemical reaction of 93%) without any
purification. The intermediate diketone (1.93) underwent an intramolecular aldol
reaction/dehydration (which also deprotected the C17-O7Bu group) that completed the A-

ring.

1.5 Previous syntheses of estrone

1.5.1 Introduction

Although (+)-estrone was the first steroid hormone ever isolated and one of the most
synthesized, its synthesis still represents an appealing challenge in steroid methodology.
The stereochemical complexity of the steroid backbone requires highly stereoselective

steps to create new asymmetric centres with the desired geometry and in high yields.

Estrone

(1.6)

Figure 1.12

The enantiopure form of estrone, as shown in Figure 1.12, which is also the naturally
occurring enantiomer, was first achieved in 1948 by Anner and Miescher.”> Many
syntheses of estrone have been described in the literature since, even very recently. Many
ingenious methodologies have been developed, and as such only some of the most recent

selected examples shall be discussed in the following sections.

1.5.2 Selected examples using Dane’s diene

Among the most commonly used precursors for the synthesis of estrone is Dane’s diene
(1.60).”7® This is illustrated in Scheme 1.19 for the synthesis of estrone by Ogasawara and
co-workers™ via a stereoselective Diels-Alder reaction between Dane’s diene (1.60) and

chiral dioxycyclopentenone (1.94).
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Scheme 1.19

The Diels-Alder reaction was conducted in presence of diethyl aluminum chloride which

furnished the single steroid (1.95) diastereoselectively. Although the dioxolane moiety in

enone (1.94) served as an excellent stereocontroling element, the reaction proceeded

following the orbital-controlled endo rule as indicated by the cis-C9-C11 stereochemistry

observed in (1.95). Treatment of (1.95) with aluminum amalgam in aqueous ethanol gave

the C15-P ketol which was converted to the Torgov diene™* (1.96) with HClI/CH;COOH in

70% over 2 steps. The conversion of the Torgov diene to estrone (1.6) was carried out in

three steps following literature procedures.

55,56

Corey and co-workers*~**" have also conducted significant research in this area where

the Dane’s diene (1.60) is subjected to a Diels-Alder reaction using chiral oxazoborilidine

catalysts (Scheme 1.20).

H
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Scheme 1.20
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From the Dane’s diene (1.60), they have developed two different synthetic pathways that
both lead to the Torgov diene (1.96). The first one, involving a stereoselective Diels-Alder
reaction with the ester aldehyde (1.98) has already been touched upon for a similar total

3336 In this case, the Torgov diene could be obtained

synthesis of desogestrel (part 1.4.2).
in 58% overall yield in six steps. More recently in 2008, they reported a regio- and
stereoselective Diels-Alder reaction between Dane’s diene and cyclopentenone (1.100)
using catalyst (1.101) which afforded cis-C13-C14 steroid (1.102) in 82% and 99% ee after

a single recrystallization.

A final example involving Dane’s diene is given below in Scheme 1.21, for the formal
synthesis of estrone devised by Knochel and co-workers,”® where the Torgov diene (1.96)

is obtained via an asymmetric allylic substitution.

OCOC5F5
oTBS
1.105
“ Et,BH then TBsO” ( ) b
EtQZn CuCN 2LICI THF
| (1.60) >08% (1.104) \ (1 106)
1) t-BuLi 45%
2) B(OMe)3 3 steps
3) NaBO3.4H,0
OTBS
‘Q p -TsOH
O e
CI'O3
Torgov diene (1.96) 61%, 3 steps (1 107)
Scheme 1.21

Dane’s diene (1.60) was converted to the zinc organometallic derivative (1.104) by
hydroboration followed by a boron/zinc exchange sequence in excellent yield. The yield of
the reaction was determined by GC analysis of hydrolyzed reaction aliquots. The chiral
cycloalkenyl iodide (1.106) was then obtained by a copper(I)-mediated anti-Sn2’-allylic
substitution of the dialkylzinc (1.104) with the allylic pentafluorobenzoate (1.105) in 66%
yield. The cyclopentenyl iodide (1.106) was then converted to the corresponding ketone
(1.107) by a one-pot sequence by treatment with #-BuLi followed by the addition of
B(OMe);, and oxidation with sodium perborate. From the ketone (1.107), acid-mediated
ring closure followed by TBAF deprotection and subsequent oxidation of the C17-alcohol
with CrOs led to the Torgov diene (1.96) in 61% overall yield in 3 steps.
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1.5.3 Other selected methods

In 1963, Torgov and Anachenko disclosed a remarkably short synthesis of racemic Torgov
diene (1.96) (from which the total synthesis of estrone has already been explained) which
was based on the high yielding coupling of the readily available components (1.108) and
(1.109) (Scheme 1.22).°**°
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Scheme 1.22

Very recently, Corey and co-workers® have developed a new method for the
enantioselective and diastereoselective reduction of the achiral Torgov diketone (1.110).
The key chirogenic step (Scheme 1.22), the reduction of (1.110) to (1.112) was
successfully achieved by a slow addition of catecholborane (1.8 equiv) to a -50 °C
solution of diketone (1.110) in presence of catalytic amounts of oxazoborilidine (1.111)
and N, N-diethylaniline. The enantiopure C17-a-alcohol (1.112) was obtained in 86% with
a 99% ee after recrystallization. The C-ring cyclization was achieved by treatment of
(1.112) with methalonic HCI, and subsequent oxidation with IBX gave the enantiopure
Torgov diene (1.96) in 97% overall yield in 2 steps. Enantiopure O-methyl-estrone (1.113)

was then obtained in high yield by two successive hydrogenation steps.

Another very interesting synthetic approach is the one devised by Pattenden and co-

6192 where the steroid B- C- and D-rings are constructed via a cascade radical-

workers,
macrocyclisation and successive frans-annnulation reactions from a substituted aryl vinyl

cyclopropane precursor (1.114) as shown in Scheme 1.23.
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Scheme 1.23

The iodide (1.114) was refluxed with BusSnH and AIBN in toluene, leading, through a
regio- and stereoselective sequence of radical cyclizations, to a mixture of estradiol
derivatives as a mixture of C17-OMe epimers (1.119) in 15% yield. The cascade of radical
reactions from (1.114) to (1.119) involves 4 successive C-C bond formation reactions.
First, a 12-endo trig macrocyclization of (1.115) to (1.116). Then, a cyclopropenyl to but-
2-enyl carbon equilibration of (1.116) to (1.117). The two final reactions involve a 6-exo
trig transannulation leading to (1.118) and finally a 5-exo trig transannulation and H-
quench which led to (1.119). Chromium trioxide oxidation afforded O-methyl-estrone
(1.113) which was deprotected to estrone (1.6) with BBrs;.

Finally, Tietze and co-workers® have reported the total synthesis of estradiol derivative
(1.125), easily converted to estrone (1.6) via known reactions, by two successive Heck
reactions between the doubly functionalized arene (1.120) and the chiral hydrindene
(1.121) allowing the construction of the steroid skeleton (Scheme 1.24).

OtBu

PBY Pd(OAC),, PPh
DMF/MeCN /Hz0

_

: A, 61%

(1.126) + (1.125)
24% 76%

Herrmann catalyst
(1.57) (2 mol %)

—_——
"BusOAC
DMF/MeCN /H,0O
99%

Pd/C (0.6 equiv), EtOH,

@ A 480

| (1.124)

Scheme 1.24
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Although the same methodology has already been described for a related total synthesis of
desogestrel (Scheme 1.7, page 15), the final steps of our total synthesis of estrone mainly
rely on this publication. The first Heck reaction, between (1.120) and (1.121), proceeded
in a very stereoselective fashion, with the only (1.122) reported. As already explained, it is
believed that the angular C13-methyl group shielded the B-face of (1.121). For the high
regioselectivity in the C-C bond formation, it is believed that stereoelectronic effects force
the attack of the palladium at C9 from the less hindered o-face in (1.121) to allow a chair-
like transition state with subsequent syn-addition of the vinyl group in (1.120) at C8
(Figure 1.13).

Figure 1.13

The next intramolecular Heck reaction using the Herrmann catalyst (1.57) proceeded in
nearly quantitative yield, leading to (1.123) as a single diastereoisomer with the cis-ring
junction between rings B and C. Selective hydrogenation of the more accessible A6,7-
double bond with Wilkinson catalyst under homogeneous conditions led to intermediate
(1.124) in 94% yield. The estradiol derivative (1.125) was then obtained in 76% yield by
isomerisation of the remaining A11,12-double bond followed by hydrogenation using Pd/C
with a large excess of 1,4-cyclohexadiene. However, the equilenin derivative (1.126) was

also obtained in 24% yield.

1.6 Aim of the project

The aim of this project was to develop a new general steroid construction in which three
stereocenters C8, C13 and C14 would be established prior to the actual formation of the
steroid backbone. So as to demonstrate the versatility of the methodology, two very
different steroid targets (estrone (1.6) and desogestrel (1.14)) have been envisioned, as

shown in Scheme 1.25 below.
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Scheme 1.25

The retrosynthetic analysis for both steroids via this approach involved a B- and C-ring
disconnection in (1.6) and (1.14) leading to a key intermediate (1.127), which possesses
appropriate R, R' and R” groups. This intermediate was envisioned to be directly
accessible by a one-pot process involving an allylic phosphonate/phosphonamide (1.130)
to a 2-alkyl-2-cyclopentenone Michael acceptor (1.100, 1.131), followed by
diastereoselective alkylation of the resulting enolate with alkyl-bromide (1.129).
Conjuguate addition reactions of allylic phosphonates are known to be very
diastereoselective™ with the allylic double bond configuration being translated into the
relative configuration of the sp’-centres of the formed C-C bond. The desired relative Cs-
C14 configuration requires a Z-configuration of the phosphonate double bond. By using a
chiral phosphonamide auxiliary, an enantioselective synthesis would be possible.
Introduction of the R, R' and R” groups as required for each steroid target would be easily

achieved by appropriate choice of starting materials (1.129)-(1.131) and (1.100).

Each of the key steps towards both steroid targets is described in more detail in the

subsequent chapters:

chapter 2 discusses the synthesis of the various 1,4-addition precursors (1.130) used

towards desogestrel/estrone total syntheses.
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chapter 3 details the results of the Hanessian 1,4-addition reactions, leading to

intermediates (1.127), for both desogestrel and estrone projects.

chapter 4 emphasizes the tandem C-B ring cyclisation from (1.127) to (1.128) towards the
total synthesis of desogestrel and its C13-methyl analogue.

chapter 5 discusses the A-ring annelation from (1.128) as well as the completion of the

total synthesis of desogestrel and its C13-methyl analogue.

chapter 6 emphasizes the completion of the enantioselective and racemic total syntheses

of estrone from (1.127).

chapter 7 details future plans for the project.
chapter 8 gives an overall summary.
chapter 9 describes the experimental details.

Although both total syntheses of desogestrel and estrone have been achieved during this
PhD, the estrone synthesis had already been achieved in our group by B. Guizzardi,** and
was only repeated for optimization and data reasons. The desogestrel synthesis was first

investigated by R. Clarkson,?' though was not yet completed.
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Results and Discussion

Chapter 2, Synthesis of the allylic phosphonates/

phosphonamide for the conjuguate addition reactions

2.1 Introduction

The synthesis of the phosphonate/phosphonamide substrates for the pivotal 1,4-addition
reaction is relatively similar for both estrone and desogestrel synthesis (Figure 2.1).
Hence, they are described together in this chapter. The desogestrel synthesis has only been
achieved in racemic form, via a Z-allylic phosphonate. The synthesis of two phosphonates
(2.1) and (2.2), with a different protecting group for the required ester moiety was
attempted.

(EtO)s” N (EtO)” (EtO);”
o o <\

(2 1) (2 2)

desogestrel project (2 3) estrone prOJec 24

Figure 2.1

For the estrone synthesis, both the achiral phosphonate (2.3) and the homo chiral
phosphonamide (2.4) have been synthesised.

2.2 Desogestrel synthesis

The initial plan involved a trioxabicyclo-octane protecting group,és’66 leading to (2.1) as
the target. This synthesis was not successful and a revised plan involved the use of a
dioxolane group, a well known aldehyde protecting group. The synthesis of (2.2) had

already been achieved by R. Clarkson,” and was further optimised on large scale.
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2.2.1 The attempted synthesis of orthoester (2.1)

2.2.1.1 Retrosynthetic analysis

The proposed retrosynthetic analysis towards the synthesis of the Z-allylic phosphonate

(2.1) is shown in Scheme 2.1.

° 2\ 2\ NH.HCI
'\:\’ o o o Cl V\)J\OEt
(EtO)s” A O[O O[O % (2.8)
\g\o pr— fr—
@] \ O
o P " P> HO <o + XMO

2.1) (2.5) X=Cl (2.6) (2.9) X=Cl (2.10)
X=Br (2.7) X=Br (2.11)
Scheme 2.1

The desired Z-allylic phosphonate (2.1) would be obtained via a Z-selective Wittig
reaction from the aldehyde (2.5), which would be synthesised from either the chloro
orthoester (2.6) or the bromo orthoester (2.7). Two routes were explored towards these
orthoesters, the first one involving the imidate salt (2.8), the second one involving the

reaction between the oxetane (2.9) with the corresponding acid chlorides (2.10, 2.11).

2.2.1.2 Route 1: Synthesis of orthoester (2.6)

Ethyl-4-chloro-1-butanimidate hydrochloride (2.8) was synthesised using a Pinner reaction
(Scheme 2.2).67'71 This reaction involved the treatment of 4-chlorobutyronitrile (2.12) with
gaseous HCI, prepared in sifu, in a mixture of anhydrous DCM and anhydrous EtOH
affording the desired imidate salt (2.6) in excellent yields (98%). Although this reaction
was very efficient, it was necessary to keep the reaction mixture sealed, once the addition
of HCl was complete, in the fridge for four days. The obtained salt could be stored for
weeks when well protected from moisture. The gaseous HCI, generated by the addition of
conc. H,SO4 onto conc. HCIl, was bubbled through the reaction mixture by mean of a

nitrogen gas steam.

HCI(g) CHC(CH,0H)3 (2.13)
EtOH, DCM NH.HCI EtOH, PhMe e}
: o)
Chko~CN ——7— — g
. 08% Cho~ A g . 56% Mo
(2:12) 4 days (28) (2.6)
Scheme 2.2
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Golding and co-workers®® reported the synthesis of orthoester (2.6) derived from cheap
and commercially available 1,1,1-tris(hydroxymethyl)ethane triol (2.13) and the tri-ethoxy
orthoester derived from (2.8). In order to save time, it was decided to apply their

methodology by direct esterification of the imidate (2.8).

The imidate salt (2.8) was refluxed overnight in toluene with triol (2.13) yielding the
desired compound (2.6) in up to 37% yield. As the triol was not completely soluble in
toluene, even while refluxing, EtOH (1.1 equiv) was added at the beginning of the
reaction; leading to an improved yield of 56%. The purification by column
chromatography led to the desired compound but an impurity was always remaining,

necessitating an additional purification by distillation.

2.2.1.3 Route 2: Synthesis of orthoesters (2.6) and (2.7)

Although the desired product was obtained in acceptable yield, the long reaction time

prompted us to investigate an alternative in which an acid chloride was reacted with an

oxetane (2.9), followed by acid-catalysed rearrangement (Scheme 2.3). ™

(0]
X Mc|
X=CI(2.10) (0] BF3 Et,O

o
X =Br(2.11) X \/\)J\ q
HO o A=Briz1) X
Eae Pyr, DCM, 0°C o ><Co DCM, -20 °C to rt \/\/ko
(2.9) VI, ,

Quantitative X =Cl(2.14) X = Cl, 65% X =Cl(2.6)
X=Br(2.15) X =Br, 71% X =Br (2.7)

Scheme 2.3

Treatment of commercially available 3-methyl-3(hydroxymethyl)oxetane (2.9) with the
corresponding acid chloride in presence of pyridine in DCM quantitatively yielded upon
simple work-up the intermediates (2.14, 2.15) after 1 h of reaction. The desired
trioxabicyclo-octane orthoesters (2.6, 2.7) were then obtained by boron trifluoride-

mediated rearrangement in good yields after column chromatography.

2214 Oxidation to the aldehvyde (2.5)

Oxidation of organic halides to the corresponding carbonyl compounds is a well known

transformation in organic synthesis. Several methods have been developed to carry out this
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conversion such as the Sommelet reaction” and the Kornblum reaction
(DMSO/NaHCO;).”® More recently, Das and co-workers’’ reported the use of NalO,-
DMEF to oxidise various primary and secondary halides to the corresponding aldehydes or

ketones under mild conditions (150 °C/40-60 min) in high yields (70-90%).

The NalO, oxidation’’ was first explored (Scheme 2.4).

0?( NalO,/ DMF 0/2(
0 alta 0

X .

e~y x O~y

X =Cl (2.6
X =Br ((2_7)) NaHCOs/ DMSO (2.5)

Scheme 2.4

Despite several attempts, only traces of aldehyde could be observed by 'H NMR, present
in a very complex mixture of compounds. The desired aldehyde (2.5) could not be
isolated. It was believed that the orthoester group was not stable under the reaction

conditions.

The Kornblum method (NaHCO3/DMSO)’® was also explored with both orthoesters (2.6,
2.7). However, again only traces of aldehyde could be observed (‘H NMR) and the
protecting group was not stable under those conditions. This was quite surprising as the
use of NaHCOs3 during the oxidation should have prevented the orthoester from being

hydrolysed.

Finally, the oxidation was achieved using an amine-N-oxide as described by Ganem and

co-workers (Scheme 2.5)."

~N | ~
062/(2 16)"  DMSO OQ/
Br\/\/ko . Sl O%/\/k
(2.7) 4h, 47% (2.5)

Scheme 2.5

They discovered that anhydrous trimethylamine-N-oxide (TMANO) (2.16) transforms
nitrosamides to aldehydes under mild conditions. As DMSO enhances bimolecular
nucleophilic displacements, the use of TMANO in DMSO could slowly oxidise aliphatic
halides. Crystalline anhydrous TMANO, easily prepared with the method of Soderquist,””

was only moderately soluble in DMSO, however the mixture reacted smoothly at room
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temperature with the halide (2.7) to afford the desired aldehyde (2.5) in medium yields
(47%). Enough material was at least obtained to explore the subsequent key Z-selective

Wittig reaction.

2.2.1.5 Z-selective Wittig reaction®®®!

The Z-selective Wittig reaction with aldehyde (2.5), that would lead to phosphonate (2.1),

was first investigated following the procedure of Shen and co-workers (Scheme 2.6)."

t (2 5) o/z(
1) KO'Bu or NaH, (EtO)z

EtQ, DCM Ph 2

HP=0 o

' Ph Ph—P—",4 "OEt %’
EtO 2) CuBr, P o EtO 5
(2.17) (248)Ph B (2.19) (2.1)

Scheme 2.6

They reported that the CuBr-catalysed reaction of vinyl triphenyl phosphonium bromide
(2.18) with dialkyl potassium phosphite (2.17) resulted in phosphorane (2.19), which can
be reacted with aldehydes giving substituted allylphosphonates, in various yields, with the
Z-isomer being formed exclusively in most cases. Because initial attempts with aldehyde

(2.5) were unsuccessful, the reaction was also attempted with benzaldehyde (2.20).

Carrying-out the reaction under the described conditions, with either the aldehyde (2.5) or
benzaldehyde (2.20), no reaction occurred, leading only to the recovery of the starting
material. Interestingly, when the reaction was carried out with NaH as a base instead of
KO'Bu, the reactivity was completely different. In the case of benzaldehyde (2.20), the
desired Z-allylic phosphonate®® (2.21) was obtained in 7% yield, but the E-isomer (2.22)
was also isolated in 26 % yield; or a (Z/E) ratio of (21/79) (Scheme 2.7).

1}
K© (EtO);” \/\)@ (2.22)

26%

EtQ 1) NaH, DCM

HP=0 —»Ph Ph P okt (2 20)

EtO 2) CuBr, o ;- EtO —

217 /\F"/*’B " P 221
(217) (2.18)Ph ' (2.19) (EtO); 7%

Scheme 2.7
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Unfortunately, under the same conditions (using NaH), the aldehyde (2.5) was almost fully
consumed but no allylic phosphonate (2.1) was neither observed nor isolated. Given the

lack of success, another route was explored.

Minami and co-workers®' reported that when cyclobutenyltriphenylphosphonium salt
(2.23) (Scheme 2.8) was treated with a catalytic amount of "BuLi in presence of
diethylphosphite (2.17), a phosphinyl-triphenylphosphonium salt (2.24) was generated in
situ. This salt could then be deprotonated to generate the ylide (2.25), which could react
with aldehydes to undergo a Wittig reaction.

S 3 catalytic ClO,- ) " I I
ClO4 PhgP, base N . Buli  PheP_ P RCHO R P~om
ez e PR R — \D (OEt); —— 2
: HP(O)(OEY), h (OEt),
(2.17) 224 (2.25) (2.26)

Scheme 2.8

This methodology was explored with benzaldehyde (2.20), with a few changes however
(Scheme 2.9). Instead of using "BuLi, NaH or NaHMDS were used, to avoid the
competing elimination reaction transforming vinyl triphenyl phosphonium bromide (2.18)

to triphenyl phosphine and acetylene.™

EtO

(247 HP=0 Base 2 (1 equiv)
/\':I’:Fih EtO Ph, Jr_/“\ (I)I
Ph BT Base1(0.1equiv) PE,;/P_ EtC OEt By
(2.18) THF, DMF B (2.22)
’ 5 (2.20)
Scheme 2.9

Table 2.1 shows the results obtained with the different bases used. The use of NaH or

NaHMDS gave almost the same results in terms of yield.

Base 1 (0.1 equiv) | Base2 (1 equiv) Y(lze.lzdz())f
NaH NaH 27%
NaH NaHMDS 31%
NaHMDS NaHMDS 25%

Table 2.1
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Unfortunately, once again, the E-allylic phosphonate (2.22) was the isomer that was
isolated. The Z-isomer was not observed. This methology was as efficient as the Shen
method, but only gave the undesired isomer, so it was never attempted with aldehyde
2.5).

Given the lack of success with the Z-selective Wittig reaction, an alternative route was

investigated based on a partial reduction of a propargylic triple bond.

2.2.1.6  Synthesis of the propargvlic alcohol (2.34)

The final attempts towards the synthesis of Z-allylic phosphonate (2.1) involved the
synthesis of propargylic alcohol (2.34) via alkylation of propargyl alcohol (2.31) with the
known™ bromide (2.30) (Scheme 2.10).

o)
Br/\)LCI
(2.28) 0 BF3.Et,O 0/2(
o)
HO o—> /\)J\ .
B Pyr, THE,  °' 0" >0 ey, 20 Crort Br/\/ko
(2.9) 0°C, 92% (2.29) 49-60% (2.30)
Ho#
o (2.31)
o 0
b of o of o i
(EtO)5” N 3steps o0& o L, NHs
o - j/ -40 °C
\@ . . F
o I °
(2.34) (2.33) (232
(2.1) 8% | ‘ 5% 61%
OH
Scheme 2.10

The synthesis of (2.30) was achieved by treatment of commercially available 3-methyl-
3(hydroxymethyl)oxetane (2.9) with 3-bromo propionic chloride (2.28) in the presence of
pyridine in THF, which yielded after simple work-up the intermediate (2.29) in 92% after
3 h of reaction. The compound suffered HBr elimination to produce the corresponding
alkene upon column chromatography so it was taken to the next step without further
purification. Eventually, it could be purified by vacuum distillation, in which case the
desired ester (2.29) was only isolated in 51% yield. Boron trifluoride-mediated
rearrangement led to the desired trioxabicyclo-octane orthoester (2.30) in medium yields
(49%), after direct recrystallization of the crude mixture. When the pure ester (2.29) was

used for this rearrangement, the desired orthoester (2.30) was obtained in 60% yield.
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8380 to doubly deprotonate propargyl alcohol (2.31) and subsequent

By using lithium amide
alkylation with the bromide (2.30), the propargylic alcohol (2.34) was expected. This
reaction led again to disappointing results. The desired propargylic alcohol (2.34) was
obtained in very low yield, 8%, as the main compound isolated was the alkene (2.32) in
61% vyield. Presumably, the orthoester group results in the adjacent protons to be
sufficiently acidic, resulting in a competing E2 reaction. The unexpected propargylic ether

(2.33) was also isolated in 5% yield.

2.2.1.7 Conclusion

Further studies towards the synthesis of Z-allylic phosphonate orthoester (2.1) were
discontinued because of lack of any positive results. The orthoester protecting group
would have been beneficial compared to a dioxolane group in terms of number of steps
needed to obtain the required ester group for the B-ring closure. It was decided to proceed

with the synthesis using the latter protecting group.

2.2.2 The synthesis of the dioxolane containing Z-allylic phosphonate (2.2)

2.2.2.1 Retrosynthetic analysis

The proposed retrosynthetic analysis towards the synthesis of the Z-allylic phosphonate
(2.2) is shown in Scheme 2.11.

I\

[oXgge] (2.37) O
> o S
o = o _ ) i
E O;PJ—\_)/ — HOJ_\_)/ — | | p— Ho\/
1
( ? (2.35) (2.36) "OH (2.31)

Scheme 2.11

Following this plan, phosphonate (2.2) would be obtained from allylic alcohol (2.35)
which would be obtained via a key stereoselective reduction of propargylic alcohol (2.36).
This synthesis had already been achieved by R. Clarkson,”' though optimisations were

required to achieve a reproducible and reliable synthesis of (2.2).
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2222 Svynthesis of propargyvlic alcohol (2.36)

Propargyl alcohol (2.36) had previously been synthesised by Deslongchamps and Roy*’

via the following two-steps procedure (Scheme 2.12).

=
Z
THPO._Z "BuLi, DME, PPTS
(2.38) HMPA — o MeOH — o
+ - = THPO (e - » HO
O’> -30to0°C (2.39) & 90% (2.36) 0
PP 81%
Br O
(2.37)
Scheme 2.12

Alkyne (2.38) was deprotonated with "Buli at -30 °C followed by alkylation with
commercially available bromide (2.37), affording THP protected propargylic alcohol
(2.39) which was deprotected to alcohol (2.36) with PPTS in MeOH in 73% overall yield.

So as to avoid the use of large amounts of HMPA (3 equiv) on large scale, another route
was explored where the desired propargylic alcohol (2.36) was obtained in a single-step

process with excellent results (Scheme 2.13).

Li, NHs,

o . = o)

PP N N .- S e %

Br (2.37)o (2.31) 91% (2.36) o]
Scheme 2.13

By using lithium amide®*

to doubly deprotonate propargyl alcohol (2.31) and subsequent
alkylation with the bromide (2.37), the propargylic alcohol (2.36) could be reproducibly
synthesised in 91% yield on a 15 g scale. It was also found that alcohol (2.36) could be
easily purified by distillation which proved to be time- and cost-efficient compared to
column chromatography, without decrease in yields. The 91% yield obtained represented a
real improvement in the methodology towards the desired propargyl alcohol (2.36) as an
efficient one-step synthesis was achieved, without the need for HMPA. On the other hand,
this scale required the use of 1 L of liquid ammonia, which represented the upper limit of

our technical abilities.
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2223 Z-selective reduction of the alkyne (2.36)

Typical hydrogenation conditions using either Lindlar catalyst (Pd/CaCOs)* or
Rosenmund catalyst (Pd/BaSO4) were not explored as those conditions were previously

found by R. Clarkson®' to be difficult to reproduce, upon scaling-up (Scheme 2.14).

N\
(o o_ 0 { 0 { 0
o) Pd/BaSOy Pd/CaCOs o O
- _ . .
’ Hy || (2.36) H,
DMSO MeOH ,
(2.35) 89% OH (240)  (241) 5
OH ° OH 30%  47%
Scheme 2.14

Whatever the solvent used with Lindlar catalyst, the only products obtained were the fully
reduced alcohol (2.40) along with the resulting aldehyde (2.41). However, Clarkson had
demonstrated that the use of Rosenmund catalyst in DMSO was very efficient and
selective, but upon scaling-up (>10 g), the yields dropped to 55-76% and crucially the (Z :
E) ratio varied from (97 : 3) to (87 : 13).

Actually, one reduction was attempted using KOH in conjunction with quinoline to poison
the catalyst for the partial hydrogenation of the alkyne to give the Z-alkene.*” This was
subsequently investigated for the partial hydrogenation of the alkyne (2.36) using

Rosenmund catalyst with very poor results (Scheme 2.15).

Pd/BaSO4, H2,
— o) KOH, quinoline O/w
o A~
e} EtOH HO
(2.36) <42% (2.35)
Scheme 2.15

After column chromatography, the desired alcohol (2.35) was obtained however
contaminated with the fully reduced alcohol (2.40). They could not be obtained pure, and
the yield of desired alcohol (2.35) did not exceed 42% (‘H NMR).

Alternative reduction conditions were found which involved the use of activated zinc

instead of hydrogenation conditions (Scheme 2.16, Table 2.2)."
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Scheme 2.16
Table 2.2
Entry Conditions Solvent Yield of (2.35) | (Z:E) ratio

1 Zn, CuBr, LiBr, C,HBr,, A EtOH 72% 93:7
2 Zn, Cu(OAc),, AgNO; MeOH/H,O 56% 95:5
3 Zn dust, C,H;Br,, A EtOH no reaction -

4 Zn powder, C,H,Br,, A EtOH no reaction -

5 Zn, C,H4Br,, A EtOH 86-94% >95:5
6 activated Zn powder, C,H4Br,, A EtOH 10% >05:5
7 activated Zn dust, C,H Br,, A EtOH 97-98% >95:5
8 activated Zn dust, A EtOH no reaction -

9397 \was first

Activation of the zinc with copper(I) bromide and lithium bromide
investigated (entry 1) and gave acceptable results. The desired Z-allylic alcohol was
isolated in 72% yield with approximately 7% of the E-double bond isomer. The
Zn(Cu/Ag) system in aqueous MeOH was also investigated (entry 2).”" Despite 7 days of
reaction and gradual increase in heating, the reaction never went to completion affording
56% of the Z-alkene (2.35) with a good selectivity. Because the reaction did not go to
completion and the use of 25 equiv of Zn would have made scaling-up very difficult, no

further optimisation was attempted with this procedure.

Activation of zinc with 1,2-dibromoethane’ was then explored. This procedure had been
previously used in our group but with irreproducible results (entry 5). Whatever the type
of zinc used (powder or dust), as described in the literature, the reaction only led to the
complete recovery of the starting alkyne (2.36); even after overnight reflux (entries 3-4).
Although the activation of the zinc with 1,2-dibromoethane was achieved as the ethane
evolution was perfectly observed, the lack of reactivity observed was quite possibly due to
the zinc. It was then decided to pre-activate the zinc so as to remove the zinc-oxide coating

by using a HC1 0.1 M solution (entries 6,7).
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Interestingly, the type of zinc used led to very different results. When zinc powder was
employed, after 6 hours of reflux, 90% of the starting alkyne (2.36) was still remaining
(entry 6). When zinc dust was employed, after 4 hours of reaction, total conversion was
observed by TLC; and after simple work-up the desired allylic alcohol (2.35) was obtained
in 98% yield with an excellent (Z : E) ratio of (96 : 4) (entry 7).

Upon scaling-up, the Z-alkene product (2.35) was always obtained in 97-98% yields,
consistently with <5% of the E-double bond isomer. The success of this reduction is in
part due to the presence of the propargyl alcohol moiety as this can coordinate to the
metal, assisting the adsorption of the C=C bond onto the metal surface.”” The solvent is
thought to be the hydrogen source for this reduction and it is believed to be introduced via
an intramolecular proton transfer with an organometallic intermediate.””

This new practical procedure for the Z-selective reduction of alkyne also shows the
importance of the use of pre-activated zinc dust in conjunction with 1,2-dibromoethane.
Indeed, when the reaction was conducted without the use of 1,2-dibromoethane (entry 8),

the reduction did not occur leading only to the recovery of the starting alkyne (2.36).

2224 Determination of the E/Z ratio

Once the Z-alkene (2.35) was obtained, an analytical tool had to be found so as to
precisely determine the E/Z ratio of the mixture of isomers. For this purpose, the
corresponding E-isomer (2.42) was prepared via a LAH reduction of alkyne (2.36) in THF
(Scheme 2.17).!

LAH, THF
= 0 A HO~ 0/7)
HO < j - > A\J
(2.36) 0 S (2.42)
Scheme 2.17

Wang and co-workers’ had previously reported this compound but no experimental
conditions or analytical data were published. Using 6 equiv of LAH in refluxing THF, the
propargyl alcohol (2.36) was reduced exclusively to the desired E-allylic alcohol (2.42) in
75% yield after column chromatography. This enabled a direct comparison of the two 'H
NMR spectra of the E- and Z-allylic alcohols. The "H NMR for each isomer is displayed in
Figure 2.2.
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Figure 2.2

Unfortunately, the alkene protons completely overlapped. However, excellent resolution
appeared in the medium-field region (& 4.0-4.2 ppm) corresponding to the protons Ha in
o-position to the alcohol group. The (E:Z) ratio was determined based on the integration

of those signals.

2.2.2.5 Synthesis of the Z-allylic phosphonate (2.2)

The phosphonate (2.2) was synthesised from the alcohol (2.35) via the allylic chloride
(2.43) (Scheme 2.18).

P(OEt);
HCA, PPh; 110-130 °C
oy DCM Y 48 h, 88% Y
J:\_)/O - = — [© S o, J:\_)/O
HO 99% Cl or P
(2.35) (2.43) P(OEt);, Nal, 60 °C  (E10); (2:2)
3h, 94%

Scheme 2.18
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The use of hexachloroacetone (HCA) with PPh;* """ in DCM was explored and gave
excellent results. The reaction was complete after 30 min of reaction but the purification
was found much easier on a large scale than on a small scale. Indeed, on large scale, after
removal of the resulting triphenylphosphine oxide by taking the crude in hot hexane
followed by filtration, the resulting crude oil was distilled under reduced pressure

affording the pure desired chloride (2.43) in excellent yield despite the distillation step.

Treatment of the Z-allylic chloride (2.43) with triethyl phosphite'*>'® at 110 to 130 °C
gave good yields of the Z-allylic phosphonate (2.2), which was also isolated by vacuum
distillation. This reaction required longer reaction times than many literature examples,
presumably because of the double bond geometry. The first step in the mechanism of the
Michaelis-Arbuzov reaction is a SN2 displacement of the chloride by the nucleophilic
phosphite.'*® It was thought that the Z-geometry of the double bond hindered the carbon of

the CH,Cl from S\2 attack resulting, overall, in a longer time of reaction.

2.2.2.6 Synthesis of the E-allvlic phosponate (2.45)

This E-phosphonate (2.45) was not required for the total synthesis of desogestrel but it
would allow access to isomers of the key 1,4-addition reaction products in order to fully
investigate this reaction. The phosphonate (2.45) was synthesised from the precursor

(2.42) via the allylic chloride (2.45) (Scheme 2.19).

HCA, PPh, REOEs o,
HO oY DCM cl oy a.110130°C P oY
\:\JO . — 0 — » (O \ﬁjo
95% 26h
(2.42) (2.44) 92% (2.45)

Scheme 2.19

The procedures used were the same as for the synthesis of the Z-phosphonate (2.2). The
main noticeable difference was the reaction time from the allylic chloride (2.44) to the
synthesis of the E-phosphonate (2.45) to go to completion. The reaction was complete in
only 26 h, compared to 48 h for the Z-phosphonate (2.2), in similar yields, confirming the

slower SN2 process in case of the Z-alkene.
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2.22.7 Conclusion

The Z-allylic phosphonate (2.2) was synthesised on large scale in four steps and in 83%
overall yield. This synthesis could be completed in 5 days, finishing with 23 g of the Z-
allylic phosphonate starting from bromide (2.37). Importantly, all intermediates were
isolated by vacuum distillation. The avoidance of chromatography (no silica, less solvents)
represents an environmentally friendlier synthesis of the Z-allylic phosphonate (2.2) with

still excellent yields.

2.3 Estrone synthesis

For the estrone total synthesis, two different substrates were synthesised: an achiral
phosponate (2.3) that would enable a racemic total synthesis, and a chiral phosphonamide
(2.4) that would enable an enantioselective total synthesis. Both compounds were

previously synthesized by B. Guizzardi.*!

2.3.1 Retrosynthetic analysis

The proposed retrosynthetic analysis towards the synthesis of the Z-allylic phosphonate
(2.3) and phosphonamide (2.4) is shown in Scheme 2.20.

o HO
(2.3) x= OEt P Cl N
Xz N Br
(2.4)0),= Br| —> /@Eﬂ — Brl| — ©/\/B
r
\o \O \o \O
(2.46) (2.47) (2.48)
Scheme 2.20

This plan incorporated a degree of convergence as both phosphonate (2.3) and
phosphonamide (2.4) would be obtained from the common precursor (2.46) through
Arbuzov reactions. Allylic chloride (2.46) could be obtained in a few steps from the
known dibromide (2.48).'"* The Z-selective alkyne reduction of (2.47) was planned as the
key step. Optimization of most of the steps had already been achieved by B. Guizzardi.**
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2.3.2 Svynthesis of the allylic chloride common precursor (2.46)

2.32.1 Svynthesis of the Z-allylic alcohol (2.52)

The synthesis of the Z-allylic alcohol (2.52) started from the known dibromide (2.48),
which was prepared from 3-methylanisole following a literature procedure (Scheme
2.21).!

& Br

Et,0 -
2 HgCl, o

NBS

_DCM _ C——MgBr Bri| 1)LDA |

ho,a g Br ——————— oo (247)
~ 2) CH,0 o

THF, 0°C--> 1t O

(2.49) (2 48) 61% 0a% (2.51) 83%
* activated
Br 98% | Zn dust
EtOH, gr B, a
\O Br
HO
(2.50) 16% B' N
(2.52) Br
@ E)~(98:2)
~o

Scheme 2.21

The desired dibromide (2.48) was synthesized several times on large scale (15-20 g) but
literature results could not be reproduced, yielding after recrystallisation the dibromide
(2.48) in 61%, along with 16% of the tribromide (2.50). In this process, the electrophilic
aromatic substitution step is the slow process, leading to a double radical halogenation

reaction. Optimisation of the yield was not successful.

Chain extension was achieved by treatment of (2.48) with a large excess of allenyl
magnesium bromide'*>'% in Et,O/THF, to give the desired alkyne (2.51) in excellent yield

after distillation.

So as to introduce the propargyl alcohol, alkyne (2.51) was deprotonated with LDA (1.2
equiv),'” followed by addition of gaseous formaldehyde in large excess,'’’ yielding the
desired alcohol (2.47) in a reproducible 83% yield. The formaldehyde was generated in a
separate flask by heating paraformaldehyde to 400-500 °C with a heat gun and then

bubbled into the solution by mean of a nitrogen stream.

The subsequent Z-selective reduction of the triple bond, using activated
Zn/dibromoethane/EtOH” worked very well. The method had already been developed
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during the desogestrel project, but the reaction time in this case was critical to avoid the

formation of debrominated adduct (2.53) which cannot be separated from the desired
alcohol (2.52) (Figure 2.3).

HO
(2.53)

~

)

Figure 2.3

The reaction mixture was complete after 3 h, affording the desired alcohol (2.52) in
excellent yield. Despite irradiation experiments, the (Z/F) ratio could not be determined by
"H NMR as no clear signals corresponding to the E-isomer could be observed. Therefore,

the (Z/E) ratio was estimated on the basis of the '*C NMR spectrum (Figure 2.4).

HO N
(2.52) Br
o
(Z:E)~(98:2) )
E-isomer
b 4
\ o
1LV 1| SR I 4 S Yo Y
T T T T T T T T T T T T T
150 100 50 0
Chemical Shift (ppm)
L
T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T
7.0 6.0 5.0 4.0 3.0 2.0

Chemical Shift (ppm)

Figure 2.4

2322 Conversion of the alcohol (2.52) to the chloride (2.46)

The next step, the conversion of the allylic alcohol (2.52) into the chloride (2.46) was

achieved using hexachloroacetone and PPh; in nearly quantitative yield (Scheme 2.22).”-
101
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HOL -~ HCA, PPhg O cl
Br DCM /&ﬂ + Br
—_—
\O ~0 \O

(2.52) (2.46) (2.54)

Scheme 2.22

Although this reaction had been successfully used several times during the desogestrel
project, an unexpected rearrangement was observed once, leading to the formation of

(2.54), when purification by distillation was first attempted (Table 2.3).

) ; P
Entry Scale Method of purification Overa:)ll yield | Ratio of products (%)
(%) (2.46) (2.54)
1 41 mmol Distillation 94% 75-70 25-30
2 53 mmol | Column chromatography 99% 100 0

* = ratio determined by '"H NMR
Table 2.3

Interestingly, allylic chlorides like (2.46) are not known to rearrange to allylic chlorides
like (2.54), and this could only be explained by the temperature required for the distillation
(b.p. =126 °C/ 0.2 mmHg); resulting in an inseparable 12 g mixture of (2.46) and (2.54).

2.3.3 Svnthesis of the Z-allylic phosphonate (2.3)

2.33.1 Synthesis of the Z-allylic phosphonate (2.3): Arbuzov reaction

The Z-allylic phosphonate (2.3) was synthesised through Arbuzov reaction of the chloride
(2.46) with triethyl phosphite (Scheme 2.23).'%*!*

Nal ®
P
Clhaox P(OEt)3 (E0)5 N
Br 60 °C Br
—_—
~0 2h ~o
(2.46) 92% (23)

Scheme 2.23

Conducting the reaction as described in the literature'®* didn’t afford the desired Z-allylic

phosphonate (2.3).** Interestingly, conducting the reaction with 1 equiv Nal had a
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dramatic effect on the time required for completion of the reaction as well as the
temperature required (60 °C instead of 130 °C). After 2 h of reaction, excess P(OEt); was
removed by distillation and phosphonate (2.3) was isolated in excellent yield by column

chromatography.

Without the use of Nal, procedure used for the desogestrel project, the reaction required
48 h to reach completion at 130 °C (part 2.2.2.5, synthesis of (2.2)).

2332 Synthesis of the Z-allylic phosphonate (2.3): Corey-Winter olefination'®

From a synthetic point of view, it was interesting to know whether the desired Z-allylic
phosphonate (2.3) could be obtained from the 12 g mixture of allylic chlorides (2.46) and
(2.54) obtained by distillation (Scheme 2.24).

0
H H B S
EtO EtO);”
| ( )2 (Et0)2 s (EtO) o L
OH L
B Nal 0504 NN Br
P(OEt) N N
0°C ~0 (2.58)
- .
(2.54) . (259 , (256) THF *
tBuOH/HZOIAcetone 86 S
81% H 78% ° o o
H P. O
(EtO)2 (EtO);~
o)’ B
(2 46) o
(2 57) (2.59)
NOT separable NOT separable NOT separable
Ratio (2.46)/ (2.54) = 70/ 30 Ratio (2.3)/ (2.55) = 70/ 30 Ratio (2.57)/ (2.56) = 70/ 30 Ratio (2.59)/ (2.58) = 73/ 27

Scheme 2.24

To do so, the mixture of allylic chlorides (2.46) and (2.54) was subjected to Arbuzov
reaction, leading to a mixture of (E/Z) allylic phosphonates (2.3) and (2.55) which
unfortunately couldn’t be separated. Separation by derivatisation was attempted.
0s04/NMO cis-dihydroxylation,'” leading to inseparable racemic diols (2.56) and (2.57)
(only one enantiomer of each is shown), followed by cyclic isothiocarbonate formation''”
using thiocarbonyldiimidazole led to adducts (2.58) and (2.59) which could be separated
by column chromatography. None of the steps were optimized as the sequence was only

attempted once on small scale.

The final syn-elimination''' wusing a trialkylphosphite was only achieved with
isothiocarbonate (2.59), with good results (Scheme 2.25).
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Scheme 2.25

Under the same conditions, isothiocarbonate (2.58) would lead exclusively to the E-

phosphonate (2.55), but this was not attempted.

2.3.4 Svnthesis of the Z-allylic phosphonamide (2.4)

2.34.1 Synthesis of the chiral phospholidine precursor (2.65)

The synthesis of the key chiral phospholidine precursor (2.65) started with the preparation
of trans-1,2-diaminocyclohexane (2.62) in enantiopure form, following Hanessian and co-
workers procedure,''>'"* by treatment of commercially available racemic mixture of cis

and trans-1,2-diaminocyclohexane (2.60) with L-(+)-tartaric acid (2.61) (Scheme 2.26).

C[NHz HOOC, OH H,O/ CH;COOH O,NHs OOC/
NH,

HOOC OH 90°Cto 5 °C ‘NH3 OOC
(2.60) (2.61) (2.62)

Scheme 2.26

The precipated monotartrate salt (2.62) was easily obtained in high diastereoisomeric form
by filtration followed by a series of MeOH washes to the filtered salt that effectively
removed traces of the unwanted isomer.''* The precise e.e. of the product was not actually
determined since a good [a]p correspondence with literature data''? was found for the

intermediates (2.63) and (2.64) (Scheme 2.27).

CICOOEt NHCOOEt HMPT

NH3 ooc, OH NaOHag. THF N\ toluene N/ y
O I “NHCOOEt — N VL
.63) N

toluene, 5 °C 115°C
‘NH3; ooc OH ' (2.63
(262) 79% 8ot (264) H  77% g5\

[ep +44.8 (¢ 1.06, CHCl3) []p -148.0 (c 0.77, CHCl3)
Lit. [a]p +45.5 (¢ 1.0, CHCly) Lt [a]p -144.2 (c 1.15, CHCl3)

Scheme 2.27
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(R,R)-1,2-diaminocyclohexane tartaric salt (2.62) was then treated with simultaneous
addition of ethyl chloroformate and NaOH 4 M in toluene at 5 °C to afford enantiopure
dicarbamate (2.63) in good yield. Reduction of the dicarbamate (2.63) to the N,N’-
dimethyl-diaminocyclohexane (2.64) was achieved via a LAH reduction in refluxing THF
in excellent yield. Finally, chiral phospholidine (2.65) was obtained by treatment of
diamine (2.64) with HMPT in refluxing toluene overnight. Excess HMPT was
successfully removed by Kugelrohr distillation to afford phospholidine (2.65) in 77%
yield. The very low stability of phospholidine (2.65) that would have required its
immediate use was circumvented as it was found it could be stored as a 0.2 M solution in

toluene under nitrogen.'"”

2.34.2 Arbuzov reaction with homochiral phospholane (2.66)

From phospholidine (2.65), the key intermediate required for the final Arbuzov reaction
with the previously obtained allylic chloride (2.46) was phospholane (2.66) (Scheme
2.28).

(246)
/ EtOH
N, toluene
P-N ——— P OFt
NN 1s°C
~o

\ )
(2.65) 45 min. @ 66) Nal, 115 °C, 2 h

0,
72%, 2 steps (2.4)

Scheme 2.28

113,115

As described in the literature, phospholane (2.66) showed very low stability and

therefore had to be used in a one-pot sequence.

In practice, phospholidine (2.65) (1 equiv) was refluxed with EtOH (1.15 equiv) in toluene
until exclusion of dimethylamine was complete. The phospholane (2.66) solution was then
added to allylic chloride (2.46) (0.75 equiv) in presence of Nal (0.75 equiv). The Arbuzov
reaction was complete after 2 h of reaction and up-to 3 g of Z-allylic phosphonamide (2.4)

was obtained in good yield.
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2.4 Summary

Although the synthesis of the orthoester phosphonate (2.1) has not been achieved, a very
efficient procedure was developed for the synthesis of the dioxolane containing achiral
phosphonate 1,4-addition precursor. The Z-allylic phosphonate (2.2) could be reliably
synthesised in four steps and 83% overall yield from commercially available reagents. All
intermediates were isolated by vacuum distillation and the synthesis could be completed in

five days, finishing with 23 g of the Z-allylic phosphonate.

Towards estrone total synthesis, two different 1,4-addition precursors were prepared (a
chiral phosphonamide and an achiral phosphonate) from a common precursor. From
commercial reagents, Z-allylic phosphonate (2.3) was obtained in 42% overall yield in six
steps that could be completed in five days finishing with 18 g of phosphonate. The Z-

allylic phosphonamide (2.4) was also obtained, on 3 g scale in 10 overall steps.
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Chapter 3, The Hanessian 1,4-addition reactions

3.1 Introduction

The 1,4-addition reaction or Michael addition is an invaluable C-C bond forming reaction
and is planned as the first key step in the proposed syntheses of desogestrel and estrone.
The expected products from this 1,4-addition/alkylation step, as shown in Figure 3.1, are
relatively similar for both the estrone and desogestrel synthesis, although each steroid
target requires specific functionalization for the later cyclisation reactions. Hence, they are

described together in this chapter.

<\O 7 |I| Br H
Z R=Me, (3.1)
0)\/ R=Et, (3.2) \o
(3.3) [estrone prmectl (s 4
Figure 3.1

The 1,4-addition utilizes a heteroatom stabilized allyl anion and quite different results can
be obtained depending on the choice of this stabilizing group. In the following sections,
the regioselectivity and the stereoselectivity of the 1,4-addition reaction are discussed,

followed by an overview of the expected 1,4-addition reactions for both projects.

3.1.1 Regioselectivity of the 1.4-addition reaction

Regioselectivity can be a problem during the addition of heteroatom stabilized allyl anion
to enones, as four products are possible: 1,2-a-addition, 1,2-y-addition, 1,4-a-addition and

1,4-y-addition. The four possible products are summarised in Scheme 3.1.

\12a 14-0. 14y|

1) Buli 2) 6(3 6)

XKES —— P
(3.5) :

X = SAr, S(O)Ar, S(O)Ar, SeAr,
P(O)R2, P(O)(OR),, P(O)(NR),

(3.7) (3.8) (3. 9) (3.10)

Scheme 3.1
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Haynes and others have shown that the heteroatom directly affects the regioselectivity of
the reaction. Sulfides and selenides are known to undergo 1,2-addition with a mixture of a

and v attack. If these additions are conducted in the presence of HMPA however, the 1,4-

addition products are exclusively produced, with ~95 : 5, o : y selectivity (Scheme 3.2).''®

118

(39) o (3.10) 3.9 . 10)
o}
Z
X x—/ (i) BuLi, THF (i) BuLi, THF, HMPA
1,4-00 1,4-y (0] 1,4-a.
12 Yields (%) & (i) 6(3-6) (i 6(3 8) ™ Yields (%)
S N
1,2-00 1,249 (i) H;0 @35  (i)HO 1,2-0
= X X = SePh
X OH N\ OH
+
Ie%s) (3.8) =.7) (3.8)
Scheme 3.2

Phosphine oxides and sulfoxides have been reported to undergo exclusive 1,4-y-

18120 oven at temperatures as low as -100 °C."?' The addition of HMPA to these

addition,
reactions did not affect the selectivity and it was even found to have a deleterious effect on
the yields.""*'** Additionally, conducting these reactions at temperatures as high as 0 °C

had no detectable loss on diastereoselection.''®

With phosphonamide systems, Hanessian and co-workers have also found that the addition

of HMPA improves the ratio of 1,4- to 1,2-addition.'**'**

During the investigation of the conjugate addition of allyl-1,3,2-oxazaphosphoriname-2-
oxides (3.11), Denmark and co-workers'** found that the 1,4-y-addition product was
produced with a minor amount of the 1,2-a-addition product but neither of the 1,4-a- and

1,2-y-addition products were detected (Scheme 3.3).

(i) BuLi, THF
o) o]
Jﬁﬁ"w Do ﬁ
N e o
{Bu >9 OH
(iii) H,O tBU (90% de) ’ tBU
@11 (3.12) (3.13)
Scheme 3.3
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Denmark’s observations are consistent with the hard-soft, acid-base principle,'*> which
states that hard nucleophiles would rather attack hard electrophiles and vice-versa. A hard
nucleophile has no stabilizing effect (e.g. allyl’) and a soft nucleophile is stabilized (e.g.
heteroatom-allyl group). The hard position of an enone is the carbonyl as no stabilization

is offered whereas 1,4-addition forms the enolate, which is stabilized.

3.1.2 Stereoselectivity during the 1.4-addition reaction

Hanessian and co-workers proposed that this 1,4-addition proceeds via a trans-decalinoid

122123.12612730d that this accounts for the high levels of

Li-chelated transition state,
stereocontrol observed during the reaction. Scheme 3.4 shows an example of the 1,4-
addition reaction from Hanessian’s group and shows two transition states where the enone
component has either approached from the “right cleft” or the “left cleft”. Hanessian and
co-workers proposed that the approach from the “right cleft” (3.15) is less favorable due to
the steric interaction between the N-Me group of the phosphonamide and the a-CH, of the
enone and that the reaction therefore proceeded via the “left cleft” (3.16), resulting in a si-

face attack.

o
M :
e\Nip !
‘ iH
/ (3.15)
S f
. _
w NN "right cleft” <
\ 3. re face
(3.14) "BuLi /
+ — Me
o)
Me. Zf
(S,9) |
(1.100) | o L
N0
. /P Z 87
,\\‘ B
H (3.18)
Me si face |

Scheme 3.4

The trans-decalinoid transition state is directly responsible for the stereocontrolled
introduction of the relative stereochemistry of C8 and C14, whilst the chiral auxiliary

defines the absolute stereochemistry of two centres. Transition state (3.16) leads to the (S)-
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configuration at C8 and C14, whilst transition state (3.15) leads to the (R)-configuration at
C8 and C14. Both of these examples make use of a (R, R)-phosphonamide (3.14). Quite
clearly, using an achiral phosphonate instead of a chiral phosphonamide like (3.14) would
result in both “left cleft” and “right cleft” approaches to happen simultaneously and would
lead to a racemic mixture of enolates like (3.17, 3.18). However, since a frans-decalinoid
transition state would still be involved, the relative stereochemistry at C8 and C14 would

still be stereocontrolled.

Importantly, the geometry of the double bond in the 1,4-addition precursor is translated
into the particular C8 configuration in (3.18), due to the closed frans-decalinoid transition
state. Haynes and co-workers'' *'*""'*® have conducted significant research in this area,
demonstrating the different stereochemical outcomes for E or Z crotyl phosphine oxides as

shown in Scheme 3.5 (only one enantiomer of each enolate is shown).

2 o)
o L (3.22) Q (3.20)
- O

oﬁﬁ Y ) LI
I R <

o - —_—

Py PN
(3.23) - (3.19)
Scheme 3.5

The chirality at the position which becomes C13 in the steroid products is controlled after

the 1,4-addition reaction via a diastereoselective alkylation of the intermediate enolate.'*’

Scheme 3.6 shows an example from Hanessian’s group.

"B Li
\ //O - \/\:@ R \ </\b
/ o 0%

G. 24) \ (3.26)
(1.100) (3.25) >98% de

Scheme 3.6

In the enolate (3.25), the adjacent C14 moiety directs the attack of the electrophile to the

122,123,130 131-133

least hindered back face. Many groups including Hanessian,
134,135

Haynes,

Jones, and Fuji"*® have employed this methodology in related 1,4-addition reactions.
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3.1.3 Overview of the expected 1.4-addition/alkylation reactions

For both steroid targets, desogestrel (1.14) and estrone (1.6), the diastereoselective 1,4-
addition/alkylation process, as shown in Scheme 3.7, would introduce in a single-

operation three contiguous stereogenic centers (C8, C13 and C14) of the final steroid

products.
(1.100) R = Me
(1.131)R=Et ”
o g
R ° (3 28) (X)z LR OG
[ /> o} :
0 o R /
il BuLi 13 3.30
® POy + uti /'|:|> \ Q O ( ) (1.6) estrone

Br)J\/I Br o

EtO)” P

()\/ (3.2) (1.14) desogestrel

Scheme 3.7

Both projects rely on the same methodology, but the expected 1,4-y-addition products
(3.30, 3.2) require specific functional groups: depending on the starting Z-allylic-
phosphorus based products (1.130), the choice of the Michael acceptor (1.100, 1.131)
would introduce the required C13-alkyl group (methyl for estrone, ethyl for desogestrel).
The diastereoselective alkylation of enolates (3.27) with electrophiles (3.28, 3.29) would

also introduce the required C13 substituent for the later cyclisation reactions.

As described in chapter 2, three different 1,4-addition precursors (1.130) were prepared.
Towards estrone (1.6), the achiral phosphonate (2.3) and the chiral phosphonamide (2.4)
will both lead, upon 1,4-addition with methyl-enone (1.100) and alkylation with allyl
bromide (3.28), to key intermediates (3.30). The results obtained are discussed below in
part 3.3. Towards desogestrel (1.14), only the achiral phosphonate (2.2) was synthesised.
Although key intermediate (3.2) would be obtained via a 1,4-addition with ethyl-enone
(1.131)/alkylation with iodide (3.29), the reaction was also explored with commercially
available methyl-enone (1.100). The results obtained with both Michael acceptors are

shown together in the section below.
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3.2 Desogestrel synthesis

R. Clarkson’' had already achieved significant progress on this Hanessian 1,4-addition
reaction. However, given the complexity of the reaction and despite taking advantage of

his previous research, much optimization was required to achieve acceptable yields.

3.2.1 Svnthesis of the Michael acceptor (1.131) and electrophile (3.27)

3.2.1.1  Synthesis of 2-ethylcyclopent-2-en-1-one (1.131)

For the desogestrel synthesis, the 2-ethylcyclopentenone (1.131) Michael acceptor was
required and it was not commercially available, although several preparative procedures
have been reported.”®"”” Eventually, (1.131) was synthesised using a variation of the

Organon N. V. Procedure as previously achieved by R. Clarkson (Scheme 3.8).%!

OH J\/
o o 1) DIBAL-H o
/K/ hexane é//
CISOzH 2) HCI
e} toluene, A e} 30-43%
(1.35) 7 days, 97% (3.31) (1.131)

Scheme 3.8

Condensation of the diketone (1.35) with sec-butanol in refluxing toluene in the presence
of an acid catalyst afforded the enol ether (3.31) in excellent yield after distillation.
Reduction of the keto group followed by acid hydrolysis of the enol ether and subsequent
elimination of the hydroxyl group gave the enone (1.131) in 30-43% yield after
distillation. Although R. Clarkson successfully achieved the reaction on both 5 g and 20 g
scale of diketone (1.35) in 52% overall yield, those results could not be reproduced. The
condensation step leading to enol ether (3.31) was actually optimized by replacing CSA
for CISO;H as the acid catalyst. In which case, the reaction was complete after only 7 days
instead of 23 days, in similar yields. Unfortunately, the DIBAL-H reduction/HCl
hydrolysis reaction led to very different results depending on the scale of the reaction.
Ethyl-cyclopentenone (1.131) could only be obtained in 30-43% vyield by vacuum
distillation. Moreover, it showed very low stability which did also complicate the 1,4-

addition optimization process.
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3.2.1.2  Svnthesis of the electrophile (3.29)

From previous studies by R. Clarkson,”’ the iodide (3.29) was also required for the
alkylation step, since the corresponding bromide was not reactive enough. It was
successfully prepared from the bromide (3.32) via a Finkelstein exchange™® as shown in
Scheme 3.9.

J}\/ Nal, Acetone
Br ————————— |
Br f Br

A 4h
(3.32) 82% (3.29)

Scheme 3.9

An alternative purification of iodide (3.29) was developed in which column
chromatography was avoided as it was successfully purified by vacuum distillation. This
was easier to handle on large scale: 1) the iodide (3.29) was relatively volatile (b.p. = 68-
72 °C/5 mmHg) and losses were being suffered as this compound partially co-evaporated
on the rotary evaporator. 2) the thus obtained iodide was solvent-free, pure and could be

stored for weeks over molecular sieves when well protected from light.

3.2.2 Attempted 1.4-additions

The 1,4-addition/alkylation reaction was conducted several times with both methyl-enone
(1.100) and ethyl-enone (1.131) (Scheme 3.10, Table 3.1). Although ethyl-enone (1.131)
was required for the completion of desogestrel total synthesis, initial experiments led to
very poor results. The reaction was then optimized with methyl-enone (1.100), as scaling-
up the process was quickly required and it was commercially available. Interestingly,
under the same conditions, very different results were obtained depending on the Michael
acceptor. Characteristic results obtained during the optimization process are shown in

Scheme 3.10 and Table 3.1 below.
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Scheme 3.10

As a typical procedure, the phosphonate (2.2) was deprotonated with "BuLi at -78 °C for

15 min. in THF or Et;O. Then a solution of the enone (1.100) or (1.131) in the reaction

solvent was added at -78 °C and the reaction mixture was stirred for 1 h at 0 °C. The

iodide (3.29) was then added neat and the reaction mixture warmed to room temperature.

Scale | equiv of ' Yield of products (%)
Entry | R | (mmol) | (1.100)/ e?;_‘;g‘)’f Solvent i |1 1dey 1,4y 02

of 2.2) | (1.131) A LA Gialkylated a"?y‘;';e al

1° | Et | 223 1.2 1.2 THF 8 e 0 e 55
2 | Bt | 180 1.2 1.2 THF 10 4 0 e 61
3% | Et 1.80 1.3 1.3 THF 11 7 0 e 59
4 | Bt | 1.80 1.3 1.3 Et,O 13 8 0 e 63
5 | Me | 180 1.3 5 Et,0 20 6 e e 35
6 | Me | 180 1.2 1.2 Et,0 24 5 e 14 26
7 | Me| 1.80 | 0.83 1.5 Et,0 38 11 4 5 21
8 | Me | 1248 | 0.83 1.5 Et,0 42 13 7 8 24
9 | Me| 3024 | 083 | 15 | JO05 | sa | 6 45 3 17
10 | Me | 13.78 | 083 1.5 THF 31 8 6 5 39
o B | 2s2 | ooss | oas | BEOS T o1 | 23 | traces 4 36
12 | Et | 1776 | 083 1.5 THF 43 8 5 7 24

* = temperature raised to rt after enone addition;

® = 1.3 equiv "BuLi;

the electrophile addition; e = not isolated

Table 3.1

¢ = enone added at 0 °C; ¢ = added after

It was not possible to display 100% mass balance of the products because decomposition

leading to base-line material was observed (TLC). Additionally, products were

occasionally isolated by HPLC analysis that could not be assigned a structure. The

'H

NMR of these compounds was typically extremely messy-possibly the indication of a

number of compounds despite eluting from the HPLC as a single peak.
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When the enone (1.131) was employed (entries 1-4), only three compounds could be
isolated and determined: the desired v-1,4-addition product (3.2) as a single
diastereoisomer, the o-1,4-addition product (3.34) as a single diastereoisomer and the

starting phosphonate (2.2) with unchanged double bond geometry.

Varying the temperature of the reaction mixture before the enone addition did not seem to
influence the course of the reaction (entries 1, 2 and 4 versus 3). The temperature of the
reaction mixture after the enone addition seemed important however. Better yields in 1,4-
addition products as well as starting material recovery were obtained when the reaction
was kept at 0 °C instead of room temperature (entries 2-4 versus 1). The use of an excess
of the reactants enone (1.131), iodide (3.29) and "BuLi did not seem to give better results

(entry 3 versus 1 and 2).

However, the solvent used during the 1,4-addition reaction seemed quite important (entry
4 versus 3). The use of Et,O instead of THF didn’t afford a significative improvement in
the yield of desired y-1,4-addition product, but really eased the purification, with less by-
products observed than when THF was employed. When Et,O was used, a precipitate was

observed which was presumed to be intermediate enolate (3.39) (Figure 3.2).

o-Li

R
?\/\b
€0y "~ 7

o) : H
[o>_/ (3.39)

Figure 3.2

This observation, also noticed when the enone (1.100) was employed could have led us to

modify the procedure of the alkylation.

In a bid to identify the factor leading to the high recovery of starting material when the
ethyl-cyclopentenone (1.131) was used, the deprotonated phosphonate was directly
alkylated with iodide (3.29) (Scheme 3.11).

o o Br
7 — i) nBuLi, Et,0, -78°C Il

ﬁ‘/—\_>\ /P =~ (o] (@]
. = EO) . I
(EtO), o b1 5 } Eo oy
o S} "Br~! 2
(22) (3.29) 81% I Br 9% °
(3.40)

(3.41)

Scheme 3.11
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This reaction afforded 81% of the a-addition product (3.40) and 9% of the y-addition
product (3.41). None of the starting material (2.2) was recovered and no other products
were detected other than base-line material. It became clear that from the 90% conversion
of starting material into products that one equivalent of base and of the electrophile was
sufficient for this reaction. Interestingly, the alkene geometry in (3.40) was found to be Z
by 'H NMR, which led us to assign the same alkene configuration for the a-1,4-addition
products (3.33) and (3.34). Also, since this was the first result where all of the starting
material allylic phosphonate had been consumed, it led us to suspect that the 1,4-addition
process itself was responsible for the high recovery of the allylic phosphonate material

during the 1,4-addition reaction.

Alternatively, another possible explanation for the high recovery of the starting allylic
phosphonate material during the 1,4-addition process (Table 3.1, entries 1-4) is shown in
Scheme 3.12.

Q= Q=
P P
(EtO)2 ~ o) (EtO)2 0
e}

o\)
3.42
e - @2 (3.29) o
R S
(3.19) (343) (3.44)
Scheme 3.12

Instead of undergoing a 1,4-addition, this route proposes that the enone (3.19) could be
deprotonated by the phosphonium anion (3.42). In this event, the allylic phosphonate (2.2)
would be reformed and the enolate of the enone would be formed (3.43). This anion
should be rather unreactive and would most likely be quenched, returning to the enone
(3.19), but the possibility of alkylation with (3.29) also exists, leading to the enone (3.44).
Despite the significant amounts of apolar products that were separated from the 1,4-
addition products after each reaction, the alkylated enone (3.44) was never isolated nor
identified. Since the use of an excess of enone (1.131) led to high yields of recovered
starting phosphonate (2.2) (Table 3.1, entries 1-4), one obvious option would be to use an
excess of phosphonate (2.2) instead. This might favor 1,4-addition over the supposed

deprotonation of the enone.
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Returning to the 1,4-addition investigations, the reaction was also explored with the
methyl-enone (1.100) to see if the ethyl group in the enone (1.131) could be a factor
responsible for the poor yields obtained (Table 3.1, entries 5-10).

Under the same conditions (entry 6 versus 2), the desired y-1,4-addition product was
isolated in 24% yield with interestingly 14% of the non-alkylated product (3.37). This
showed that the 1,4-addition process proceeded better with the methyl-enone (1.100) than
with the ethyl-enone (1.131).

The use of an excess of the starting phosphonate (2.2) was then explored (entries 7-10).
The results obtained were in this case quite promising, leading on a 12.48 mmol scale of
(2.2) to 42% vyield of isolated y-1,4-addition product (3.1) (entry 8). However, a technical
issue arose while scaling-up the reaction. Alkylation of the presumed precipitated enolate
(3.39) led to the formation of a very sticky oil which hampered stirring of the reaction
mixture. Adding more of the electrophile didn’t solve the problem, but this was overcome
by adding HMPA. This effectively solubilised the enolate and up to 54% of 1,4-y-product
(3.1) could be obtained on a 30 mmol scale (entry 9). Unfortunately, under the same
conditions, the reaction with ethyl-enone (1.131) led to a (1:1) (1,4-y:1,4-0)
regioselectivity, in 44% overall yield (entry 11). However, conducting the reaction in
THF (entry 12) afforded 1,4-y-product (3.2) in 43% yield along with 8% of 1,4-a-product

(3.34) on a 17 mmol scale.

Overall, the greatest yield obtained for the 1,4-y-addition compound (3.2) using the ethyl-
enone (1.131) was 43% compared with 54% achieved for the same 1,4-addition reaction
using the methyl-enone (1.100). It was thought that the larger ethyl group caused an
increased steric interaction in the transition state and this was responsible for the poorer

yield, as well as favouring the 1,4-a-addition (Figure 3.3).

Lo

Figure 3.3
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However, it still remains unclear why such differences of regioselectivity were observed

depending on the solvent used and the use of HMPA.

During this 1,4-addition investigation, two side-products were often commonly observed:
the bis-alkylated 1,4-y-addition products (3.35, 3.36) and the non-alkylated 1,4-y-addition
compounds (3.37, 3.38). Although they were not always isolated, it is believed that they
both originate from the intermediate enolate (3.39) following the suggested process

(Scheme 3.13).

o)
. BrJ\/I R ( )/—\
E (3.29) u
(EtO);” NF H " (Et0);” - (EtO);”
2 o .
O)\/ (3.39) O)\/ (3.45) O)\/ (3.39)
=]
R O Br G R,
(EtO),” : EtO)z/P " |f| (EtO);” : |:|
3 G
(3 48) O)\/ (3.47) © (3.46)
Scheme 3.13

Assuming the alkylation of enolate (3.39) is a relatively slow process, (3.39) could exist at
the same time as the 1,4-y-addition product (3.45). In this event it would be possible for
the enolate (3.39) to abstract a hydrogen from (3.45), leading to both enolate (3.47) and
non-alkylated adduct (3.46). Alkylation of enolate (3.47) would then lead to the bis-
alkylated adduct (3.48). This is still quite speculative, but since both side-products were
also observed during the 1,4-addition/alkylation reactions towards estrone (part 3.3), this

pathway remains quite reasonable.

Finally, quite possibly the most interesting but also troublesome was the formation of the
1,4-a-addition products (3.33, 3.34). Troublesome, as separation from the desired 1,4-y-
addition products (3.1, 3.2) could only be achieved by HPLC, which also meant very
lengthy separation on large scale. Interesting, as this regioselectivity is almost
unprecedented with phosphorus-based Michael addition reactions. Although the 1,4-a

regioselectivity is precedented with allyl-phosphonates and acyclic o,p-unsaturated
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63,139

ketones, only 1,4-y, 1,2-ac and 1,2-y regioselectivities have been reported with cyclic

119,122-123

o-B-unsaturated ketones. It was also demonstrated that depending on the Michael

acceptor, the solvent used was critical for the o/y-regioselectivity.

As a conclusion, the 1,4-y-addition products (3.1, 3.2) and the 1,4-a-addition products
(3.33, 3.34) were obtained as single diasterecoisomers but they were all oils. This meant
that X-ray analysis could not be used to ascertain the configuration of the newly
established C8, C13 and C14 stereogenic centres at this point. The 1,4-y-adducts relative
stereochemistry was however unambiguously proven on separate occasions later on during

the course of the project (Chapter 4).

3.3 Estrone synthesis

The estrone project was first investigated by B. Guizzardi® who also achieved significant
research on this Hanessian 1,4-addition reaction. Nevertheless, the reaction had to be
repeated with both phosphonate (2.3) and phosphonamide (2.4) in order to obtain clean
characterisation data. Identification of possible side-products during the reaction was also

required.

3.3.1 Racemic synthesis

With the Z-allylic phosphonate (2.3) in hand, the 1,4-addition/ alkylation process could be
investigated (Scheme 3.14). Optimisation of the process was done by B. Guizzardi,** who
reported an excellent 75% yield of 1,4-y-addition product (3.3), though no mention of
side-products was made (Table 3.2, entry 1).

1) "BuLi o o
o) o X
o ] o) 0 X —
mt 2) 1.100 P. g 11 i
(1.100)  (Ero), o~ P
.

; P.
:H (Et0);~

P. z - =
(EtO);” B? -~ /@(BF/E + /@Br/: A (EtO)5 /Br : a
- 3 g ~o0 g ~o g \o@(/
¢} (3.28)
(2.3) Solvent = THF (3.3) (3.50) (3.51)
Scheme 3.14
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Phosphonate (2.3) was treated with "BuLi at -78 °C for 15 min. Cyclopentenone (1.100)
was then added at 0 °C, followed 1 h later by alkylation with (3.28). The results obtained

are shown in Table 3.2.

Entry Scale of e;:luiv Qf equiv of | equiv of | “’Purification’’ Yield of products (%)
2.3) BuLi | (1.100) | (3.28) of (3.28) (3.3) (3.50) (3.51)
1° | 1.23 mmol 1.3 1.3 5 n.a. 75 ¢ ¢
2 |2.56mmol| 1.3 1.3 10 none 64° 13° 4-5
3 |2.58 mmol 1.1 1.3 10 over mol.sieves | 63 15 4
4 | 2.53 mmol 1.1 1.3 10 freshly distilled | 69 11 5
* = previous results by B. Guizzardi, = contamingted with 10-15% debrominated product, © = yields not
given.
Table 3.2

The desired 1,4-y-adduct (3.2) was indeed isolated in good yield (69%) as a single
diastereoisomer, with traces of diallylated adduct (3.51) and 11% yield of non-allylated
adduct (3.50) when allyl bromide (3.28) used was freshly distilled (entry 3). The amount
of "BuLi employed for the deprotonation of (2.3) was found quite important as the use of
1.3 equiv "BuLi led to the formation of 10-15% of debrominated adducts (3.52), (3.53)
and (3.54) (Figure 3.4) which could not be separated from the brominated ones (entry 2)
(ratio determined by 'H NMR).

o] o] o]
N X —
DO IS PO NSO s =
(EtOJ{Q:/i G (Etob:/é H (EtO),” NF H
\O - OQ\/:
(3.52) (3.53) (3.54)
Figure 3.4

Delightfully, recrystallization of (3.3) in DCM/Hexane allowed access to X-ray

crystallographic analysis, as shown in Figure 3.5.
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Figure 3.5: X-Ray structure of (3.3)

The expected relative stereochemistry at the newly established C8, C13 and Ci4
stereogenic centres was thus unambiguously proven, confirming that the 1,4-
addition/alkylation process occurred as shown above (Scheme 3.7). This result was
interesting, as the relative stereochemistry of none of the previously mentioned 1,4-

addition products (desogestrel project) had been unambiguously proven so far.

Interestingly, despite the fact that the reaction had a very similar TLC profile compared
with desogestrel project (part 3.2), no trace of 1,4-a-addition product (3.55) was ever
observed (Figure 3.6).

(3.55)

Figure 3.6

Also interesting, the bis-allylated product (3.51) and the non-allylated product (3.50) were
once again obtained. This observation might be another hint that they could both originate

from the intermediate 1,4-addition enolate, as depicted above in Scheme 3.13.
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3.3.2 Enantioselective synthesis

The enantioselective 1,4-addition/alkylation reaction was only attempted at the very end of
this PhD, and therefore remains not fully optimized (Scheme 3.15, Table 3.3). The
reaction with phosphonamide (2.4) required very different conditions than when the
phosphonate (2.3) was employed. Although B.Guizzardi reported a good 59% vyield of
desired 1,4-y-addition product (3.4) on a 100 mg scale of starting phosphonamide (2.4)

(entry 1), lower yields were obtained on bigger scale.

1) "BuLi
0 N O N @
‘P’ ? Wémom U F’v/\b @ /\ U v\%
vree OO J@Q ss
\O/CE\?] ) (3.28) O ~o

2.4) Solvent = THF (3.4) (3.56) (3.57)

Scheme 3.15
Table 3.3
equiv | equiv | equiv | time of Yield of products (%)
Entry Sigli)"f (mﬁ iyl of | of | of lalkylation additive’

: "BuLi | (1.100) | 3.28)| (b G4 | 3.56) | B.57)

1* 10.22mmol| 0.10 1.3 1.3 5 1 none 59 ¢ ¢

2 1042 mmol| 0.14 1.1 1.3 10 1 none 20 ¢ 27

0.90 mmol | 0.23 1.1 1.3 10 16 none 26 ¢ 23

4 10.89 mmol| 0.30 1.1 1.3 10 1 HMPA | 52 7 9

* = previous results by B. Guizzardi; * = added after the electrophile addition; ° = yields not given.

Quite clearly, the weak spot of the reaction was the alkylation step (entries 2-4). Despite
the use of 10 equiv of allyl bromide (3.28) (entry 2), a 27% yield of non-allylated product
(3.57) was obtained after 1 h of alkylation at room temperature. Even by increasing the
concentration of the reaction as well as allowing 16 h for the alkylation step to take place
(entry 3), 23% of undesired non-allylated adduct was isolated. This was circumvented, in a
final attempt, by adding HMPA after the electrophile addition (entry 4). The desired 1,4-y-
product (3.4) was then obtained in 52% yield, along with only 9% of non-allylated adduct
(3.57) and 7% of bis-allylated (3.56). Even if those results were not as good as the results
obtained with phosphonate (2.3), enough material was obtained so as to complete the

enantiospecific total synthesis of estrone.

68




3.4 Summary

The 1,4-addition reaction has been investigated on a number of phosponate and
phosphonamide substrates. Towards desogestrel total synthesis, with a Z-allylic
phosphonate, the 1,4-addition/alkylation process was successfully achieved on large scale
with two different Michael acceptors. Considering the complexity of the 1,4-y-addition
products obtained (as single diastereoisomers), the medium 54% yield obtained with a
methyl-enone and the 43% yield with the required ethyl-enone were considered good

results.

Towards estrone synthesis, the same 1,4-addition/alkylation process was successfully
achieved in a racemic and more importantly in an enantioselective fashion. Using an
achiral phosphonate, an excellent 85% overall yield of 1,4-addition products was obtained.
Although the 75% yield of desired 1,4-y-product obtained by B. Guizzardi could not be
reproduced, the 69% yield obtained was an excellent result. Moreover, an X-Ray of the
1,4-y-product was obtained. Not only did this proved the relative stereochemistry of the
specific product, this also validated the entire methodology for both projects. The
enantioselective version of the reaction however, with the Z-allylic phosphonamide

proceeded in slightly lower yields.

Finally, the determination of the diastereoselectivity for the desired 1,4-y-Michael addition
manifold was beyond the limits of NMR. Careful examination of the 'H and *'P NMR
spectra showed a single set of resonances and single peak, respectively. The *C NMR,
though complicated due to extensive phosphorus couplings, indicated single

diastereoisomers as well.

Those results are, to date, also believed to be the first examples that the 1,4-addition
process is stereoselective on more complex allylic phosphonates and phosphonamides than

the crotyl examples used by Haynes and co-workers or Hanessian and co-workers.
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Chapter 4, Desogestrel: the tandem C-B ring cyclisation

4.1 Introduction

With the key C8, Ci3 and Ci14 sterecogenic centres introduced by the phosphonate
conjuguate addition, the next key operation concerned the C and B ring closure. This was
planned via a tandem process, made possible by the particular functionality introduced in
the 1,4-addition/alkylation step (Scheme 4.1).

Br o oTBS
X Br
Q N o XL domino
_P. _ L - - I anionic
(EO)3 T — EO)y YT T ——=
o) z - H cyclisation
5 g
o) (32) O @y

Scheme 4.1

The next key step of the synthesis was a domino anionic cyclisation from (4.1), prepared
in four steps from the 1,4-addition product (3.2), that would diastereoselectively construct
the steroid C and B-rings, in a single operation. From (3-keto-phosphonate (4.2), the A-ring
would be achieved through a Horner-Wadsworth-Emmons reaction with aldehyde140 4.3),
subsequent hydrogenation of the enone (4.4) followed by acid mediated
aldol/dehydration,31 that would lead to the known diketone (1.71).>"* Completion of

desogestrel synthesis from (1.71) would be achieved via known reactions.

4.2 Steroid C and B ring formation

4.2.1 Introduction to the domino reaction

Domino reactions are defined by: “The process involving two or more bond-forming
transformations (usually C-C bonds) which take place under the same reaction conditions
without adding additional reagents and catalysts, and in which the subsequent reactions
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result as a consequence of the functionality formed in the previous step.”'*' The benefits
of using domino reactions are both economic and ecological (reduced amounts of solvents,

reagents, adsorbents and consequently waste).

4.2.2 Overview of the expected domino C-B reaction

So as to enable the construction of the A-ring, the enolate (4.7) was the crucial
intermediate required, as this would lead exclusively to C10-alkylated products. Clearly
this enolate could not be synthesised cleanly from the ketone (4.5) since a mixture of the

enolates (4.6) and (4.7) would be expected as shown in Scheme 4.2.'*

OTBDMS OTBDMS

OTBDMS

Base

Scheme 4.2

A synthetic equivalent of enolate (4.7) was therefore required to circumvent this problem.
It was envisioned that the -keto phosphonate (4.2) which would be obtained by the
cyclisation process, as shown in Scheme 4.3, would be an ideal precursor to selectively
afford the desired C5-C10 enolate-type anion (4.8) which upon HWE chemistry would

allow access to suitable C10-alkylated precursors for A-ring closure.

OTBDMS OTBDMS

]
Base Q ‘ Q
_— P , —

OTBDMS

Scheme 4.3

The envisioned domino route to the expected B-keto phosphonate (4.2), starting from a

specifically functionalized precursor (4.1) is shown in Scheme 4.4 below.

71



Br OTBDMS
NP
9 N
P ! fBuLi
(EtO)z/ = - —_—

\ABTBDMS
(Et0);”

OTBDMS
<~°jﬁf>
(Et0);~

Bromine-lithium exchange of the vinyl bromide (4.1) with ‘BuLi was expected to induce
the intramolecular addition onto the a,B-unsaturated phosphonate (4.10), forming the C-
ring. The anion (4.11) would then attack the carbonyl of the ester, forming the B-ring
(4.12). Finally, oxyanion (4.12) would reform the carbonyl by eliminating methoxide, a
synthetic pathway which was precedented.'*'*° It was also envisioned that the methoxide
species could eventually deprotonate -keto phosphonate (4.2) to in situ generate key

enolate (4.8) (Scheme 4.5) that would allow a one-pot C-B-ring formation and C10-

alkylation sequence.

D h -

04\()\\/ @1 O/OR\/ (410) (4.11)
OTBDMS

0 ?

P P

E0)5 (EtO)5
o go/o\' (412)
Scheme 4.4

OTBDMS

An alternative synthetic pathway could also be expected from oxyanion (4.12) as shown in

Scheme 4.5

Scheme 4.6.
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Instead of eliminating methoxide, oxyanion (4.12) could undergo an IntraMolecular
Horner-Wittig (IMHW) reaction that would lead to enol ether (4.14). IMHW reactions on
esters leading to enol ethers were precedented,'”'* but from the outset it was not clear

which pathway would be adopted by the planned domino C-B reaction.

4.2.3 Lessons learned from previous studies by R. Clarkson”!

As already mentioned several times, this project was first investigated by R. Clarkson®'
who did extensive research towards achieving this domino C-B reaction. For clarity
reasons, only the key lessons learned from his previous work are summarized in the

following sections.

423.1 Lesson 1: C17-ketone protection requirement prior to cyclisation/ Choice
of the base for the halogen/metal exchange.

The first key lesson learned was that if the cylisation was conducted on a non C17-
protected ketone (3.2), the desired trans-hydrindane compound (4.15) was formed together
with the undesired bicyclo-[3.2.0]-heptane (4.16) (Scheme 4.7).

Et 9 /// o
9 ' E0)” + B0y T
EO)y NN 78°Ctort [O>\/ [O>\/§
[O>\/§ H up to 48% \o (4.15) o (“16))
o (3.2)
Inseparable
Scheme 4.7

Initial investigations also looked at the choice of base and the effect of additives known to

be beneficial in halogen/metal exchange-intramolecular cyclisations."*"*

Interestingly,
"BuLi or lithium-2-thienylcyanocuprate were not strong enough to initiate any reaction
and the starting material was recovered in high yields. In contrast, ‘BuLi was able to
promote this reaction and depending on the additives, various ratios of (4.15) and (4.16)

were obtained.
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4232 Lesson 2: Protection of the C17-ketone

Having established that ‘Buli was the base of choice for the halogen/metal exchange, the
second key lesson learned was that the protection of the C17-ketone in (3.2) was not an
easy task. Protection of the ketone as either a hydrazone'” or as a cyanohydrin'® were

both irrelevant as they would be suitable electrophiles for cyclization to take place.

Many other protecting groups were explored: the O,0O-acetal formation,'®' the
hemithioacetal formation,'®* or protection as an enamine.'® In each cases, either no

reaction took place, side-reactions were observed or very low yields were obtained.

However, success came when protection of the ketone (3.2) as a silyl enol ether (4.17) was

attempted (Scheme 4.8)."%*

Br o Br OTBS
o X TBDMS-OTf o X
g NEts, DCM g
SN -7 = SN
(EtO); Th < (EtO)3 g

o 1% o
g/\/ (32) g)\/ @1n

Scheme 4.8

Taking advantage of those results, the C-ring formation was first explored.

4.2.4 Preamble to a successful domino C-B reaction: C-ring formation

As it was suspected that the C-ring cyclisation would be a more difficult process than the
B-ring formation, it was decided to investigate the first step of the domino cyclisation. The
1,4-addition/alkylation product (3.1) was chosen as it was directly available in

considerable quantities.

424.1 Cl7-ketone protection

Given the high lability of TMS enol ethers,'® the C17-ketone protection was achieved as a
TBDMS enol ether using TBDMS-OTT (Scheme 4.9).2"1%

Br o Br OTBS
g | NEts, DCM B |
Oy e EO)y Y
<\ o = 86% <\ e :
o)\/_ 31 o)\/_ (4.18)

Scheme 4.9
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Using 3.0 equiv of TBDMS-OTT at -50 °C afforded the desired silyl enol ether (4.18) in
very good yield. After 3 hours the reaction was worked-up and purified by column
chromatography using pre-neutralized silica gel; affording the enol ether (4.18) in 86%
yield. Having obtained the C17-protected compound (4.18), the C-ring cyclisation could be

investigated.

4242  C-ring formation

Following previous studies,”' the best conditions for this C-ring formation were found to
be the use of '‘BuLi as a base. The temperature was also found to be extremely important
so as to achieve control on the highly reactive ‘BuLi; meaning the lower the temperature

the better the results were (Scheme 4.10).

OTBS OTBS

Br
XL~
EV\b 'BuLi (2.2 equiv), THF ﬁ
Et0);” F - > (Et0); 7z

:H -116 °C—= nt

S C9
o (@4.18) 95% oS (419)

Scheme 4.10

In practice, the reaction was conducted at -116 °C, by forming an EtOH/N, slurry.'®’
Occasionally the reaction mixture became frozen at this temperature, in which case it had
to be removed from the cold bath and stirred until homogeneous. The reaction could then
be replaced into the cold bath and the ‘BuLi addition continued. This procedure could be

used without incurring any problems or even loss in the yield of product obtained.

This result was obviously of great importance: the anion (4.20) (Figure 4.1) must have
been formed which should then enable a successful domino process, as B-ring cyclisation
could occur if an appropriate electrophile was also present in the molecule (for instance, a

methyl ester like (4.21)). .

OTBS oTBs
i D
(Et0)s” 3 : F| (Eto)z/PC : |I|
o N :
i @420 o 421
<o\)\/ o
Figure 4.1
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The above compound was obtained as a single diastereoisomer as determined by NMR.
Although the stereochemistry of (4.19) couldn’t be proven at this point, it was expected
that the hydrogen on C9 adopts the a-position. This configuration was expected because it
would be obtained through the lowest energy reactive conformation. Scheme 4.11 shows a
three dimensional projection of this cyclization including the expected reactive
conformation. The 'H NMR spectrum shows a 3 Tusmo of 10.0 Hz, which indicates that Hg

and Hy adopt an anti conformation as shown in (4.23).

>\; OTBS Me Me OTBS
I )\ g
Ceraindt: »TBSO |\C‘~ T(J _’TBso | j — (Et0)” T
\ % H (OEty) VAN OB,
g (4.18) (4.22) O (4.23) O ()\/ (4.19)
Scheme 4.11

42.4.3 Establishing the C-ring formation stereochemistry

In parallel to the main project (part 4.2.5), further studies on the C-ring cyclised adduct
(4.19) were conducted in an attempt to prove the stereochemistry involved, by preparing

the acid derivative (4.26) which was hoped to be crystalline (Scheme 4.12).

oTBS O 1)CAN (4 mol%), MeCN o]
H»O, pH 8 buffer o
.. TBAF, THF 91% ‘
(E10);” Et0 7~ EtO)y N
98% ( )2 : H 2) /k/ NaCI02 ( )2 o I H

()\/ (4.19) { 424) NaH,PO,, 'BUOH, MeCN I
(4.24) HO (4.26)

95%

Scheme 4.12

The C-ring product (4.19) was treated with TBAF'®® in THF to afford the deprotected

ketone (4.24) in excellent yield. The acetal (4.24) was then hydrolysed using cerium

167,168

ammonium nitrate (CAN) as reported by Markdé and co-workers. Finally, the

intermediate aldehyde (4.25) (not shown) was smoothly oxidized to the corresponding

169,170

acid using sodium chlorite with excellent yields. As expected, the desired acid (4.26)

could be recrystallised from DCM/hexane to afford fine white crystals in excellent yield.
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X-ray crystallographic analysis (Figure 4.2) allowed determination of the relative
stereochemistry, which confirmed that the cyclisation occurred as shown above (Scheme

4.11).

Figure 4.2: X-Ray structure of (4.26)

The expected C9-stereochemistry was thus clearly demonstrated.

4.2.5 Svnthesis of the methyl ester domino C-B precursors (4.1) and (4.33)

To achieve the tandem cyclisation, the acetal group was converted to a methyl ester. From
the 1,4-addition products (3.1) and (3.2), a number of functional group transformations

were required to prepare the domino precursors (4.1) and (4.33).

42.5.1 Acetal to methyl ester transformations

As shown in Scheme 4.13, the methyl esters (4.31) and (4.32) were formed by cleavage of

the acetal group and subsequent ester formation of the intermediate aldehyde or acid.

P 0
NG CAN (4 mol%), MeCN N
Q H,0, pH 8 buffer, 60 °C 0 '
2 : B ————— P : R = Me, (4.27)
EtO e - = )
(Eox o :H R = Me, 93% (0}~ Y47 R=Et,(428)
R = Me, (3.1) {)\/E R =Et, 95% o
R=Et.(32) ‘o
l /]\/ , NaClO,

NaH,PO,
'BUOH, MeCN

R = Me, 95%
R = Et, 92%
o)
oja/r\% Br R Q
I
E0) T AN K,CO3, Mel, DMF \/\b

(EtO);”

XL
:H = a
H = (O = 4.29)
= Me, (4.31 R = Me, 86% T R=Me, (4.
Rz 'E/Ite ((4_32)) \OJ\/ R=Et, 81% HOJ\/‘ R =Et, (4.30)

v=0
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Scheme 4.13
It was found”' that the best conditions for the acetal hydrolysis involved using cerium
ammonium nitrate (CAN) as reported by Marké and co-workers.'*”'®® The acetals (3.1)
and (3.2) were stirred in a buffer suspension (pH 8) of CAN in an acetonitrile/water
solvent system at 60 °C until the reaction had gone to completion to afford the desired
aldehydes (4.27) and (4.28) in very good yields. The only drawback was that the reaction
would appear to have gone to completion as judged by TLC, but still have up to 10% of
the acetal remaining, in which case the reaction was repeated on the crude mixture without

loss in yield.

The next step, the direct oxidation of the aldehyde to the methyl ester (4.31), was not
optimised and was only attempted with the aldehyde (4.27). Usually, this esterification is
accomplished via a two-step procedure where the aldehyde is oxidized to the acid which is

then esterified.

Unfortunately, the use of Oxone® (KHSOs) in MeOH only afforded the desired methyl
ester (4.31) in 41% yield."”" This was quite disappointing as the starting material was fully
consumed (TLC analysis). Actually, the main spot observed was an intermediate which
decomposed during the work-up to partially recover the starting aldehyde (4.27) in 23%
yield. The process was not optimised as the two-step preparation via the carboxylic acid
was preferred.

Indeed, the aldehydes (4.27) and (4.28) were smoothly oxidized to the corresponding acids

using sodium chlorite'*'"°

with excellent yields. Despite similar results for both
compounds, only the C13-methyl acid (4.29) could be recrystallized from Et,O which

allowed access to crystallographic analysis as shown in Figure 4.3.

Figure 4.3: X-Ray structure of (4.29)
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On the time-scale of this PhD, this was the very first X-Ray obtained which proved the
relative stereochemistry at C8, C13 and C14 involved during the 1,4-addition/alkylation

process (Chapter 3), as well as the trans-configuration of the unsaturated phosphonate.

The final esterification reaction leading to (4.31) and (4.32) using Mel in presence of
K,CO; in DMF gave good results.'”>'” After 2 h of reaction, the desired esters could be
isolated by column chromatography. Obviously, the use of diazomethane would have been

advantageous for this type of reaction, but this was not possible for safety reasons.

4252 Cl7-ketone protection

Chemoselective protection of a ketone as a silyl enol ether in the presence of an ester was
precedented '+ by using 1-2 equiv of TBDMSOTT at room temperature. Following
these procedures, the methology used to prepare the silyl enol ether (4.18) (part 4.2.4.1)
was employed (Scheme 4.14).

O R OTBDMS

B R TBDMS-OTf B
11
. 50°C _
(EtO) NF : PaA~

— (EtO);” Th

R = Me, 4.31) fj\/ R e S or j\/ R = Me, (4.33)
R=Et, (4.32) —0 : —o R=Et, (4.1)

Scheme 4.14

Using 3 equiv of Et;N/TBDMSOTT at -50 °C, the desired silyl enol ethers (4.33) and (4.1)
were obtained in excellent yields. After 2 h, the reaction was worked-up and purified by
column chromatography using pre-neutralized silica gel; affording the enol ether (4.33) in
91% yield. However, the yield was dependent on the concentration of the reaction. When a
concentration of 0.05 M was used, only 13% of the ketone (4.31) had reacted. By
increasing the concentration to 0.25 M, the reaction was complete after 2-3 h at -50 °C.
The silyl enol ether protection was found more difficult with the crucial ketone (4.32).
Under the same conditions, the reaction required 9 h to reach completion to afford (4.1) in
75% yield. By increasing the concentration to 0.5 M, the reaction was complete after 2 h
affording (4.1) in 82% yield. The temperature was also found critical. Above -30/-20 °C,

only baseline material was observed by TLC.
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Although the silyl enol ether protection was very efficient, the protection of the C17-
ketone was also attempted as an O,O-acetal, which would have been more stable and

easier to handle for the reactions to follow (Scheme 4.15).

(4.34)
44%

Br
XL

HO/\/OH
(4.31)
18%

(Et0)5”

\OJ\/ (4.31)

T HCOMe)s :
pTSA 5

Scheme 4.15

The use of trimethyl orthoformate'®' as an internal drying agent only afforded, after 24 h
of reaction, the desired acetal (4.34) in 44% yield, with only 18 % of recovered starting
material (4.31). The O,0O-acetal protection was not further optimised as those results were

in accord with previous studies by R. Clarkson.’

To conclude, the desired methyl ester domino precursors (4.1) and (4.34) were synthesised

in 4 steps from the 1,4-addition products (3.1) and (3.2), which were amenable to scale-up.

4.2.6 Attempted domino C-B reactions

42.6.1 Main domino C-B reactions

The domino C-B cyclisation was conducted under the same conditions used previously for

the C-ring formation (Scheme 4.16).

r OTBS R OTBS
[e) (6]
1] Ig
P/ -
- EtO
\Br r OTBS (EtO); +  (EtO)z
0 'BuLi, THF o R = Me, (4.35a) = e (4.36)
_P . R = Et, (4.201) = Et, (4.37)
(Et0);” > -
S H  116°C—rt oTBS
oI R r OTBS
O\ (I) +
P
R = Me, (4.33) EtO)” _P
R = Et, (4.1) (EtO) (EtO);
0
R = Me, (4.35p) Me, (4.38)
R = Et, (4.2p) Et, (4.39)
Scheme 4.16

80



The silyl enol ethers (4.1) and (4.33) were treated with ‘BuLi at -116 °C in THF for 15 min
and then allowed to warm to room temperature. The desired B-keto phosphonates (4.2a.,
4.35a) and (4.23, 4.35B) were isolated along with the monocyclised esters (4.38, 4.39) and
the products resulting from the nucleophilic attack on the ester by ‘BuLi (4.36, 4.37).
Table 4.1 presents characteristic results obtained for the methyl and ethyl series.
Optimisation of the reaction was achieved with the C13-methyl series showing that a few

parameters drove the effectiveness of the process.

(€] Equiv of ‘Buli / Yield of Products (%)
Entry| R = (mol/L) Meth.o.d of (4.201) / | (4.2B)/ | (4.36)/ | (4.38)/|(4.33)/
addition (4.350) | (4.358) | (4.37) | (4.39) | (4.1)
1* |Me| 0.14 | 2.2 /dropwise 42 0 18 6 12
2% |Me| 0.08 | 2.2 /dropwise 36 0 21 ¢ 16
3* | Me 0.2 2.4 [ dropwise 27 10 22 9 10
4° | Me 0.2 2.4 [ very fast 46 5 14 11 6
5° [Me| 0.12 2.4 [ very fast 21 15 28 13 8
6° Et 0.2 2.4 [ very fast 39 11 15 10 7
% = scale of 0.4 mmol, ° = scale > 2 mmol, © = not isolated.
Table 4.1

While conducting initial experiments on small scale (entries 1-2), the C10-B-epimer
(4.35B) was never observed. It also appeared that the use of 2.2 equiv of ‘BuLi was not
enough to fully initiate the reaction as the starting material was recovered in 12% yield
(entry 1). The biggest issue at this point was the formation of the undesired monocyclised
ketone (4.36) as separation of compounds (4.35a) and (4.36), due to the need of
neutralized silica, was particularly complex. Despite several attempts, separation by
preparative HPLC or using alumina was unsuccessful. Conducting the reaction under more
diluted conditions, in order to disfavor the intermolecular side-reaction of '‘BuLi towards
the ester actually had the opposite effect (entry 1 versus 2), and decreased yields of
(4.35a)) were observed. Other experiments looked at the use of activated molecular sieves,
without change in the outcome of the reaction. Conducting the reaction in Et,O instead of

THF was a complete failure as none of the previously mentioned products were observed.

While scaling-up the reaction, the concentration was increased as well as the amount of
‘BuLi (entry 3), in an attempt to avoid any recovery of starting material (4.33). Clearly,

adding 2.4 equiv of ‘BuLi dropwise had the same effect as decreasing the concentration.
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This led to an increased yield of undesired monocyclised ketone (4.36). The breakthrough
came when instead of adding ‘BuLi dropwise, it was added very quickly (entry 4). The
desired B-keto phosphonates (4.35a) and (4.35B) were isolated in 51% combined yield.
The procedure was successfully repeated with the precious C13-ethyl precursor (4.1) in
which case the main isomer (4.2a) was obtained in 39% and minor isomer (4.2f3) in 11%
yield (entry 6).

Although it is still unclear why such different ratios of the C10-B-epimers and C10-o-
epimers were obtained, one of the reasons was the purification using pre-neutralized silica
gel. Indeed, on large scale which also meant a lengthy separation, epimerisation of (4.35a)
and (4.20) was clearly observed during the column chromatography which led to

increased yields of (4.35B) and (4.2f3).

The stereochemistry at the newly established C10-epimeric centre was first determined by

"H NMR as shown in Figure 4.4 below for the C13-ethyl products (4.2a., 4.2p).

H FEt oTBS

(EtO)Q(W
| H

H Et oTBs

H
(EtO)O)P,
H H

O
Jax-ax =8.7Hz

5.0 4.0 3.0 20 10 00
Chemical Shift (ppm)

Figure 4.4

Significant differences are displayed in the medium-field region (8 = 3.3 to 3.6 ppm)

corresponding to the protons on C10. As expected, main isomer (4.2a) displayed a higher

Jax-ax coupling constant, between H on C10 and H on C9, of 8.7 Hz whereas minor isomer
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(4.2B) displayed a Josax coupling constant of 4.0 Hz. The stereochemistry was later

unambiguously proven by X-Ray of the deprotected derivatives (part 4.2.6.3).

As a conclusion, the domino C-B reaction was successfully achieved for both C13-methyl
and C13-ethyl series, in good yields (50-51%) for a challenging reaction. By increasing the
concentration and very fast addition of ‘BuLi, the formation of the undesired monocyclised
ketones (4.36, 4.37) could be limited, but the monocyclised esters (4.38, 4.39) were
unfortunately always present. Avoiding the formation of the monocyclised side-products
was clearly desired and other substrates were envisioned that could also undergo a domino
C-B cyclisation (part 4.2.7 and 4.2.8). Finally, the B-keto phosphonates were quite
unstable and could not be stored for a long time despite storage in the freezer even flushed

Wlth Nz.

4.2.6.2 Alternative domino C-B reaction

Initial investigations on the domino C-B reaction also looked at a direct deprotection of

the C17-silyl enol ether by quenching the reaction with HCI 2M (Scheme 4.17)

Br oTBS
o XL 1y 'BuLl
11
EO) A2 —HE > P,
2 IR 116 °c—=rt (EtO);~
(o] O\ (4.33) 2) HCI 2m

Scheme 4.17

In this case, despite no increase in the yield of desired tricyclic product (4.40a), the
separation with the undesired monocyclised ketone (4.42) could easily be achieved. This
was obviously of great importance for identification purposes. However, this sequence
was only attempted once, as the C17-protection was required for the construction of the A-

ring.

4.2.6.3 Derivatisation of the domino C-B products

Because adducts obtained from the domino C-B reaction were quite unstable, deprotection
of the C17-ketone was achieved for characterisation purposes, also allowing access to

crystallographic determination of the relative stereochemistry. Scheme 4.18 shows the
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deprotection of the main isomers (4.35a) and (4.2a) obtained during the domino C-B

reaction.
R OTBS
9 TBAF, THF
L | AR T (Eto)”
(EtO);” -

o R = Me, (4.350) R = Me, (4.400) 62% R = Me, (4.40p) 33%

R =Et, (4.2a) R = Et, (4.430) 66% R = Et, (4.43p) 30%
Scheme 4.18

Upon TBAF deprotection (2 equiv),'®®

a mixture of the two deprotected phosphonate
epimers was obtained. Although completion was observed after 2 min of reaction, in
which case only the Cl0-a-epimers (4.40c, 4.43a) were observed, the reaction was
deliberately conducted for over 1 h, allowing for epimerisation at the C10-centre to also

afford the (4.40p3, 4.43B) epimers.

Depending on the Ci13-series, recrystallisation in DCM/hexane gave crystals for (4.400.)
and (4.43P) (Figures 4.5, 4.6).

Figure 4.5: X-Ray structure of (4.40c) Figure 4.6: X-Ray structure of (4.43f3)

Derivatisation was also achieved on the monocyclised esters (4.38, 4.39) (Scheme 4.19).

r OTBS R O R O
; s 1 b
P, g g _P: 8 g P. . |
(Et0)5” g (EtO)z g (Et0);~ N
: TBAF, THF > NaOH HoH
S T
MeOH
~o" o ~o" o HO S0
R = Me, (4.38) R = Me, (4.41) 95% R = Me, (4.26) 98%
R=Et, (4.39) R=Et, (4.44) 94% R = Et, (4.45) 9%

Scheme 4.19
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Deprotection with TBAF proceeded smoothly, affording (4.41) and (4.44) in excellent
yields. Saponiﬁcation176 with NaOH in MeOH afforded carboxylic acids (4.26) and (4.45).
Recrystallisation of (4.45) in DCM/hexane gave access to the X-Ray shown in Figure 4.7.
An X-Ray of (4.26) had previously been obtained (Figure 4.2), and the NMR data

following this path were consistent with the previously obtained NMRs.

Figure 4.7: X-Ray structure of (4.45)

Obviously, monocyclised ketones (4.36, 4.37) were also deprotected (Scheme 4.20).

R OTBS R O

TBAF, THF E0)

RS

Me, (4.36) R = Me, (4.42), 91%
Et, (4.37) R = Et, (4.46), 94%

Scheme 4.20

Despite many attempts, none of the diketones (4.42, 4.46) could be recrystallised. The C9-
stereochemistry involved during the domino C-B reaction having already been proven
several times, an unambiguous proof of the stereochemistry of those diketones wasn’t

really required.

4.2.7 Domino C-B reactions with Weinreb amides

In order to avoid/limit the formation of the monocyclised esters during the domino C-B

reaction, the Weinreb amides (4.47) and (4.48) were also envisioned (Scheme 4.21).
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Scheme 4.21

For instance, employing a Weinreb amide (4.48) would lead, upon domino C-B
cyclisation, to a tetrahedral intermediate (4.49) by chelating the counter-cation Li, which
upon work-up would lead to the desired B-keto phosphonate (4.2) (Scheme 4.21).
Formation of the tetrahedral intermediate (4.49) was hoped would favor the B-ring

cyclisation.

4.2.7.1 Synthesis of the domino C-B precursors (4.47) and (4.48)

The desired Weinreb amides were easily prepared from the carboxylic acids (4.29, 4.30)
(Scheme 4.22).

R = Me, (4.29) oW N R = Me, (4.50) 83%

R = Et, (4.30) EtsN, DCM ANy R=E (451) 86%

v\b H HC' \/\b
(EtO);” G (EtO);”
O/

Scheme 4.22

Initial experiments to prepare (4.50) following literature examples177 using 1 equiv of
DCC in combination with 1 equiv of EtsN and 1 equiv of amine was a very slow process,
needing the addition of an extra 0.5 equiv of all the reagents to reach completion. The
desired Weinreb amide (4.50) was then isolated in 56% yield along with 21% of the
undesired urea (4.52) (Figure 4.8).

\/Br\b \/\b
(Et0);” 7 (Et0);” 7

/( 4.52 /( 4.53

)kN o (452 (4.53)

| |
cHex cHex |Pr |Pr

Figure 4.8
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The procedure was then modified, using DIC instead of DCC; and directly adding to the
acids (4.29) and (4.30) 1.5 equiv of all the reagents. This procedure afforded the desired
Weinreb amides (4.50) and (4.51) in 83% and 86 % yield respectively, after 2 h of reaction
and with only traces of undesired rearranged ureas like (4.53) (TLC).

Protection of a ketone in the presence of an amide as a silyl enol ether is quite well

documented' "™ "®* and is reported to be usually quite high yielding (Scheme 4.23).
B R Q B R OTBS
o N TBDMSOTf o N
P . P
NN —_— NN
(EtO)2 i H Pyridine (Et0)z i H
R = Me, (4.50) Oj\N\\/ Toluene Oj\N\\/ R = Me, (4.47) 16%
R = Et, (4.51) o— 0— R=Et (4.48) 22%
Scheme 4.23

However, using our standard procedure'®* with 3 equiv Et;N/TBDMSOTS at -50 °C, the
expected profile by TLC monitoring was not observed, since silylation at the C17-ketone

induces a great decrease in polarity. Warming to room temperature was not efficient either

and adding more TBDMSOT{/Et;N only led to decomposition.

The combination of collidine/TBDMSOTf was then explored.'® Using 10 equiv of
collidine with 6 equiv of TBDMSOTT, the desired TLC profile was observed. However,
after 24 h of reaction, only a small part of the starting material had reacted and a
competitive decomposition reaction could be observed. Adding more TBDMSOTT led to

decomposition and removal of the collidine from the desired product was problematic.

Collidine was replaced by pyridine, and after many attempts, the best conditions found
were the use of 10 equiv of pyridine with successive additions of 3 equiv TBDMSOTTf in
very diluted conditions, so as to avoid complete decomposition. In the best cases, the
desired silyl enol ethers (4.47) and (4.48) were isolated in 16% and 22% respectively
along with 25-30% of starting material.

Pre-mixing LDA with TBDMSOTT at -78 °C prior to the addition of the Weinreb amide

185,186

(4.51), known as the in situ quench technique, only led to the recovery of the starting

material.
The strategy needed to be modified, in which case the C17-ketone had to be protected prior
to the introduction of the Weinreb amide (Scheme 4.24)."%
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In practice, the amine (6 equiv) in THF was treated with "BuLi (9 equiv) from -78 °C to
room temperature until complete dissolution of the salt. A solution of the ester (4.1) in
THF was then added at -78 °C. The reaction was complete after 1 h leading to the desired
Weinreb amide (4.48) in excellent yield.

42.7.2 Cl7-ketone protection with LDA/TBDMSOTT: B-ring cvyclisation

While examining protection of the Weinreb amide (4.51) with LDA/TBDMSOTT, some
very interesting side reactions were observed, which are described in this section (Scheme
4.25). 188,189

2) TBDMSOTF
78°C > 1t
\Br jo \Br o
o )LDA, IS
b -78°C P
P~ B e
(Et0)5 (EtO)2 o5 f 2) warm to rt
—
o\, (51) o7\, 454 3) TBDMSOTf
7o o8 \
(Et0);”
68%
Scheme 4.25

Treatment of the Weinreb amide (4.51) with LDA at -78 °C for 2 h followed by quenching
with TBDMSOTT (2.5 equiv) led to the unexpected B-ring cyclised adduct (4.56) in good
yield as a (4/1) mixture of diastereoisomers. The use of 2.5 equiv of LDA was necessary
for the reaction to go to completion, or only starting material was recovered with (4.56) in
lower yields. Interestingly, no traces of C17-silyl enol ether were observed despite the

large excess of LDA.
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Also interesting, the intermediate oxyanion (4.55), readily trapped at -78 °C, could also

undergo elimination at room temperature leading to the $-keto phosphonate (4.57).

Indeed, when Weinreb amide (4.51) was treated with 2.5 equiv of LDA at -78 °C for 15
min, then warmed to room temperature, quenching with TBDMSOTTf didn’t trap the
oxyanion as the unsaturated -keto phosphonate (4.57) was already formed in good yield
(Scheme 4.25). Those results were very interesting, since alternative C-ring cyclisation

pathways could now be envisaged from either (4.56) or (4.57).

Although the presence of oxyanion (4.55) had been demonstrated, its origin still remains
unclear. As an alternative to the direct deprotonation of the unsaturated-phosphonate
(4.51) as shown in Scheme 4.25, the possibility of a Michael Initiated — Condensation —

Elimination (MICE) sequence also exists (Scheme 4.26).'®

A

o
o \R,, LDA LDA
i _(1°equiv) . _(2™ equiv)

€0y~ (E©)”

'/54\\/:
~ N (451) R=§/\1/

Scheme 4.26

Following this pathway, LDA would add onto the o,B-unsaturated phosphonate (4.51),
initiating the B-ring cyclisation leading to intermediate (4.58). A second equivalent of

LDA would then re-establish the alkene via elimination of the amine, leading to oxyanion
(4.55).

Conversion of (4.56) to the corresponding 3-keto unsaturated phosphonate (4.57) was also

attempted, with some unexpected results (Scheme 4.27).

N {
TBAF ('F); .
(Et0);” + GO
THF 3
| OTBS (4.56) @s) o

26%

Scheme 4.27
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Very surprisingly, treatment of (4.56) with TBAF led to the desired B-keto phosphonate
(4.57) in 57% but also gave rise to a B-ring opening side reaction. Indeed, the Weinreb
amide (4.51) was also obtained in 26%. To the best of our knowledge, this is
unprecedented in the literature, and suggests that the reaction of (4.54) to (4.55) can be
reversed. The strong red colour observed upon addition of TBAF also suggests the

presence of phosphonium anion (4.54).

4273 Attempted domino C-B reactions

The domino C-B cyclisation was conducted under the same conditions successfully used

previously for the methyl esters (part 4.2.6) (Scheme 4.28).

Br OTBS
o XL
) | 'BuLi, THF
EO); 7 Y4

: —%——  (EtO);
o 416 °C— 1t
(4.48) /N\o—

Scheme 4.28

The Weinreb amide (4.48) was treated with ‘BuLi (2.4 equiv) at -116 °C in THF for 15
min and then allowed to warm to room temperature. Unfortunately, the reaction was a
complete failure and no trace of the desired 3-keto phosphonate (4.2) was observed. Three
products could clearly be observed by TLC but separation was unsuccessful and none
were identified. Assuming the conditions were too harsh, the reaction was repeated with
gradual temperature increase from -116 °C to room temperature and careful monitoring of
the reaction. Above -78 °C, a very complex mixture was observed, and (4.2) was not

isolated.

As a single product was observed at -78 °C, the reaction was repeated one last time with
TBDMSOTT{ quenching (2.5 equiv) so as to trap any oxyanion intermediate as previously

achieved when the B-ring cyclisation was observed (Scheme 4.29).
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Scheme 4.29

Unfortunately, under those conditions, tricyclic phosphonate (4.59) was not isolated.
Instead, the monocyclised C17-ketone (4.60) was obtained in 62% yield. Quite clearly, B-
ring cyclisation didn’t occur at -78 °C, and using an excess of TBDMSOTTf under those
conditions possibly introduced enough TfOH leading to deprotection of the C17-silyl enol

ether.

Clearly, the Weinreb amide was not electrophilic enough to undergo a B-ring cyclisation,

which is in apparent contrast with the cyclisation of (4.51) to give (4.57) in excellent yield.

4.2.8 Domino C-B reactions with other substrates

Two other substrates were envisioned in order to obtain better results during the domino
C-B reaction: a MEM-ester that could also chelate the counter cation Li, and a phenyl

ester.

4.2.8.1 The attempted synthesis of a MEM-ester domino C-B precursor

The attempted synthesis of a MEM-ester domino C-B precursor (4.62) is shown in
Scheme 4.30.

Br Br OTBS
DIPEA
H MEM al TBDMS-OTf
(EtO)s” (Et0)y” (Et0)5~

NEt3 DCM

o c
HOJ\/ (4.30) 83% MEMOJ\/ (461) -50°C

MEMO (4 62)

Scheme 4.30

The carboxylic acid (4.30) was treated with DIPEA (1.1 equiv) in presence of MEM-CI
(1.2 equiv) in DCM at 0 °C for 2 h."”° The desired MEM-ester (4.61) was isolated in good
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yield. Protection of the C17-ketone was attempted following the procedure used several
times during the project.'®* Unfortunately, only decomposition was observed, even at -50

°C, so no further experiments were attempted.

4.2.8.2 Domino C-B reaction with a phenyl ester (4.64)

The synthesis of a phenyl-ester domino C-B precursor (4.64) is shown in Scheme 4.31.

Br DIC Br OTBS
DMAP TBDMS-OTf
" PhOH ” NEt;, DCM II
(EtO);” (Et0)5”

(E10);”
DCM

HO)J\/ @so  * PhOJ\/ (4.63) 7 PhoJ\/ (4.64)

Scheme 4.31

The phenyl ester (4.63) was easily prepared from the carboxylic acid (4.30) following a
literature procedure in good yield.'”' Protection of the Cl7-ketone using 3 equiv of
Et;N/TBDMS-OTf at -50 °C afforded the desired silyl enol ether (4.64) in good yield after
2 h of reaction. None of the steps were optimized and were conducted on small scale.
Enough material was obtained to attempt the domino C-B cyclisation reaction (Scheme
4.32).

Br OTBS
o XL 'BuLi
“ (2.4 equiv)
(EtO)y” / : i - __

THF

)K/ -116°C—>rt
PhO (4.64)

Scheme 4.32

Surprisingly, the results were once again disappointing. The behaviour of the reaction was
completely different than when a methyl ester was employed. Only the desired B-keto
phosphonate (4.2a) and the monocyclised ketone (4.37) were isolated respectively in 20
and 12% yields. Lots of baseline material was observed however. This was obviously a

very disappointing conclusion to the attempted optimizations of the domino C-B reaction.
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4.2.9 Conclusion

The domino C-B cyclisation reaction was successfully achieved for the C13-methyl and
the C13-ethyl series on a methyl ester precursor. The stereochemistry involved during the
process was unambiguously proven on separate occasions. Attempts to optimize this

complex reaction with other substrates were however all equally unsuccessful.
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Chapter 5, Desogestrel: A-ring annelation and synthesis

conclusion.

5.1 Introduction

As mentioned in the retrosynthetic analysis, the last key step of the synthesis from B-keto
phosphonate (4.2) was planned to be an A-ring annelation via a Horner-Wadsworth-
Emmons (HWE) reaction with aldehyde 4.3),"*° hydrogenation of the enone (4.4)
followed by acid mediated aldol/dehydration,’' that would lead to the known diketone®'**
(1.71) (Path A, Scheme 5.1).

1) hydrogenation
2) HCI

NaOMe, MeOH
2) NaOH 5N

3) HCI 2N

4) A, -CO,

Scheme 5.1

However, as the HWE reaction with aldehyde (4.3) could not be achieved, the plan was
modified. HWE reaction with formaldehyde would lead to the enone (5.1) that would
undergo a complex Michael addition/cyclization/dehydration/decarboxylation process that

would also construct the A-ring (Path B).>"'*

5.2 The Horner-Wadsworth-Emmons reactions

5.2.1 Initial experiments with aldehvde (4.3)

HWE reactions with -keto phosphonates are well documented. They usually involve
K,CO; in THF,193 dioxane'* or EtOH.'*> Other examples involve NaH in THF." %" The

HWE reaction was first investigated with the two [-keto phosphonates (4.35a) and

(4.4001) obtained previously with similar results when the aldehyde'*

(Scheme 5.2).

(4.3) was employed
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Scheme 5.2

193 never afforded the desired products.

In both cases, the use of aqueous K,COj; in THF
The starting material was in each case recovered or partially recovered in the case of
(4.3501) as the silyl enol ether partially decomposed. Using NaH'**'*7 on the deprotected
B-keto phosphonate (4.40a) gave a very complex mixture of compounds where the desired
HWE adduct (5.2) was not observed but what seemed to be the result of an aldol reaction.
Unfortunately, the aldol adduct could not be separated from the starting phosphonate
(4.400). NaH conditions were not attempted with the protected B-keto phosphonate
(4.350) as a promising procedure using DBU/LICUMeCN'® was preferred. Once again,
no HWE product (5.3) was observed but the result of a competitve aldol reaction (5.4) in
36% yield (Figure 5.1).

Figure 5.1

Those preliminary results were very disappointing as the phosphonate moiety didn’t react
with any conditions used, probably due to steric hindrance. A more reactive aldehyde had
to be employed and paraformaldehyde/formaldehyde seemed the best choice. This is

discussed in the section below.

5.2.2 HWE reactions with formaldehvyde
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The HWE reaction was investigated on the B-keto phosphonate (4.35a) with very different
results when paraformaldehyde or formaldehyde was used, as well as the base used
(Scheme 5.3).

OTBS
(CH2O)n

—_—
Base
Solvent

(4.35p)

Scheme 5.3

Table 4.2 presents a part of the results obtained during the investigation process. In each

case, the reaction was carried out at room temperature on a 0.2 mmol scale.

Entry Conditions Yield of products (%)
(5.5) | (5.6) | (4.35a) | (4.358)
1 (CH,0), (1.1 equiv), K,CO; (1 equiv), THF, 8h / / 62 20
2 (CH,0), (3 equiv), K,CO3 (3 equiv), THF, 20h traces 6 40 33
3 (CH,0). (1.1 equiv), K,CO; 8M (15 equiv), THF, 8h 8 / 43 25
4 (CH,0), (4 equiv), K,CO; 8M (15 equiv), THF, 8h 14 / 36 18
5 (CH,0), (4 equiv), K,CO; 8M (15 equiv), THF, 20h 12 15 21 25
6 CH,0 (15 equiv), K,CO; 8M (15 equiv), THF, 5h 41 5 9 29
7 CH,0 (15 equiv), KOH 1M (1 equiv), THF, 1h / 63 / /
8 CH,O0 (g) (4 equiv), NaH (1 equiv), THF / / / /

Table 5.1

This HWE reaction proved to be more complicated than expected as the starting
phosphonate (4.35a) didn’t show reactivity under the usual conditions. Hence, the use of
(CH,0), with K,CO; was unsuccessful (entries 1, 2).'”> Only isomerisation of (4.350) to
(4.35B) was observed in these cases and longer reaction times led to the partial
deprotection of the silyl enol ether. Under these conditions, conducting the reaction in
dioxane or DMF didn’t change the course of the reaction. The HWE was then attempted

96




using a K,COs 8M solution in large excess'®® with slightly better results. Using an excess
of (CH,0), was a little more efficient (entries 3, 4, 5) but again, lots of starting material
was recovered and the reaction was too slow, meaning that longer reaction times mainly
led to the formation of diol (5.6) resulting from a competitive aldol reaction. The fact that
a mixture of isomers (4.35a., 4.35p3) was always obtained suggested that deprotonation of
the B-keto phosphonate occurred but then only slowly reacted with the aldehyde.

To increase the reactivity, formaldehyde as a water solution (37% w/w) was used with

better results (entry 6)."”

Using a large excess (15 equiv) of formaldehyde afforded the
desired enone (5.4) in medium yields along with still 29% of the isomer (4.35B). These
results actually suggested that the isomer (4.35p) was far less reactive and so a procedure
had to be found to achieve that reaction as fast as possible in order to avoid the

isomerisation as well as the competitive aldol reaction.

To do so, KOH was used as a base (entry 7). After 1 h, all the starting material was
consumed but no trace of desired enone (5.5) was observed. Instead, only diol (5.6)

resulting from a HWE reaction followed by an aldol reaction was obtained in 63% yield.

A final experiment was attempted by deprotonating [3-keto phosphonate (4.35c) with NaH
(1 equiv) followed by the addition of gaseous formaldehyde (entry 8). The reaction led to

a very complex mixture of products.

So far, the enone (5.5) could only be synthesised in up to 41% which at least allowed
investigating the next A-ring annelation. However, this enone couldn’t be caracterized as
it almost immediately dimerised, via a hetero Diels-Alder reaction, to dimer (5.7).
Although this fact was precedented on this type of enone,’’ attempts to purify it with a
very quick column chromatography or storage were not possible neither. This meant that
the crude mixture, obtained after a quick work-up, had to be used straightaway for the A-

ring annelation (see part 5.3).

It seemed also very clear that minor C10-3 isomer (4.35f), obtained in various yields from
the domino C-B reaction, would not react under those conditions. In which case it was

easily converted to the C10-o. isomer (4.35a) (Scheme 5.4).
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Scheme 5.4

The C10-f isomers (4.23, 4.35p) were treated with 2 equiv of NaH in THF for 1 h which

almost exclusively led to the C10-a isomers after quenching (4.2a, 4.350.).

5.2.3 Attempted dephosphonylation reactions

Because at that time, the 41% obtained for the HWE reaction had not been achieved, other
methodologies were explored. First, Liu and co-workers'®® described that the phosphonate
functionality, being a to a ketone carbonyl, could be reductively removed using lithium
naphthalenide and the ensuing enolate readily trapped by an alkylating agent (Scheme
5.5).

OTBS
Lithium naphthalenide (3.5 equiv)

THF, -25 °C, 10 min then

BT Bequv)

(4.35p)

Scheme 5.5

The reaction was attempted twice using allyl bromide as a model alkylating agent but
under those conditions, only decomposition of the starting material was observed and the
desired adduct (5.8) was not observed in any case.

Investigations also looked at the dephosphonylation of a-fully substituted B-keto

200201 14 that case, the

phosphonates using LAH as described by Oh and co-workers.
phosphonate is used as a temporary activating group for a-alkylation of a ketone (Scheme

5.6).
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Once again, only disappointing results were obtained as the desired alkylated products
(5.9) couldn’t be observed or isolated. However, the starting phosphonate (4.353) was in
each case recovered in 30-35 % along with the isomer (4.35a) in 60-65% meaning that the
enolate intermediate was formed but the alkylation didn’t take place, presumably for

hindrance reasons.

5.3 A-ring formation: 7 reactions in a one-pot process

The A-ring formation, planned as the last key step of the total synthesis would be achieved
via a Robinson-type annelation which has been used on separate occasions for the
construction of the A, B and D rings.”' However, in our plan, that A-ring annelation would
only be achieved after a Michael condensation between the methylene ketones (5.1, 5.5)

and ethyl-acetoacetate (Scheme 5.7).

R OTBS

ag. CHO

—_—

KoCO3 8M

o
R = Me, (4.350)
R=Et, (4.20)

R = Me, (5.5)
R =Et, (5.1)

o)
R = Me, (5.13)]| 27%
R=Et (1.71) || 32%

R = Me, (4.40c)
R = Et, (4.430)

Scheme 5.7

The series of reactions consisting of a Michael condensation between a methylene ketone

like (5.1, 5.5) and annulating agent, in situ alkaline cyclization-dehydration (5.11 — 5.12)
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to form in our case the A-ring and finally decarboxylation was precedented in the

. 31,192
literature.”™

In practice, the crude methylene ketones (5.5, 5.1) obtained from the HWE reaction from
(4.20, 4.350) and formaldehyde were treated with 2 equiv of ethyl acetoacetate to give
intermediate (5.11). At this point, the reaction mixture was quenched with water in order
to isolate intermediate (5.11). However, upon addition of water, disappearance of (5.11)
from the reaction mixture was observed (TLC). Unfortunately, extraction of the product
proved not possible at this stage. Acidification followed by TBAF treatment did lead to
the desired steroid products (5.13) and (1.71) in respectively 22% and 19%, along with the
deprotected P-keto phosponates (4.43a) and (4.400) in 31% and 26 % yields. The

procedure was then improved closely following the literature, *''*

while up-scaling, as
shown in Scheme 5.7, by treating intermediate (5.11) with NaOH 5M for 30 min followed
by the addition of HCl 2M. Decarboxylation of (5.12) was successfully achieved by
heating the crude mixture at 70 °C under high vacuum for 1 h. The desired diketones
(5.13) and (1.71) were then obtained in respectively 27% and 32% yields, on a 100 mg
scale of desired products. In those experiments, 3-keto phosponates (4.43a) and (4.400r)

were not isolated.

X-ray crystallographic analyses (Figures 5.2 and 5.3) unambiguously proved the relative

stereochemistry at the newly established C10 centres.

Figure 5.2: X-Ray structure of (1.71) Figure 5.3: X-Ray structure of (5.13)

Even if the overall yields of (1.71) and (5.13) from (4.2a) and (4.35a) are quite low,
taking in account that the HWE reaction is so far very limiting (~40% yield) and that in a

single operation 7 consecutive reactions occurred, this result was obviously of great
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importance as (1.71) and (5.13) are known compound526’27’48

and the last key intermediates
in our synthesis, the latest functionalisation reactions more or less already described. This
also meant that the formal syntheses of desogestrel and its C13-methyl analogue were

completed.

5.4 Total synthesis of desogestrel

Although (1.71) is a known compound, it has only been successfully been employed in the
industrial process of desogestrel.”’ However, initial experiments on very small scale were

unsuccessful which compelled us to explore another route towards desogestrel (Scheme
5.8).

desogestrel
(1.14)

Scheme 5.8

The first step involved a Cs-thioacetal protection, followed by a Raney-Ni deprotection

and finally introduction of the C17-ethinyl group.

5.4.1 Dithioacetal protection

The selective protection of the Cs-o,p-unsaturated ketone was easily achieved as a

thioacetal (Scheme 5.9).%

hs~SH 7
_— z
R = Me, (5.13) BF4.ELO s H R = Me, (5.14) 84%
R =Et, (1.71) R = Et, (5.15) 89%
[} MeOH S
Scheme 5.9

Steroids (5.13) and (1.71) were treated with ethane-1,2-dithiol (1.9 equiv) and boron
trifluoride-etherate (0.8 equiv) in MeOH for 16 h at room temperature. The desired
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thioketals (5.14) and (5.15) were obtained in excellent yields. X-ray crystallographic

analyses were also obtained for both steroids (Figures 5.4, 5.5).

Figure 5.4: X-Ray structure of (5.14) Figure 5.5: X-Ray structure of (5.15)

5.4.2 Desulfurization reactions

Although desulfurization at the C5 position has been reported on separate occasions by
Corey23 or Tietze®® using Li/NHjs, this was not applicable with steroids (5.14, 5.15) due to

the C17-ketone. Instead, desulfurization was achieved with Raney nickel (Scheme 5.10).%*

R R O R O
H “ Raney Ni " 0’ " 0’
g EtOH, 80 °C 1 * 1
LI e (JE) 904
Q/s R = Me, 73%

Ratio
R = Me, (5.14) R = Et, 78% R=Me, (5.16) |0, Lo H R=Me, (5.17)
R = Et, (5.15) R = Et, (5.18) R = Et, (5.19)
Scheme 5.10

The reaction proceeded well but in both cases, a migration of the double bond from the
A4,5 (5.16, 5.18) to the A3,4 (5.17, 5.19) was observed and separation by chromatography
or recrystallization was not successful. Thus, the synthesis had to be continued with a

mixture of isomers.

5.4.3 Introduction of the C17a-ethinyl group

For the final introduction of the C17a-ethinyl group, the angular ethyl group at C13, which
is responsible for a 50-fold enhancement of biological potency relative to the C13-methyl

analogue,” posed a great synthetic obstacle.
102



For instance, the ethinyl group was easily introduced for the C13-methyl analogue using a

commercial solution of sodium acetylide (Scheme 5.11).

o} o} HQ /// Ho///
=—Na N N
N30 S O S 1) ST )0
SULEEN SO G O LSO
76% 80 / 20
(5.16) H (5.47) (5.20) H  (5.21)

Scheme 5.11

The mixture of A4,5 (5.16) and A3,4 (5.17) isomers was treated with sodium acetylide (20
equiv) in THF. The reaction was repeated twice. First, by adding the acetylide at -40 °C
and then slowly warming to room temperature in which case steroids (5.20) and (5.21)
were obtained in 76%, as a (80/20) inseparable mixture, after 16 h of reaction. When
acetylide was added at room temperature, the reaction was complete after 4 h and a yield

of 74% was obtained.

Interestingly, under the same conditions, conducting the reaction with the Ci3-ethyl
steroids (5.18) and (5.19) only led to decomposition for both attempts. However, the total
synthesis of desogestrel (1.14) was finally completed following the procedure used by

Organon for the commercial synthesis of desogestrel (Scheme 5.12).2%

KOtBu
H—H .
—_—
THF, -25°C Ratio
0,
95% 80 / 20
desogestrel H  (5.22)
1.14)
Scheme 5.12

Potassium acetylide was generated in sifu by bubbling acetylene through a THF solution
of KOrBu (5 equiv) at -25 °C for 1 h. A solution of steroids (5.18, 5.19) (1 equiv) in THF
was then added and acetylene was passed through the mixture for 1 h at -25 °C. The
reaction proceeded in very high yields and desogestrel (1.14) was obtained along with the

A3,4-isomer (5.22). Separation of the two isomers was not achieved however.
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5.5 Conclusion

The total syntheses of desogestrel and its C13-methyl analogue have been successfully
achieved. By employing a domino anionic cyclization, the stereoselective construction of
the steroids C and B-rings was achieved, in a single operation. Construction of the A-ring
was efficient, although the HWE reaction with (-keto phosphonates proceeded in quite
low yields. Final conversion led to desogestrel, which unfortunately could not be obtained

pure.
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Chapter 6, Steroid C and B ring formation: Completion of

Estrone total synthesis

6.1 Introduction

From the previously obtained phosphonate (3.3) and phosphonamide (3.4), only a few
steps were required to complete a racemic and enantioselective synthesis of estrone

(Scheme 6.1).

O trans-hydrindene

X ring system O
ﬁF?, 1) Heck
3.3) | X=OEt _ - RCM 2) H,, cat
(3.3) Me\ %) /Bri |f| ) Ho, ca
3.4 (mzng/s 3) AlCl,
Me 2 O HO
(l) | (6.1) (1.6) estrone

Scheme 6.1

The last key step, from both (3.3) and (3.4), was a ring closing metathesis (RCM) that
would allow the formation of a frans-hydrindene ring system intermediate (6.1). The RCM
would also introduce the required C9-C11 double bond for the B-ring closure, through an
intramolecular Heck reaction as described by Tietze.** Estrone would then be obtained in

two steps via known reactions.*****

6.2 The C-ring closing metathesis

Although the RCM leading to the strained frans-hydrindene ring system was

d,”?% those examples involved two terminal double bonds. RCM reactions

precedente
involving a,B-unsaturated phosphonates or phosphonamides are not well documented and
have mainly been explored to enable the formation of P-heterocycles.”’”'" Achieving the
RCM on phosphonate (3.3) and phosphonamide (3.4) required much optimization using

different conditions,** and are therefore discussed separately.
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6.2.1 Racemic synthesis: RCM with phosphonate (3.3)

With the phosphonate-based substrate (3.3), the RCM?"2%®2121% waq achieved, taking
advantage of the optimisations made by B. Guizzardi®* whose best conditions were the use

of 35 mol% 2™ generation Grubbs catalyst in DCM as a 0.01 M solution (Scheme 6.2).

o}

o S catalyst
I 2" generation
EO); " o 35 mol %
/@/vr C=001m
= —_ =
o A
(3.3) Solvent (rac-6.1) (rac-6.2)
Scheme 6.2

Some results obtained during the optimisation process are shown in Table 6.1.

Entry | catalyst catalyst C Solvent T | Time |Yield of products (%)
loading | (mol/L) °C)| (h) | (rac-6.1) | (rac-6.2)
1° GrubbsII | 5mol% | 0.05 DCM | 40 48 24 ¢
2° Grubbs I | 25 mol% | 0.05 DCM | 40 48 42 ¢
3 Grubbs II | 35mol% | 0.01 DCM | 40 24 56 6-7
4 Grubbs II | 35mol% | 0.01 | toluene| 80 48 54 2-3
5 | GrubbsIl |35mol% | 0.01 |toluene| 80 | 48 50 3
6 Hov-Gru II | 35 mol% | 0.01 | toluene | 80 48 61 traces

@ = previous results by B. Guizarddi, ®=2 x 17.5 mol %, © = yields not given, Grubbs Il = Grubbs catalyst
2" generation, Hov-Gru II = Hoveyda-Grubbs catalyst 2" generation.

Table 6.1

When the reaction was carried out in DCM with 5 mol% Grubbs II catalyst and refluxing
the solution for 48 h (entry 1),*"” the desired product was only isolated in 24%. Increasing

the catalyst loading to 25 mol% (entry 2) led to a marked increase in yield.”"

Since RCM reactions are also described as leading to different results depending on the
concentration,”'* the reaction was repeated on a more diluted solution (entry 3). Using 35
mol % Grubbs II catalyst, the bromide (rac-6.1) was obtained in acceptable yield along
with the debrominated adduct (rac-6.2). Separation of the two products could only be

achieved by HPLC. The next parameter explored was the solvent effect.”'?

The reaction in refluxing DCM seemed faster than in toluene at 80 °C, giving under the

same conditions (entry 3 versus 4) better yields of cyclised adducts after 24 h of reaction.
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However, the TLC profile was better with toluene and formation of debrominated adduct
(rac-6.2) was almost avoided, so toluene was kept as the solvent for further experiments.

216 which was

Finally, replacing Grubbs catalyst for Hoveyda-Grubbs II catalyst (entry 6),
described as giving sometimes better results with toluene at 80 °C,*'* afforded (rac-6.1) in

61% yield along with only traces of debrominated-adduct (rac-6.2).

As a conclusion, the RCM C-ring closure with phophonate (3.3) was only achieved in
moderate yields (up to 61%), requiring a pretty large 35 mol % catalyst loading, in accord

with literature examples where strained ring systems are synthesised via a RCM.*"?

6.2.2 Enantioselective synthesis

For the enantioselective synthesis of estrone, from phosphonamide (3.4), the RCM was

only achieved at the very end of this PhD, in order to obtain clean characterization data.

6.2.2.1 Phosphonamide RCM reactions

Although RCM reactions on phosphonamides were precedented,”” the attempts by B.
Guizzardi® all resulted in very low yields with phosphonamide (3.4) (Scheme 6.3).

/ \/ O Grubbs catalyst o]
N O i 2" generation
o NF 8 35 mol % Br ’
N 7 :
L C=001M O G
: —_ .
~0 " (34 DCM (6.1)

6%

Scheme 6.3

Applying the then best conditions for the achiral phosphonate (3.3) (35 mol % Grubbs II
catalyst in refluxing DCM as a 0.01 M solution), the desired bromide (6.1) was only
obtained in 6% yield. The phosphonamide (3.4) therefore needed to be derivatised prior to
undergoing the RCM reaction. Very interestingly, after extensive research, she found that
phosphonamide (3.4) could be easily hydrolysed to the corresponding phosphonic acid
(6.3) that did undergo C-ring cyclisation with relatively good results (Scheme 6.4).
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6.2.2.2 RCM reactions with phosphonic acid (6.3)

The hydrolysis of phosphonamide (3.4) was easily achieved by treatment with 2 N HCI in

. . 17
refluxing THF overnight (Scheme 6.4)."'*?
\/ \/ catalyst
N O CH) "d generation (0] O
pr/ : 2N HCI N 35 mol %

‘N = THF, 65 °C HO™ . :
{ T oH ! C=001m Br . . m
Br: B — = =
/©/\/E o /@/ . . H
= \O \O
o Solvent

(34) (6.3) (6.1) (6.2)

Scheme 6.4

Phosphonic acid (6.3) was obtained in 97% yield after simple acid work-up and was used

without further purification.

The ring closing metathesis on phosphonic acid (6.3) was performed applying the same

conditions successfully employed with the racemic phosphonate (3.3) (Table 6.2).

Entry | catalyst catal?/st C Solvent T | Time | Yield of products (%)
loading | (mol/L) O | (h) (6.1) (6.2)
1 Hov-Gru II {35 mol %| 0.01 | toluene | 80 24 41 traces
2 Grubbs I |35 mol % | 0.01 DCM | 40 24 44 4
3 Grubbs I |35 mol % | 0.01 DCM | 40 24 58 n. d.

a = previous results by B. Guizarddi, Grubbs II = Grubbs catalyst 2" generation,
Hov-Gru II = Hoveyda-Grubbs catalyst 2™ generation, n.d. = not determined.

Table 6.2

Conducting the RCM with Hoveyda-Grubbs II catalyst in toluene at 80 °C (entry 1),*'?
which were the best conditions found with the phosphonate (3.3), the reaction was
complete after 24 h but only afforded bromide (6.1) in 41% yield. Grubbs II catalyst in
refluxing DCM gave slightly better results (entry 2).*"> The enantiopure bromide (6.1) was
then obtained in 44% yield along with 4% of debrominated adduct (6.2). Those results
were quite disappointing, as previous results** could not be reproduced (entry 3), but at
least enough material was obtained so as to complete the enantioselective synthesis of O-
methyl-estrone (1.113). However, to the best of our knowledge, this is the first example of

a RCM where a phosphonic acid is present.
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6.3 B-ring closure and synthesis conclusion

6.3.1 Heck reaction

The B-ring closure was achieved through an intramolecular Heck reaction using the

Herrmann catalyst (1.57) as described in the estrone synthesis of Tietze (Scheme 6.5).**

HERRMANN Catalyst, 2 mol % (1.57)
"BuyOAc

DMF/ MeCN / H,O
110°C, 3h
Quantitative

Scheme 6.5

A solution of bromide (6.1) and "BusOAc in DMF/MeCN/H,O (1/1/0.2) was stirred at
110-120 °C for 3 h in presence of 2 mol % catalyst to give steroid (6.4) in reproducible
quantitative yields. The reaction didn’t present any problem as long as the solution was
carefully degassed. This condition also applied to every solvent used in the work-up, since
steroid (6.4) proved to be air sensitive and therefore had to be used straightaway; even

overnight storage in the freezer led to partial decomposition.

The Herrmann catalyst (1.57) was easily prepared following Herrmann and co-workers

. 218
procedure as shown in Scheme 6.6.

toluene ©/\/\ //\ Pd/O
Pd(OAG), + p@>
3

75%

Scheme 6.6

6.3.2 Reduction of the A11.,12-double bond: synthesis of O-methyl-estrone

For the final conversion of the Heck-ring closure product (6.4) to O-methyl-estrone, the
A11,12- double bond needed to be reduced but, more importantly, the C9 stereochemistry
had to be inverted. To reduce the double bond, the estrone synthesis of Tietze was once

again fOllOWCd,34 where the transformation was achieved through a hydrogenation
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catalysed by Pd/C using 1,4-cyclohexadiene as source of hydrogen. In Tietze’s estrone
synthesis using intermediate (1.124), the conversion was achieved by transfer
hydrogenation upon isomerisation of the double bond to the A9-11 position, which led

exclusively to the desired C9 stereochemistry (Scheme 6.7).

o—tBu

Pd/C (0.6 equiv)

a

EtOH, A, 18h
(1.124) 76% (1.125)

Scheme 6.7

This isomerisation/hydrogenation reaction was first attempted following Tietze’s
procedure with however one modification: cyclohexene was used instead of 1,4-
cyclohexadiene as (6.4) couldn’t be stored and 1,4-cyclohexadiene was unavailable at this

time, leading to the results shown in Scheme 6.8 and Table 6.3.

[alp +157.2° (¢ 1.0, CHCl3)
Lit. [a]p +160° (c 1.0, CHCl3)

Pd/C (0.6 equiv)

EtOH, A, 18h 1.113)
o8% (Ratio: 70
Scheme 6.8

Ent Scale | C (mol/L) Source of H Purity of (6.4) |Overall yield Ratio
ntry cale 0 ource of H, urity of (6. yl (1.113)/ (6.5)

1 0.10 mmol | 0.025 cyclohexene overnight stored 63% 70/30

2 [0.15 mmol 0.05 cyclohexene freshly prepared 82% 70/30

3 0.11 mmol | 0.025 1,4-cyclohexadiene | freshly prepared 98% 70/30

Table 6.3

The reaction was attempted under different conditions, with the same ratio outcome as
determined by "H NMR whatever the source of H, used: formation of approximately 70%
of the desired C8-9 trans-configuration (1.113) along with 30% of undesired C8-9 cis-
configuration (6.5). A yield of 98% was achieved by using a freshly prepared adduct (6.4)
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(entry 3); whereas an overnight-stored sample of (6.4) only led to 63% of a mixture of
(1.113)/(6.5) with still a ratio of 70/30 (entry 1).

Despite several HPLC attempts, steroids (1.113) and (6.5) could not be separated.
However, partial recrystallization in DCM/Hexane provided access to a pure sample of

(1.113) of which analytical data corresponded well with literature data.”>*%>"

o]
ey 08
N0
\O ~
70

(1.113) o (6.5)

DN

[Ratio:

| I
7.0 6.0 5.0 a0 3.0 2.0 1.0
Chemical Shift (ppm)

Figure 6.1

Although those results were in accord with a literature report,”” it still remains unclear
whether the lack of stereoselectivity observed was due to the presence of the C17-ketone in
the substrate, due to a competitive C=C migration/hydrogenation process or due to a non-

selective A9,11-double bond hydrogenation.

6.3.3 Isomerisation of the A11,12- to A9.11-double bond followed by
hvdrogenation

In an attempt to improve the selectivity during the hydrogenation step the A11,12-double
bond in (6.4) was isomerized under basic conditions using 2.6 equiv of KO'Bu in DMSO
to obtain the A9,11-double bond steroid (6.6),°**'** following Tietze’s desogestrel
synthesis®® which is to our knowledge the only example of a A11,12 to A9,11-double bond
migration (Scheme 6.9).
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ol o}

0 0 D
KO'Bu Pd/C 0.6 equiv A + ;
) — i BOL
E DMSO, 1h O‘ ~o o
o 41% (1.113) (6.5)

EtOH A, 17h _
(6.4) (6.6) 55% Ratio: 80 : 20

Scheme 6.9

Isomerization didn’t prove very efficient, presumably because of the Ci17-ketone, as
decomposition adducts were observed by TLC, and (6.6) was not stable. Under
hydrogenation conditions, using 1,4-cyclohexadiene, a mixture of (1.113) and (6.5) was
again obtained, though in a better (85-80/15-20) ratio, meaning that with our substrate, the
A9,11-double bond hydrogenation didn’t seem to be selective. The low yield observed was
explained by the use of a partially decomposed adduct (6.6). Unfortunately, time
constraints prevented us from investigating this control experiment with freshly-made pure
(6.6).

Because many examples in the literature showed stereoselective reduction of the A9,11-
double bond using Et;SiH,*>**?"****% e focused on isomerisation of the A11,12 to
A9,11-double bond. Unfortunately, apart from Tietze’s KO'Bu procedure, only examples of

A8,9 or A8,14 to A9,11-double bond migrations were found.”*?

acid conditions
’ %&»

~
basic conditions

Scheme 6.10

Unfortunately, neither acidic conditions nor basic conditions were successful (Table 6.4).

Entry Conditions Outcome
1 NaOMe/MeOH rt No reaction
2 KO'Bu / THF rt decomposition
3 TFA/benzene rt then A decomposition
4 HCI conc./MeOH rt and A No reaction
Table 6.4
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No reaction was observed when NaOMe (2 equiv)/MeOH was used even after 2 days of
reaction (entry 1). Using KO'Bu (2 equiv)/THF only led to decomposition after 10 min of
reaction (entry 2). Under acidic conditions, with TFA (20 equiv)/benzene, no reaction was
observed at room temperature and overnight reflux only led to partial decomposition
(entry 3). Finally, no reaction was observed with HCI conc./MeOH even after overnight

reflux (entry 4).%

6.3.4 Deprotection to Estrone

The final deprotection to estrone was only achieved from the racemic O-methyl-estrone

(1.113) (Scheme 6.11).

AICI, Nal

MeCN, DCM
92% HO

Scheme 6.11

Several reagents could have been explored to achieve this final deprotection, such as

226 or BBr;.”” Instead, the AICly/Nal couple was choosen with

pyridine hydrochloride
excellent results.”** Estrone (1.6) was obtained in 92% yield after 5 h of reaction at room

temperature.

6.4 Summary

The enantioselective and the racemic total syntheses of O-methyl-estrone (1.113) were
successfully accomplished. The C-ring closure by RCM on an achiral phosphonate was
optimised up-to 61% using Hoveyda-Grubbs II catalyst. Although the C-ring closure could
not be achieved on the chiral phosphonamide, the problem was overcome by transforming
the phosphonamide to a phosphonic acid on which the RCM proceeded, however, in
medium yields. The Heck reaction, that constructed the steroid backbone, proceeded in
quantitative yield. The reduction of the residual double bond unfortunately led to a
mixture of 9o-H (1.113) and 9B-H (6.5) O-methyl-estrone, though in almost quantitative

yield. Efforts to avoid the formation of the 9B-H isomer (6.5) were unsuccessful.
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Chapter 7, Future directions of the research

7.1 Short term

Since the racemic and enantioselective total syntheses of estrone have been achieved, apart
from improving some medium yielding reactions within the project, no further research
towards this steroid seems interesting; based on the diastercoselective 1,4-
addition/alkylation methodology employed during this PhD. Desogestrel however, not
only because it is synthetically more demanding, has only been synthesized in racemic
form. Achieving an enantioselective synthesis of desogestrel would be one of the primary

objectives.

7.1.1 Enantioselective synthesis of desogestrel

7.1.1.1 Via a domino C-B reaction

Based on the same methology described in this thesis for the racemic total synthesis of
desogestrel, the next aim would be to achieve an enantioselective synthesis by using one
of the known chiral auxiliaries for the 1,4-addition reaction, as already achieved for

estrone synthesis. Some examples are given in Figure 7.1.
~rie 0
.,fN\' \/\k/ok} QO O/E\m}

7.1)

-0

(7.2)

Figure 7.1

The synthesis of achiral phosphonate (7.2) has already been achieved by R. Clarkson. The
synthesis of the homochiral version of this compound could be achieved using homochiral
BINOL.**"*** Although Fuji and co-workers'*® had reported a number of successful results
using this type of compound in related diastereoselective 1,4-addition reactions,
preliminary results by R. Clarkson®' indicates that much optimisation would be required

with more complex substrates like (7.2).
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On the other hand, the synthesis of homochiral phosphonamide (7.1) (Scheme 7.1) should

be quite straightforward, as the synthesis of an analogue has already been achieved for

estrone synthesis (part 2.3.4.2, page 51).''*'"

/ 1) "BuLi Br
(T Etﬁiﬁ s
P-OEt (1.131) N O )
T3l CT L O
. - N \/I//\ :

(7.3) : o]

o
e @1 Br (3.29)
i 1) CAN
1 2) ox
3) Mel, K,COs3
Br
Br ) N o
. 1) HCI 27 /
o N ) N //O ,
1 €
E0)y T>~A 2) Etl, DBU ,,,N,P A
T oo i \ :Ho
= z ,
desogestrel \o)_]\/ 32 - \JLO

(1.14)

Scheme 7.1

The 1,4-y-addition product (7.2) should be accessible via a diastereoselective 1,4-addition
between phosphonamide (7.1) and ethyl-enone (1.131)/alkylation with iodide (3.29).
Taking in account the differences of reactivity observed during the 1,4-addition/alkylation
step depending on the Michael acceptor and the phosphorus substrates (Chapter 3), this
process would quite possibly require much optimisation: 1) Lower yields have been
obtained with the ethyl-enone (1.131) than with the corresponding methyl-enone (1.100),
2) Lower yields have been obtained with phosphonamides than with phosphonates, 3) The

reaction seems to be substrate, solvent and scale dependent.

Should the synthesis of 1,4-y-addition product (7.3) prove possible on large scale, the most
convenient way of completing the synthesis might be through the phosphonate (4.32).
Conversion of the acetal to the methyl-ester has been touched upon (part 4.2.5). From a
practical point of view, it seems worthwile to convert phosphonamide (7.4) to the
corresponding phosphonate (4.32), via the corresponding phosphonic acid.”®' From
enantiopure phosphonate (4.32), completion of the synthesis has been demonstrated in

Chapters 4-5.
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7.1.1.2  Via a sequential C and B-ring cyclisation

Another possible enantioselective synthesis of desogestrel would rely on the exact
methodology used for the enantioselective total synthesis of estrone described in this

thesis, as shown in Scheme 7.2.

1) "BuLi

3) g

\O (3.28) \O 4 (I7.6)
(24) (7.5) +1) NaBH,
;2) protection

PG = Bn, (1.67)
PG = tBu, (1.59)

Deso%estrel [
(1.14)

Scheme 7.2

The diastereoselective 1,4-addition of phosphonamide (2.4) with ethyl-enone (1.131)/
alkylation with allyl bromide (3.28) would lead to the 1,4-y-addition product (7.5). The
trans-hydrindene product (7.6) would be obtained by hydrolysis of the phosphonamide to
the corresponding phosphonic acid, followed by RCM reaction as described in part 6.2.2.
Reduction of the C17-ketone with NaBH,,>*? and subsequent protection of the C17-B-
alcohol would give bromide (7.7). Intramolecular Heck reaction, followed by A11-12 to A9-
11 double bond migration with KOsBu®® (for which the C17-ketone protection seems
important) would afford known steroids (1.67)” or (1.59).% Completion of desogestrel

from any of the two steroids has already been touched upon in Chapter 1.

7.2 Medium term

Although what follows could not be really classified as a primary objective, given the
considerable quantities of phosphonate (2.3) that were still available after the completion
of the racemic total synthesis of estrone, it was thought to be a better use of research-time

to investigate another tandem anionic cyclisation strategy towards desogestrel.
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7.2.1 Towards a new desogestrel synthesis via a domino B-C cyclisation.

So as to illustrate the versatility of our methodology towards steroid synthesis, a new

strategy was considered that could eventually lead to desogestrel starting for the estrone

phosphonate precursor (2.3) (Scheme 7.3).

"alkylating" agent

O
I

= . 2
(EtO);~ A Et
Br
~o

(1.131)

(2.3)

C11 methylene introduction

A-ring modification

C17 functionalisation

Conjuguate 1,4 addition
<:
Enolate alkylation

(7.8)
Domino B-C
ring formation

MSO\ o

O
I

P. 4
(EtO)7

Bl’é H
\O/@; (7.9)

Scheme 7.3

Desogestrel would be obtained from the tetracyclic phosphonate (7.8) which would be

obtained via a domino B-C cyclisation reaction from bromide (7.9). Bromine-lithium

exchange of (7.9) with BuLi was expected to induce the intramolecular addition onto the

o-B-unsaturated phosphonate, forming the B-ring (Figure 7.2). The intermediate anion

would then undergo a mesylate displacement, forming the C-ring (7.8). It was expected

that the protons on C9 would adopt the a-position. This configuration was expected

because it would be obtained through the lowest energy reactive conformation (7.10)

(Figure 7.2).

Figure 7.2

Finally, precursor (7.9) would be obtained via a conjuguate 1,4-addition followed by

“alkylation” of the intermediate enolate starting from our estrone precursor (2.3). Initial

experiments were conducted using methyl-cyclopentenone (1.100) as it had been
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demonstrated that enolate (7.11) (Figure 7.2) could be obtained in very high yields under
our standard conditions (part 3.3.1), allowing investigations of the proper alkylating agent

to use.

7.2.1.1 Investigations of direct functionalisation of enolate (7.11)

The first choice was the use of formaldehyde as alkylating agent, which would have led to

the alcohol (7.12) via an aldol reaction (Scheme 7.4).

o N"BuLi o HO\ o

I /,"
(EtO)z/P ~ 2 \6(1_100) E\/\b

Br L

EtO),” 7 Y-

—x— (EtO); Bri A

~ 3) CHO ()
(2.3) Solvent = THF ~o (7.12)
Scheme 7.4

The reaction was only attempted once, without the desired outcome. The use of gaseous
formaldehyde'®” led to a very complex mixture of products where the desired alcohol

(7.12) was not observed nor identified.

The use of methyl chloroformate (7.14) and methyl cyanoformate (7.13) were then
considered, which would both have led to ester (7.15) (Scheme 7.5).

. (@]
o 1)"BuLi o o

PN
P 2) A o0
r P - 1
g = N .
- 9 3 o (EOE Br: H oy “7
///LO or CIAO H ' H
N | RN - H

(@)
(2.3) o
(7.13) (7.14) (7.15) O (7.16)
Solvent = THF

Scheme 7.5

Interestingly, reactions with (7.13) or (7.14) led to completely different results as shown in
Table 7.1.

Scale of equiv equiv of alkylating | equiv of (7.13) T of Yield of products
Entry | a3y | .00 | (1.100) ;
(2. "BuLi . agent or (7.14) alkylation (7.15) (7.16)
1 [2.6mmol| 1.1 13 (7.14) 10 0°C 0% 79%
2 [2.6mmol| 1.1 1.3 (7.14) 5 -78°C 0% 42%
2.6mmol | 1.1 1.3 (7.13) 2 -78°C | Not determined | 0%
Table 7.1
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When methyl chloroformate (7.14) was employed (entries 1-2), no trace of desired ester
(7.15) was observed. Instead, the undesired enolate-trapped carbonate (7.16) was obtained
in up-to 79% when the reaction was performed at 0 °C (entry 1). The use of methyl

cyanoformate (7.13) led to a very complex mixture of products (entry 3).

Those preliminary results suggested that many reactions would have been required in
order to really investigate this reaction. Since the enolate (7.11) seemed relatively easily
trapped, it was envisioned that the desired alcohol (7.12) might be accessible via a cross-

aldol reaction through a silyl enol ether.

7.2.1.2 Investigations of a stepwise alkvlation of enolate (7.11)

7.2.1.2.1 Synthesis of the silyl enol ether (7.17)

As an alternative to the direct reaction of the enolate formed during the 1,4-addition
reaction, attempts were made to trap the enolate (7.11) as a TBS enol ether (7.17) (Scheme
7.6, Table 7.2).

0 oTBS
D D)
P : P |
(Bt0)” 7 Y7 (EtO), NF
NH,CI Br : H Pathway A Br : H
e S N S
Q o (3.50) (7.17)
(EtO){P B\ - c“,\/\b + oTBS
r . P g o]
< ° (EtO); /BI'E H Pathway B (EtO)Z/E, N H
@3) 2 \b (1100 ~g ; B
.11
(7.18)
Scheme 7.6
Table 7.2
. Yield of products (%)
Entry | Pathway conditions
(7.17) (7.18) (3.50)
1 A TBSOT{/Et;N (3 equiv), DCM, -50 to -20 °C 0 62 €
2 A TBSCIEtN (3 equiv), DCM, rt 0 0 98
3 A TBSCI/Et;N/Nal (1.5 equiv), MeCN, rt 0 0 84
4 B TBSCI (3 equiv), 0 °C to rt 57 0 25
5 B TBSCI/Et;N (premixed), rt 0 0 89
6 B TBSOTSf (2 equiv), 0 °C 84 0 0

€ = not isolated
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Two different pathways towards (7.17) were explored. Following pathway A, the 1,4-
addition enolate (7.11) was quenched to the corresponding non-allylated product (3.50) in
82% yield on a 2.6 mmol scale. Protection of the C17-ketone as a silyl enol ether was
expected to give the thermodynamic product (7.17).% The use of TBSOTH/Et;N'®* at low
temperature (entry 1) exclusively led to the formation of the kinetic product (7.18) in 62%
yield. Other attempts to favorise the thermodynamic product (7.17) (entries 2-3)** all

resulted in complete recovery of the starting material (3.50).

Following pathway B, the enolate was directly trapped (entries 4-6). The reaction with
TBSCI was a very slow process, despite the use of 3 equiv of reagent, but at least the
desired silyl enol ether was obtained in 57% yield (entry 4). Finally the use of 2 equiv
TBDMSOTT (entry 6) afforded an excellent 84% yield of isolated (7.17).

7.2.1.2.2 Cross-aldol reactions: synthesis of alcohol (7.12)

Makaiyama and co-workers™” have conducted significant research on cross-aldol
reactions involving silyl enol ethers with carbonyl compounds activated with various
metal salts. Noteworthly, they described the preparation of monomethylol compounds
from silyl enol ethers and trioxane as formaldehyde source in the presence of TiCla.
Despite several attempts, the desired alcohol (7.12) (Scheme 7.7) was not obtained under
those conditions. However, (7.12) was synthesized following Snider and co-workers

precedent as shown in Scheme 7.7.7°

oTBS

HO o
o \,
g ) CHz0 o) -
(EtO) A MesAl 5 |
riH " EO), -
: 2) HCl Bri A
717) O (7.12)
Scheme 7.7

Treatment of silyl enol ether (7.17) with CH,0.Me;Al in DCM at 0 °C, followed by acid
treatment of the ene-type intermediate exclusively led to alcohol (7.12) in medium yield.
The procedure was not fully optimised, due to time-constraints and enough material was

obtained towards domino B-C precursor (7.19).
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7.2.1.3 Attempted domino B-C reaction

With alcohol (7.12) in hand, the domino B-C precursor (7.19) was easily prepared
(Scheme 7.8).

HO o MsO
L \, P mBuLi, THF
o , MeSO,Cl 0 " 78°Ctort
p P ~ T
(E10)” EtN,DCM (B0}~ ~7_ 4
81% Bré
~ (7.12) ~o > (7.19)
Scheme 7.8

Treatment of alcohol (7.12) with methanesulfonyl chloride in presence of Ets;N in DCM at
0 °C afforded the desired mesylate (7.19) in good yield.”” The subsequent domino B-C
reaction was however only attempted once, for project-priority reasons. Unfortunately,
lithium-bromide exchange with "BuLi gave rise to a complex mixture of products. No
further experiments were attempted within this strategy, as in the meantime the complete

enantioselective synthesis of estrone had to be achieved.

121



7.3 Long term

Since this new steroid synthesis methodology, based on a D—BCD steroid skeleton
construction, has been successfully employed for two structurally diverse steroids
desogestrel and estrone, it could be used to make other steroids (both new and known).
Simple modifications include changing the methyl/ethyl group at C13 or changing the
exocyclic methylene group at C11, which are not easy transformations within existing
steroid total syntheses. Also interesting, this methodology could lend itself towards the
synthesis of steroids containing a heteroatom at the C11 position. To-date, all these
steroids are made through hemi-syntheses via C-ring opening reactions,”*** but it is
known that steroids with a heteroatom at C11 possess interesting biological activities.
Following the proposed synthetic route (Scheme 7.9), steroids such as (7.22) should be
accessible since for example, heteroatom conjuguate addition to o,f-unsaturated

sulfoxides is known,2#%24!

R OTBS
1, R
LA - \(FG) Y=NR,S,0
O A -
0 : H (FG)T A X = phosphonate, phosphonamide,
H chiral sulfoxide
MeO)J\/ (7.21) (7.22)
Scheme 7.9
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Chapter 8, Overall summary

We have demonstrated that the Hanessian 1,4-addition/alkylation can be used for the

synthesis of structurally diverse steroids via a novel strategy based on prior formation of

the correct C8, C13 and C14 stereochemistry, followed by ring formation processes. The

synthesis of desogestrel and estrone have been achieved using this method. Highlights of

this method include:

The development/optimization of efficient syntheses of achiral phosphonates and

chiral phosphonamide 1,4-addition precursors.

Utilization of a 1,4-addition/alkylation sequence to synthesize highly functionalized
complex products with three controllable chiral centres, and identification of a few

side-products.

Optimization of the domino C-B reaction to afford cyclised products as single

diastereoisomers in up to 50% yield.
Construction of the A-ring via a seven reaction one-pot process.

Determination of the relative stereochemistry on separate occasions by X-ray

crystallographic analyses.

Areas where there is scope for improvement within this project include:

The poor yield associated with the 1,4-addition reaction with the ethyl-

cyclopentenone.

Avoiding the formation of the side products during the domino C-B cyclisation

process.

The poor yield associated with the HWE reaction on [-keto phosphonates leading to

exocyclic enones.

123



Chapter 9, Experimental

General information. 'H and "C NMR spectra were recorded on a Bruker AV300
spectrometer or Bruker AC300 or Bruker DPX400 spectrometer. 'H spectra conducted in
CDCl; are referenced to CHCl; as 7.27 ppm. C spectra conducted in CDCl; are
referenced to CHCl; as 77.00 ppm. Where assignments of atoms have been made in the
NMR data, this is determined by the use C'H correlation (HMQC) and/or 'H'H
correlation (COSY) NMR experiments. The following abbreviations were used to explain
the multiplicities: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; br, broad; Q,
quaternary carbon centre. °'P spectra were recorded on a Bruker AV300 externally
referenced to 85% H3PO,. IR spectra were recorded on a BIORAD Golden Gate FTS 135.
Optical rotations were conducted on an Optical Activity Polaar 2001. Mass spectrometry
was performed using ES, EI or CI techniques. Melting points were carried out on a
Gallenkamp melting point apparatus and are uncorrected. X-Ray analyses were provided
at the EPSRC Crystallography Service, Southampton University. All reactions were
carried out under a N, atmosphere with dry, freshly distilled solvents under anhydrous
conditions, unless otherwise noted. All reactions were monitored by thin-layer
chromatography carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV
light (254 nm) as visualizing agent and KMnOy, Vanillin or Anisaldehyde dyes as
developing agents. E. Merck silica gel (60, particle size 0.040-0.063 mm) was used for
flash chromatography. All reaction vessels were oven dried overnight or flame dried under
vacuum (<1 mmHg) and cooled under N> prior to use. Preparative HPLC was performed

using a Kontron pump KU38 with a Kontron refractive index detector 475.

Materials. THF and Et,0O were distilled from sodium/benzophenone ketyl. Toluene was
distilled from sodium. MeOH and EtOH were distilled with a small amount of magnesium

and I,. DCM, MeCN, Et;N, DIPEA and HMPA were distilled from CaH,.
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9.1 Experimental data for Chapter 2

Ethyl-4-chlorobutanimidate hvdrochloride (2.8

HCI(g), EtOH, DCM _ NHHC
Cla~_CN 777" g L=,

-5°C, 98% Kooc
2.12) IR (2.8)

Into an ice cooled solution of 4-chlorobutyronitrile (2.12) (4.64 mL, 52 mmol, 1.0 equiv)
and dry ethanol (2.70 mL, 52 mmol, 1.0 equiv) in dry DCM (50 mL) was bubbled ir situ
prepared HCI (g) until ca. 18 equiv of HCI had been absorbed. The reaction vessel was
sealed and left in the fridge for 4 days. The reaction mixture was concentrated to ca. 2/3 of
the original volume under vacuum and the precipitated imidate salt (2.8) was filtered,
washed with several portions of Et;O (5 x 20 mL) and finally dried over CaSO, in an
evacuated dessicator to give the title hydrochloride as fine white crystals (8.32 g, 98%,
m.p. = 99-101 °C).

MW = 186.079 (CsHi30NCly).

"H NMR (300 MHz; CDCLy): § 12.51 (1H, s, NH), 11.63 (1H, s, NH), 4.67 (2H, q, J = 6.9
Hz, Hg), 3.62 2H, t, J = 6.2 Hz, Hy), 2.94 2H, t, J = 6.2 Hz, Hc), 2.25 (2H, pentet, J =
6.2 Hz, Hg), 1.50 3H, t, J = 6.9 Hz, Hy) ppm.

BC NMR (75 MHz; CDCL): 8 178.3 (Q, Cp), 71.1 (CH, Cg), 43.2 (CHy, Ca), 30.8 (CHa,
Cc), 28.4 (CHy, Cg), 13.6 (CH;, C) ppm.

The NMR data correspond to the reported data.”

3-Methyl-3-oxetanemethyl-4-chlorobutanoate (2.14)

O (210

O
Cl
V\)J\m A _fe 2
HO™ >0 — Yo >0
59 pyridine, DCM | H
(2:9) Quantitative (2.14)

To an ice cooled solution of 3-hydroxymethyl-3-methyloxetane (2.9) (4.05 mL, 40 mmol,
1.0 equiv) and pyridine (3.88 mL, 48 mmol, 1.2 equiv) in dry DCM (20 mL) was slowly
added 4-chloro-butyryl-chloride (2.10) (4.49 mL, 40 mmol, 1.0 equiv). After the addition,

the reaction was allowed to stand at 0 °C for 1 h. The reaction mixture was droped over
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crushed ice (10 g) and then extracted with DCM (3 x 20 mL). The organic phase was
washed with brine (10 mL), dried over Na,SO,, filtered and then concentrated under
vacuum. This yielded (2.14) as a colourless oil (8.65 g, quantitative) which was found

pure enough for the next step.

MW = 206.667 (CoH;505Cl).

Rf = 0.53 (Petroleum ether/Acetone 60:40).

'"H NMR (300 MHz; CDCls): § 4.44 (2H, d, J = 6.2 Hz, Hgn), 4.31 (2H, d, J = 6.2 Hz,
Hom), 4.12 (2H, s, Hg), 3.54 (2H, t, J = 6.4 Hz, Hy), 2.49 (2H, t, J = 6.4 Hz, Hc), 2.05
(2H, pentet, J = 6.4 Hz, Hp), 1.27 (3H, s, Hy) ppm.

BC NMR (75 MHz; CDCL): & 172.4 (Q, Cp), 792 x CHa, Cg+Cp), 68.5 (CHa, Cg), 43.7
(CH,, Ca), 38.9 (Q, Cg), 30.9 (CH,, Cg), 27.4 (CH,, C¢), 20.9 (CH3, C;) ppm.

The NMR data correspond to the literature data.”

3-Methyl-3-oxetanemethyl-4-bromobutanoate (2.15)

0 (2.11)
Br cl (0]
B E G
HO 0 Br 3
/>2<9> pyridine, DCM \A/\C)[J’\O%O
29) Quantitative (2.15) oo

To an ice cooled solution of 3-hydroxymethyl-3-methyloxetane (2.9) (4.05 mL, 40 mmol,
1.0 equiv) and pyridine (3.88 mL, 48 mmol, 1.2 equiv) in dry DCM (20 mL) was slowly
added 4-bromo-butyryl-chloride (2.11) (5.11 mL, 44 mmol, 1.1 equiv). After the addition,
the reaction was allowed to stand at 0 °C for 1 h. The reaction mixture was droped over
crushed ice (10 g) and then extracted with DCM (3 x 20 mL). The organic phase was
washed with brine (10 mL), dried over Na,SOs, filtered and then concentrated under
vacuum. This yielded (2.15) as a colourless oil (10.55 g, quantitative) which was found

pure enough for the next step.

MW = 251.118 (CyH;50;Br).
Rf = 0.55 (Petroleum ether/Acetone 60:40).
'"H NMR (300 MHz; CDCL): 8 4.46 (2H, d, J = 6.0 Hz, Hgn), 4.34 (2H, d, J = 6.0 Hz,
Hom), 4.14 (2H, s, Hg), 3.34 2H, t, J = 6.5 Hz, Hy), 2.52 (2H, t, J = 7.0 Hz, Hc), 2.15
(2H, quintet, J = 6.8 Hz, Hg), 1.30 (3H, s, H)) ppm.
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B3C NMR (75 MHz; CDCL): 8 172.4 (Q, Cp), 79.3 (2 x CH,, C¢+Ch), 68.6 (CHa, Cg),
38.9 (Q, Cp), 32.4 (CH,, Cy), 32.2 (CH,, C¢), 27.5 (CHa, Cg), 21.0 (CH3, Cp) ppm.
The NMR data correspond to the literature data.”

1-(3-Chloro-propyl)-4-methyl-2.6.7-trioxa-bicyclo[2.2.2]octane (2.6)

Route 1 CH3C(CH,OH)5(2.13) E &
oute 1: X
= NH.HCI EtOH, PhMe Og?/(
—_— B
CI\/\)kOEt A, 56% CI\A/%O E
(2.8) (2.6)
G
Route 2: CI\/\)(J)\ BF;.Et,0, DCM ogE;(
- (o}
(2.14) 65% )
Route 1:

To a mixture of the imidate salt (2.8) (5.00 g, 27 mmol, 1.0 equiv), toluene (100 mL) and
1,1,1-tris(hydroxymethyl)ethane (2.13) (3.23 g, 27 mmol, 1.0 equiv) was added dry
ethanol (2.72 mL, 46 mmol, 1.7 equiv). The reaction mixture was refluxed for 16 h, then
cooled, filtered through celite and concentrated under vacuum. Purification by column
chromatography on neutralized silica (Petroleum ether/EtOAc 4:1) followed by Kugelrohr
distillation yielded (2.6) as a colourless oil (3.10 g, 56%).

Route 2:

BF;.Et;O (1.25 mL, 10 mmol, 0.25 equiv) was added to a cooled (-20 °C) solution of the
ester (2.14) (8.65 g, 40 mmol, 1.0 equiv) in dry DCM (35 mL) under N, atmosphere. The
reaction was stirred for 24 h at the same temperature and a solution of Et;N (5.58 mL, 40
mmol, 1.0 equiv) in Et,O (50 mL) was then added to quench the reaction. The reaction
mixture was filtered and the solvent was removed under vacuum. The resulting crude was
purified by column chromatography (DCM + 1% Et:N), yielding (2.6) as a colourless oil
which crystallised in the fridge (5.37 g, 65%).

MW =206.666 (CoH,;505Cl).

Rf = 0.48 (Petroleum ether/EtOAc 60:40).

IR (neat): 2961 (w), 2932 (w), 2876 (m), 1472 (w), 1458 (w), 1446 (w), 1399 (m), 1262
(m), 1055 (s), 1101 (s), 960 (m), 948 (m), 936 (m) cm™".
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"H NMR (300 MHz; CDCls): & 3.87 (6H, s, Hg), 3.55 (2H, t, J = 6.8 Hz, Hy), 1.93-1.88
(2H, m, Hg), 1.81-1.78 (2H, m, Hc), 0.78 (3H, s, Hg) ppm.

BC NMR (75 MHz; CDCL): & 108.7 (Q, Cp), 72.5 (3 x CHy, Cg), 44.8 (CHa, Ca), 33.8
(CH,, Cg/c), 30.2 (Q, Cp), 26.7 (CHz, Cg/c), 14.4 (CH3, Cg) ppm.

The IR and NMR spectra correspond to the literature data.”

1-(3-Bromo-propyl)-4-methyl-2.,6,7-trioxa-bicyclo[2.2.2]octane (2.7)

G
(0] & F
BF.Et,0, DCM o?(
B o
r\/\)j\o/><>o 20Ctort BrMo £

(2.15) 71% A @n

BF;.Et;O (1.25 mL, 10 mmol, 0.25 equiv) was added to a cooled (-20 °C) solution of the
ester (2.15) (10.13 g, 40 mmol, 1.0 equiv) in dry DCM (35 mL) under N, atmosphere. The
reaction was stirred for 6 h at the same temperature, then allowed to warm to room
temperature for 18 h and a solution of Et;N (5.58 mL, 40 mmol, 1.0 equiv) in Et,O (50
mL) was then added to quench the reaction. The reaction mixture was filtered and the
solvent was removed under vacuum. The resulting crude was purified by column
chromatography (DCM + 1% Et;N), yielding (2.7) as a colourless oil which crystallised in
the fridge (7.19 g, 71%)).

MW = 251.118 (CyH;50;Br).

Rf = 0.46 (Petroleum ether/EtOAc 60:40).

IR (neat): 2961 (w), 2932 (w), 2876 (m), 1472 (w), 1458 (w), 1446 (w), 1399 (m), 1262
(m), 1055 (s), 1101 (s), 960 (m), 948 (m), 936 (m) cm™".

"H NMR (300 MHz; CDCls): & 3.87 (6H, s, Hg), 3.55 (2H, t, J = 6.8 Hz, Hy), 1.93-1.88
(2H, m, Hg), 1.81-1.78 (2H, m, Hc¢), 0.78 (3H, s, Hg) ppm.

BC NMR (75 MHz, CDCL): § 108.7 (Q, Cp), 72.5 (3 x CHy, Cg), 44.8 (CHa, Ca), 33.8
(CHz, Cgc), 30.2 (Q, Cp), 26.7 (CHa, Cg/c), 14.4 (CH3, Cg) ppm.

The IR and NMR spectra correspond to the literature data.”
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3-(4-methyl-2.6.7-trioxa-bicyclo[2.2.2]oct-1yl)-propionaldehyde (2.5)

| e S
% e onso %5
. , B
Br\/\/ko ~Tlo . DMSO OMO ]
A

2.7 4h, 47 % (2.5)

To a mixture of Trimethyl Amine N-Oxide (TMANO) (2.16) (657 mg, 8 mmol, 4.0 equiv)
in dry DMSO (5 mL) was added neat bromide (2.7) (502 mg, 2 mmol, 1.0 equiv) at room
temperature under N> atmosphere. The reaction mixture was stirred for 4 h and then
poured into an ice cooled, half-saturated aqueous NaCl solution (10 mL) and extracted
with Et,0O (4 x 10 mL). The combined organic layers were washed with brine (2 x 10 mL),
dried over Na,SO4 and concentrated in vacuo. The resulting crude was purified by column
chromatography (Petroleum ether/EtOAc 80:20 + 1% Et;N) yielding (2.5) as a colourless
oil crystallizing in the fridge (171 mg, 47 %).

MW = 186.205 (CoH,40,).

Rf = 0.30 (Hexane/EtOAc 60:40).

IR (neat): 2959 (w), 2935 (w), 2878 (m), 1720 (s), 1473 (w), 1459 (w), 1440 (w), 1399
(m), 1354 (w), 1272 (m), 1192 (m), 1053 (s), 986 (s), 972 (s), 951 (s), 885 (m), 826 (m)
cm’™”.

'"H NMR (300 MHz; CDCLy): 8 9.70 (1H, t, J = 1.8 Hz, Hy), 3.86 (6H, s, Hg), 2.51 (2H,
td,J; = 7.3, 1.8 Hz, Hg), 2.02 (2H, t,J = 7.3 Hz, Hc), 0.78 (3H, s, Hg) ppm.

BC NMR (75 MHz, CDCl3): & 202.0 (Q, Ca), 108.4 (Q, Cp), 72.5 (3 x CH,, Cg), 38.0
(CH,, Cg), 30.3 (Q, Cf), 29.5 (CH,, C¢), 14.4 (CH3, Cg) ppm.

CIMS: m/z (%): 187 (M+H)", 100), 158 (24), 138 (2), 85 (42), 72 (11), 55 (12).
HRES"MS: For CoH;504 (M+H)": calcd 187.0970, found 187.0965.

(Z)-(3-Phenyl-2-propenyl)phosphonic acid diethvl ether (2.21) and (E)-(3-Phenyl-2-

propenvl)phosphonic acid diethyl ether (2.22)

g s
(© €0y YN (2.22)
|

Et0, 1) NaH, DCM . e & po
Route I: | Hp=0 ——————— | o 7,] —A | 0o @)
EtO 2) CuBr, Nen /- EtO
I

(2.17)

- o) BE_\A
- P Eo P (2.21)
o B 219 5, ©
(2.18) Ph (2.19) (EtO), 7%
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EtO

Ph 247 H,P=O 0 Base 2 (1 equiv)
A B0 Phoo P - . e
L " Br : Ph—p—7 1 “OEt E PP S
Ph Base 1 (0.1 equiv) / EtO (Et0),”
Route 2: 218) THF, DMF Pha °
: " 227) I (2.22)

They are known compounds,* but were synthesized here via two new procedures:

Route 1:

Diethyl phosphite (2.17) (258 uL, 2 mmol, 2.0 equiv), was added dropwise to a solution of
NaH (60% dispersion in mineral oil) (56 mg, 1.4 mmol, 1.4 equiv) in dry DCM (3 mL) at
0 °C under N,. The reaction mixture was then stirred for 1h at 0 °C and cooled to -40 °C.
Then, CuBr (25 mg, 0.18 mmol, 0.18 equiv) and vinyltriphenylphosphonium bromide
(2.18) (479 mg, 1.35 mmol, 1.35 equiv) were added and the reaction mixture was stirred
for 20 min. Benzaldehyde (2.20) (137 uL, 1 mmol, 1.0 equiv) was added and the reaction
mixture was allowed to warm to room temperature and stirred overnight. Then 5 mL of 10
% NH4Cl solution was added followed by 5 mL of DCM. The organic layer was separated,
washed with 5 mL of water and dried. Evaporation of the solvent gave a residue which
was purified by column chromatography (Petroleum ether/EtOAc 70:30) to afford a
colourless oil, mixture of (2.21) and (2.22), which was further purified by preparative
HPLC, yielding (E)-phosphonate (2.22) (64 mg, 26%) and (Z)-phosphonate (2.21) (17 mg,
7%) as colourless oils.

Route 2:

To a solution containing vinyltriphenylphosphonium bromide (2.18) (500 mg, 1.35 mmol,
1.0 equiv) and diethyl phosphite (2.17) (244 uL, 1.89 mmol, 1.4 equiv) in dry THF/DMF
(10/1, 3 mL) was added NaH (8 mg, 0.135 mmol, 0.1 equiv) or NaHMDS (68 pL, 0.135
mmol, 0.1 equiv) and the solution was stirred at room temperature for 10 h. Then NaH (59
mg, 1.485 mmol, 1.1 equiv) or NaHMDS (743 uL, 1.485 mmol, 1.1 equiv) was added and
the solution was stirred for 30 min. Then benzaldehyde (2.20) (137 pL, 1.35 mmol, 1.0
equiv) was added dropwise and the reaction mixture was stirred for 24 h. After
evaporation of the solvent in vacuo, the residue was diluted with DCM (10 mL) and
extracted with water (10 mL), dried over Na,SQOy, filtered and evaporated. The resulting
crude was purified by column chromatography (Petroleum ether/EtOAc 70:30) to afford
(2.22) as the only isomer (105 mg, 31 %).
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Data for (2.21):

MW = 244267 (C13H,905P).

Rf =0.39 (Petroleum ether/EtOAc 60:40).

"H NMR (300 MHz; CDCls): § 7.40-7.20 (5H, m, phenyl), 6.56 (1H, dd, J =13.4, 4.8 Hz,
Hy), 6.20 (1H, m, Hg), 4.28-4.02 (4H, m, Hp), 2.82 (2H, ddd, J =22.0, 7.5, 1.3 Hz, Hc),
1.37 (6H, t, J = 5.7 Hz, Hp) ppm.

BC NMR (75 MHz; CDCL): & 132.7, 128.6, 128.5, 127.3, 126.2, 126.1 (5CH + 1Q,
phenyl), 129.7 (CH, Ca), 104.1 (CH, Cg), 63.8 (CHa, Cp), 28.6 (CH,, Cc), 16.5 (CHs, Ck)

ppm.
The NMR data correspond to the literature data.*

Data for (2.22):

MW = 244.267 (C13H,905P).

Rf = 0.38 (Petroleum ether/EtOAc 60:40).

"H NMR (300 MHz; CDCls): § 7.40-7.20 (5H, m, phenyl), 6.55 (1H, dd, J =16.0, 5.3 Hz,
Hy), 6.18 (1H, m, Hg), 4.30-4.05 (4H, m, Hp), 2.79 (2H, ddd, J =22.0, 7.5, 1.3 Hz, Hc),
1.34 (6H, t, J = 6.3 Hz, Hg) ppm.

BC NMR (75 MHz; CDClL): & 136.7, 128.6, 128.5, 128.1, 127.5, 126.1 (5CH + 1Q,
phenyl), 134.5 (CH, C,), 118.7 (CH, Cg), 62.2 (CH,, Cp), 31.0 (CH,, Cc), 16.5 (CHs, Ck)

ppm.
The NMR data correspond to the literature data.*

5-(4-methyl-2,6,7-trioxa-bicyclo]2.2.2]octan-1-vl)pent-2-vn-1-o0l (2.34) and 4-methyl-1-

(2-(prop-2-ynyloxy)ethyl)-2.6,7-trioxabicyclo[2.2.2]octane  (2.33) and 4-methyl-1-
vinyl-2.6,7-trioxabicyclo[2.2.2]octane (2.32)

D
(o) Li, NH5 e | | O ¢
-40 °C B (2.34) (2.33) (2.32)
(2.30) . a0 R | | iy e
OH

A

Into a 500 mL, 3-neck flask equipped with a large cold finger was condensed ammonia

(200 mL). An external cold bath (-78 °C) was used to aid the condensation, but throughout
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the reaction temperature of this cold bath was maintained between -30 °C and -40 °C. To
the ammonia was added granular lithium (~50 mg) and the reaction was stirred until a
homogeneous blue solution was obtained (15 min). To this solution was added iron nitrate
nonahydrate (~200 mg), then lithium (394 mg, 57 mmol, 3.2 equiv) was added
portionwise over 30 min. The grey solution was stirred for 1 h at -40 °C. To this solution
was added propargyl alcohol (2.31) (1.57 mL, 27 mmol, 1.5 equiv) dropwise over 5 min
and stirring was continued for a further 2 h. The bromide (2.30) (4.19 g, 17.7 mmol, 1.0
equiv) was dissolved in dry Et,O (4 mL) and added to the reaction dropwise via cannula
over 10 min. The mixture was stirred for 2 h and then dry DMSO (4 mL) was added
slowly. The cold bath was removed and the ammonia was allowed to evaporate overnight
(atm. pressure). Water (100 mL) was added, cautiously at first, followed by DCM (100
mL) and the biphasic mixture was vigorously stirred for 30 min. The biphasic solution was
filtered through celite, washing with water and DCM (50 mL). The phases were separated
and the aqueous phase was extracted with DCM (4 x 50 mL). The combined organic
phases were dried over Na,SOy, filtered and evaporated. The crude product was purified
by column chromatography (Petroleum ether/EtOAc 3:2 + 1% Et;N) to afford (2.34) as a
white solid (302 mg, 8%, m.p. = 87-89 °C), and (2.34) and (2.32) mixed as a yellow oil
(1.96 g) which was purified by preparative HPLC to afford (2.32) as fine white crystals
(1.69 g, 61%, m.p. = 55-57 °C) and an inseparable mixture of (2.32) and (2.33), (265 mg,
((2.33)/(2.32) : 64/36; 5% yield of (2.33)).

Data for (2.32)
MW = 156.179 (CsH203).

Rf = 0.42 (Hexane/Acetone 70:30).

IR (neat): 2966 (m), 2923 (m), 2877 (w), 1696 (s), 1632 (m), 1443 (w), 1347 (w), 1248
(m), 1001 (m), 947 (w), 940 (w), 790 (m) cm".

"H NMR (300 MHz; CDCls): 8 5.82 (1H, dd, J = 17.3, 10.5 Hz, Hg), 5.65 (1H, dd, J =
17.3, 1.5 Hz, Hp), 5.31 (1H, dd, J = 10.5, 1.5 Hz, Ha’), 3.98 (6H, s, Hp), 0.84 (3H, s, H)
ppm.

BC NMR (75 MHz, CDCl3): & 133.1 (CH, Cg), 118.6 (CH,, C,), 105.9 (Q, C¢), 72.8 (3 x
CH,, Cp), 30.5 (Q, Cg), 14.5 (CHs, Cf) ppm.

CIMS m/z (%): 157 (M+H)", 100), 126 (19), 72 (3), 55 (35).
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Significant data for (2.33)
MW =212.242 (C11H;604).

Rf=0.41 (Hexane/Acetone 70:30).
"H NMR (300 MHz; CDCLs): 8 4.13 (2H, d, J = 2.4 Hz, Hc), 3.88 (6H, s, Hg), 3.70-3.63
(2H, m, Hp), 2.41 (1H, t,J = 2.4 Hz, Ha), 2.11-1.93 (2H, m, Hg), 0.79 (3H, s, Hy) ppm.

3C NMR (75 MHz, CDCl;): § 108.0 (Q, Cr), 79.9 (CH, Cy), 74.1 (Q, Cg), 72.5 (3 x CHa,
Cg), 65.3 (CH,, Cc), 58.1 (CHa, Cp), 36.5 (CHa, Cr), 30.2 (Q, Cy), 14.4 (CHs, C;) ppm.

Data for (2.34)
MW =212.242 (C11H;604).

Rf = 0.25 (Hexane/Acetone 70:30).

IR (neat): 3412 (br, m), 2935 (w), 2979 (m), 2360 (s), 2341 (s), 1472 (w), 1447 (w), 1399
(m), 1379 (w), 1355 (m), 1302 (m), 1251 (m), 1188 (w), 1137 (w), 1042 (s), 989 (s), 973
(s), 938 (m), 858 (s) cm™".

"H NMR (300 MHz; CDCls): & 4.22-4.17 (2H, m, H,), 3.88 (6H, s, Hg), 2.35 (2H, tt, J =
8.4, 2.2 Hz, Hp), 1.93-1.88 (2H, m, Hg), 1.71 (1H, br, OH), 0.79 (3H, s, H) ppm.

BC NMR (75 MHz, CDCls): & 108.05 (Q, Cr), 85.8 (Q, Cgic), 78.1 (Q, Cric), 72.5 (3 x
CH,, Cg), 51.3 (CHa, Ca), 35.8 (CH,, Cg), 30.2 (Q, Cy), 14.4 (CH3, C)), 13.2 (CH,, Cp)
ppm.

CIMS m/z (%): 213 (M+H)", 100), 212 (56), 195 (80), 183 (27), 181 (20), 164 (26), 149
(10), 144 (21), 127 (42), 125 (30), 123 (14), 122 (12).

5-(1,3-Dioxolan-2-yDpent-2-yn-1-ol (2.36):

o Li, NHs, A B C oD
= -40°C — O-¢
3 + Ho ~ = 5 HO' \_£( j
BrMO ~ 91% .
(2.37) (2.31) 0 (2.36) &

This is a known compound®” but was synthesised here via a new procedure devised by
R.Clarkson.?!

Into a 2 L, 3-neck flask equipped with a large cold finger was condensed ammonia (1 L).
An external cold bath (-78 °C) was used to aid the condensation, but throughout the
reaction temperature of this cold bath was maintained between -30 °C and -40 °C. To the
ammonia was added granular lithium (~50 mg) and the reaction was stirred until a

133



homogeneous blue solution was obtained (15 min). To this solution was added iron nitrate
nonahydrate (~200 mg), then lithium (2.38 g, 342 mmol, 3.2 equiv) was added portion
wise over 30 min. The grey solution was stirred for 1 h at -40 °C. To this solution was
added propargyl alcohol (2.31) (9.48 mL, 161 mmol, 1.5 equiv) dropwise over 15 min and
stirring was continued for a further 2 h. The bromide (2.37) (12.81 mL, 107 mmol, 1.0
equiv) was dissolved in dry Et;O (20 mL) and added to the reaction dropwise via cannula
over 10 min. The mixture was stirred for 2 h and then dry DMSO (20 mL) was added
slowly. The cold bath was removed and the ammonia was allowed to evaporate overnight
(atm. pressure). Water (340 mL) was added, cautiously at first, followed by DCM (200
mL) and the biphasic mixture was vigorously stirred for 30 min. The biphasic solution was
filtered through celite, washing with water and DCM (200 mL). The phases were
separated and the aqueous phase was extracted with DCM (4 x 100 mL). The combined
organic phases were dried over Na,SOy, filtered and evaporated. The crude product was
purified by column chromatography (Hexane/Acetone 70:30) to afford (2.36) as a yellow
oil (15.25 g, 91%). Alternatively, the compound could also be distilled under reduced
pressure (P =1.5 mmHg, T = 106-108 °C).

MW = 156.184 (CgH203).

Rf = 0.27 (Hexane/Acetone 70:30).

IR (neat): 3405 (br, m), 2961 (w), 2884 (m), 1433 (w), 1412 (m), 1362 (w), 1223 (w),
1133 (s), 1070 (m), 1011 (s), 943 (m), 893 (m) cm".

"H NMR (300 MHz; CDCls): § 4.90 (1H, t, J = 4.7 Hz, H), 4.15 2H, t, J = 2.2 Hz, Hy),
3.95-3.75 (4H, m, Hg), 2.73 (1H, br s, OH), 2.29 (2H, tt, J = 7.5, 2.1 Hz, Hp), 1.81 (2H,
td, J = 7.5, 4.7 Hz, Hg) ppm.

BC NMR (75 MHz, CDCL): 8 103.1 (CH, CF), 85.1 (Q, Cgic), 78.7 (Q, Cgic), 64.9 (2 x
CH,, Cg), 51.1 (CHaz, Ca), 32.7 (CHa, Cg), 13.5 (CHa, Cp) ppm.

CIMS: m/z (%): 174 (M+NH,)", 10), 157 (M+H)", 11), 139 (41), 112 (5), 95 (3), 86 (4),
73 (100), 45 (5).

The IR and NMR spectra correspond to the reported data.®’
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5-(1.3)-Dioxolan-2-vl-2-(Z)-penten-1-ol (2.35)

activated Zn dust,

O
= 0 EtoH, Br” > Pt /FE
CHER 5 ~ wod
(2.38) o 089 (2.35)
Z:E>955

Pre-Activation of Zinc dust: The Zn dust (20 g) was activated by stirring it in a 0.1 M HCI
solution (300 mL) for ca. 15 min, until the gas evolution stopped. The grey solid was
filtered off, washed with plenty of water then plenty of EtOH and dried under high
vacuum for at least 4 hours.

Procedure: Into a 50 mL 2-neck flask equipped with a condenser was added activated zinc
(8.37 g, 128 mmol, 4.0 equiv) followed by dry EtOH (30 mL) and 1,2-dibromoethane (970
puL, 11.2 mmol, 0.35 equiv). The slurry was stirred and placed into a preheated oil bath at
100 °C until ethane evolution began. CAUTION, ethane evolves rapidly, ensure that heat
source is removed as soon as reaction begins and there is adequate pressure release. Once
the ethane evolution was complete (~5 min), the alkyne (2.36) (5.00 g, 32 mmol, 1.0
equiv) was added neat, washing through with EtOH (5 mL). The reaction was stirred
overnight (~14 h), cooled and filtered through celite, washing with DCM. The solvents
were evaporated in vacuo and then DCM was added (100 mL). This solution was poured
onto a room temperature, stirred solution of 7.5% (w/w) aqueous KOH and stirred for 5
min. The mixture was filtered through celite, washing with 50 mL DCM. The phases were
separated and the aqueous phase extracted with DCM (4 x 50 mL). The combined organic
phases were dried over Na,SOs, filtered and evaporated. This yielded (2.35) as a light
yellow oil (4.92 g, 98%). (E/Z ratio = 4/96 based on 'H NMR).

Mw = 158.200 (CgH405).

Rf =0.30 (Hexane/EtOAc 50:50).

IR (neat): 3394 (br, m), 2956 (m), 2884 (m), 1649 (w), 1403 (m), 1134 (s), 1029 (s), 945
(m) cm™,

"H NMR (300 MHz; CDCls): & 5.74-5.52 (2H, m, Hg + Hc), 4.89 (1H, t, J = 4.9 Hz, H),
420 (2H, d, J = 6.8 Hz, Hp), 4.01-3.84 (4H, m, Hg), 2.26 (2H, q, J = 7.6 Hz, Hp), 1.75
(2H, td, J = 7.6, 4.9 Hz, Hg), 1.62 (1H, s, OH) ppm.
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BC NMR (75 MHz; CDCLy): § 131.3 (CH, Cg/c), 129.1 (CH, Cg/c), 103.7 (CH, Cy), 64.7
(CHa, 2 x Cg), 57.9 (CHa, Cy), 33.2 (CH,, Cg), 21.8 (CH,, Cp) ppm.

CIMS m/z (%): 159 (M+H)", 6), 141 (100), 114 (70), 97 (89), 73 (88).

The IR and NMR data correspond to the reported data.*

5-(1.3)-Dioxolan-2-yD-2-(E)-penten-1-ol (2.42)

LAH, THF A s
0
— 0 A - HO\_C /7)
HO < j - > e \o_/F
(2.36) 0 5% (242) °

This is a known compound” but no experimental procedure or analytical data has been
reported apart from R.Clarkson.?!

A solution of the alkyne (2.36) (5.02 g, 32 mmol, 1.0 equiv) in THF (20 mL) was added
dropwise to a pre-cooled suspension of LAH (7.31 g, 192 mmol, 6.0 equiv) in THF (100
mL). The dark grey suspension was refluxed for 100 min, and then cooled to 0 °C. The
reaction was quenched by dropwise addition of 0.5 M HSO4 (10 mL). Dry THF (100 mL)
was added to prevent the mixture from solidifying. Water (50 mL) was added slowly until
a white suspension was obtained. This was filtered, the solids were washed with EtOAc
(100 mL), and the filtrate was evaporated in vacuo. The residue was partitionned between
EtOAc/water (100 mL/50 mL), separated, and the aqueous phase was extracted with
EtOAc (2 x 100 mL). The combined organic phases were washed with brine (30 mL),
dried over Na,SQOy, filtered and evaporated. The crude product was purified by column
chromatography (Hexane/EtOAc 40:60). This yielded (2.42) as a pale yellow oil (3.76 g,
75%).

Mw = 158.200 (CsH;403).
Rf =0.30 (Hexane/EtOAc 50:50).

IR (neat): 3413 (br, m), 2950 (m), 2870 (m), 1664 (w), 1403 (m), 1138 (s), 1081 (m), 964
(s), 902 (m) cm’".

"H NMR (300 MHz; CDCls): & 5.76-5.62 (2H, m, Hg + Hc), 4.88 (1H, t, J = 4.9 Hz, H;),
4.09 (2H, d, J = 6.8 Hz, Hy), 4.00-3.83 (4H, m, Hg), 2.19 (2H, q, J = 7.6 Hz, Hp), 1.75
(2H, td, J = 7.6, 4.9 Hz, Hg), 1.60 (1H, s, OH) ppm.
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BC NMR (75 MHz; CDCLy): § 132.0 (CH, Cg/c), 129.4 (CH, Cg/c), 103.9 (CH, Cy), 64.9
(CHa, 2 x Cg), 63.6 (CHa, Cp), 33.2 (CH,, Cg), 26.6 (CH,, Cp) ppm.

CIMS m/z (%): 176 (M+NH,)", 43), 141 (100), 73 (6).

HREIMS: For CgH ;405 (M-H)': calcd 157.0865, found 157.0865.

2-(5-Chloropent-3-(Z)-envl)-[1.3]-dioxolane (2.43)

HCA, PPhs
O/ﬁ DCM
N N
HO 99%
(2.35) (2 43)

The allylic alcohol (2.35) (9.27 g, 58.6 mmol, 1.0 equiv) was dissolved in DCM (50 mL)
and added via cannula to a solution of triphenyphosphine (16.91 g, 64.5 mmol, 1.1 equiv)
in DCM (50 mL). Upon complete dissolution, the mixture was cooled to 0 °C with
stirring. To this mixture was added via cannula a solution of hexachloroacetone (HCA)
(9.76 mL, 64.5 mmol, 1.1 equiv) in DCM (30 mL) over 2 min. The cold bath was then
removed and the reaction was stirred for 10 min. The solvent was evaporated and the
resulting crude (solid + oil) was taken in 150 mL of hot hexane and stirred for 5 min. After
filtration, the resulting triphenylphosphine oxide was washed with 200 mL of hot hexane.
The filtrate was concentrated and the resulting crude oil was distilled under reduced
pressure (P = 0.96 mmHg, T= 72-76 °C) to afford (2.43) as a colourless oil (10.22 g,
99%).

= 176.643 (CsH;30,CI).
Rf =0.30 (Hexane/EtOAc 90:10).
IR (neat): 2950 (m), 2879 (w), 1730 (w), 1649 (w), 1436 (w), 1393 (w), 1252 (m), 1138
(s), 1053 (m), 1030 (m), 765 (m) cm’".
"H NMR (300 MHz; CDCls): & 5.68-5.63 (2H, m, Hg + Hc), 4.88 (1H, t, J = 4.9 Hz, Hp),
4.12 (2H, d, J = 6.8 Hz, Hy), 4.00-3.83 (4H, m, Hg), 2.28 (2H, m, Hp), 1.76 (2H, dt, J =
7.6, 4.9 Hz, Hg) ppm.
BC NMR (75 MHz; CDCLy): & 134.1 (CH, Cg/c), 126.0 (CH, Cg/c), 103.6 (CH, Cf), 64.9
(2 x CH,, Cg), 39.3 (CHa, Ca), 33.1 (CH,, Cg), 21.6 (CH,, Cp) ppm.
CIMS m/z (%): 177/179 (3:1, (M+H)", 5), 143 (28), 99 (11), 73 (100).

HREIMS For CgH;30,°°Cl (M-H)": caled 175.0526, found 175.0520.
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Diethyl-[S-(1.3-dioxolan-2-yl)-2-(Z)-pentenyl]phosphonate (2.2)

P(OEY),
Q 110-130 °C - oY)
e o g
Cl AB P F
48 h, 88% : o
(2.43) 0 (Et0), ° (2.2)

The allylic chloride (2.43) (10.22 g, 57.9 mmol, 1.0 equiv) and triethyl phosphite (19.84
mL, 116 mmol, 2.0 equiv) were combined and heated between 110 and 130 °C for 48 h.
The mixture was cooled and purified by vacuum distillation (0.55 mmHg). Excess triethyl
phosphite was collected at 46 to 50 °C (colourless oil) and the phosphonate (2.2) was
collected at 140 to 146 °C as a colourless oil (14.17 g, 88%).

Mw = 278.290 (C,H,;05P).

Rf =0.17 (Hexane/Acetone 80:20).

IR (neat): 2974 (m), 2884 (w), 1394 (w), 1393 (w), 1252 (m), 1139 (m), 1053 (s), 1025
(s), 927 (s) cm™.

"H NMR (300 MHz; CDCL): & 5.58 (1H, m, Hg), 5.39 (1H, m, Hp), 4.80 (1H, t, J = 4.6
Hz, Hy), 4.09-3.99 (4H, m, Hg), 3.92-3.76 (4H, m, H), 2.56 (2H, dd, J = 22.2, 7.7 Hz,
Hc), 2.20 (2H, m, Hg), 1.71-1.66 (2H, m, Hg), 1.26 (6H, t,J = 7.1 Hz, H,) ppm.

BC NMR (75 MHz; CDCL): & 133.2 (d, J = 14.3 Hz, CH, Cg), 118.4 (d, J = 11.0 Hz, CH,
Cp), 103.7 (CH, Cy), 64.7 (2 x CH,, Cy), 61.6 (d, J = 6.6 Hz,2 x CH,, 2 x Cg), 33.2 (d, J =
2.6 Hz, CH,, Cg), 25.6 (d, J = 140.0 Hz, CH,, C¢), 21.7 (d, J = 2.1 Hz, CH,, Cf), 16.3 (d,
J=06.0 Hz, 2 x CH3, C,) ppm.

3P NMR (121 MHz; CDCls): & 28.60 ppm.

CIMS m/z (%): 279 (M+H)", 100), 235 (11), 206 (18), 156 (25), 140 (20), 99 (13), 73
(78).

HRES"MS: For C;,H,30sPNa (M+Na)": caled 301.1175, found 301.1171.

2-(5-Chloropent-3-(E)-envl)-[1.3]-dioxolane (2.44)

HCA, PPh; .
HO O/w DCM cl . 056
‘\:\—)/O e O
B E F
95% D
(242) (2.44)
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The allylic alcohol (2.42) (3.76 g, 23.8 mmol, 1.0 equiv) was dissolved in DCM (20 mL)
and added via cannula to a solution of triphenyphosphine (6.87 g, 26.2 mmol, 1.1 equiv) in
DCM (50 mL). Upon complete dissolution, the mixture was cooled to 0 °C with stirring.
To this mixture was added via cannula a solution of hexachloroacetone (3.97 mL, 26.2
mmol, 1.1 equiv) in DCM (30 mL) over 2 min. The cold bath was then removed and the
reaction was stirred for 10 min. The solvent was evaporated and the resulting crude (solid
+ oil) was taken in 150 mL of hot hexane and stirred for 5 min. After filtration, the
resulting triphenylphosphine oxide was washed with 100 mL of hot hexane. The filtrate
was concentrated and the resulting crude oil was distilled under reduced pressure (P= 0.53

mmHg, T= 68-70 °C) to afford (2.44) as a colourless oil (3.99 g, 95%).

Mw = 176.643 (CgH;30,Cl).

Rf =0.30 (Hexane/EtOAc 90:10).

IR (neat): 2957 (s), 2889 (s), 1668 (w), 1441 (m), 1408 (m), 1252 (m), 1134 (s), 1039 (s),
963 (s), 902 (m) cm™.

"H NMR (300 MHz; CDCls): & 5.81 (1H, dt, J = 15.1, 6.7 Hz, Hc), 5.65 (1H, dtt, J =
15.1, 7.0, 1.4 Hz, Hg), 4.88 (1H, t, J = 4.6 Hz, Hg), 4.03 (2H, dd, J = 7.0, 0.8 Hz, Hy),
3.99-3.81 (4H, m, Hg), 2.32-2.24 (2H, m, Hp), 1.80-1.72 (2H, m, Hg) ppm.

BC NMR (75 MHz; CDCls): & 135.0 (CH, Cc), 126.3 (CH, Cg), 103.8 (CH, Cy), 64.9
(CHa, 2 x Cg), 45.3 (CHa, Ca), 32.9 (CHy, Cg), 26.4 (CH,, Cp) ppm.

CIMS m/z (%): 177 (M+H)", 28), 141 (55), 99 (14), 73 (100).

HREIMS: For CgH,30,°°C1 (M-H)": calcd 175.0526, found 175.0524.

Diethyl-[5-(1,3-dioxolan-2-vyl)-2-(E)-pentenvl]phosphonate (2.45)

P(OEt)s o \
cl o AA0130°C  ae P—C . O )
— O 5 (EtO) = o)

26h, 92% 2

(2.44) (2.45)

The allylic chloride (2.44) (3.95 g, 22.4 mmol, 1.0 equiv) and triethyl phosphite (7.68 mL,
44.8 mmol, 2.0 equiv) were combined and heated between 110 and 130 °C for 48 h. The
mixture was cooled and purified by vacuum distillation (0.76 mmHg). Excess triethyl
phosphite was collected at 46 to 50 °C (colourless oil) and the phosphonate (2.45) was

collected at 136 to 142 °C as a colourless oil (5.64 g, 92%).
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Mw = 278.290 (C;,H2305P).

Rf = 0.44 (Hexane/Acetone 60:40).

IR (neat): 2983 (m), 2907 (w), 1484 (w), 1403 (w), 1238 (m), 1134 (m), 1044 (s), 1020
(s), 959 (s) cm™.

"H NMR (300 MHz; CDCls): & 5.64 (1H, m, Hg), 5.45 (1H, m, Hp), 4.85 (1H, t, J = 4.7
Hz, Hyp), 4.15-4.03 (4H, m, Hg), 4.00-3.79 (4H, m, Hj), 2.53 (2H, dd, J = 22.1, 6.9 Hz,
Hc), 2.21-2.13 (2H, m, Hg), 1.76-1.69 (2H, m, Hg), 1.30 (6H, t, J = 7.1 Hz, Ha) ppm.

BC NMR (75 MHz; CDCls): & 134.9 (d, J = 14.6 Hz, CH, Cg), 119.1 (d, J = 11.2 Hz, CH,
Cp), 103.9 (CH, Cy), 64.8 (CH2, 2 x Cy), 61.8 (d, J = 6.8 Hz, CH,, 2x Cg), 33.3 (d,J = 3.3
Hz, CH,, Cg), 30.4 (d, J = 139.7 Hz, CH,, C¢), 27.0 (d, J = 2.2 Hz, CH,, Cg), 16.4 (d, J =
6.0 Hz, 2 x CHs, Cp) ppm.

3P NMR (121 MHz; CDCls): & 28.50 ppm.

CIMS: m/z (%): 278 (M+H)", 4), 235 (6), 206 (13), 156 (35), 127 (18), 99 (18), 73 (100).
HRES'MS: For C1,H,;0sP (M+Na)': caled 301.1175, found 301.1176.

1-bromo-2-(bromomethvl)-4-methoxvbenzene (2.48) and 1-bromo-2-

(dibromomethyl)-4-methoxybenzene (2.50)

NBS A+ A
=Ny
¢ Br
~o hv, A WS¢ =~ Br H>NO ¢ ZE &
D G Br

(2.49) (2.48) 61% (2.50) 16%

A solution of 3-methylanisole (2.49) (124 mL, 98 mmol, 1.0 equiv) and N-
bromosuccinimide (37.2 g, 209 mmol, 2.0 equiv) in DCM (500 mL) was refluxed for 4 h
while exposed to light from 2 x 100 W incandescent bulbs placed within 2 cm of the
reaction vessel. The mixture was then cooled to room temperature, diluted with DCM (400
mL) and washed with water (2 x 400 mL). The organic layer was dried over MgSOQs,
filtered and evaporated. The residue was recrystallized with Hexanes (250 mL) to give
dibromide (2.48) as a light yellow solid (16.8 g, 61%). Tribromide (2.50) was isolated by
column chromatography of the residue, eluting (Hexane/Acetone) = (99:1) as a colourless

liquid (5.61 g, 16%).
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Data for (2.48)

Mw = 279.957 (CsHgOBr»).

m.p. = 85-89 °C.

Rf =0.18 (neat Hexane).

IR (film): 3080, 3012, 2941, 1571, 1476, 1283, 1250, 1145, 1051, 1013, 925, 876 cm™"
"H NMR (400 MHz; CDCly): 8 7.45 (1H, d, J = 9.0 Hz, Ha), 6.99 (1H, d, J = 3.0 Hz, Hp),
6.74 (1H, dd, J = 9.0, 3.0 Hz, Hg), 4.56 (2H, s, Hg), 3.80 (3H, s, Hy) ppm.

BC NMR (100 MHz; CDCL): § 159.6 (Q, Cc), 138.2 (Q, Cy), 134.3 (CH, C,), 116.9 (CH,
Cp), 116.5 (CH, Cp), 115.1 (Q, Cg), 56.0 (CH3, Cn), 33.9 (CH,, Cg) ppm.

CIMS: m/z (%): 281/279 (M+H", 10), 202/200 (100), 186/184 (14), 159/157 (20), 122
(72).

The experimental data correspond well with the literature data.'®

Data for (2.50)

Mw = 358.853 (CsH;0Br3).

Rf =0.18 (neat Hexane).

IR (film): 3023 (w), 2935 (w), 2835 (w), 1592 (m), 1468 (s), 1279 (s), 1241 (m), 1015 (s),
806 (m), 714 (m) cm™.

"H NMR (400 MHz; CDCly): 8 7.54 (1H, d, J = 8.8 Hz, Ha), 7.39 (1H, d, J = 2.9 Hz, Hp),
7.03 (1H, s, Hg), 6.76 (1H, dd, J = 8.8, 2.9 Hz, Hg), 3.86 (3H, s, Hy) ppm.

BC NMR (100 MHz; CDCL): § 159.7 (Q, Cc), 141.3 (Q, Cy), 133.4 (CH, C,), 118.0 (CH,
Cp), 116.1 (CH, Cg), 110.1 (Q, Cg), 55.8 (CH3, Cy), 40.1 (CH,, Cg) ppm.

CIMS: m/z (%): 364/362/360/358 (M+H", 6), 282/280/278 (54), 215/213 (26), 202/200
(70), 122 (100).

HRMS (CI) for CsH;0”Br;: caled 355.80470, found 355.80477.

Preparation of allenyl magnesium bromide.'"'"

Mg
HgCl,

=C=—MgBr

/\Br

Et,0

A 500 mL three-necked flask was charged with magnesium turnings (5.30 g, 218.1 mmol)
and HgCl, (88 mg, 0.32 mmol), dried by heating under high vacuum and flushed with
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nitrogen. A solution of 0.99 mL (10.1 mmol) of propargylbromide (80% wt in toluene) in
20 mL of Et,0 was added. When Et,O began to reflux, the mixture was cooled to 5 °C
under stirring and a solution of propargylbromide (15.6 mL, 173 mmol) in Et;O (90 mL)
was added at such a rate to keep the temperature under 10 °C. The mixture was stirred at

room temperature for 1 h until it became dark green.

1-bromo-2-(but-3-ynyl)-4-methoxybenzene (2.51)

=)
B
J@C e WA
G
~ Br o C E '
0 THF, 0 °C--> rt ° o
(2.48) 94% (2.51)

To a stirred solution of dibromide (2.48) (17.0 g, 63 mmol, 1.0 equiv) in dry THF (50 mL)
cooled to 0 °C, allenylmagnesium bromide (132 mmol in 80 mL of Et,0, 2.1 equiv) was
slowly added at such a rate to keep the temperature under 10 °C. The mixture was allowed
to warm to room temperature and stirred for 4 h. After cooling to 0 °C, the mixture was
quenched with water (150 mL), 1 M HCI (150 mL) and extracted with Et,O (2 x 200 mL).
After evaporation of the solvent, the crude product was purified by distillation (b.p. = 96-
98 °C/ 0.3 mmHg) to afford alkyne (2.51) (13.6 g, 94%) as a yellow liquid.

Mw = 239.108 (C;H;,0Br).

Rf =0.53 (Hexane/Acetone 90:10).

IR (film): 3295 (m), 2936 (w), 2835 (w), 2117 (w), 1595 (m), 1573 (m), 1472 (s), 1241 (s)
cm™

"H NMR (400 MHz; CDCly): 8 7.43 (1H, d, J = 8.8 Hz, Ha), 6.86 (1H, d, J = 3.1 Hz, Hp),
6.67 (1H, dd, J = 8.8, 3.1 Hz, Hg), 3.80 (3H, s, Hs), 2.93 (2H, t, J = 7.5 Hz, Hy), 2.52
(2H, td, J = 7.5, 2.6 Hz, Hy), 2.01 (1H, t, J = 2.6 Hz, Hk) ppm.

BC NMR (100 MHz; CDCL): § 159.0 (Q, Cc), 140.5 (Q, Cr), 133.4 (CH, Ca), 116.6 (CH,
Cp), 114.8 (Q, Cg), 113.8 (CH, Cp), 83.5 (Q, Cy), 69.3 (CH, Ck), 55.6 (CH3, Cg), 35.5
(CH,, Cy), 18.9 (CH,, Cy) ppm.

EIMS m/z (%): 240/238 (M", 11), 201/199 (27), 159 (100), 144 (21), 128 (11).
Elemental analysis calcd for C;H;;0Br: C, 55.26; H, 4.64. Found: C, 54.90; H, 4.69.
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5-(2-bromo-5-methoxyphenyl)pent-2-yn-1-ol (2.47)

_——
o 2)CH,0 ~

(2.51) 83%

To a solution of alkyne (2.51) (13.62 g, 56.9 mmol, 1.0 equiv) in THF (50 mL), cooled to
0 °C, was slowly added a solution of LDA (34.15 mL, 68.3 mmol, 2 M solution in THF,
1.2 equiv). The resulting black solution was stirred at 0 °C for 1 h. Gaseous formaldehyde,
obtained from 12 g of paraformaldehyde by heating to approximately 400 °C with a
heatgun, was added by mean of a nitrogen stream, and the orange mixture obtained was
stirred at room temperature for 30 min. After cooling to 0 °C, the reaction was quenched
with NH4CI/H,O 1:1 (100 mL) and extracted with DCM (3 x 100 mL). The organic layer
was dried over MgSQ,, filtered and concentrated in vacuo. Purification by column
chromatography (Hexane/Acetone 70:30) gave alcohol (2.47) (12.71 g, 83%) as a yellow

oil which solidified upon storage in the fridge.

Mw = 269.134 (C2H30,Br).

m.p. = 50-52 °C.

Rf =0.36 (Hexane/Acetone 70:30).

IR (film): 3302 (m), 3219 (m), 2910 (w), 2832 (w), 1596 (m), 1571 (m), 1468 (s), 1248 (s)
cm™

"H NMR (400 MHz; CDCls): 8 7.41 (1H, d, J = 8.6 Hz, Hy), 6.82 (1H, d, J = 3.1 Hz, Hp),
6.66 (1H, dd, J = 8.6, 3.1 Hz, Hp), 425 (2H, dt, J = 5.5, 2.2 Hz, Hy), 3.80 (3H, s, Ho),
291 (2H, t,J = 7.5 Hz,Hy), 2.52 QH, tt, J = 7.5, 2.2 Hz, H;), 1.58 (br s, OH) ppm.

BC NMR (100 MHz; CDCL): § 159.0 (Q, Cc), 140.7 (Q, Cr), 133.4 (CH, Ca), 116.6 (CH,
Cp), 114.8 (Q, Cg), 113.8 (CH, Cg), 85.4 (Q, Cy), 79.5 (Q, Ck), 55.6 (CH3, Cg), 51.5 (CHa,
Cr), 35.6 (CHy, Cp), 19.3 (CH,, Cy) ppm.

CIMS m/z (%): 288/286 (M+NH,', 26), 270/268 (M+H", 20), 240/238 (8), 201/200 (40),
189 (100).

Elemental analysis calcd for C,H;30,Br: C, 53.55; H, 4.87. Found: C, 53.51; H, 4.90.
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(7)-5-(2-bromo-5-methoxyphenyl)pent-2-en-1-ol (2.52)

OH
Pre-activated

K
HO
Zn dust K N
BrH 5 Br
F
~o EOH, Br B30 “SponFe

H
(2.47) 98% (2.52)

Pre-Activation of Zinc dust: The Zn dust (20 g) was activated by stirring it in a 0.1 M HCI

solution (300 mL) for ca. 15 min, until the gas evolution stopped. The grey solid was
filtered off, washed with plenty of water then plenty of EtOH and dried under high
vacuum for at least 4 hours.

Procedure: Into a 250 mL 3-neck flask equipped with a condenser was added activated
zinc (14.14 g, 216 mmol, 4.0 equiv) followed by dry EtOH (50 mL) and 1,2-
dibromoethane (1.63 mL, 18.9 mmol, 0.35 equiv). The slurry was stirred and placed into a
preheated oil bath at 100 °C until ethane evolution began. CAUTION, ethane evolves
rapidly, ensure heat source is removed as soon as reaction begins and there is adequate
pressure release. Once the ethane evolution was complete (~5 min), a solution of the
alkyne (2.47) (14.54 g, 54 mmol, 1.0 equiv) in 60 mL dry EtOH was added. The reaction
was refluxed for 3 h, cooled and filtered through celite, washing with DCM. The solvents
were evaporated in vacuo and then DCM was added (100 mL) followed by water (100
mL). The phases were separated and the aqueous phase extracted with DCM (4 x 50 mL).
The combined organic phases were dried over MgSQ,, filtered and evaporated. This

yielded (2.52) as a light yellow oil (14.35 g, 98%).

Mw = 271.150 (C;,H;50,Br).

Rf =0.34 (Hexane/Acetone 70:30).

IR (film): 3314 (m, br), 2935 (m), 1594 (m), 1572 (m), 1469 (s), 1240 (s), 1016 (s) cm™.
"H NMR (400 MHz; CDCL): § 7.40 (1H, d, J = 8.7 Hz, Ha), 6.74 (1H, d, J = 3.0 Hz, Hp),
6.62 (1H, dd, J = 8.7, 3.0 Hz, Hg), 5.74-5.48 (2H, m, Hx + Hj), 4.09 2H, d, J = 5.4 Hz,
Hp), 3.76 (3H, s, Hg), 2.74 (2H, t, J = 7.6 Hz, Hy), 2.39 (2H, dd, J = 14.9, 6.5 Hz, H)),
1.88 (1H, br s, OH) ppm.

BC NMR (100 MHz; CDCL3): § 158.9 (Q, Cc), 141.8 (Q, Cr), 133.5 (CH, Ca), 131.2 (CH,
Ck), 129.8 (CH, Cy), 116.6 (CH, Cp), 115.0 (Q, Cg), 113.3 (CH, Cg), 58.6 (CH,, Cy), 55.6
(CHs, Cg), 36.4 (CH,, Cy), 27.7 (CH,, C)) ppm.
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CIMS m/z (%): 290/288 (M+ NH, ', 2), 272/270 (M+H", 13), 201/200 (50), 191 (21), 147
(100).
Elemental analysis calcd for C,H;50,Br: C, 53.16; H, 5.58. Found: C, 53.24; H, 5.68.

(Z)-1-bromo-2-(5-chloropent-3-enyl)-4-methoxybenzene (2.46) and 1-bromo-2-(4-

chlorohex-5-envl)-4-methoxyvbenzene (2.54)

The allylic alcohol (2.52) (14.35 g, 53 mmol, 1.0 equiv) was dissolved in DCM (100 mL)
and added via cannula to a solution of triphenyphosphine (15.71 g, 60 mmol, 1.1 equiv) in
DCM (50 mL). Upon complete dissolution, the mixture was cooled to 0 °C with stirring.
To this mixture was added via cannula a solution of hexachloroacetone (9.00 mL, 60
mmol, 1.1 equiv) in DCM (100 mL) over 15 min. The cold bath was then removed and the
reaction was stirred for 10 min. The solvent was evaporated and the resulting crude (solid
+ oil) was taken in 150 mL of hot hexane and stirred for 5 min. After filtration, the
resulting triphenylphosphine oxide was washed with 200 mL of hot hexane. The filtrate
was concentrated and the resulting crude oil was purified by column chromatography
(Hexane/Acetone 90:10) to afford (2.46) as a colourless oil (15.09 g, 99%).

When purification by distillation was attempted instead of column chromatography, an
inseparable mixture of (2.46/2.54) (70/30) was obtained in 94% yield (b.p. = 126-130 °C/
0.2 mmHg).

Data for (2.46)
Mw = 289.596 (C12H14OBI‘CI).

Rf =0.47 (Hexane/Acetone 90:10).

IR (film): 2935 (m), 2836 (W), 1594 (m), 1572 (m), 1470 (s), 1240 (s) cm™

"H NMR (400 MHz; CDCls): 8 7.41 (1H, d, J = 8.6 Hz, Hy), 6.77 (1H, d, J = 3.1 Hz, Hp),
6.64 (1H, dd, J = 8.6, 3.1 Hz, Hg), 5.75-5.62 (2H, m, Hx + Hy), 4.14 2H, d, J = 6.8 Hz,
Hp), 3.80 (3H, s, Hg), 2.78 2H, t, J = 7.8 Hz, Hu), 2.48-2.43 (2H, m, H;) ppm.
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BC NMR (100 MHz; CDCLy): § 159.0 (Q, Cc), 141.5 (Q, Cr), 133.6 (CH, C,), 133.5 (CH,
Ck), 126.5 (CH, Cy), 116.5 (CH, Cp), 114.1 (Q, Cg), 113.4 (CH, Cg), 55.6 (CH3, Cg), 39.5
(CHy, Cv), 36.2 (CH,, Cy), 27.5 (CHz, C)) ppm.

CIMS m/z (%): 290/288 (M+H", 6), 254 (13), 201/200 (55), 175 (100).

Elemental analysis calcd for C,H4OBrCl: C, 49.77; H, 4.87. Found: C, 49.72; H, 4.88.

Significant data for (2.54)

Mw = 289.596 (Ci,H;40BrCl).

Rf = 0.47 (Hexane/Acetone 90:10).

"H NMR (300 MHz; CDCls): 8 7.41 (1H, d, J = 8.6 Hz, Hy), 6.81 (1H, d, J = 3.0 Hz, Hp),
6.64 (1H, dd, J = 8.6, 3.1 Hz, Hg), 5.96 (1H, ddd, J = 17.0, 10.1, 8.0 Hz, Hk), 5.32 (1H,
td, J = 17.0, 0.8 Hz, Hy), 5.20 (1H, d, J = 10.1 Hz, Hy-), 4.37 (1H, m, Hj), 3.80 (3H, s,
Hg), 2.95-2.83 (2H, m, Hy), 2.12 (1H, m, H;) ppm.

(7)-diethyl 5-(2-bromo-5-methoxyphenvl)pent-2-envlphosphonate (2.3)

O

N 11 K

M
_ L
Ol P(OEt)s (EtO); N
Br A ,60°C 5 Br
——— F
\O 2h G\O C A |

D H
(2.46) 92% (2.3)

» O

The allylic chloride (2.46) (14.22 g, 49.1 mmol, 1.0 equiv) and triethylphosphite (16.85
mL, 98.2 mmol, 2.0 equiv) were combined followed by the addition of Nal (7.36 g, 49.1
mmol, 1.0 equiv). The mixture was heated at 60 °C for 2 h. The mixture was cooled,
diluted with DCM (100 mL), filtered through celite and concentrated in vacuo. The
resulting crude was subjected to distillation to remove the excess of triethylphosphite (P =
0.7 mmHg, b.p. = 46-50°C). The resulting residue was purified by column
chromatography (Hexane/Acetone 60:40) yielding phosphonate (2.3) as a light yellow oil
(17.62 g, 92%).

Mw = 391.237 (C16H2404BI'P).

Rf =0.38 (Hexane/Acetone 65:35).
IR (film): 2980 (s), 2934 (s), 2906 (s), 1594 (s), 1571 (s), 1472 (m), 1240 (s) cm™.
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"H NMR (400 MHz; CDCL): 8 7.41 (1H, d, J = 8.8 Hz, Hy), 6.77 (1H, d, J = 2.9 Hz, Hp),
6.64 (1H, dd, J = 8.8, 2.9 Hz, Hg), 5.68 (1H, m, Hk), 5.49 (1H, m, Hj), 4.22-3.98 (4H, m,
Hwm), 3.80 3H, s, Hp), 2.76 2H, t, J = 8.1 Hz, Hy), 2.58 (2H, dd, J = 21.3, 7.3 Hz, Hy),
2.43-2.35 (2H, m, Hy), 1.31 (6H, t, J = 7.0 Hz, Hx) ppm.

BC NMR (100 MHz; CDCLy): § 159.0 (Q, Cc), 141.9 (Q, Cr), 133.4 (CH, C,), 133.0 (CH,
d,J=13.1 Hz, Cx), 119.1 (CH, d,J = 11.3 Hz, Cyj), 116.4 (CH, Cp), 114.9 (Q, Cg), 113.3
(CH, Cg), 62.0 (2 x CH,, d, J = 6.8 Hz, Cy), 55.6 (CH3, Cg), 36.1 (CH,, Cy), 27.6 (CH,,
Cn), 25.9 (CHy, d, J = 140.2 Hz, Cy), 16.6 (2 x CH3, d, J = 5.6 Hz, Cn) ppm.

3P NMR (121 MHz; CDCls): & 28.46 ppm.

CIMS m/z (%): 393/391 (M+H", 16), 313/311 (3), 202/200 (13), 175 (18), 161 (57).
Elemental analysis calcd for Ci¢H,404BrP: C, 49.12; H, 6.18; P, 7.92. Found: C, 48.80;
H, 6.35; P, 7.87.

(E)-diethyl 5-(2-bromo-5-methoxyphenvl)pent-2-enylphosphonate (2.55)

Nal
| P(OEt) C#') s
3 -
cl EtO A
N o] 60°C (EtO)7 B .
Br + Br [ s
~
~o ~ ah 9] o
0 D
(2.46) (2.54) 81% 23)
Ratio (2.46) (2.54) = 70/ 30 Ratio (2.3)/ (2.85) = 70/ 30

Following the same procedure described for the synthesis of Z-allylic phosphonate (2.3)
above, a mixture of allylic chlorides (2.46/2.54 = 70/30) (11.17 g, 38.6 mmol) afforded an
inseparable mixture of allylic phosphonates (2.3/2.55 = 70/30) (11.99 g, 81%)).

Significant data for (2.55)
Mw = 391.237 (C16H2404BI'P).

Rf = 0.38 (Hexane/Acetone 65:35).

"H NMR (400 MHz; CDCly): 8 7.40 (1H, d, J = 8.7 Hz, Ha), 6.76 (1H, d, J = 4.4 Hz, Hp),
6.64 (1H, m, Hg), 5.68 (1H, m, Hx), 5.49 (1H, m, Hy), 4.22-3.98 (4H, m, Hy;), 3.80 (3H, s,
Hog), 2.76 2H, t, J = 8.1 Hz, Hy), 2.63-2.53 (2H, m, Hy), 2.43-2.35 (2H, m, H)), 1.31 (6H,
t,J = 7.0 Hz, Hy) ppm.

BC NMR (100 MHz; CDCl3): § 159.0 (Q, Cc), 141.8 (Q, Cy), 134.6 (CH, d, J = 14.4 Hz,
Ck), 1332 (CH, Ca), 119.6 (CH, d, J = 11.0 Hz, Cy), 116.4 (CH, Cp), 114.9 (Q, Cg), 113.3
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(CH, Cg), 62.0 (2 x CHy, d, J = 6.8 Hz, Cy), 55.6 (CH3, Cg), 36.2 (CHy, Cy), 32.7 (CHa,
Cn), 30.5 (CH,, d, J = 140.0 Hz, Cy), 16.6 (2 x CHs, d, J = 5.6 Hz, Cy) ppm.
3P NMR (121 MHz; CDCls): & 28.46 ppm.

Diethyl-(2R.3S)-5-(2-bromo-5-methoxyphenyl)-2.3-dihvdroxvpentylphosphonate
(2.56) and Diethyl-(2S,3S)-5-(2-bromo-5-methoxyphenvl)-2.3-

dihydroxypentylphosphonate (2.57)

H
OH

€05 2 oSo4 o L on
(EtO)z ( )2
tBuOH/H,O/Acetone A

(2.55) 23) 78% @ 57)
Ratio (2.3)/ (2.55) = 70/ 30 298 patio (257 (2:56) = 70/ 30

To a mixture of NMO.2H,0 (0.329 g, 2.82 mmol, 1.1 equiv), 10 mL of water, 5 mL of
acetone and osmium tetroxide (7.5 mg, 0.026 mmol, 0.01 equiv) in 2 mL /BuOH was
added the mixture of phosphonates (2.55, 2.3) (1.02 g, 2.56 mmol, 1.0 equiv). The
reaction was complete after stirring overnight at room temperature under nitrogen. Water
was added (10 mL), then DCM (20 mL). After separation of the two phases, the aqueous
phase was extracted with DCM (3 x 10 mL). The combined organic phases were dried
over MgSQ,, filtered and concentrated in vacuo. The crude product was purified by
column chromatography (DCM/MeOH 95:5) to afford inseparable diols (2.56) and (2.57)
(0.847 g, 78%). Ratio (2.57)/(2.56) = 70/30, determined by *'P NMR.

Mw = 424.065 (C16H26BrOgP).

Rf=0.32 (DCM/MeOH 95:5).

IR (neat): 3378 (br, w), 2983 (w), 2906 (w), 1462 (w), 1238 (m), 1086 (m), 1026 (s), 1011
(s), 969 (s) cm™.

'"H NMR (400 MHz; CDCLs): Characteristic peaks & 7.34 (1H, d, J = 8.7 Hz, Hy), 6.79
(1H, d, J = 3.0 Hz, Hp), 6.57 (1H, dd, J = 8.7, 3.0 Hz, Hp), 3.72 (3H, s, Hg), 1.28 3H, t, J
= 7.1 Hz, Hn), 1.28 (3H, t,J = 7.1 Hz, Hx') ppm.

BC NMR (100 MHz; CDCls): For (2.57) 8 158.8 (Q, C¢), 142.1 (Q, C), 133.0 (CH, Cy),
116.0 (CH, Cp), 114.6 (Q, Cg), 113.1 (CH, Cg), 73.5 (d, J = 15.5 Hz, CH, Cx), 69.5 (d, J
= 5.6 Hz, CH, (), 619 (d, J = 6.4 Hz, CH, Cw), 61.8 (d, J = 6.7 Hz, CH,, Cw), 55.2
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(CH3, Cg), 32.7 (CHy), 32.1 (CHa), 27.5 (d, J = 140.8 Hz, CH,, Cv), 16.2 (d, J = 5.8 Hz,
CHs, Cx), 16.2 (d, J = 6.0 Hz, CH3, Cx) ppm.

For (2.56) 5 158.8 (Q, Cc), 142.2 (Q, Cr), 133.0 (CH, C,), 116.0 (CH, Cp), 114.6 (Q, Cg),
113.1 (CH, Cg), 73.6 (d, J = 15.4 Hz, CH, Cx), 68.9 (d, J = 5.0 Hz, CH, Cy), 61.9 (d, J =
6.4 Hz, CHy, Cw), 61.8 (d, J = 6.7 Hz, CHy, Cwr'), 55.2 (CHs, Cg), 33.2 (CHy), 32.5 (CHy),
30.1 (d, J = 139.7 Hz, CH,, Cy), 16.2 (d, J = 5.8 Hz, CH;, Cy), 16.2 (d, J = 6.0 Hz, CH;,
Cy') ppm

3P NMR (121 MHz; CDCls): For (2.57) 8 32.56 ppm, For (2.56) & 31.46 ppm.

ES'MS m/z (%): 875/873/871 (1:2:1, 2M+Na)’, 100), 449/447 (1:1, (M+Na)", 58),
427/425 (1:1, (M+H)", 38).

HRES MS For CsH,0sP"’BrNa (M+Na)": calcd 447.0543, found 447.0552.

Diethyl-((4R,5S5)-5-(2-bromo-5-methoxvphenethyl)-2-thioxo-1,3-dioxolan-4-
yDmethvlphosphonate (2.58) and Diethyl-((4S.5S)-5-(2-bromo-5-methoxyphenethyl)-

2-thioxo-1.3-dioxolan-4-yl)methvylphosphonate (2.59).

O S
5 S L L
~ (@] O
(F0% E T OH Ni\NJ\N«N 0N B O o S 7 o
HO OH (EtO); =/ B0 Y (Et0);”
Br . Br s - Br + s , Br
THF o o
AN ~ N E | ~,
O [64 E |
© (2.56) ° e 8% e 5;) ) 259
Ratio (2.57)/ (2.56) = 70/ 30 " Ratio (2.59)/ (2.58) = 73/27

A THF (5 mL) solution of diols (2.56) and (2.57) (0.417 g, 0.98 mmol, 1.0 equiv) was
added at room temperature to a THF (5 mL) solution of 1,1-thiocarbonyldiimidazole
(0.175 g, 0.98 mmol, 1.0 equiv). The reaction mixture was stirred for 4 days at room
temperature until completion. DCM (10 mL) was added, followed by HCI 1M (10 mL).
After separation of the two phases, the aqueous phase was extracted with DCM (3 x 10
mL). The combined organic phases were dried over MgSQOy, filtered and concentrated in
vacuo. The crude product was purified by column chromatography (Hexane/Acetone
70:30) to afford trans-isothiocarbonate (2.58) (0.110 g, 24%) and cis-isothiocarbonate
(2.59) (0.285 g, 62%) as light yellow oils.

Data for (2.58)
Mw = 467.312 (C17H2406PSBI').

Rf = 0.43 (Hexane/Acetone 60:40).
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IR (neat): 2980 (w), 1572 (w), 1474 (m), 1277 (s), 1240 (s), 1160 (m), 1015 (s), 950 (br s)
em’™.
"H NMR (400 MHz; CDCls): 8 7.41 (1H, d, J = 8.8 Hz, H,), 6.89 (1H, d, J = 3.0 Hz, Hp),
6.66 (1H, dd, J = 8.8, 3.0 Hz, Hg), 4.90-4.72 (2H, m, H; + H), 4.23-4.00 (4H, m, Hy),
3.77 (3H, s, Hg), 2.95 (1H, ddd, J = 4.5, 10.0, 5.0 Hz, Hy), 2.81 (1H, ddd, J = 13.7, 9.7,
6.8 Hz, Hy), 2.39 (1H, ddd, J = 19.9, 15.1, 4.5 Hz, Hyy), 2.28-1.97 (3H, m, Hyr + Hy), 1.32
(3H, t,J = 7.1 Hz, Ho), 1.31 (3H, t, J = 7.1 Hz, Ho') ppm.

BC NMR (100 MHz; CDCls): & 190.3 (CH, Cy), 159.1 (Q, Cc), 139.9 (Q, Cy), 133.5 (CH,
Ca), 116.2 (CH, Cp), 114.4 (Q, Cg), 114.0 (CH, Cs), 86.0 (CH, d, J = 4.8 Hz, Cx), 81.2
(CH, Cy), 62.6 (CH,, d, J = 6.5 Hz, Cy), 62.4 (CHa, d, J = 6.5 Hz, Cx’), 55.5 (CH3, Cg),
33.2 (CH,, Cy), 31.4 (CHy, Cy), 30.6 (CH,, d, J = 139.6 Hz, Cyy), 16.4 (CHs, d, J = 5.2 Hz,
Co), 16.3 (CH3, d, J = 5.3 Hz, Co’) ppm.

3'P NMR (121 MHz; CDCl3): & 22.82 ppm.

ES'MS m/z (%): 491/489 (1:1, (M+Na)", 53), 469/467 (1:1, (M+H)", 23).

HRES MS For C;7H,30sPS™BrNa (M+Na)": calcd 489.0112, found 489.0108.

Data for (2.59)

Mw = 467.312 (C17H2404PSBr).

Rf =0.37 (Hexane/Acetone 60:40).

IR (neat): 2980 (w), 1803 (w), 1572 (w), 1473 (m), 1278 (s), 1239 (s), 1160 (m), 1017 (s),
963 (brs) cm™.

"H NMR (400 MHz; CDCL): § 7.39 (1H, d, J = 8.8 Hz, Ha), 6.79 (1H, d, J = 3.0 Hz, Hp),
6.65 (1H, dd, J = 8.8, 3.0 Hz, Hg), 5.18 (1H, p, J = 7.3 Hz, Hj), 4.89 (1H, ddd, J = 10.5,
7.2, 3.0 Hz, Hy), 4.20-4.01 (4H, m, Hy), 3.76 (3H, s, Hg), 3.00 (1H, ddd, J = 13.9, 9.3, 4.8
Hz, Hy), 2.80 (1H, ddd, J = 13.7, 8.7, 7.6 Hz, Hy"), 2.30 (1H, ddd, J = 19.5, 15.3, 7.3 Hz,
Hy), 2.21-1.88 3H, m, Hy + Hy), 1.30 GH, t, J = 7.1 Hz, Ho), 1.29 GH, t, J = 7.1 Hz,
Ho’) ppm.

3C NMR (100 MHz; CDCls): & 190.1 (CH, Cy), 159.0 (Q, Cc), 139.8 (Q, Cy), 133.5 (CH,
Ca), 116.3 (CH, Cp), 114.4 (Q, Cg), 114.0 (CH, Cg), 83.1 (CH, d, J = 8.5 Hz, Cx), 79.0
(CH, Cy), 62.6 (CH,, d, J = 6.5 Hz, Cy), 62.3 (CHa, d, J = 6.4 Hz, Cx'), 55.4 (CH3, Cg),
31.9 (CHa, Cy), 28.6 (CHa, Cy), 25.9 (CHa, d, J = 142.7 Hz, Cy), 16.3 (CHs, d, J = 4.4 Hz,
Co), 16.2 (CHs, d, J = 4.3 Hz, Co’) ppm.

3P NMR (121 MHz; CDCls): § 23.18 ppm.
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ES'MS m/z (%): 491/489 (1:1, (M+Na)", 56), 469/467 (1:1, (M+H)", 16).

HRES MS For C;7H,30sPS™BrNa (M+Na)": calcd 489.0112, found 489.0114.

Resolution of cis/trans-1,2-diaminocyclohexane (2.60)114

C[NHZ HOOC, OH 1,0/ CH,COOH ! e JNH; OOC;A[OH
—_—_—
NH,

HOOC 90°Cto5 °C £ 'NHs 00C”s "OH
(2.60) (2.61) (2.62)

A 250 mL three-necked flask equipped with an overhead stirrer and a thermometer, was

charged with L-(+)-tartaric acid (2.61) (30.0 g, 198 mmol, 1.0 equiv) and distilled water

(80 mL). The mixture was stirred at room temperature until complete dissolution occurred.

A mixture of commercially available cis/frans-1,2-diaminocyclohexane (2.60) (48.1 mL,

388 mmol, 2.0 equiv) was added at such a rate that the temperature reached 70 °C. Glacial

acetic acid (20.0 mL, 35 mmol, 0.18 equiv) was added at such a rate the temperature

reached 90 °C. The slurry was stirred for 2 h, then cooled to 0 °C for 2 h. The precipitate
was filtered, washed with cooled (5 °C) water (20 mL) and rinsed with cooled (5 °C)

MeOH (5 x 20 mL). The solid was dried under reduced pressure overnight to afford

enantiopure (2.62) (34.3 g, 129 mmol) as a white solid.

Mw = 264.276 (CmHzoOeNz).

IR (film): 2913 (w), 2857 (w), 1581 (m), 1562 (m), 1397 (s), 1379 (s), 1308 (s), 1136 (m),

1054 (s) cm™.

"H NMR (400 MHz; D,0): & 4.38 (2H, s, Ha+Hg), 3.41 (2H, m, Hg+Hy), 2.24-2.15 (2H,
m, Hom), 1.90-1.82 (2H, m, Hgn), 1.65-1.45 (2H, m, Hyy), 1.45-1.32 (2H, m, Hyy) ppm.
BC NMR (100 MHz; D,0): § 178.5 (2 x Q, Cpc), 73.9 (2 x CH, Casg), 52.2 (2 x CH,

CE+F), 294 (2 X CHZ, CH+G), 22.8 (2 X CHZ, C]+]) ppm.
The NMR data correspond well with literature data.''*

Diethyl (1R.2R)-cyclohexane-1.2-divldicarbamate (2.63)

CICOOEt .
O,NHg, ooc,, NaOH aq. B‘NHCOOEt
‘NH; ooc” “oH foluene, 5°C ! “’NHCOOEt

(2.62) 79% (2.63) H 1
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A 500 mL three-necked flask equipped with an overhead stirrer and a thermometer was
charged with the diammonium salt (2.62) (32.0 g, 120 mmol, 1.0 equiv), toluene (320 mL)
and cooled to 0 °C. Ethyl chloroformate (25.2 mL, 260 mmol, 2.2 equiv) and aqueous
sodium hydroxide (20.2 g, 500 mmol in 26 mL of water, 4.2 equiv) were simultaneously
added at such a rate to keep the temperature below 10 °C. The mixture was stirred for 3 h
at room temperature and the precipitated salt was filtered-off, dissolved in DCM (250 mL)
and washed with water (100 mL). The toluene phase was concentrated in vacuo, and the
residue added to the DCM solution. The crude product was recrystallized from

DCM/Hexane (5/1) to afford carbamate (2.63) as a white solid (24.4 g, 79%).

Mw = 258.314 (C12H,,04N>).
m.p. = 165-169 °C.

IR (film): 3320 (w), 2933 (w), 1680 (m), 1540 (m), 1240 (s), 1068 (s), 1046 (s) cm™,

"H NMR (400 MHz; CDCls): & 4.99 (2H, 2 x NH), 4.09 (4H, q, J = 7.2 Hz, H)), 3.39-3.36
(2H, m, Hgir), 2.05 (2H, d, J = 12.1 Hz, Hap), 1.80-1.70 (2H, m, Hap), 1.20 (6H, t, J =
7.2 Hz, Hy), 1.33-1.10 (4H, m, Hp:c) ppm.

B3C NMR (100 MHz; CDCL): § 157.2 (2 x Q, Cg+1n), 60.9 (2 x CH,, C)), 55.5 (2 x CH,
Ce+r), 33.0 (2 x CHy, Casp), 24.9 (2 x CHy, Cp-c), 14.7 (2 x CHs, Cy) ppm.

ES'MS m/z (%): 259 (M+H", 15).

[a]p = +44.8 ° (c 1.06, CHCL).

The experimental data correspond well to the reported data.''?

(1R.2R)-N.N-dimethylcyclohexane-1.2-diamine (2.64)

H
LAH A
O,NHCOOEt LAH B‘N\G
“NHCOOEt &, © g KN

(2.63)

To a freshly prepared 1 M solution of LAH in THF (100 mL, 100 mmol, 4.0 equiv), cooled
to 0 °C, was added dicarbamate (2.63) (6.21 g, 25.0 mmol, 1.0 equiv). The mixture was
stirred 1 hat 0 °C, 1 h at room temperature and finally refluxed for 2 h. After cooling to 0
°C, water (2.5 mL), NaOH 4 M (2.5 mL) and water (10 mL) were sequentially added to the
reaction mixture and stirring was continued for 1 h at room temperature. The thus formed

white precipitate was filtered and rinsed with hot THF (2 x 50 mL). After evaporation of
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the THF, the residue was diluted with NaOH 4 M (50 mL) and extraction achieved with
DCM (3 x 40 mL). The organic layer was dried over MgSQy,, filtered and evaporated to
afford pure diamine (2.64) (2.94 g, 89%).

= 142.242 (CgH,3N>»).
IR (film): 3300 (w), 2850 (w), 1500 (m), 1440 (s), 1140 (s), 1100 (s), 830 (m) cm .
"H NMR (400 MHz; CDCL3): & 2.36 (6H, s, Hg+n), 2.12-2.03 (2H, m, Hg:g), 2.02-1.96
(2H, m, Ha+p), 1.74-1.67 (2H, m, Hap), 1.64 (2H, br s, NH), 1.25-1.115 (2H, m, Hgc),
1.02-0.81 (2H, m, Hp/c) ppm.
BC NMR (100 MHz; CDCls): 8 63.1 (2 x CH, Cg:k), 33.6 (2 x CHz, Cg+n), 30.7 (2 x CHa,
Cap), 25.1 (2 x CHy, Cgic) ppm.
ES'MS m/z (%): 143 (M+H", 34).
[a]p = -148.0° (¢ 0.77, CHCL).

The experimental data correspond well to the reported data.''

The phospholidine (2.65)">!'

HMPT
toluene
(j’ "o N
- 115 °C "N

(2.64) N7 2.65) |

A solution of diaminocyclohexane (2.64) (2.94 g, 20.7 mmol, 1.0 equiv) and HMPT (4.36
mL, 24.0 mmol, 1.2 equiv) in toluene (20 mL) was heated to 115 °C for 16 h under
nitrogen. After cooling to room temperature, the solvent was evaporated and the residue
distilled with Kugelrdhr (135-139 °C, 0.35 mmHg) to afford phospholidine (2.65) as a
colourless oil (3.43 g, 77%). The phospholidine (2.65) was dissolved in 80 mL of toluene
and stored as a 0.2 M solution at room temperature under nitrogen.

Data for (2.65) are unavailable due to the unstability of the compound.

The Z-allylic phosphonamide (2.4)

(2. 46) N ,O

/ EtOH
O,N\ ,  toluene L
E

PN P OEt
"’N\ N oq15°C
(2.65) 45 min, @ 66) Nal, 115°C, 2 h AN
72%, 2 steps (2.4)
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A 0.2 M solution of phospholidine (2.65) (48.4 mL, 9.69 mmol, 1.0 equiv) in toluene was
refluxed for 45 min at 115 °C, with dry EtOH (0.66 mL, 11.14 mmol, 1.15 equiv) under
nitrogen. After cooling to room temperature, the supposed 0.2 M solution of phospholane
(2.66) (49.6 mL, 9.69 mmol, 1.0 equiv) in toluene was added to a mixture of allylic
chloride (2.46) (1.81 g, 6.25 mmol, 0.75 equiv) and Nal (0.94 g, 6.25 mmol, 0.75 equiv) at
room temperature. The mixture was stirred for 2 h at 110 °C. Once cooled, the solvent was
evaporated and the residue was purified by column chromatography (EtOAc, then
EtOAc/MeOH 95:5) to afford phosphonamide (2.4) as a yellow sticky oil (2.32 g, 72%
over 2 steps).

Mw = 441.342 (CyH300,BrPNy).

Rf=0.40 (EtOAc/MeOH 94:6).

IR (film): 2938 (m), 2869 (w), 1584 (w), 1481 (m), 1250 (s), 1218 (s), 1170 (s), 1019 (s),
814 (m), 755 (m) cm™.

"H NMR (400 MHz; CDCls): 8 7.40 (1H, d, J = 8.7 Hz, H,), 6.75 (1H, d, J = 3.0 Hz, Hp),
6.63 (1H, dd, J = 8.7, 3.1 Hz, Hg), 5.60 (1H, m, Hk), 5.45 (1H, m, Hj), 3.78 (3H, s, Hq),
2.77-2.35 (8H, m), 2.56 (3H, d, J = 0.9 Hz, Hun~), 2.52 3H, d, J = 2.1 Hz, Hun), 2.04-
1.93 (2H, m), 1.81 (2H, d, J = 8.9 Hz), 1.39-0.99 (4H, m, Hs:r) ppm.

BC NMR (100 MHz; CDCLy): §158.9 (Q, Cc), 141.8 (Q, Cp), 133.2 (CH, C,), 131.5
(CH, d, J = 13.0 Hz, Cx), 120.7 (CH, d, J = 9.7 Hz, Cy), 116.3 (CH, Cp), 114.8 (Q, Cg),
113.1 (CH, Cg), 64.4 (CH, d, J = 4.5 Hz, Cop), 64.4 (CH, d, J = 6.6 Hz, Cop), 55.4 (CHs,
Co), 36.1 (CH,, d, J = 2.3 Hz), 29.8 (CH3, Cwn), 28.6 (CH,, d, J = 9.9 Hz), 28.2 (CH3, d,
J =4.7 Hz, Cun), 28.1 (CH,, d, J = 7.5 Hz), 27.6 (CH,, d, J = 1.8 Hz), 26.7 (CH,, d, J =
110.1 Hz, Cyp), 24.3 (CHy, Cspr), 24.2 (CH,, Csr) ppm.

3'P NMR (121 MHz; CDCl3): 8 42.13 ppm

ES'™S m/z (%): 481/479 (1:1, (M+K", 20)).

HRES™MS For Cy0H3;N,0,P”Br (M+H)": calcd 441.1301, found 441.1313.

[alp =-17.7 ° (c 0.96, acetone).
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9.2 Experimental data for Chapter 3

3-sec-Butoxy-2-ethylcyclopent-2-enone (3.31)

I
o OH OJ\J/K
H
)\/ IS B
B
CISOzH ¢ A
') toluene,A E D O
(1.35) 7 days, 97% (3.31)

This compound has been previously synthesized by Organon N.V, but no procedure or
analytical data has been published:

2-Ethyl-1,3-cyclopentanedione (1.35) (20.06 g, 159 mmol, 1.0 equiv), sec-butyl alcohol
(102 mL, 1113 mmol, 7.0 equiv), CISOs3H (0.63 mL, 9.5 mmol, 0.06 equiv) and toluene
(272 mL) were refluxed for 7 days, separating water from the reaction mixture in a Dean-
Stark trap. The reaction was then cooled and the excess solvent was evaporated under
reduced pressure. The crude product was purified by vacuum distillation (94-96 °C/0.4
mmHg). This yielded (3.31) as a light yellow oil (27.42 g, 97%).

MW = 182.265 (C1,H;50,).
Rf = 0.50 (Petroleum ether/Acetone 60:40).

IR (neat): 2968 (s), 2933 (m), 2877 (w), 1684 (s), 1616 (s), 1462 (m), 1376 (s), 1343 (s),
1312 (s), 1266 (s), 1233 (m), 1120 (s), 990 (m), 877(m) cm™.

"H NMR (300 MHz; CDCly): & 4.37 (1H, sextet, J = 6.2 Hz, Hy), 2.59-2.57 (2H, m, Hgy),
2.40-2.36 (2H, m, Hgr), 2.10 (2H, q, J = 7.7 Hz, Hg), 1.75-1.53 (2H, m, H), 1.27 (3H, d,
J=6.2 Hz, Hy), 0.94 (3H, t, J = 7.7 Hz, Ha), 0.93 (3H, t, J = 7.3 Hz, Hy) ppm.

BC NMR (75 MHz; CDCls): & 205.7 (Q, Cp), 185.5 (Q, Cq), 122.4 (Q, Cc), 77.1 (CH,
Ch), 33.5 (CHy, Cgp), 29.8 (CH,, Cy), 24.9 (CH,, Cgp), 20.6 (CH3, Cy), 14.5 (CH,, Cg),
12.5 (CHs, Ca), 9.5 (CHs, Cx) ppm.

CIMS m/z (%): 183 ((M+H)", 100), 127 (16), 57(8).

2-Ethyvlcyclopent-2-en-1-one (1.131)
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OJ\/ 1) DIBAL-H,
hexane B@EJ
LA LS -
2) HCl c
o) 30-43% °
(3.31) (1.131)

This a known compound’®"*” but was synthesized here via an adaptation of an unpublished
procedure devised by Organon N. V.; (Oss):

To a stirred solution of the enol ether (3.31) (27.42 g, 150 mmol, 1.0 equiv) in dry hexane
(207 mL) at 0 °C was added DIBAL-H (1 M in hexanes, 240 mL, 1.6 equiv) via cannula.
The cold bath was removed and the solution was stirred at room temperature for 24 h. The
reaction was then cooled to 0 °C, a water condenser was fitted, and 1 M HCI (322 mL)
(precooled to 0 °C) was slowly poured in, followed by the addition of conc. HC1 (30 mL).
The biphasic mixture was vigorously stirred for 2 h and then separated, washing the
organic phase with water (2 x 50 mL). The combined aqueous phases were extracted with
Et,O (3 x 50 mL), the combined organic layer was then washed with brine (50 mL), dried
over MgSQO,, filtered and evaporated. The crude product was purified by column
chromatography (Petroleum ether/Acetone 80:20) followed by vacuum distillation (47-49
°C/5 mmHg), yielding (1.131) as a light yellow oil (4.95 g, 30%).

MW = 110.157 (C;H,00).

Rf=0.41 (Petroleum ether/Acetone 80:20).

IR (neat): 2966 (m), 2923 (m), 2877 (w), 1696 (s), 1632 (m), 1443 (w), 1347 (w), 1248
(m), 1001 (m), 947 (w), 940 (w), 790 (m) cm™".

"H NMR (300 MHz; CDCL;): & 7.29-7.25 (1H, m, Hp), 2.55-2.50 (2H, m, Hg/c), 2.37-2.34
(2H, m, Hg/c), 2.19-2.11 (2H, m, Hg), 1.06 3H, t, J = 7.5 Hz, Hg) ppm.

BC NMR (75 MHz; CDCL): § 209.7 (Q, Ca), 156.4 (CH, Cp), 147.7 (Q, Cg), 34.6 (CH,,
Cric), 26.2 (CHa, Cgic), 17.9 (CH, Cy), 11.9 (CHs, Cg) ppm.

The IR and NMR spectra correspond to the reported data.” "’

2-Bromo-3-iodo-1-propene (3.29):

A

Jk/ Nal, Acetone JJ\/
C
Br Br Br I

A 4h B
(3.32) 82% (3.29)
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This is a known compound'*® but was prepared via the following procedure:

In a 50 mL 2-neck flask equipped with a condenser was added dropwise 2,3-dibromo-1-
propene (3.32) (2.44 mL, 25 mmol, 1.0 equiv) to a solution of Nal (6.75 g, 45 mmol, 1.8
equiv) in 20 mL of dry acetone. After refluxing for 4 h, the reaction mixture was cooled
and 20 mL of water was added followed by 40 mL of Et,O. The two phases were
separated and the dark purple organic layer was washed with 20 mL of diluted NaHCOs,
20 mL of brine, dried over Na,SQy, filtered through celite and concentrated under vacuum.
The resulting crude was purified by vacuum distillation (68-72 °C/ 5 mmHg), yielding
(3.29) as a dark-purple oil (5.10 g, 82%).

MW = 246.872 (C3;H4Brl).

Rf = 0.55 (Hexane/Acetone 1:1).

IR (neat): 2359 (w), 1614 (m), 1421 (w), 1367 (w), 1190 (m), 1153 (s), 1088 (w), 1072
(W), 892 (s), 828 (m), 694 (W), 670 (W), 581 (s), 558 (m), 541 (s) cm ™.

"H NMR (300 MHz; CDCly): 8 6.02 (1H, m, Hy), 5.54 (1H, d, J = 2.2 Hz, Hp"), 4.22 (2H,
d, J= 0.7 Hz, Hc) ppm.

B3C NMR (75 MHz; CDCls): 8 129.5 (Q, Cg), 120.1 (CH,, Cy), 20.0 (CHa, Cc) ppm.
CIMS m/z (%): 248/246 (M+H)", 20), 167 (6), 138/136 (63), 95/93 (3), 79 (4), 78 (2), 58
(7), 57 (100), 56 (24), 54 (9).

The IR and NMR spectra correspond to the reported data.'*®

The y-1.4-addition compound (3.1) and the o-1.4-addition compound (3.33) and the

non-alkylated compound (3.37).

i) "BuLi (1.1 equiv), -78 °C

R R
03 o] > > 00 JJ\P °
© \6(1100) B’ By
. R r
i) e 90 e Be e Y- y

78° o P =N+ (EtO EtO
‘ 2.2) 78 °Cto 0 °C (EtO);” 74 Th K (Et0)s” \/\//,H\/> ( ) + ‘ 2.2)
_— o F D 17%
p
_P. i) J\/ '~ 3.33 P\
o I (3.29) (3.1) (3.33) (3 37) 0" NoEt
(OED: ¥ oo 54% 6% 3% oEt:
0]
Solvent = Et,0

To a cooled (-78 °C) solution of the phosphonate (2.2) (8.41 g, 30.24 mmol, 1.2 equiv) in
Et,0 (80 mL) was added "BuLi (2.5 M in hexanes) (13.30 mL, 33.27 mmol, 1.32 equiv).
The red solution was stirred for 30 min at -78 °C, and then a Et,O (20 mL) solution of the
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enone (1.100) (2.42 g, 25.20 mmol, 1.0 equiv) was added via cannula over 2 min. After
the addition, the flask was placed in a 0 °C cold bath. After 1 h, 2-bromo-3-iodopropene
(3.29) (11.19 g, 43.36 mmol, 1.8 equiv) was added neat over 30 seconds, followed by
HMPA (20 mL) and the reaction mixture was warmed to room temperature over 1 h.
Water (40 mL) was added and the reaction was extracted with EtOAc (4 x 50 mL). The
combined organic phases were dried over Na>SQs, filtered and the solvent evaporated in
vacuo. The crude product was purified by column chromatography (Hexane/Acetone
60:40) followed by preparative HPLC (Hexane/Acetone 65:35). This yielded (3.1) (6.71 g,
54%), (3.33) (746 mg, 6%), (3.37) (283 mg, 3%) and (2.2) (1.19 g, 17%) as light yellow

oils.

Data for (3.1):

Mw = 493.381 (C,1H3406PBr).

Rf = 0.39 (Hexane/Acetone 60:40).

IR (neat): 2960 (br m), 1739 (m), 1621 (w), 1451 (w), 1403 (w), 1361 (w), 1238 (m),
1134 (m), 1049 (s), 1025 (s), 963 (m), 841 (w) cm™.

"H NMR (400 MHz; CDCLy): 8 6.61 (1H, ddd, J = 21.8, 17.1, 10.0 Hz, Hp), 6.02 (1H, t, J
= 1.6 Hz, Hy), 5.69 (1H, dd, J = 20.8, 17.1 Hz, Hc), 5.56 (1H, br s, Hg’), 4.83 (1H, t, J =
4.5 Hz, Hy), 4.17-4.07 (4H, m, Hp), 3.99-3.81 (4H, m, H)), 3.06 (1H, d, J = 14.9 Hz, Hp),
2.52 (1H, d, J = 14.9 Hz, Hp’), 2.44-2.20 (5H, m, Hx + Hg- + Hy + Hy + Hg), 1.91-1.82
(1H, m, Hy), 1.73-1.63 (1H, m, Hg), 1.55-1.35 (3H, m, Hg> + H.” + Hy), 1.35 (6H, t, J =
7.0 Hz, Hp), 0.87 (3H, s, Ho) ppm.

3C NMR (100 MHz; CDCl3): § 221.5 (Q, Cw), 155.3 (d, J = 3.9 Hz, CH, Cp), 129.9 (Q,
Cq), 122.6 (CHy, Cr), 119.0 (d, J = 187.1 Hz, CH, C¢), 104.1 (CH, Cy), 64.9 (CH,, C),
64.8 (CHy, Cr), 61.7 (d, J = 5.8 Hz, CHa, Cg), 61.6 (d, J = 5.8 Hz, CHa, Cg'), 51.6 (Q,
Cn), 47.2 (d, J = 20.9 Hz, CH, Cg), 47.1 (CHa, Cp), 43.7 (CH, Cj), 36.9 (CHy, Cx), 30.9
(CHa, Cg), 25.8 (d, J = 1.9 Hz, CH,, C§), 24.0 (CH,, Cy), 18.7 (CHs, Co), 16.5 (d, J = 6.3
Hz, CHj, Ca), 16.4 (d, J = 6.3 Hz, CH3, Ca’) ppm.

3P NMR (121 MHz; CDCl;): & 17.88 ppm.

ES'™™MS m/z (%): 493/495 (1:1, (M+H)", 100), 515/517 (1:1, (M+Na)", 24), 987
(CM+H)", 9).

Elemental analysis calcd for C;;H3406PBr: C, 51.12; H, 6.95. Found: C, 50.83; H, 7.11.
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Data for (3.33):

Mw = 493.381 (C2H3404PBr).

Rf = 0.39 (Hexane/Acetone 60:40).

IR (neat): 2978 (br m), 1737 (m), 1624 (w), 1444 (w), 1392 (w), 1361 (w), 1240 (m),
1138 (m), 1049 (s), 1020 (s), 958 (m), 899 (w) cm™.

"H NMR (400 MHz; CDCl;): & 5.88-5.33 (4H, m, Hg + Hp + Hg), 4.87 (1H, t, J = 4.7 Hz,
Hy), 4.21-4.00 (4H, m, Hg), 4.00-3.76 (4H, m, H)), 3.04 (1H, d, J = 14.9 Hz, Hp), 2.90
(1H, m, He), 2.78 (1H, m, Hy), 2.67-2.48 (2H, m, Hx+Hp-), 2.42-2.31 (2H, m, H;), 2.28-
2.08 (2H, m, Hg), 1.85-1.54 (3H, m, Hg+Hy ), 1.34-1.27 (6H, m, Hy), 0.82 (3H, s, Ho)
ppm.

BC NMR (100 MHz; CDClL): 8 221.2 (Q, Cw), 132.6 (d, J = 12.9 Hz, CH, Cp), 130.0 (Q,
Cq), 124.6 (d, J = 11.8 Hz, CH, Cg), 121.7 (CH,, Cr), 103.8 (CH, Cy), 64.9 (2 x CH,, Cy),
62.7 (d, J = 7.3 Hz, CH,, C), 61.4 (d, J = 7.3 Hz, CH,, Cg’), 52.4 (d, J = 17.1 Hz, Q, Cy),
47.4 (CHy, Cp), 40.4 (d, J = 136.5 Hz, CH, Cc), 40.2 (d, J = 2.4 Hz, CH, Cy), 37.7 (CH,
Cr), 33.0 (d, J = 2.7 Hz, CH,, Cg), 25.4 (CH,, Cx), 22.5 (d, J = 2.5 Hz, CH,, Cy), 18.4
(CH3, Co), 16.5 (d, J = 5.8 Hz, CH3, C,), 16.4 (d, J = 6.2 Hz, Cy") ppm.

3P NMR (121 MHz; CDCls): & 28.02 ppm.

ES'MS m/z (%): 493/495 (1:1, (M+H)", 100), 515/517 (1:1, (M+Na)’, 36), 987
(CM+H)", 15).

HRES*MS For CyH340sP’BrNa (M+Na)": caled 515.1169, found 515.1171.

Data for (3.37):

This compound was isolated as a mixture of diastereoisomers (ratio 75:25) that could be
separated by repeated preparative HPLC (Hexane/Acetone 2:1).”!

For Major Diastereoisomer:

Mw = 374.420 (C;3H3,06P).

Rf = 0.22 (Hexane/Acetone 60:40).

IR (neat): 2974 (m), 2869 (m), 1734 (s), 1630 (w), 1247 (m), 1129 (m), 1053 (s), 1020 (s),
959 (s) cm’.

"H NMR (400 MHz; CDCl): & 6.63 (1H, ddd, J = 21.6, 17.1, 9.3 Hz, Hp), 5.72 (1H, dd, J
= 20.6, 17.1 Hz, Hc), 4.84 (1H, t, J = 4.3 Hz, Hy), 4.13-4.04 (4H, m, Hg), 3.99-3.82 (4H,
m, Hj), 2.40-2.26 (2H, m), 2.19-2.08 (2H, m), 1.91-1.68 (4H, m), 1.60-1.44 (3H, m), 1.33
(6H, t,J = 7.0 Hz, Ha), 1.11 (3H, d, J = 6.8 Hz, Ho) ppm.
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3C NMR (100 MHz; CDCl): & 220.1 (Q, Cw), 154.7 (d, J = 3.9 Hz, CH, Cp), 119.0 (d, J
= 186.6 Hz, CH, C¢), 104.1 (CH, Cy), 64.9 (CH,, Cy), 64.8 (CH,, Cr), 61.6 (d, J = 4.9 Hz,
CH,, 2 x Cg), 48.6 (CH), 48.4 (CH), 47.5 (CH), 37.0 (CH,), 31.5 (CH,), 25.0 (CH,), 24.4
(CHy), 16.4 (d, J = 5.8 Hz, CH3, 2 x Ca), 14.5 (CH3, Co) ppm.

3P NMR (121 MHz; CDCls): & 17.92 ppm.

CIMS m/z (%): 375 (M+H)+, 100).

HRES"MS For C3H3; 0P (M+H)": caled 375.1931, found 375.1928.

For Minor Diastereoisomer:

Mw = 374.420 (C5H3,06P).

Rf = 0.22 (Hexane/Acetone 60:40).

IR (neat): 2974 (m), 2869 (m), 1734 (s), 1630 (w), 1247 (m), 1129 (m), 1053 (s), 1020 (s),
959 (s) cm’.

"H NMR (400 MHz; CDCl): & 6.54 (1H, ddd, J = 21.6, 17.1, 9.3 Hz, Hp), 5.70 (1H, dd, J
=20.6, 17.1 Hz, Hc), 4.84 (1H, t, J = 4.3 Hz, Hy), 4.12-4.02 (4H, m, Hg), 3.98-3.81 (4H,
m, Hy), 2.42-2.12 (6H, m), 1.83-1.50 (5H, m), 1.33 (6H, t, J = 7.0 Hz, Hy), 0.97 (3H, d, J
= 6.8 Hz, Ho) ppm.

3C NMR (100 MHz; CDCl): & 221.1 (Q, Cw), 154.7 (d, J = 3.9 Hz, CH, Cp), 118.7 (d, J
= 186.6 Hz, CH, C¢), 104.1 (CH, Cy), 65.0 (CHa, Cy), 64.9 (CH,, Cy), 61.7 (d, J = 4.9 Hz,
CH,, 2 x Cg), 45.2 (CH), 44.8 (CH), 43.9 (CH), 37.1 (CH,), 31.0 (CH,), 25.4 (CH,), 24.0
(CHa), 16.4 (d, J = 6.3 Hz, CH3, 2 x Ca), 8.4 (CH3, Co) ppm.

3P NMR (121 MHz; CDCls): & 17.92 ppm.

CIMS m/z (%): 375 (M+H)+, 40), 278 (9), 233 (6), 207 (13), 191 (5), 156 (8), 97 (100),
73 (51).

HRES"MS For CsH3O6P (M+H)": caled 375.1931, found 375.1929.

The y-1.4-addition compound (3.2) and the a-1.4-addition compound (3.34) and the

dialkylated compound (3.36) and the non-alkylated compound (3.38).

i) "BuLi (1.1 equiv), -78 °C

/> Et 7
e \6 (1.131)
i)

o
-78°Cto0°C 8 U

5
2 J\ o O
. o Br OR o)
+
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To a cooled (-78 °C) solution of the phosphonate (2.2) (4.94 g, 17.76 mmol, 1.2 equiv) in
THF (50 mL) was added "BuLi (1.6 M in Hexanes) (8.62 mL, 19.54 mmol, 1.32 equiv).
The red solution was stirred for 15 min at -78 °C, and then a THF (15 mL) solution of 2-
ethyl-cyclopentenone (1.131) (1.63 g, 14.80 mmol, 1.0 equiv) was added via cannula over
2 min. After the addition, the flask was placed in a 0 °C cold bath. After 1 h, 2-bromo-3-
iodopropene (3.29) (6.57 g, 26.64 mmol, 1.8 equiv) was added neat over 30 seconds and
the reaction mixture was warmed to room temperature over 1 h. Water (50 mL) was added
and the reaction mixture was extracted with Et;O (4 x 50 mL). The combined organic
phases were dried over Na,SOy, filtered and the solvent evaporated in vacuo. The crude
product was purified by column chromatography (Hexane/Acetone 65:35) followed by
preparative HPLC (Hexane/Acetone 65:35). This yielded (3.2) (3.22 g, 43%), (3.34) (601
mg, 8%), (3.36) (464 mg, 5%) and (3.38) (402 mg, 7%) as light yellow oils.

Data for (3.2):
Mw = 507.408 (C22H3606PBI‘).

Rf=0.41 (Hexane/Acetone 60:40).

IR (neat): 2968 (m), 2884 (m), 1730 (s), 1630 (m), 1446 (w), 1403 (w), 1389 (w), 1252
(s), 1147 (m), 1053 (s), 1025 (s), 963 (s), 840 (m) cm’.

"H NMR (400 MHz; CDCLy): 8 6.61 (1H, ddd, J = 21.8, 17.2, 10.0 Hz, Hp), 6.04 (1H, t, J
= 1.5 Hz, Hy), 5.70 (1H, dd, J = 20.9, 17.2 Hz, H¢), 5.56 (1H, br s, Hg'), 4.84 (1H, t, J =
1.5 Hz, Hy), 4.15-4.04 (4H, m, Hg), 3.99-3.81 (4H, m, Hy), 3.13 (1H, d, J = 14.8 Hz, Hy),
2.41 (1H, d, J = 14.9 Hz, Hy), 2.45-2.21 (5H, m), 1.88 (1H, m), 1.68 (1H, m), 1.61-1.40
(3H, m), 1.46 (2H, q, J = 7.5 Hz, Ho), 1.33 (6H, t, J = 7.1 Hz, Hy), 0.80 (3H, t,J = 7.5 Hz,
Hp) ppm.

BC NMR (100 MHz; CDCLs): & 220.4 (Q, Cy), 155.6 (d, J = 4.1 Hz, CH, Cp), 130.5 (Q,
Cr), 122.7 (CH,, Cs), 118.9 (d, J = 186.7 Hz, CH, Cc), 104.1 (CH, Cy), 64.9 (CHa, Cy),
64.8 (CH,, Cr), 61.7 (d, J = 5.8 Hz, CH,, Cg), 61.6 (d, J = 5.8 Hz, CH,, Cp), 54.0 (Q,
Cx), 46.7 (d, J = 21.0 Hz, CH, Cg), 45.4 (CH,, Cq), 44.1 (CH, Cy), 37.0 (CHy, Cx1), 30.9
(CH,, Cg), 25.9 (d, J = 2.0 Hz, CH,, Cy), 25.4 (CH,, Co), 24.2 (CHa, Ckn), 16.5 (d, J =
6.3 Hz, CHs, Cp), 16.4 (d, J = 6.3 Hz, CHs, Cy’), 8.4 (CHs, Cp) ppm.

3P NMR (121 MHz; CDCls): & 18.06 ppm.

ES"MS m/z (%): 507/509 (1:1, (M+H)", 100).

HRES'MS For C,H3s0¢P”’BrNa (M+Na)": calcd 529.1325, found 529.1329.
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Data for (3.34):

Mw = 507.408 (C2H3404PBr).

Rf=0.41 (Hexane/Acetone 60:40).

IR (neat): 2975 (m), 2878 (m), 1730 (s), 1630 (m), 1455 (w), 1403 (w), 1397 (w), 1249
(s), 1053 (s), 1025 (s), 963 (m), 840 (m) cm’".

"H NMR (400 MHz; CDCly): & 5.69-5.37 (4H, m, Hs + Hp + Hg), 4.82 (1H, t, J = 4.7 Hz,
Hy), 4.13-3.95 (4H, m, Hg), 3.93-3.78 (4H, m, Hy), 3.08 (1H, d, J = 14.9 Hz, Hy), 2.99
(1H, ddd, J = 21.6, 10.7, 10.7 Hz, Hc), 2.80 (1H, m, Hy), 2.51 (1H, ddt, J = 10.3, 6.9, 3.8
Hz, Hy), 2.40 (1H, d, J = 14.9 Hz, Hy), 2.35-2.27 (2H, m, Hy), 2.22-2.09 (2H, m, Hy),
1.82-1.57 (3H, m, Hg + Hy’), 1.44-1.28 (2H, m, Ho), 1.26 3H, t, J = 7.0 Hz, Hy), 1.25
(3H, t,J = 7.0 Hz, Ha'), 0.76 (3H, t, J = 7.5 Hz, Hp) ppm.

BC NMR (100 MHz; CDCls): § 220.0 (Q, Cw), 132.6 (d, J = 13.0 Hz, CH, Cp), 130.6 (Q,
Cr), 124.8 (d, J = 12.0 Hz, CH, Cg), 121.6 (CH,, Cs), 103.8 (CH, Cy), 64.9 (2 x CH,, C)),
62.7 (d,J = 7.3 Hz, CHy, Cg), 61.4 (d,J = 7.3 Hz, CH,, Cp’), 54.8 (d, J = 16.8 Hz, Q, Cy),
45.9 (Q, Cq), 40.5 (d, J = 1.6 Hz, CH, Cy), 39.8 (d, J = 131.6 Hz, CH, C¢), 37.6 (CH,, Cy),
33.1 (d, J = 2.6 Hz, Cg), 25.5 (CH,, Cko), 25.2 (CH,, Cxj0), 22.5 (d, J = 2.4 Hz, Cg), 16.5
(d, J = 5.8 Hz, CHs, Cy), 16.4 (d, J = 6.2 Hz, CH;, Cy), 8.5 (CH3, Cp) ppm.

3P NMR (121 MHz; CDCls): & 27.06 ppm.

ES'MS m/z (%): 1039/1037/1035 (1:2:1, 2M+Na)", 100), 531/529 (1:1, (M+Na)", 50),
509/507 (1:1, (M+H)", 48).

HRES™MS For C5,Hs;04P"Br (M+H)": caled 507.1506, found 507.1514.

Data for (3.36):

This compound was isolated as an inseparable mixture of diastereoisomers in
approximately a 2:1 ratio.

Mw = 626.355 (C,5sH3906PBr3).

Rf = 0.44 (Hexane/Acetone 60:40).

IR (neat): 2978 (m), 2874 (w), 1734 (s), 1621 (m), 1389 (w), 1243 (s), 1134 (m), 1053 (s),
1020 (s), 949 (s), 840 (m) cm’.

"H NMR (400 MHz; CDCL): & 6.71-6.54 (1H, m, Hp), 6.05-6.01 (1H, m, Hs), 5.69 (1H,
dd, J = 20.8, 17.3 Hz, Hc), 5.66-5.62 (1H, m, Hy), 5.59-5.55 (1H, m, Hg"), 5.50-5.46 (1H,
m, Hy), 4.56-5.42 (1H, m, Hv>(minor only)), 4.85-4.80 (1H, m, Hy), 4.14-4.03 (4H, m, Hg),
3.98-3.80 (4H, m, Hy), 3.21 (1H, d, J = 14.8 Hz, Hg), 3.14-3.04 (1H, m), 2.91-2.65 (2H,
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m), 2.49-2.27 (4H, m), 2.22 (1H, dd, J = 14.7, 10.2 Hz), 2.04-1.96 (1H, m), 1.93-1.60 (3H,
m), 1.56-1.20 (8H, m, includes Ha), 0.80-0.72 (3H, m, Hp) ppm.

3C NMR (100 MHz; CDCl;): Major diastereoisomer: & 218.4 (Q, Cy), 1552 (d, J = 4.2
Hz, Cp), 132.6 (Q, Cu), 129.9 (Q, Cr), 123.1 (CHa, Cs), 119.3 (d, J = 186.7 Hz, CH, C¢),
118.6 (CHy, Cy), 104.1 (CH, Cy), 64.9 (CH,, C)), 64.8 (CHa, Cr), 61.7 (d, J = 5.7 Hz,
CH,, C), 61.6 (d, J = 5.7 Hz, CH,, Cp-), 55.8 (Q, Cx), 47.2 (d, J = 21.0 Hz, CH, Cg), 43.6
(CH, Cy), 43.6 (CH,, Cq), 42.0 (CH,, Cy), 41.8 (CH, Cy), 30.9 (CH,, Cg), 28.7 (CH,, Ck),
25.9 (d, J = 21.0 Hz, CH,, Cg), 24.8 (CH,, Co), 16.4 (d, J = 6.3 Hz, CH3, C,), 163 (d, J =
6.3 Hz, CHs, Cu), 7.9 (CH3, Cp) ppm. Minor diastereoisomer: 5 219.4 (Q, Cy), 155.5 (d,
J = 4.2 Hz, Cp), 132.0 (Q, Cy), 130.2 (Q, Cx), 122.8 (CH,, Cs), 119.2 (d, J = 186.7 Hz,
CH, Cc), 118.2 (CHa, Cy), 104.1 (CH, Cp), 64.9 (CH,, Cy), 64.8 (CH,, Cy), 61.7 (d, J =
5.7 Hz, CH,, Cg), 61.6 (d, J = 5.7 Hz, CH,, Cp’), 54.5 (Q, Cx), 47.0 (CH, C)), 46.3 (d, J =
21.0 Hz, CH, Cg), 46.0 (CH,, Cg), 44.1 (CH,, Cy), 42.4 (CH, Cy), 31.0 (CH,, Cg), 30.7
(CHa, Cx), 26.0 (d, J = 2.0 Hz, CHa, Cr), 25.7 (CHa, Co), 16.4 (d, J = 6.3 Hz, CHs, Ca),
16.3 (d, J = 6.3 Hz, CHs, C-), 8.7 (CHs, Cp) ppm

3P NMR (121 MHz; CDCls): & 17.92 ppm.

ES'MS m/z (%): 651/649/647 (1:2:1, (M+Na)", 34), 625/627/629 (1:2:1, (M+H)", 100).
HRES™MS For C,5H3004P"Br, (M+H)": caled 625.0924, found 625.0933.

Data for (3.38):

Mw = 388.447 (C19H3304PBr).

Rf = 0.22 (Hexane/Acetone 60:40).

IR (neat): 2964 (m), 1729 (s), 1626 (m), 1455 (w), 1399 (w), 1223 (m), 1157 (m), 1049
(s), 1025 (s), 959 (m) cm™.

"H NMR (400 MHz; CDCL3): 8 6.60 (1H, ddd, J = 21.1, 17.1, 9.4 Hz, Hp), 5.70 (1H, ddd,
J=216,17.1, 9.4 Hz, Hc), 4.84 (1H, t, J = 4.3 Hz, Hy), 4.12-4.02 (4H, m, Hg), 3.98-3.80
(4H, m, Hy), 2.37-2.21 (2H, m), 2.14-1.98 (3H, m), 1.91-1.84 (1H, m), 1.80-1.65 (3H, m),
1.62-1.41 (4H, m), 1.32 (6H, t, J = 7.1 Hz, Ha), 0.86 (3H, t, J = 7.4 Hz, Hp) ppm.

3C NMR (100 MHz; CDCl): & 220.1 (Q, Cw), 154.6 (d, J = 4.1 Hz, CH, Cp), 119.0 (d, J
= 186.4 Hz, CH, C¢), 104.0 (CH, Cy), 64.9 (CH,, Cy), 64.8 (CH,, Cy), 61.7 (d, J = 5.6 Hz,
CH, Cg), 61.6 (d, J = 5.6 Hz, CH,, Cp), 53.0 (CH, Cyn), 48.5 (d, J = 20.6 Hz, CH, Cg),
43.9 (d, J = 1.4 Hz, CH, Cyn), 37.9 (CH,), 31.6 (CH), 24.3 (2 x CH»), 21.7 (CH»), 16.3
(d, J = 6.3 Hz, CHs, 2 x C,), 10.6 (CHs, Cp) ppm.
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3P NMR (121 MHz; CDCl;): 8 18.11 ppm.
ES™S m/z (%): 799 (2M+Na)", 100), 411 (M+Na)", 35), 389 (M+H)", 32).
HRES 'MS For C9H3;0sP (M+Na)": calcd 411.1907, found 411.1910.

(Z)-diethyl-2-bromo-8-(1.3-dioxolan-2-vl)octa-1,5-dien-4-ylphosphonate (3.40) and
(E)-diethyl-3-(2-(1.3-dioxolan-2-yDethyl)-5-bromohexa-1.5-dienylphosphonate (3.41).

L Br

K
;CB') — i) "Buli, Et,0, 'i.) 0, o ,C‘:‘) /D J o
-78°C
(EtO), o — (EtO)” Y2\ 3‘ (EtO)s” 7« 3‘
if) B I A B N Y AB R HO
(2:2) o/ 2o Br :
’ L (3.40) (3.41)

To a cooled solution (-78 °C) of the phosphonate (2.2) (200 mg, 0.72 mmol, 1.0 equiv) in
Et,O (5mL) was added "BuLi (2.5 M in Hexanes) (154 upL, 0.79 mmol, 1.1 equiv)
dropwise over 2 min. The red solution was stirred at -78 °C for 15 min and then for 5 min
at 0 °C before the iodide (3.29) (267 mg, 1.08 mmol, 1.5 equiv) was added neat over 30
seconds. The reaction mixture was warmed to room temperature over 1 h. Water (5 mL)
was added and the reaction was extracted with Et,O (3 x 20 mL). The combined organic
phases were dried over Na,SOy, filtered and the solvent evaporated in vacuo. The crude
product was purified by column chromatography (Hexane/Acetone 70:30) followed by
preparative HPLC (Hexane/Acetone 70:30). This yielded (3.40) (230 mg, 81%) and (3.41)

(27 mg, 9%) as colourless oils.

Data for (3.40):

Mw = 397.251 (Ci5H2605PBr).

Rf =0.33 (Hexane/Acetone 70:30).

IR (neat): 1626 (w), 1432 (w), 1394 (w), 1242 (s), 1141 (m), 1055 (s), 1027 (s), 966 (s),
727 (s) cm™.

"H NMR (400 MHz; CDCl3): & 5.65 (1H, m, Hg), 5.53 (1H, br's, Hy), 5.38 (1H, br s, Hy>),
5.11 (1H, tdt, J = 10.7, 5.0, 1.6 Hz, Hp), 4.85 (1H, t, J = 4.8 Hz, Hy), 4.07 (4H, m, Hp),
3.86 (m, 4H, Hy), 3.25 (1H, dtd, J = 21.6, 11.0, 3.1 Hz, Hc), 2.86 (1H, m, Hj), 2.58 (1H,
ddd,J =188, 11.1, 7.6 Hz, Hy), 2.31-2.13 (2H, m, Hg), 1.70 2H, td, J = 7.9, 4.6 Hz, Hg),
1.28 (6H, d, J = 7.2 Hz, Hy) ppm.
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3C NMR (100 MHz; CDClL): 8 134.5 (d, J = 13.6 Hz, CH, Cg), 131.1 (d, J = 21.4 Hz, Q,
Cx), 122.9 (d, J = 9.7 Hz, CH, Cp), 118.8 (CH,, Cr), 103.9 (CH, Cy), 64.8 (CH,, 2 x C)),
623 (d, J = 6.8 Hz, CH,, Cg), 61.9 (d, J = 6.8 Hz, CH,, Cy’), 41.0 (d, J = 2.9 Hz, CH,,
Cy), 35.3 (d, J = 141.9 Hz, CHy, Cc), 33.6 (d, J = 2.9 Hz, CHy, Cg), 22.4 (d, J = 1.9 Hz,
CHa, Cr), 16.4 (d, J = 5.8 Hz, CH3, Ca), 16.3 (d, J = 5.8 Hz, CHs, Ca*) ppm.

3P NMR (121 MHz; CDCls): § 28.46 ppm.

ES'MS m/z (%): 815/817/819 (1:2:1, 2M+Na)", 100), 460/462 (1:1, (M+Na+MeCN)",
49), 419/421 (1/1, (M+Na)", 57), 397/399 (1:1, (M+H)", 28).

HRES™MS For Ci5Hy0sP”Br (M+H)": caled 397.0774, found 397.0771.

Data for (3.41):

Mw = 397.251 (C;5H2605PBr).

Rf =0.26 (Hexane/Acetone 70:30).

IR (neat): 1630 (w), 1239 (m), 1143 (w), 1054 (m), 1027 (s), 946 (m), 911 (m), 731 (s)

em’.
"H NMR (400 MHz; CDCls): $ 6.51 (1H, ddd, J = 21.8, 17.1, 8.8 Hz, Hp), 5.53 (1H,.dd, J
= 20.2, 17.1 Hz, Hc), 547 (1H, br d, J = 1.2 Hz, Hy), 543 (1H, br d, J = 1.2 Hz, Hy)),
4.85 (1H, t, J = 4.1 Hz, Hy), 4.05 (4H, m, Hg), 3.90 (4H, m, Hy), 2.65 (1H, m, Hg), 2.53
(1H, dd, J = 14.3, 5.7 Hz, H)), 2.44 (1H, dd, J = 14.3, 8.5 Hz, Hy), 1.71-1.59 (3H, m, Hg +
H), 1.48 (1H, m, Hg), 1.32 (6H, d, J = 7.0 Hz, Hy) ppm.

BC NMR (100 MHz; CDCLy): 8 154.5 (d, J = 4.4 Hz, CH, Cp), 131.6 (Q, Cx), 118.8
(CH,, Cp), 118.6 (d, J = 184.7 Hz, CH, Cc), 104.0 (CH, Cy), 64.9 (CH,, 2 x Cy), 61.7 (d, J
= 5.3 Hz, CH,, Cg), 61.6 (d, J = 5.3 Hz, CH,, Cp), 45.9 (d, J = 1.5 Hz, CH,, Cy), 42.3 (d,
J = 21.4 Hz, CH, Cg), 31.3 (CH,, Cg), 27.2 (d, J = 1.0 Hz, CH,, Cy), 16.4 (d, J = 6.3 Hz,
CHs, 2 x Cp) ppm.

3P NMR (121 MHz; CDCls): & 18.63 ppm.

ES'MS m/z (%): 815/817/819 (1:2:1, 2M+Na)", 73), 460/462 (1:1, (M+Na+MeCN)",
100), 419/421 (1:1, (M+Na)", 58),397/399 (1:1, (M+H)", 55).

HRES™MS For C5Hy0sP"Br (M+H)": caled 397.0774, found 397.0771.
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The y-1.4-addition compound (3.3) and the non-allylated compound (3.50) and the bis-

allylated compound (3.51).

W,
\/
v v
5 K 9 N M " »< N M " »< ol
(1 100) (EtO)z V\b Eto -7
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(3.28) I
(2.3) Solvent = THF (3.3) (3. 50) (3. 51)

1)"BuLi

(o 2)

To a solution of the Z-allylic phosphonate (2.3) (0.990 g, 2.53 mmol, 1.0 equiv) in THF
(20 mL), cooled to -78 °C, "BuLi (2.5 M in Hexane, 1.11 mL, 2.78 mmol, 1.1 equiv) was
added slowly and the mixture was stirred for 15 min at -78 °C. After warming to 0 °C, a
solution of 2-methyl-2-cyclopentenone (1.100) (0.322 mL, 3.29 mmol, 1.3 equiv) in THF
(10 mL) was immediately added over 2 min. via cannula. The solution was stirred for 1 h
at 0 °C and then quenched with freshly distilled allyl bromide (3.28) (2.19 mL, 25.3 mmol,
10 equiv). The solution was warmed to room temperature and stirred for 1 h. Water (50
mL) was added and the reaction was extracted with DCM (3 x 50 mL), dried over MgSOs,
filtered and concentrated in vacuo. The crude product was purified by column
chromatography (Hexane/Acetone 65:35) to afford (3.3) as a light yellow oil (921 mg,
69%), (3.50) as a light yellow oil (141 mg, 11%), and (3.51) as a colourless oil (72 mg,
5%). Recrystallization of (3.3) in DCM/Hexane gave colourless crystals.

Data for 3.3:

Mw = 527.428 (C25H3605BrP).

Rf = 0.42 (Hexane/Acetone 65:35).

IR (film): 2975 (m), 1740 (s), 1629 (w), 1472 (m), 1575 (m), 1239 (s), 1022 (s) cm™".

"H NMR (400 MHz; CDCls): 8 7.39 (1H, d, J = 8.7 Hz, H,), 6.71 (1H, d, J = 2.9 Hz, Hp),

6.64 (1H, ddd, J = 17.1, 11.0, 7.3 Hz, Hx), 6.63 (1H, dd, J = 8.8, 3.0 Hz, Hg), 5.77 (1H,

dd, J = 20.6, 17.2 Hz, H,), 5.45 (1H, dtd, J = 17.1, 9.6, 5.3 Hz, Hy), 5.18 (1H, d, J = 17.0

Hz, Hy), 5.08 (1H, d, J = 10.2 Hz, Hy), 4.16-4.09 (4H, m, Hy), 3.77 (3H, s, Hg), 2.68

(1H, ddd, J = 13.3, 11.8, 5.0 Hz, Hy), 2.53-2.45 (2H, m, Hy + Hg), 2.41-2.31 (2H, m, Hy

+ Hj), 2.22-2.09 (3H, m, Ho + H; + Hy), 2.04-1.89 (2H, m, Hy + Hp), 1.58-1.46 (2H, m,

Hy + Hp), 1.35 (6H, td, J = 7.0, 2.0 Hz, Hy), 0.91 (3H, s, Hr) ppm.

B3C NMR (100 MHz; CDCls): & 222.1 (Q, Cr), 159.0 (Q, Cc), 155.3 (CH, d, J = 3.6 Hz,

Cx), 142.0 (Q, Cg), 134.1 (CH, Cy), 133.3 (CH, C,), 118.9 (CH,, Cy), 118.7 (CH, d, J =
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186.0 Hz, Cp), 116.0 (CH, Cp), 114.6 (Q, C), 113.2 (CH, Cg), 61.7 (CHa, d, J = 5.5 Hz,
Cwm), 61.6 (CHy, d, J = 5.6 Hz, Cyy), 55.4 (CH3, Cg), 52.1 (Q, Cs), 46.8 (CH, d, J = 20.9
Hz, C)), 44.4 (CH, Co), 40.8 (CH,, Cy), 37.1 (CHy, Cy), 34.0 (CH,, Cq), 31.8 (CH,, Cy),
23.6 (CH,, Cyp), 18.2 (CH3, Cy), 16.5 (CHs, Cy), 16.4 (CH;, Cx') ppm.

3P NMR (121 MHz; CDCls): & 17.92 ppm.

ES'MS m/z (%): 552/551/550/549 (1:5:1:5, (M+Na', 90)), 530/529/528/527 (1:6:1:6,
(M+H", 100)).

HRES™MS For C,5H3;0sP”Br (M+H)": caled 527.1557, found 527.1551.

X-Ray: X-Ray data available in Appendix II.

Data for (3.50)

This compound was isolated as an inseparable mixture of diastereoisomers in
approximately in a 75:25 ratio.

Mw = 487.117 (C»2H3,05BrP).

Rf = 0.35 (Hexane/Acetone 65:35).

IR (film): 2977 (w), 1737 (s), 1472 (m), 1240 (s), 1022 (s), 959 (s) cm’".

'"H NMR (400 MHz; CDCl;): Major diastereoisomer & 7.40 (1H, d, J = 8.7 Hz, Hy),
6.75 (1H, m, Hx), 6.72 (1H, d, J = 3.0 Hz, Hp), 6.63 (1H, dd, J = 8.8, 3.1 Hz, Hg), 5.79
(1H, dd, J = 20.4, 17.1 Hz, Hy), 4.16-4.06 (4H, m, Hw), 3.78 (3H, s, Hg), 2.77-2.48 (2H,
m), 2.39-2.26 (2H, m), 2.18-2.04 (2H, m), 1.96-1.45 (5H, m), 1.34 (6H, t, J = 7.2 Hz, Hx),
1.08 (3H, d, J = 6.4 Hz, Hy) ppm. Minor diastereoisomer observed 6 7.39 (1H, d, J =
8.7 Hz, Hap), 3.77 (3H, s, Hg), 1.06 (3H, d, J = 7.5 Hz, Hr) ppm.

BC NMR (100 MHz; CDCls): Major diastereoisomer & 219.9 (Q, Cg), 159.0 (Q, Cc),
154.7 (CH, d, J = 4.0 Hz, Cx), 141.8 (Q, Cy), 133.4 (CH, Cp), 119.2 (CH, d, J = 186.3 Hz,
Cp), 116.0 (CH, Cp), 114.6 (Q, Cp), 113.3 (CH, Cp), 61.7 (2 x CHy, d, J = 5.5 Hz, Cy),
55.4 (CH;, Cg), 48.5 (CH, d, J = 20.9 Hz, Cj), 48.3 (CH, Csp), 47.5 (CH, Csi0), 36.9
(CH,, Cy), 34.5 (CHa, Cy), 30.5 (CH,, Cn), 24.6 (CH,, Cp), 16.4 (2 x CH3, d, J = 6.0 Hz,
Cn), 14.4 (CHs, Cr) ppm. Minor diastereoisomer observed 6 218.7 (Q, Cg), 142.1 (Q,
Cr), 133.2 (CH, Cy), 115.8 (CH, Cp), 113.2 (CH, Cg), 48.8 (CH, d, J = 11.8 Hz, Cy), 44.7
(CH), 40.4 (CH), 38.3 (CH, d, J = 4.5 Hz), 35.2 (CH,), 32.9 (CH,), 32.0 (CH,), 31.5
(CH»), 30.9 (CH»), 14.1 (CH3, Ct) ppm.

' P NMR (121 MHz; CDCl;): Major diastereoisomer 5 17.53 ppm. Minor
diastereoisomer o 28.81 ppm.
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ES™S m/z (%): 511/509 (1:1, (M+Na", 100)), 489/487 (1:1 (M+H", 60)).
HRES MS For Cy,H;,0sP”BrNa (M+Na)": caled 509.1068, found 509.1063.

Data for (3.51):

This compound was isolated as an inseparable mixture of diastereoisomers in

approximately a 80:20 ratio.

Mw = 567.492 (C23H4005BrP).

Rf = 0.44 (Hexane/Acetone 65:35).

IR (film): 2977 (w), 2934 (w), 1733 (m), 1472 (m), 1240 (s), 1051 (s), 1022 (s), 859 (m)
cm™

'"H NMR (400 MHz; CDCl3): Major diastereoisomer 6 7.41 (1H, d, J = 8.7 Hz, Ha),
6.72 (1H, d, J = 3.0 Hz, Hp), 6.68 (1H, m, Hk), 6.64 (1H, dd, J = 8.7, 3.0 Hz, Hg), 5.78
(1H, dd, J = 20.7, 17.2 Hz, Hy), 5.72 (1H, m, Hy), 5.46 (1H, dtd, J = 16.9, 9.7, 5.3 Hz,
Hy), 5.24-4.99 (4H, m, Hw+Hyz), 4.19-4.09 (4H, m, Hw), 3.78 (3H, s, Hg), 2.69 (1H, m),
2.56-2.45 (2H, m), 2.43-2.25 (3H, m), 2.24-2.07 (2H, m), 2.02-1.86 (3H, m), 1.70 (1H,
m), 1.55 (1H, m), 1.37 3H, t, J = 7.1 Hz, Hx), 1.36 3H, t, J = 7.1 Hz, Hx’), 0.94 (3H, s,
Hrt) ppm. Minor diastereoisomer observed 6 0.88 (3H, s, Hy) ppm.

BC NMR (100 MHz; CDCl3): Major diastereoisomer & 223.2 (Q, Cr), 159.0 (Q, Cc),
155.3 (CH, d, J = 3.7 Hz, Cx), 142.1 (Q, Cg), 135.6 (CH, Cy), 134.2 (CH, Cy), 133.4 (CH,
Ca), 119.0 (CH,, Cw), 118.9 (CH, d, J = 187.1 Hz, Cy), 117.0 (CH,, Cy), 116.1 (CH, Cp),
114.6 (Q, Cr), 113.3 (CH, Cg), 61.8 (CH,, d, J = 10.6 Hz, C\1), 61.7 (CHy, d, J = 10.6 Hz,
Cw), 55.4 (CH;s, Cg), 53.0 (Q, Cs), 47.0 (CH, d, J = 20.9 Hz, Cj), 44.6 (CH, Cop), 41.9
(CH, Con), 40.4 (CH,, Cu), 34.8 (CH>), 34.0 (CH»), 31.9 (CH), 28.5 (CH), 18.6 (CHs,
Cr), 16.5(2x CHs, d,J = 6.3 Hz, CN) ppm.

3P NMR (121 MHz; CDCls): & 17.92 ppm.

ES'™S m/z (%): 589/591 (1:1, (M+Na', 100)), 567/569 (1:1, (M+H", 47)).

HRES ™S For Cy5H40sP"BrNa (M+Na) " calcd 589.1694, found 589.1650.
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The y-1.4-addition compound (3.4) and the bis-allylated compound (3.56) and the non-

allylated compound (3.57).

1) "BuLi

/S R O

AB  AC
X TN P
(1.100) OP/ W Q s A
VYN T o N
H + Wy EH
Br:

z A
~0 (3.28) So oy e

0

(2.4) Solvent = THF (3 4) (3 56) (3.57)

To a solution of the Z-allylic phosphonamide (2.4) (0.393 g, 0.89 mmol, 1.0 equiv) in THF
(4 mL), cooled to -78 °C, "BuLi (2.5 M in hexane, 0.392 mL, 0.98 mmol, 1.1 equiv) was
added slowly and the mixture was stirred for 45 min at -78 °C. After warming to 0 °C, 2-
methyl-2-cyclopentenone (0.096 mL, 1.16 mmol, 1.3 equiv) was immediately added. The
solution was stirred for 1 h at 0 °C and then quenched with freshly distilled allyl bromide
(0.336 mL, 4.45 mmol, 5.0 equiv). HMPA (2 mL) was added and the solution was
warmed to room temperature and stirred for 1 h. Water (5 mL) was added and the reaction
was extracted with DCM (3 x 25 mL), dried over MgSQ,, filtered and concentrated in
vacuo. The crude product was purified by column chromatography (EtOAc, then
EtOAc/MeOH 99/1) to afford (3.4) as a light yellow oil (267 mg, 52%), (3.57) as a
colourless oil (43 mg, 9%), and (3.56) as a colourless oil (38 mg, 7%).

Data for (3.4):

Mw = 577.553 (CooH4oBrN,O5P).

Rf = 0.40 (EtOAc/MeOH 99/1).

IR (film): 2936 (m), 2864 (w), 1735 (m), 1470 (m), 1243 (s), 1210 (s), 1169 (s), 1008 (s),
830 (w) cm™.

"H NMR (400 MHz; CDCLs): & 7.40 (1H, d, J = 8.7 Hz, Hy), 6.72 (1H, d, J = 3.1 Hz,
Hp), 6.64 (1H, dd, J = 8.7, 3.1 Hz, Hg), 6.64 (1H, m, Hx), 5.61 (1H, dd, J = 21.3, 16.7 Hz,
Hy), 5.51 (1H, m, Hy), 5.23 (1H, d, J = 17.0 Hz, Hy), 5.11 (1H, d, J = 10.2 Hz, Hy), 3.79
(3H, s, Hg), 2.86-2.63 (2H, m), 2.60-2.32 (4H, m), 2.59 (3H, d, J = 3.2 Hz, Hyw), 2.55
(3H, d, J = 2.6 Hz, Hyyy), 2.26-2.13 (3H, m), 2.08-1.80 (6H, m), 1.60-1.43 (2H, m), 1.40-
1.06 (5H, m), 0.95 (3H, s, Hr) ppm.

BC NMR (100 MHz; CDCls): § 222.4 (Q, Cp), 159.0 (Q, Cc), 155.3 (CH, d, J = 1.8 Hz,
Cx), 142.2 (Q, Cg), 133.8 (CH, Cr), 133.3 (CH, Cy), 121.8 (CH, d, J = 150.4 Hz, Cy),
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119.3 (CHa, Cy), 115.8 (CH, Cp), 114.7 (Q, Cr), 113.3 (CH, Cg), 64.7 (CH, d, J = 7.2 Hz,
Cxyy), 63.9 (CH, d, J = 5.2 Hz, Cxyy), 55.5 (CHs, C), 52.2 (Q, Cq), 47.2 (CH, d, J = 18.2
Hz, Cy), 44.5 (CH, Cyy), 41.1 (CHy), 37.3 (CHy), 34.3 (CH,), 31.8 (CH,), 29.0 (CH3, d, J =
1.1 Hz, Cyyw), 28.9 (CH3, d, J = 5.2 Hz, Cyw), 28.8 (CHa, d, J = 10.3 Hz, Cz), 28.2 (CHa,
d,J = 7.6 Hz, Cz), 24.3 (CH,), 24.2 (CH,), 23.8 (CH,), 18.3 (CHs, Cr) ppm.

3P NMR (121 MHz; CDCls): & 32.14 ppm.

ES*MS m/z (%): 617/615 (1:1, (M+K", 100)).

HRES™MS For C50H43N,05P”Br (M+H)": caled 577.2189, found 577.2198.
[a]p=+114.6° (¢ 0.65, DCM).

Data for (3.56):

This compound was isolated as an inseparable mixture of diastereoisomers in
approximately a 75:25 ratio.

Mw = 617.597 (C32Hs6BrN,OsP).

Rf =0.47 (EtOAc/MeOH 99:1).

IR (film): 2936 (w), 1733 (m), 1471 (m), 1210 (m), 1169 (m), 908 (s), 725 (s) cm™.

'"H NMR (400 MHz; CDCl;): Major diastereoisomer 6 7.40 (1H, d, J = 8.7 Hz, Hy),
6.76-6.58 (3H, m, Hg+Hp+Hxk), 5.62 (1H, dd, J = 21.3, 16.7 Hz, Hy), 5.79-5.42 (2H, m,
Hr+Hag), 5.32-4.96 (4H, m, HytHac), 3.79 (3H, s, Hg), 2.84-1.07 (29H, m), 0.97 (3H, s,
Hg) ppm, Minor diastereoisomer observed 6 0.91 (3H, s, Hr) ppm.

BC NMR (100 MHz; CDCLs): Major diastereoisomer & 223.4 (Q, Cp), 159.1 (Q, Cc),
155.2 (CH, d, J = 2.0 Hz, Cx), 142.3 (Q, Cg), 135.6 (CH, C1aB), 133.9 (CH, Cr/aB), 133.3
(CH, Cyp), 121.7 (CH, d, J = 150.3 Hz, Cr), 119.3 (CH,, Cy/ac), 117.0 (CH,, Cuy/ac), 115.9
(CH, Cp), 114.7 (Q, C¢), 113.3 (CH, Cp), 64.7 (CH, d, J = 7.2 Hz, Cxyy), 63.9 (CH, d, J =
5.2 Hz, Cxyy), 55.5 (CHs, Cg), 53.1 (Q, Cq), 47.3 (CH, d, J = 18.3 Hz, Cy), 44.7 (CH, Cw),
41.9 (CH, Co), 40.7 (CHy), 34.8 (CH>), 34.3 (CH), 31.9 (CH»), 29.1 (CHs, Cvw), 28.9
(CH3, Cyw), 28.8 (CH,), 28.7 (CHy), 28.2 (CHy, d, J = 7.6 Hz, Cz), 24.3 (CHy), 24.2
(CH,), 18.6 (CH3, Cr) ppm.

P NMR (121 MHz; CDCl): Major diastereoisomer & 32.23 ppm, Minor
diastereoisomer 6 32.16 ppm.

ES'™S m/z (%): 639/641 (1:1, (M+Na', 100)), 617/619 (1:1, (M+H", 78)).

HRES'MS For C3;Hys05P”’BrN,Na caled 639.2327, found 639.2322.
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Data for (3.57):

This compound was isolated as an inseparable mixture of diastereoisomers in
approximately a 1:1 ratio.

Mw = 537.469 (C,sH33BrN,Os3P).

Rf=0.27 (EtOAc/MeOH 99:1).

IR (film): 2934 (m), 1737 (s), 1445 (m), 1242 (m), 1170 (s), 1008 (m) cm™".

"H NMR (400 MHz; CDCLs): 8 7.41 (1H, d, J = 8.7 Hz, Ha), 6.74 (1H, d, J = 3.0 Hz, Hp),
6.73 (1H, ddd, J = 20.1, 16.8, 9.5 Hz, Hx), 6.64 (1H, dd, J = 8.7, 3.0 Hz, Hp), 5.59 (1H,
dd, J = 20.5, 16.6 Hz, Hy), 3.79 (3H, s, Hg), 2.83-2.71 (2H, m), 2.58-2.46 (2H, m), 2.56
(3H, s, Hris), 2.53 (3H, d, J = 0.5 Hz, Hrss), 2.40-2.32 (2H, m), 2.19-1.80 (9H, m), 1.70-
1.51 (3H, m), 1.39-1.27 (3H, m), 1.12 (3H, d, J = 6.6 Hz, Hr) ppm.

BC NMR (100 MHz; CDCl3): § 220.3 (Q, Cp), 159.0 (Q, Cc), 155.0 (CH, Cx), 142.1 (Q,
Cg), 133.4 (CH, Cy), 121.8 (CH, d, J = 150.0 Hz, Cyp), 116.0 (CH, Cp), 114.7 (Q, Cp),
113.2 (CH, Cg), 64.8 (CH, d, J = 7.4 Hz, Cuv), 63.8 (CH, d, J = 5.3 Hz, Cyy), 55.5 (CHs,
Co), 49.2 (CH, d, J = 18.0 Hz, Cy), 48.4 (CH, Cwmyq), 47.8 (CH, Cwmyq), 37.0 (CHy), 34.7
(CH,), 33.0 (CH), 30.8 (CH»), 29.0 (CH3, d, J = 1.4 Hz, Cgr), 28.7 (CH3, d, J = 5.1 Hz,
Csr), 28.2 (CH,, d, J = 7.3 Hz, Cy), 24.9 (CH,), 24.3 (CH,), 24.2 (CH,), 14.8 (CHs, Cg)
ppm.

3'P NMR (121 MHz; CDCl): & 32.22 ppm.

ES™™S m/z (%): 539/537 (1:1, (M+H)", 100).

HRES ™S For Cy6H3005PN,”Br (M+H"): caled 537.1876, found 537.1880.
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9.3 Experimental data for Chapter 4

The silvl enol ether (4.18)

R |
o yf 24
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d
(3.1) (4.18)

To a cooled solution (-50 °C) of the ketone (3.1) (292 mg, 0.59 mmol, 1.0 equiv) in DCM
(5 mL) was added Et;N (247 uL, 1.8 mmol, 3.0 equiv) then TBDMS-OTTf (407 uL, 1.8
mmol, 3.0 equiv) dropwise. The reaction was stirred for 3 h at -50 °C and then sat. aq.
NaHCO; (5 mL) was added and the reaction was warmed to room temperature. The phases
were separated and the aqueous phase was extracted with DCM (3 x 10 mL). The
combined organic phases were dried over Na,SOy, filtered and concentrated in vacuo. The
crude product was purified by column chromatography (Hexane/Acetone 80:20) whereby
the silica was pre-neutralized by making the slurry in the said solvent system, containing

~1% of Et;N. This yielded (4.18) as a colourless oil (309 mg, 86%).

Mw = 607.630 (C,7Hs306PBrSi).

Rf = 0.42 (Hexane/Acetone 75:25).

IR (neat): 2959 (m), 2931 (m), 2855 (m), 1646 (m), 1616 (w), 1469 (w), 1389 (w), 1356
(W), 1252 (s), 1223 (s), 1138 (m) 1058 (s), 1025 (s), 963 (s), 868 (m), 840 (s) cm™.

"H NMR (400 MHz; CDCL): § 6.63 (1H, ddd, J = 21.8, 17.2, 9.5 Hz, Hp), 5.81 (s, 1H,
Hgr), 5.64 (1H, dd, J = 21.8, 17.2 Hz, Hc¢), 5.53 (1H, br s, Hg'), 4.78 (1H, t, J = 4.5 Hz,
Hy), 4.40 (1H, br s, Hy), 4.09-4.01 (4H, m , Hp), 3.92-3.76 (4H, m, H), 2.76 (1H, d, J =
15.2 Hz, Hp), 2.38-2.23 (5H, m), 1.91-1.84 (1H, m), 1.74-1.58 (2H, m), 1.49-1.41 (1H, m),
1.30 (6H, t, J = 7.1 Hz, Ha), 0.90 (9H, s, Hy), 0.87 (3H, Ho), 0.14 (3H, s, Hs), 0.10 (3H, s,
Hs) ppm.

BC NMR (100 MHz; CDCls): 8 157.9 (Q, Cw), 156.5 (d, J = 3.6 Hz, CH, Cp), 130.5 (Q,
Cq), 120.7 (CHy, Cgr), 118.4 (d, J = 186.6 Hz, CH, Cc¢), 104.3 (CH, Cy), 96.9 (CH, Cp),
64.8 (CH,, Cy), 64.7 (CH,, Cy), 61.6 (d, J = 5.6 Hz, CH,, Cg), 61.5 (d, J = 5.6 Hz, CH,,
Cg), 49.7 (Q, Cn), 46.9 (d, J = 20.7 Hz, CH, Cg), 45.8 (CH,, Cp), 43.2 (CH, Cy), 31.2
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(CHa, Cgi), 31.0 (CHz, Ckig), 26.1 (d, J = 2.1 Hz, CH,, Cr), 25.6 (CH3, 3 x Cy), 20.0
(CH3, Cop), 18.0 (Q, Cy), 16.4 (d, J = 6.3 Hz, 2 x CH3, C,), -4.8 (CH3, Cs), -5.5 (CH3, Cs)
ppm.

3P NMR (121 MHz; CDCls): & 18.30 ppm.

ES'MS m/z (%): 1249/1251/1253 (1:2:1, 2M+Na)", 29), 670/672 (1:1, (M+Na+MeCN)",
100), 629/631 (1:1, (M+Na)", 81).

HRES'MS: We have not obtained HRMS or elemental analysis of this compound, but
copies of the "H and *C NMR spectra are included in Appendix 1.

The C-ring cvclised silyl enol ether (4.19)

>\__ OTBDMS ey O*S‘i% "
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B )
o~ 'BuLi, THF e ?F?) ) ,L
@0 T~""14 _— (Et0); G

o>_/- 116°C —= +18°C [O:H JF

[o 95% g °

(4.18) (4.19)

A solution of the vinyl bromide (4.18) (301 mg, 0.50 mmol, 1.0 equiv) in THF (10 mL)
was cooled to -116 °C in an EtOH/liquid N, cold bath and treated with ‘BuLi (1.5 M in
pentanes) (727 uL, 1.1 mmol, 2.2 equiv). After the dropwise addition, the reaction was
stirred for 15 min, then the cold bath was removed and the reaction was allowed to warm
to room temperature over 1 h. Saturated aq. NaHCO; (10 mL) was added and the reaction
was extracted with EtOAc (3 x 10 mL). The combined organic phases were dried over
MgSQ,, filtered and concentrated in vacuo. The crude product was purified by column
chromatography (Hexane/EtOAc 1:1). This yielded (4.19) as a colourless oil (242 mg,

95%), as a single diastereoisomer.

Mw = 528.734 (C,7H4904PSi).

Rf = 0.22 (Hexane/EtOAc 1:1).

IR (film): 2956 (m), 2922 (m), 2855 (m), 1621 (m), 1460 (m), 1393 (w), 1346 (m), 1252
(s), 1228 (s), 1138 (m) 1058 (s), 1025 (s), 954 (s), 902 (m), 850 (s), 779 (m) cm™".

'"H NMR (400 MHz; CDCLy): 8 5.00 (1H, s, Hg), 4.93 (1H, s, Hg'), 4.85 (1H, t, J = 4.1 Hz,
Hy), 4.52 (1H,dd, J= 3.1, 1.4 Hz, Hy), 4.14-4.03 (4H, m, Hg), 4.00-3.80 (4H, m, H;), 2.54
(1H, d, J = 13.1 Hz, Hp), 2.23-1.90 (6H, m), 1.87-1.69 (2H, m), 1.65-1.49 (4H, m), 1.28
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(6H, t,J = 7.0 Hz, Ha), 0.90 (9H, s, Hy), 0.72 (3H, Ho), 0.16 (3H, s, Hs), 0.14 (3H, s, Hs')
ppm.

BC NMR (100 MHz; CDCls): 8 163.4 (Q, Cw), 147.3 (d, J = 1.3 Hz, Q, Cg), 111.7 (CH,,
Cr), 104.8 (CH, Cg), 99.2 (CH, Cy), 64.9 (CH,, Cy), 64.8 (CHa, Cr), 61.5 (d, J = 6.6 Hz,
CH,, Cg), 61.4 (d, J = 5.6 Hz, CHy, Cp’), 54.1 (d, J = 1.7 Hz, CH, Cp), 47.8 (Q, Cx), 46.9
(d, J = 20.7 Hz, CH, Cg), 42.1 (CH,, Cp), 42.1 (d, J = 4.9 Hz, CH, Cy), 39.9 (d, J = 12.9
Hz, CH, Cg), 29.0 (CH,, Cgi), 28.9 (CH,, Cgi), 25.6 (d, J = 141.2 Hz, CH,, C¢), 25.5
(CHs, 3 x Cy), 24.2(CH,, Cf), 22.4 (CH3, Co), 17.9 (Q, Cy), 16.4 (d, J = 6.2 Hz, CH3, 2 x
Ca), -4.6 (CH3, Cs), -5.1 (CH3, Cs') ppm.

3P NMR (121 MHz; CDCls): & 32.50 ppm.

ES"MS m/z (%): 551 ((M+Na)", 100), 529 (M+H)", 46).

HRES"MS For Cy7Hs5004PSi (M+H)": caled 529.3109, found 529.3118.

The C-ring cyclised ketone (4.24)
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A solution of the silyl enol ether (4.19) (259 mg, 0.49 mmol, 1.0 equiv) in THF (5 mL)
was treated with TBAF (1 M in THF, 489 uL, 1.3 equiv) and the mixture was stirred at
room temperature for 30 min. Saturated aq. NaHCO; (5 mL) was added and the reaction
was extracted with DCM (3 x 10 mL). The combined organic phases were dried over
MgSQ,, filtered and concentrated in vacuo. The crude product was purified by column
chromatography (Hexane/Acetone 60:40). This yielded (4.24) as a colourless oil (198 mg,

98%), as a single diastercoisomer.

Mw = 414.473 (C»1H3506P).

Rf = 0.42 (Hexane/Acetone 60:40).

IR (film): 2959 (w), 2887 (w), 1737 (s), 1643 (w), 1453 (w), 1406 (w), 1239 (m), 1138
(m), 1058 (s), 1023 (s), 947 (s), 902 (m), 729 (s) cm .
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"H NMR (400 MHz; CDCLy): 8 5.01 (1H, s, Hg), 4.91 (s, 1H, Hg'), 4.81 (1H, t, J = 4.3 Hz,
Hy),, 4.05-3.98 (4H, m, Hg), 3.93-3.78 (4H, m, Hy), 2.44-2.37 (1H, m, Hy), 2.35 (1H, d, J
= 13.0 Hz, Hp), 2.18-1.96 (6H, m), 1.74-1.44 (7H, m), 1.25 (3H, t, J = 7.1 Hz, Hy), 1.24
(BH, t,J= 7.1 Hz,Hx"), 0.74 (3H, Ho) ppm.

BC NMR (100 MHz; CDCls): 8 219.8 (Q, Cw), 145.2 (d, J = 1.3 Hz, Q, Cg), 112.6 (CH,,
Cr), 104.3 (CH, Cy), 64.9 (CHy, Cy), 64.8 (CH,, Cp), 61.4 (d, J = 6.6 Hz, CH,, Cg), 61.3
(d,J = 5.6 Hz, CH,, Cy+), 48.6 (d, J = 1.7 Hz, CH, Cp), 48.5 (Q, Cx), 42.9 (CH,, C»p), 40.7
(d, J = 4.6 Hz, CH, Cy), 40.6 (d, J = 13.6 Hz, CH, Cg), 35.8 (CHa, Cy), 28.2 (CHa, Cq),
24.8 (d, J = 142.0 Hz, CH,, Cc), 22.9 (CHa, Cr), 22.3 (CHa, Cai), 16.3 (d, J = 6.2 Hz,
CHs, 2 x Cp), 14.0 (CHs, Co) ppm.

3P NMR (121 MHz; CDCls): & 31.72 ppm.

ES'MS m/z (%): 851 (2M+Na)", 26), 437 (M+Na)", 100), 415 (M+H)", 28).
HRES"MS For CyH306P (M+H)": calcd 415.224, found 415.2243.

The C-ring cvclised aldehvde (4.25)

0 o o
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To a solution of the acetal (4.24) (180 mg, 0.43 mmol, 1.0 equiv) in MeCN (5 mL) and a
borate-HCl buffer (pH 8) (5 mL) was added CAN (16 mg, 0.03 mmol, 0.06 equiv) in one
portion and the mixture was heated at 60 °C for 18 h. The reaction was cooled to room
temperature, water (5 mL) and DCM (10 mL) were added and the phases were separated.
The aqueous phase was extracted with DCM (3 x 10 mL) and the combined organic
phases were dried over Na,SQy, filtered and evaporated in vacuo. The orange crude oil
was purified by column chromatography eluting (Hexane/Acetone 7:3) to afford (4.25) as
a light yellow oil (145 mg, 91%).

Mw = 370.420 (C;9H3,05P).

Rf = 0.45 (Hexane/Acetone 60:40).

IR (film): 2978 (w), 2936 (w), 2907 (w), 1736 (s), 1723 (s), 1642 (w), 1453 (w), 1391
(w), 1237 (m), 1162 (m), 1054 (s), 1023 (s), 956 (s), 897 (m), 795 (m) cm’".
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"H NMR (400 MHz; CDCls): 6 9.79 (1H, Hy), 5.03 (1H, s, Hy), 4.96 (s, 1H, Hy), 4.08-
3.99 (4H, m, Hg), 2.67-2.58 (1H, m), 2.48-2.37 (3H, m), 2.19-1.92 (6H, m), 1.89-1.84
(2H, m), 1.27 (3H, t,J = 7.1 Hz, Hy), 1.26 (3H, t, J = 7.1 Hz, Hy"), 0.76 (3H, Ho) ppm.
BC NMR (100 MHz; CDCls): §219.3 (Q, Cr), 201.5 (CH, Cy), 144.8 (d, J = 1.4 Hz, Q,
Cp), 112.9 (CH,, Cg), 61.6 (d, J = 6.6 Hz, CH,, Cg), 61.5 (d, J = 5.6 Hz, CH,, Cy’), 48.6
(d,J = 1.7 Hz, CH, Cp), 48.5 (Q, Cn), 42.8 (CH,, Co), 40.4 (d, J = 9.7 Hz, CH, Cg), 40.3
(CH, Cy), 38.7 (CH,, Cx), 35.8 (CH,, Cg), 24.9 (d, J = 142.3 Hz, CH,, Cc), 22.5 (CH,,
Cri), 21.1 (CHy, Cry), 164 (d, J = 6.1 Hz, CHz, Ca), 16.3 (d, J = 6.1 Hz, CHs, Ca’), 14.0
(CHs, Cn) ppm.

3P NMR (121 MHz; CDCls): & 31.69 ppm.

ES'MS m/z (%): 763 (2M+Na)", 21), 393 (M+Na)", 100), 371 (M+H)", 70).
HRESMS For CjoH;;OsPNa (M+Na): caled 393.1801, found 393.1800.

The C-ring cvclised carboxvlic acid (4.26)
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To a stirred and cooled (0 °C) solution of the aldehyde (4.25) (93 mg, 0.25 mmol, 1.0
equiv) in 2-methyl-2-propanol (‘BuOH) (2 mL) and acetonitrile (1.50 mL) was added 2-
methyl-2-butene (309 pL, 3.0 mmol, 12.0 equiv). Sodium chlorite (165 mg, 1.5 mmol, 6.0
equiv) and sodium dihydrogen phosphate (175 mg, 1.5 mmol, 6.0 equiv) were combined
and dissolved in HO (3 mL) and then added dropwise to the cooled aldehyde solution.
The reaction was stirred for 30 min before the addition of 5% (w/w) aq. sodium
metabisulfate solution (2.5 mL). The pH was adjusted (pH 6) before extraction of the
crude mixture with DCM (3 x 15 mL). The combined organic phases were dried over
MgSOQ,, filtered and evaporated in vacuo. The crude product was purified by column
chromatography (DCM/MeOH 95:5) to afford (4.26) (92 mg, 95%) as a colourless oil.
Recrystallization in Et,O afforded (4.26) as fine white crystals (m.p. = 143-145 °C).

Mw = 386.419 (C19H3106P).

Rf=0.38 (DCM/MeOH 95:5).
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IR (film): 3446 (br w), 2978 (W), 2936 (W), 2907 (w), 1736 (s), 1642 (w), 1453 (w), 1391
(w), 1237 (m), 1162 (m), 1054 (s), 1023 (s), 956 (s), 897 (m), 795 (m) cm’".

"H NMR (400 MHz; CDCls): & 6.40 (1H, br hump, OH), 5.00 (1H, s, Hg), 4.98 (s, 1H,
Hg), 4.15-4.03 (4H, m, Hg), 2.66 (1H, d, J = 13.5 Hz, Ho), 2.53-2.38 (2H, m), 2.32-1.83
(9H, m), 1.73-1.57 (3H, m), 1.31 (3H, t, J = 7.1 Hz, Hx), 1.29 3H, t, J = 7.1 Hz, Hp'),
0.74 (3H, Hy) ppm.

BC NMR (100 MHz; CDCl): § 218.2 (Q, Cy), 176.2 (Q, Cy), 145.0 (d, J = 2.9 Hz, Q,
Cp), 112.2 (CH,, Cg), 62.2 (d, J = 6.9 Hz, CHa, Cg), 62.1 (d, J = 6.9 Hz, CH,, Cp), 48.7
(d, J = 1.8 Hz, CH, Cg), 48.4 (Q, Cwm), 42.9 (CHa, Co), 41.6 (d, J = 9.8 Hz, CH, Cp), 40.3
(CH, C)), 38.7 (CH,, Cx), 36.4 (CHy, Cg), 24.9 (d, J = 142.6 Hz, CH,, C¢), 22.8 (CH,,
Crn), 21.6 (CHa, Cry), 16.3 (d, J = 6.1 Hz, CHs, Ca), 16.2 (d, J = 6.1 Hz, CHs, Cx'), 14.0
(CHs;, Cy) ppm.

3P NMR (121 MHz; CDCls): & 32.29 ppm.

ES*MS m/z (%): 795 (2M+Na)", 36), 409 (M+Na)*, 70), 387 (M+H)", 100).

HRES MS For C9H3,04P (M+H)": caled 387.1931, found 387.1934.

X-ray: X-ray data available in Appendix IL

The aldehvde (4.27)
Q
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B CAN (4 mol%), MeCN P AL
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To a solution of the acetal (3.1) (1.03 g, 2.03 mmol, 1.0 equiv) in MeCN (10 mL) and a
borate-HCl buffer (pH 8) (10 mL) was added CAN (44 mg, 0.08 mmol, 0.04 equiv) in one
portion and the mixture was heated at 60 °C for 18 h. The reaction was cooled to room
temperature, water (20 mL) and DCM (20 mL) were added and the phases were separated.
The aqueous phase was extracted with DCM (3 x 20 mL) and the combined organic
phases were dried over Na,SQy, filtered and evaporated in vacuo. The orange crude oil
was purified by column chromatography eluting (Hexane/EtOAc 1:9) to afford (4.27) as a
light yellow oil (875 mg, 93%).

Mw = 449.327 (C19H3005PBI‘).
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Rf = 0.24 (Hexane/EtOAc 1:4).

IR (neat): 2988 (m), 2935 (m), 2902 (m), 1730 (s), 1621 (m), 1446 (w), 1389 (m), 1243
(s), 1162 (m), 1049 (s), 1020 (s), 964 (s), 845 (m) cm’".

"H NMR (400 MHz; CDCL): 8 9.75 (1H, s, Hy), 6.56 (1H, ddd, J = 21.7, 17.2, 10.0 Hz,
Hp), 5.97 (1H, t, J = 1.7 Hz, Hg), 5.66 (1H, dd, J = 20.5, 17.3 Hz, Hc), 5.55 (1H, br s,
Hy), 4.16-4.04 (4H, m, Hg), 3.06 (1H, d, J = 14.8 Hz, Ho), 2.48 (1H, d, J = 14.8 Hz, Hp),
2.53-2.20 (7H, m, Hc+H+H;+Hk), 2.19-2.07 (1H, m, Hg), 1.56-1.43 (2H, m, Hg), 1.33
(6H, t,J = 7.1 Hz, Hp), 0.86 (3H, s, Hy) ppm.

BC NMR (100 MHz; CDCls): § 221.1 (Q, Cr), 201.1 (CH, Cr), 154.3 (d, J = 3.9 Hz, CH,
Cp), 129.8 (Q, Cp), 122.5 (CH,, Cyq), 119.9 (d, J = 187.5 Hz, CH, C¢), 61.8 (d, J = 8.6 Hz,
CH,, Cg), 61.7 (d, J = 8.6 Hz, CH,, Cp-), 51.7 (Q, Cm), 47.0 (CHa, Co), 46.7 (d, J = 21.0
Hz, CH, Cg), 43.8 (CH, Cy), 40.9 (CH,, Cx), 36.8 (CH,, Cg), 23.9 (CH,, Cy), 23.8 (d, J =
2.1 Hz, CH,, Cy), 18.7 (CHs, Cx), 16.4 (d, J = 6.0 Hz, CH3, 2 x CA) ppm.

3P NMR (121 MHz; CDCl3): & 17.41 ppm.

ES'MS m/z (%): 901/899/897 (1:2:1, 2M+H)", 18), 449/451 (1:1, (M+H)", 100).
HRES"MS For C9H3,0sPBr (M+H)": calcd 449,1087, found 449.1094.

The aldehvyde (4.28)
o)
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To a solution of the acetal (3.2) (760 mg, 1.50 mmol, 1.0 equiv) in MeCN (15 mL) and a
borate-HCl buffer (pH 8) (10 mL) was added CAN (50 mg, 0.09 mmol, 0.06 equiv) in one
portion and the mixture was heated at 60 °C for 18 h. The reaction was cooled to room
temperature, water (20 mL) and DCM (20 mL) were added and the phases were separated.
The aqueous phase was extracted with DCM (3 x 20 mL) and the combined organic
phases were dried over Na,SQy, filtered and evaporated in vacuo. The orange crude oil
was purified by column chromatography eluting (Hexane/Acetone 60:40) to afford (4.28)
as a light yellow oil (669 mg, 95%).
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Mw = 463.354 (C0H3,05PBr).

Rf = 0.38 (Hexane/Acetone 60:40).

IR (neat): 3465 (br, w), 2988 (m), 2935 (m), 2902 (m), 1730 (s), 1621 (m), 1446 (w),
1389 (m), 1243 (s), 1162 (m), 1096 (s), 1020 (s), 964 (s), 845 (m) cm".

"H NMR (400 MHz; CDCL): 8 9.78 (1H, s, Hy), 6.57 (1H, ddd, J = 21.7, 17.2, 10.0 Hz,
Hp), 6.01 (1H, t, J = 1.7 Hz, Hg), 5.69 (1H, dd, J = 20.6, 17.2 Hz, H¢), 5.57 (1H, br s,
Hy'), 4.16-4.04 (4H, m, Hg), 3.15 (1H, d, J = 14.8 Hz, Hp), 2.48 (1H, d, J = 14.8 Hz, Hp),
2.54-2.25 (7H, m), 2.16 (1H, m), 1.75-1.57 (2H, m), 1.55-1.45 (1H, m), 1.45 (2H, q, J =
7.3 Hz, Hy), 1.34 (6H, t, J = 7.1 Hz, Hy), 0.81 (3H, s, Ho) ppm.

BC NMR (100 MHz; CDCl3): § 220.0 (Q, Cr), 201.3 (CH, Cy), 154.6 (d, J = 3.9 Hz, CH,
Cp), 130.4 (Q, Cq), 122.7 (CHy, Cr), 119.8 (d,J = 187.4 Hz, CH, C¢), 61.9 (d, J = 5.9 Hz,
CH,, C), 61.8 (d, J = 5.9 Hz, CH,, Cp’), 54.1 (Q, Cn), 46.1 (d, J = 21.0 Hz, CH, Cg), 45.3
(CH,, Cp), 44.2 (CH, Cy), 40.9 (CH,), 36.9 (CH,), 25.4 (CH,, Cy), 24.1 (CH,), 23.9 (d, J =
2.0 Hz, CH,, Cr), 16.5 (d, J = 6.1 Hz, CHs, Ca), 16.4 (d, J = 6.1 Hz, CHs, Ca’), 8.4 (CHj,
Co) ppm.

3P NMR (121 MHz; CDCls): & 17.46 ppm.

ES'MS m/z (%): 947/949/951 (1:2:1, 2M+H)", 14), 485/487 (1:1 (M+Na)", 25), 463/465
(1:1, (M+H)", 100).

HRES MS For CyH3,05PBr (M+Na)": caled 485.1063, found 485.1073.

The carboxvlic acid (4.29)
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To a stirred and cooled (0 °C) solution of the aldehyde (4.27) (341 mg, 0.76 mmol, 1.0
equiv) in 2-methyl-2-propanol (‘BuOH) (5.83 mL) and acetonitrile (3.50 mL) was added
2-methyl-2-butene (965 uL, 9.11 mmol, 12.0 equiv). Sodium chlorite (515 mg, 4.55
mmol, 6.0 equiv) and sodium dihydrogen phosphate (546 mg, 4.55 mmol, 6.0 equiv) were
combined and dissolved in H,O (9.3 mL) and then added dropwise to the cooled aldehyde
solution. The reaction was stirred for 30 min before the addition of 5% (w/w) aq. sodium
metabisulfate solution (7.43 mL). The pH was adjusted (pH 6) before extraction of the
crude mixture with DCM (3 x 15 mL). The combined organic phases were dried over
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MgSQs,, filtered and evaporated in vacuo. The crude product was purified by column
chromatography (DCM/MeOH 95:5) to afford (4.29) (348 mg, 95%) as a colourless oil.
Recrystallization in Et,O afforded (4.29) as fine white crystals (m.p. = 165-167 °C).

Mw = 465.327 (C19H30O6PBr).

Rf = 0.24 (DCM/MeOH 97:3).

IR (film): 3423 (br, w), 2983 (W), 2931 (w), 2903 (W), 1734 (s), 1621 (w), 1399 (w), 1370
(W), 1214 (m), 1191 (m), 1162 (m), 1049 (s), 1030 (s), 968 (s), 850 (w) cm".

"H NMR (400 MHz; CDCL): & 7.87 (1H, br hump, OH), 6.59 (1H, ddd, J = 27.2, 17.2,
10.0 Hz, Hp), 5.90 (1H, br s, Ho), 5.71 (1H, dd, J = 21.1, 17.2 Hz, He), 5.53 (1H, br s,
Hg), 4.16-4.04 (4H, m, Hg), 3.05 (1H, d, J = 14.9 Hz, Ho), 2.47 (1H, d, J = 14.8 Hz, Hp),
2.43-2.04 (8H, m), 1.60-1.42 (2H, m), 1.33 (6H, t,J = 7.1 Hz, Hy), 0.85 (3H, s, Hx) ppm.
BC NMR (100 MHz; CDCly): & 221.3 (Q, Cy), 176.4 (Q, Cy), 154.8 (d, J = 4.0 Hz, CH,
Cp), 129.8 (Q, Cp), 122.4 (CH,, Cq), 119.2 (d, J = 188.0 Hz, CH, Cc¢), 62.1 (d, J = 5.9 Hz,
CH,, Cg), 62.0 (d, J = 8.6 Hz, CHy, Cp’), 51.7 (Q, Cn), 47.0 (CHa, Co), 46.9 (d, J = 21.4
Hz, CH, Cg), 43.6 (CH, C)), 36.8 (CH,), 31.0 (CH,), 26.5 (d, J = 2.0 Hz, CHy, C), 23.9
(CH,), 19.0 (CH3, Cy), 16.3 (d, J = 6.2 Hz, CHj, 2 x C) ppm.

3P NMR (121 MHz; CDCls): & 17.88 ppm.

ES'MS m/z (%): 933/931/929 (1:2:1, 2M+H)", 23), 467/465 (1:1, (M+H)", 100).
HRES™MS: For C9H30sP”Br (M+Na): calcd 487.0861, found 487.0875.

X-ray: X-ray data available in Appendix IL

The carboxyvlic acid (4.30)
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To a stirred and cooled (0 °C) solution of the aldehyde (4.28) (344 mg, 0.76 mmol, 1.0
equiv) in 2-methyl-2-propanol (‘BuOH) (5.83 mL) and acetonitrile (3.50 mL) was added
2-methyl-2-butene (965 uL, 9.11 mmol, 12.0 equiv). Sodium chlorite (515 mg, 4.55
mmol, 6.0 equiv) and sodium dihydrogen phosphate (546 mg, 4.55 mmol, 6.0 equiv) were
combined and dissolved in H,O (9.3 mL) and then added dropwise to the cooled aldehyde
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solution. The reaction was stirred for 30 min before the addition of 5% (w/w) aq. sodium
metabisulfate solution (7.43 mL). The pH was adjusted (pH 6) before extraction of the
crude mixture with DCM (3 x 15 mL). The combined organic phases were dried over
MgSQ,, filtered and evaporated in vacuo. The crude product was purified by column

chromatography (DCM/MeOH 95:5) to afford (4.30) (362 mg, 95%) as a colourless oil.

Mw = 479.354 (C20H3,06PBr).
Rf = 0.28 (DCM/MeOH 95:5).

IR (film): 3385 (br, w), 2983 (m), 2940 (w), 2883 (w), 1730 (s), 1626 (w), 1550 (w), 1446
(W), 1370 (w), 1233 (m), 1157 (m), 1049 (s), 1025 (s), 968 (m) cm’".

"H NMR (400 MHz; CDCls): & 8.50 (1H, br hump, OH), 6.59 (1H, ddd, J = 21.9, 17.2,
10.0 Hz, Hp), 5.92 (1H, t, J = 1.6 Hz, Hg), 5.71 (1H, dd, J = 21.0, 17.2 Hz, Hc), 5.54 (1H,
br s, Hy'), 4.17-4.05 (4H, m, Hg), 3.13 (1H, d, J = 14.7 Hz, Hp), 2.42-2.05 (9H, m), 1.63-
1.49 (2H, m), 1.44 (2H, q, J = 7.3 Hz, Hx), 1.33 (6H, t, J= 7.1 Hz, Hy), 0.80 GH, t, J =
7.3 Hz, Ho) ppm.

BC NMR (100 MHz; CDCls): & 220.2 (Q, Cv), 176.3 (Q, Cn), 155.1 (d, J = 4.0 Hz, CH,
Cp), 130.4 (Q, Cq), 122.5 (CHy, Cr), 119.2 (d, J = 188.0 Hz, CH, C¢), 62.1 (d,J = 5.9 Hz,
CH,, Cg), 62.0 (d, J = 5.9 Hz, CH,, Cp’), 54.1 (Q, Cn), 46.3 (d, J = 21.1 Hz, CH, Cg), 45.3
(CHa, Cp), 44.0 (CH, Cy), 36.9 (CHy), 31.0 (CHy), 26.6 (d, J = 1.9 Hz, CH,, Cy), 25.4
(CHa, Cx), 24.0 (CHa), 16.4 (d, J = 6.2 Hz, CHs, Ca), 16.3 (d, J = 6.2 Hz, CHs, Ca'), 8.3
(CHs, Co) ppm.

3P NMR (121 MHz; CDCls): & 18.02 ppm.

ES'MS m/z (%): 481/479 (1:1, (M+H)", 100).

HRES™S For Cy0H3,06P”Br (M+H)": caled 479.1193, found 479.1197.

The methyl ester (4.31)
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To a solution of the aldehyde (4.27) (200 mg, 0.45 mmol, 1.0 equiv) in dry MeOH (2 mL)

was added Oxone® (274 mg, 0.47 mmol, 1.05 equiv) in one portion. The mixture was
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stirred at room temperature for 18 h, then DCM (5 ml) was added. The reaction was
filtered through celite and the solvent was evaporated in vacuo. The resulting crude oil
was purified by column chromatography eluting (Hexane/EtOAc 30:70) to afford (4.31) as
a light yellow oil (88 mg, 41%) along with 21% of recovered (4.27).

Mw = 479.342 (C20H3,06PBr).
Rf=0.61 (Hexane/EtOAc 20:80).

IR (neat): 3465 (br, w), 2988 (m), 2935 (m), 2902 (m), 1730 (s), 1621 (m), 1446 (w),
1389 (m), 1243 (s), 1162 (m), 1096 (s), 1020 (s), 964 (s), 845 (m) cm".

"H NMR (400 MHz; CDCLy): 8 6.56 (1H, ddd, J = 21.7, 17.2, 10.0 Hz, Hp), 5.98 (1H, t, J
= 1.5 Hz, Hg), 5.66 (1H, dd, J = 20.6, 17.2 Hz, Hc), 5.54 (1H, br s, Hy"), 4.13-4.04 (4H,
m, Hg), 3.66 (3H, s, Hy), 3.06 (1H, d, J = 14.8 Hz, Hp), 2.48 (1H, d, J = 14.8 Hz, Hp),
2.42-2.06 (8H, m), 1.56-1.44 (2H, m), 1.32 (6H, t,J = 7.1 Hz, Hy,), 0.85 (3H, s, Ho) ppm.
BC NMR (100 MHz; CDCL): & 221.1 (Q, Cn), 173.3 (Q, Cr), 154.4 (d, J = 3.9 Hz, CH,
Cp), 129.8 (Q, Cq), 122.5 (CH,, Cr), 118.8 (d,J = 187.5 Hz, CH, C¢), 61.8 (d, J = 8.6 Hz,
CH,, Cg), 61.7 (d, J = 8.6 Hz, CHy, Cp’), 51.7 (Q, Cx), 51.6 (CHs, Cy), 47.1 (CH,, Cp),
46.8 (d, J = 21.0 Hz, CH, Cg), 43.7 (CH, Cy), 36.8 (CH,), 31.0 (CH,), 26.6 (d, J = 1.2 Hz,
CH,, Cy), 23.9 (CHy), 18.7 (CHs, Co), 16.4 (d, J = 6.0 Hz, 2 x CHs, C,) ppm.

3P NMR (121 MHz; CDCls): & 18.32 ppm.

ES'MS m/z (%) : 961/959/957 (1:2:1, @2M+H)", 18), 479/481 (1:1, (M+H)", 100).
HRES"™MS For C50H3,04P"BrNa (M+Na)": caled 501.1012, found 501.1011.

The methyvl ester (4.32)
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To a solution of the acid (4.29) (471 mg, 0.98 mmol, 1.0 equiv) in DMF (5 mL) was added
K,CO; (677 mg, 495 mmol, 5.0 equiv). The mixture was stirred 15 min at room
temperature before the dropwise addition of Mel (175 uL, 2.94 mmol, 3.0 equiv). The
reaction mixture was stirred for a further 2 h at room temperature, filtered through celite,

washed with DCM (50 mL) and concentrated in vacuo. The crude oil was partitioned
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between water/DCM (30 mL) and the aqueous phase was extracted with DCM (3 x 20
mL). The combined organic phases were dried over Na,SOy, filtered and concentrated in
vacuo. The crude product was purified by column chromatography (Hexane/Acetone

70:30) to afford (4.32) (393 mg, 81%) as a light yellow oil.

Mw = 493.369 (C21H3406PBr).
Rf = 0.28 (Hexane/Acetone 60:40).

IR (neat): 2979 (br w), 2906 (w), 1733 (s), 1624 (m), 1437 (w), 1388 (m), 1242 (s), 1163
(m), 1051 (s), 1023 (s), 960 (s), 845 (m) cm’".

"H NMR (400 MHz; CDCL): 8 6.52 (1H, ddd, J = 21.7, 17.2, 10.0 Hz, Hp), 5.95 (1H, t, J
= 1.5 Hz, Hs), 5.63 (1H, dd, J = 20.6, 17.3 Hz, Hc), 5.54 (1H, br s, Hs"), 4.07-3.99 (4H, m,
Hg), 3.61 (3H, s, Hy), 3.08 (1H, d, J = 14.8 Hz, Hy), 2.37-2.04 (9H, m), 1.55-1.42 (2H, m),
1.39 (2H, q, J = 7.5 Hz, Ho), 1.27 (6H, t, J = 7.1 Hz, Hy), 0.74 (3H, s, Hp) ppm.

BC NMR (100 MHz; CDCls): § 219.9 (Q, Cwm), 173.3 (Q, Cn), 154.6 (d, J = 4.0 Hz, CH,
Cp), 130.4 (Q, Cr), 122.6 (CH,, Cs), 120.6 (d, J = 186.7 Hz, CH, C¢), 61.8 (d, J = 8.6 Hz,
CH,, Cg), 61.7 (d, J = 8.6 Hz, CH,, Cp’), 54.1 (Q, Cx), 51.6 (CHs, Cy), 46.2 (d, J = 21.0
Hz, CH, Cg), 45.3 (CHa, Cq), 44.1 (CH, Cy), 36.9 (CH,), 31.0 (CH,), 26.7 (d, J = 1.2 Hz,
CH,, Cp), 25.4 (CH,, Co), 24.1 (CHy), 16.4 (d, J = 6.0 Hz, CHs, 2 x C,), 8.30 (CHs, Cp)
ppm.

3P NMR (121 MHz; CDCls): & 17.50 ppm.

ES'MS m/z (%): 1009/1011 (2:1, 2M+Na)", 20), 515/517 (1:1, (M+Na)", 24), 493/495
(1:1, (M+H)", 100).

HRES ™S For C,H3406P"BrNa (M+Na)": caled 515.1169, found 515.1163.

The silyl enol ether (4.33)
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To a cooled solution (-50 °C) of the ketone (4.31) (1.18 mg, 2.5 mmol, 1.0 equiv) in
DCM (10 mL) was added Et;N (1.02 mL, 7.5 mmol, 3.0 equiv) and TBDMS-OTTf (1.69
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mL, 7.5 mmol, 3.0 equiv). The reaction was stirred for 2 h at -50 °C and then sat.aq.
NaHCO; (10 mL) was added and the reaction was warmed to room temperature. The
phases were separated and the aqueous phase was extracted with DCM (3 x 20 mL). The
combined organic phases were dried over Na,SOy, filtered and concentrated in vacuo. The
crude product was purified by column chromatography (Hexane/Acetone 80:20) whereby
the silica was pre-neutralized by making the slurry in the said solvent system, containing

~1% of Et;N. This yielded (4.33) as a colourless oil (1.18 mg, 91%).

Mw = 593.603 (CasHis04PSiBr).

Rf=0.41 (Hexane/Acetone 70:30).

IR (film): 2961 (m), 2926 (m), 2855 (m), 1734 (s), 1621 (m), 1460 (m), 1393 (w), 1346
(m), 1255 (s), 1229 (s), 1138 (m) 1056 (s), 1025 (s), 954 (s), 902 (m), 851 (s) cm".

"H NMR (400 MHz; CDCly): 8 6.62 (1H, ddd, J = 21.7, 17.2, 10.0 Hz, Hp), 5.81 (1H, br
s, Hr), 5.65 (1H, dd, J = 20.6, 17.2 Hz, Hc), 5.55 (1H, br s, Hy), 4.42 (1H, br s, Hy), 4.11-
4.04 (4H, m, Hg), 3.64 (3H, s, Hy), 2.79 (1H, d, J = 14.8 Hz, Hp), 2.27 (1H, d, J = 14.8 Hz,
Hp), 2.40-2.21 (4H, m), 2.19-2.11 (1H, m), 2.02-1.87 (2H, m), 1.49-1.38 (1H, m), 1.32
(6H, t, J = 7.1 Hz, Ha), 0.91 (9H, s, Hy), 0.87 (3H, s, Hy), 0.15 (3H, s, Hs), 0.12 3H, s,
Hs) ppm.

BC NMR (100 MHz; CDCls): 8 173.6 (Q, Cy), 157.8 (Q, Cn), 155.5 (d, J = 3.3 Hz, CH,
Cp), 130.5 (Q, Cq), 122.7 (CH,, Cr), 119.1 (d, J = 186.8 Hz, CH, Cc), 97.0 (CH, Cy), 61.7
(d, J = 5.7 Hz, CHa, Cg), 61.6 (d, J = 5.7 Hz, CH,, Cp’), 51.6 (CHj, Cy), 49.8 (Q, Cy), 46.6
(d, J = 20.7 Hz, CH, Cg), 45.9 (CH,, Cp), 43.2 (CH, Cy), 31.2 (2 x CH,, Cg + Cx), 27.0
(CH,, Cy), 25.6 (CH3, 3 x Cy), 20.0 (CH3, Co), 18.0 (Q, Cr), 16.4 (d, J = 2.5 Hz, CHs, 2 x
Ca), -4.7 (CH;, Cs), -5.5 (CHs, Cg) ppm.

3P NMR (121 MHz; CDCls): & 18.32 ppm.

ES*MS m/z (%): 593/595 (1:1, (M+H)", 100), 616/618 (1:1, (M+Na)", 24), 1188/1190
(1:1, 2M+H)", 8).

HRES ™S For Cy6Hi04PSi”’BrNa (M+Na): caled 615.1877, found 615.1885.
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The silyl enol ether (4.1)
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To a cooled solution (-50 °C) of the ketone (4.32) (1.58 g, 3.21 mmol, 1.0 equiv) in DCM
(5 mL) was added Et;N (1.34 mL, 9.63 mmol, 3.0 equiv) then, dropwisely over 2 min,
TBDMS-OTf (2.21 mL, 9.63 mmol, 3.0 equiv) was added. The reaction was stirred for 2 h
at -50/-40 °C and then sat. aq. NaHCO; (10 mL) was added and the reaction was warmed
to room temperature. The phases were separated and the aqueous phase was extracted with
DCM (5 x 20 mL). The combined organic phases were dried over Na;SQy, filtered and
concentrated in vacuo. The crude product was purified by column chromatography
(Hexane/Acetone 80:20) whereby the silica was pre-neutralized by making the slurry in
the said solvent system, containing ~1% of Et;N. This yielded (4.1) as a colourless oil

(1.59 g, 82%).

Mw = 607.630 (C27H4306PSiBr).

Rf = 0.42 (Hexane/Acetone 70:30).

IR (film): 2956 (m), 2922 (m), 2855 (m), 1733 (s), 1621 (m), 1460 (m), 1393 (w), 1346
(m), 1252 (s), 1228 (s), 1138 (m) 1058 (s), 1025 (s), 954 (s), 850 (s), 779 (m) cm’".

"H NMR (400 MHz; CDCly): 8 6.62 (1H, ddd, J = 21.7, 17.2, 9.4 Hz, Hp), 5.83 (1H, br's,
Hs), 5.65 (1H, dd, J = 21.2, 17.2 Hz, Hc), 5.56 (1H, br s, Hs’), 4.56 (1H, br s, Hyr), 4.11-
4.04 (4H, m, Hg), 3.64 (3H, s, Hy), 2.82 (1H, d, J = 15.2 Hz, Hy), 2.20 (1H, d, J = 15.2
Hz, Hy), 2.40-2.12 (6H, m), 2.01-1.85 (2H, m), 1.53-1.16 (2H, m, Ho), 1.32 (6H, t, J =
7.0 Hz, Ha), 0.91 (9H, s, Hy), 0.81 (3H, t, J = 7.5 Hz, Hp), 0.18 (3H, s, Hr), 0.17 (3H, s,
Hr) ppm.

BC NMR (100 MHz; CDCl3): 8 173.6 (Q, Cn), 156.0 (d, J = 3.5 Hz, CH, Cp), 155.2 (Q,
Cwm), 131.0 (Q, Cr), 120.9 (CH,, Cs), 119.1 (d, J = 186.7 Hz, CH, C¢), 98.4 (CH, Cp), 61.7
(d,J=5.7 Hz, CH,, Cg), 61.6 (d, J = 5.7 Hz, CHy, Cp), 53.0 (Q, Cx), 51.5 (CH3, Cy), 46.2
(d, J = 20.7 Hz, CH, Cg), 45.7 (CHz, Cyp), 43.1 (CH, Cy), 32.5 (CH»), 31.2 (CH,), 28.0
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(CHa, Co), 27.2 (CHa, Cp), 25.6 (CHs, 3 x Cy), 17.9 (Q, Cu), 16.4 (d, J = 2.7 Hz, CH3, 2 x
Ca), 9.4 (CHs, Cp), -4.7 (CHs, Cy), -5.5 (CHs, Cr) ppm.

3P NMR (121 MHz; CDCls): & 17.90 ppm.

ES'MS m/z (%): 607/609 (1:1, (M+H)", 100), 629/631 (1:1, (M+Na)", 34).

HRES™S For Cy7H4904PSi”Br (M+H): caled 607.2214, found 607.2226.

The acetal (4.34)
Br
N OH NG
” HO o \i/
(EtO)7 5 P . @431)
J\/ “HCOMe)s (E10) : 18%
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'\O)*J'\/ 44%

In a dry 5 mL pear shape flask were combined the ketone (4.31) (127 mg, 0.23 mmol, 1.0
equiv), ethylene glycol (64 pL, 1.14 mmol, 5.0 equiv), trimethyl orthoformate (125 uL,
1.14 mmol, 5.0 equiv) and pTSA (1.3 mg, 0.007 mmol, 0.03 equiv). The reagents were
stirred for 28 h, then EtOAc (10 mL) was added and the solution was washed with sat. aq.
NaHCO; (5 mL), dried over MgSOy, filtered and evaporated in vacuo. The crude product
was purified by column chromatography (Hexane/Acetone 60:40) to afford (4.34) (54 mg,
44%) as a light yellow oil and (4.31) (23 mg, 18%).

Mw = 523.395 (CyH340,PBr).
Rf = 0.36 (Hexane/Acetone 70:30).

IR (film): 3248 (br, m), 2969 (w), 1734 (s), 1621 (w), 1432 (w), 1366 (w), 1233 (m), 1162
(m), 1053 (s), 1020 (s) cm™.

"H NMR (400 MHz; CDCls): 8 6.46 (1H, ddd, J = 27.2, 17.1, 10.0 Hz, Hp), 5.62 (1H, dd,
J =206, 17.1 Hz, He), 5.51 (1H, br s, Hg), 5.42 (1H, br s, Hg'), 4.12-4.00 (4H, m, Hg),
3.98-3.75 (4H, m, Hs), 3.64 (3H, s, Hy), 2.75 (1H, d, J = 14.4 Hz, Hp), 2.52 (1H, d, J =
14.4 Hz, Hp), 2.31-2.09 (3H, m), 2.01-1.83 (3H, m), 1.72-1.65 (2H, m), 1.52-1.32 (2H,
m), 1.31 (6H, t, J = 7.1 Hz, Hy), 1.16 (3H, s, Hg) ppm.

BC NMR (100 MHz; CDCLy): 8 173.5 (Q, Cy), 155.7 (d, J = 3.8 Hz, CH, Cp), 130.6 (Q,
Cq), 119.9 (CH, Cg), 119.0 (Q, Cw), 118.6 (d, J = 186.0 Hz, CH, Cc), 63.7 (CHa, Cs), 63.2
(CH,, Cs), 61.7 (d, J = 5.6 Hz, CH,, Cg), 61.6 (d, J = 5.6 Hz, CH,, Cg), 51.5 (CH,, C)),
49.1 (CH, Cy), 49.0 (Q, Cx), 46.8 (CH,, Cp), 46.8 (d, J = 20.8 Hz, CH, Cg), 31.1 (CH,),
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31.0 (CH), 26.6 (d, J = 2.1 Hz, CHy, Cr), 24.0 (CH), 16.4 (CHs, Co), 16.4 (d, J = 6.0 Hz,
2 x CHs, Cp) ppm.

3P NMR (121 MHz; CDCls): & 17.88 ppm.

ES'MS m/z (%): 545/547 (1:1, (M+Na)", 31), 523/525 (1:1, (M+H)", 100).

HRES"™MS For C5,H307P"BrNa (M+Na)": calcd 545.1274, found 545.1280.

The B-keto phosphonate (4.35a) and the B-keto phosphonate (4.35B) and the

monocyclised ketone (4.36) and the monocyclised ester (4.38)
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A solution of the vinyl bromide (4.33) (1.14 g, 1.92 mmol, 1.0 equiv) in THF (10 mL) was
cooled to -116 °C in an EtOH/liquid N, cold bath and treated with ‘BuLi (1.5 M in
pentanes) (3.07 mL, 5.89 mmol, 2.4 equiv). After the quick addition (over 20 seconds), the

reaction was stirred for 15 min, then the cold bath was removed and the reaction was
allowed to warm to room temperature over 1 h. Saturated aq. NaHCO; (10 mL) was added
and H,O (20 mL) and the reaction was extracted with DCM (3 x 30 mL). The combined
organic phases were dried over Na,SO,, filtered and concentrated in vacuo. The crude
product was purified by column chromatography (Hexane/EtOAc 70:30) using pre-
neutralised silica gel. This yielded (4.35a) (424 mg, 46%), (4.353) (45 mg, 5%), (4.36)
(140 mg, 13%) and (4.38) (109 mg, 11%) as light yellow oils.

Data for (4.35a)
Mw = 482.665 (C25H4305PSi).
Rf = 0.36 (Hexane/EtOAc 60:40).
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IR (film): 2958 (m), 2854 (m), 1721 (m), 1625 (m), 1472 (w), 1334 (w), 1251 (s), 1236
(s), 1161 (w), 1054 (s), 1025 (s), 963 (m), 840 (s), 784 (m) cm’".

"H NMR (400 MHz; CDCLy): & 4.93 (1H, s, Hy), 4.85 (1H, s, Ho'), 4.46 (1H, dd, J = 3.0,
1.4 Hz, Hy), 4.13-4.02 (4H, m, Hg), 3.43 (1H, ddd, J = 26.1, 8.6, 1.9 Hz, Hc), 2.86 (1H,
ddd, J = 17.3, 9.7, 2.6 Hz, Hg), 2.75-2.65 (1H, m, Hp), 2.41-2.25 (2H, m, He+Ho), 2.17-
1.69 (6H, m, Ho+2Hp+Hy+ Hp+Hy), 1.39-1.30 (1H, m, Hg), 1.31 (3H, t, J = 6.6 Hz, Hy),
1.29 3H, t, J = 6.6 Hz, Hy’), 0.93 (9H, s, Hy), 0.73 (3H, s, Hy), 0.17 (3H, s, Hg), 0.15
(3H, s, Hg’) ppm.

BC NMR (100 MHz; CDCL): §207.2 (d, J = 4.7 Hz, Q, Cy), 163.5 (Q, Cp), 145.4 (Q,
Cp), 110.8 (CH,, Co), 98.4 (CH, Cx), 62.8 (d, J = 7.3 Hz, CH,, Cg), 62.7 (d, J = 7.3 Hz,
CH,, Cp), 54.0 (CH, C)), 51.8 (d, J = 123.1 Hz, CH, C¢), 47.2 (d, J = 4.0 Hz, CH, Cg),
45.5 (Q, Cw), 452 (CH,, Co), 37.9 (d, J = 9.2 Hz, CH, Cp), 37.5 (CH,, Cg), 28.1 (2 x
CH,, Cy), 25.8 (CH,, Cp), 25.7 (3 x CHs, Cy), 18.1 (Q, Cs), 16.3 (d, J = 6.1 Hz, CHy, Cy),
16.3 (d, J = 6.2 Hz, CHy, Ca’), 15.6 (CH3, Cy), -4.7 (CH3, Cr), -5.00 (CH3, Cr+) ppm.

3P NMR (121 MHz; CDCls): § 23.14 ppm.

ES'MS m/z (%): 988 (2M+Na)", 22), 483 (M+H)", 100).

HRESMS For C,5Hy,05PSi (M+H)": caled 483.2690, found 483.2684.

Data for (4.358)

Mw = 482.665 (CasHy305PSi).

Rf = 0.48 (Hexane/EtOAc 60:40).

IR (film): 2956 (m), 2931 (m), 2857 (m), 1717 (m), 1621 (m), 1472 (w), 1334 (w), 1252

(s), 1232 (s), 1161 (w), 1051 (s), 1025 (s), 963 (m), 840 (s), 784 (m) cm’".

"H NMR (400 MHz; CDCL): & 5.03 (1H, t, J = 1.6 Hz, Ho), 4.93 (1H, J = 1.6 Hz, Hy),

4.44 (1H, dd, J = 3.0, 1.4 Hz, H), 4.18-4.01 (4H, m, Hg), 3.56 (1H, ddd, J = 20.0, 4.0,

1.8 Hz, Hc), 2.85 (1H, dt, J = 14.0, 6.9 Hz, Hg), 2.61 (1H, dq, J = 11.4, 3.5 Hz, Hy), 2.33

(1H, m, Hg"), 2.26 (1H, m, Ho), 2.24-1.91 (4H, m), 1.85 (1H, m, Hg), 1.39 (1H, m, Hg),

1.28 (6H, t, J = 6.6 Hz, Hy), 1.27 (1H, m, Hy), 0.95 (9H, s, Hy), 0.93 (3H, s, Hy), 0.17

(3H, s, Hg), 0.15 (3H, s, Hgr’) ppm.

BC NMR (100 MHz; CDCls): & 205.6 (Q, Cn), 163.3 (Q, Cp), 144.9 (d, J = 2.2 Hz, Q,

Cp), 111.7 (CH,, Co), 98.3 (CH, Cx), 62.6 (d, J = 7.0 Hz, CH,, Cg), 61.9 (d, J = 7.0 Hz,

CH,, Cp), 54.3 (d, J = 127.2 Hz, CH, C¢), 53.8 (CH, Cy), 50.8 (d, J = 4.5 Hz, CH, Cp),

452 (Q, Cyy), 44.7 (CH,, Co), 40.2 (CH,, Cg), 34.2 (d, J = 1.2 Hz, CH, Cg), 31.2 (CH,,
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Cy), 28.3 (CHa, C¥), 25.6 (3 x CH;s, Cr), 18.0 (Q, Cs), 16.3 (d, J = 5.7 Hz, CH3, Ca), 16.2
(d,J = 5.7 Hz, CHs, Cx’), 15.9 (CHs, Cy), -4.7 (CH3, Cg), -5.00 (CH3, Cg) ppm.

3P NMR (121 MHz; CDCls): § 23.05 ppm.

ES'MS m/z (%): 988 ((2M+Na)", 33), 483 (M+H)", 100).

HRES"MS For CsH4,05PSi (M+H)": caled 483.2690, found 483.2699.

Data for (4.36)
Mw = 540.787 (C29H5305PSi).

Rf = 0.40 (Hexane/EtOAc 60:40).

IR (film): 2956 (w), 2931 (w), 1704 (m), 1621 (m), 1249 (s), 1229 (s), 1054 (s), 1026 (s),
951 (s), 836 (s) cm™.

'"H NMR (400 MHz; CDCLy): & 5.04 (1H, s, Hs), 4.93 (1H, s, Hy), 4.45 (1H, m, Hy),
4.17-4.00 (4H, m, Hp), 2.67-2.43 (2H, m), 2.28 (1H, d, J = 12.8 Hz, Hg), 2.25-2.01 (5H,
m), 1.96-1.60 (4H, m), 1.43 (1H, m), 1.31 3H, t,J = 7.1 Hz, Ha), 1.30 GH, t,J = 7.1 Hz,
Hy), 1.16 (9H, s, Hy), 0.94 (9H, s, Hy), 0.74 (3H, s, Hp), 0.17 (3H, s, Hr), 0.15 (3H, s, Hr)
ppm.

BC NMR (100 MHz; CDCly): § 215.9 (Q, Cy), 163.6 (Q, Cx), 147.1 (Q, Cg), 112.1 (CH,,
Cs), 98.2 (CH, Cn), 61.4 (d, J = 6.4 Hz, 2 x CHa, Cg), 52.7 (CH, Cx), 45.33 (Q, Co), 45.30
(CH, Cx), 44.2 (Q, C1), 41.4 (d, J = 4.5 Hz, CH, Cg), 40.0 (d, J = 13.2 Hz, CH, Cp), 31.5
(CH), 29.3 (CHy), 26.4 (3 x CHs, Cy), 25.6 (3 x CH;, Cy), 24.5 (CHy), 25.1 (d, J = 141.0
Hz, CH,, Cc), 18.0 (Q, Cr), 16.4 (d, J = 6.0 Hz, 2 x CHs, C,), 15.3 (CH3, Cp), -4.7 (CH3,
Cr), -5.1 (CH;3, Cp) ppm.

P NMR (121 MHz; CDCL): & 32.79 ppm.

ES"MS m/z (%): 563 ((M+Na)", 100), 540 (M+H)", 64).

HRESMS For CHs305PSiNa (M+Na): caled 563.3298, found 563.3300.

Data for (4.38)

Mw = 514.707 (C26H4706PSi).

Rf = 0.18 (Hexane/EtOAc 1:1).

IR (film): 2978 (w), 2936 (w), 2907 (w), 1736 (s), 1642 (w), 1453 (w), 1391 (w), 1237
(m), 1162 (m), 1054 (s), 1023 (s), 956 (s), 897 (m), 795 (m) cm”",

"H NMR (400 MHz; CDCLs): & 5.03 (1H, s, Hg), 4.94 (1H, s, Hr’), 4.45 (1H, dd, J = 2.9,
1.3 Hz, Hp), 4.12-4.05 (4H, m, Hg), 3.68 (3H, s, Hj), 2.51-2.43 (1H, m), 2.34-2.07 (7H,

189



m), 1.94-1.67 (4H, m), 1.43-1.42 (1H, m), 1.30 (6H, t, J = 7.0 Hz, Ha), 0.94 (9H, Hy),
0.74 (3H, Ho), 0.17 (3H, Hg), 0.15 (3H, Hs’) ppm.

BC NMR (100 MHz; CDCly): § 174.6 (Q, Cy), 164.0 (Q, Cw), 147.5 (d, J = 1.3 Hz, Q,
Cq), 112.7 (CH,, Cr), 99.2 (CH, Cv), 62.0 (d, J = 6.6 Hz, CH,, Cg), 61.9 (d, J = 6.6 Hz,
CH,, Cy'), 52.9 (d, J = 1.7 Hz, CH, Cp), 51.9 (CH3, Cy), 45.8 (CHa), 45.7 (Q, Cn), 41.6 (d,
J = 4.7 Hz, CH, Cj), 40.5 (CH, d, J = 12.6 Hz, Cg), 30.1 (CHy, Cgx), 29.6 (CHy, Cg),
25.9 (d, J = 141.8 Hz, CHa, Cc), 26.1 (CHs, 3 x Cy), 25.9 (CH,, Cg), 18.5 (CH3, Co), 16.8
(d,J= 6.2 Hz, CHs, 2 x C4), 17.9 (Q, Cy), -4.6 (CH3, Cs), -5.1 (CH3, Cs’) ppm.

3P NMR (121 MHz; CDCls): & 31.64 ppm.

ES'MS m/z (%): 515 (M+H)", 100).

HRES MS For CaHys06PSi (M+H)": caled 515.2952, found 515.2945.

The (-keto phosphonate (4.2a) and the 3-keto phosphonate (4.2f3) and the

monocyclised ketone (4.37) and the monocyvclised ester (4.39)
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A solution of the vinyl bromide (4.1) (994 mg, 1.64 mmol, 1.0 equiv) in THF (8 mL) was
cooled to -116 °C in an EtOH/liquid N, cold bath and treated with ‘BuLi (1.5 M in
pentanes) (2.31 mL, 3.94 mmol, 2.4 equiv). After the quick addition (over 10 seconds), the
reaction was stirred for 15 min, then the cold bath was removed and the reaction was
allowed to warm to room temperature over 1 h. Saturated aq. NaHCO3 (10 mL) was added
and H>O (20 mL) and the reaction was extracted with DCM (3 x 50 mL). The combined
organic phases were dried over Na,SO,, filtered and concentrated in vacuo. The crude
product was purified by column chromatography (Hexane/EtOAc 70:30) using pre-
neutralized silica gel. This afforded (4.2a) as a colourless oil (306 mg, 39%), (4.2pB) as a
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colourless oil (54 mg, 11%), (4.37) as a colourless oil (177 mg, 15%) and (4.39) as a
colourless oil (90 mg, 10%).

Data for (4.20)

Mw = 496.692 (C26Ha505PSi).

Rf = 0.36 (Hexane/EtOAc 1:1).

IR (neat): 2956 (m), 2931 (m), 2854 (m), 1706 (m), 1617 (m), 1462 (w), 1352 (w), 1243
(s), 1229 (s), 1053 (s), 1024 (s), 960 (s), 841 (s), 783 (m) cm™".

"H NMR (400 MHz; CDCly): & 4.94 (1H, s, Hg), 4.82 (1H, s, Hy’), 4.52 (1H, d, J = 1.8
Hz, Hy), 4.25-3.98 (4H, m, Hg), 3.41 (1H, ddd, J = 25.9, 8.7, 1.7 Hz, H¢), 2.85 (1H, ddd, J
=172, 9.8, 2.5 Hz, Hg), 2.69 (1H, m, Hp), 2.59 (1H, d, J = 13.0 Hz, Hp), 2.12-1.66 (6H,
m), 1.47-1.35 (1H, m, Hg), 1.30 3H, t, J = 7.0 Hz, Ha), 1.29 3H, t, J = 7.0 Hz, Hy),
1.26-1.14 (2H, m, Hy), 0.92 (9H, s, Hy), 0.83 (3H, t, J = 7.4 Hz, Ho), 0.16 (3H, s, Hy),
0.15 (3H, s, Hs") ppm.

BC NMR (100 MHz; CDCls): §207.3 (d, J = 5.1 Hz, Q, Cy), 163.3 (Q, Cy), 145.2 (Q,
Co), 110.5 (CHz, Cr), 99.0 (CH, Ck), 62.8 (d, J = 6.1 Hz, CH,, Cg), 62.7 (d, J = 6.1 Hz,
CH,, Cw’), 55.5 (CH, Cy), 51.8 (d, J = 123.0 Hz, CH, C¢), 48.1 (Q, Cw), 47.0 (d, J = 4.1
Hz, CH, Cp), 41.8 (CHz, Cp), 37.6 (d, J = 9.4 Hz, CH, Cg), 37.4 (CHa, Cq), 27.9 (CH,, Cy),
25.8 (CH,, Cgf), 25.6 (3 x CH3, Cy), 22.6 (CH,, Cy), 17.9 (Q, Cy), 163 (d, J = 6.1 Hz,
CHs, Ca), 16.2 (d, J = 6.1 Hz, CH3, Cy), 8.3 (CH3, Cop), -4.6 (CH3, Cs), -5.1 (CH3, Cs’)

ppm.
3P NMR (121 MHz; CDCls): & 22.66 ppm.

ES'MS m/z (%): 1016 (2M+Na)", 100), 497 (M+H)", 44).
HRES MS For CaHy605PSi (M+H)": caled 497.2847, found 497.2833.

Data for (4.23)
Mw = 496.692 (CycH4505PSi).

Rf = 0.48 (Hexane/EtOAc 1:1).

IR (neat): 2956 (m), 2931 (m), 2857 (m), 1717 (m), 1619 (m), 1472 (w), 1334 (w), 1252

(s), 1232 (s), 1161 (w), 1051 (s), 1025 (s), 963 (m), 840 (s), 784 (m) cm .

"H NMR (400 MHz; CDCls): & 5.03 (1H, s, Hg), 4.93 (1H, s, Hg"), 4.52 (1H, t, J = 2.1 Hz,

Hk), 4.16-4.01 (4H, m, Hp), 3.56 (1H, ddd, J = 20.0, 4.0, 1.8 Hz, Hc), 2.87 (1H, td, J =

14.0, 6.9 Hz), 2.66 (1H, qd, J = 11.4, 3.5 Hz), 2.61 (1H, d, J = 13.8 Hz, Hp), 2.46 (1H, m),
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2.26-1.98 (3H, m), 1.93 (1H, d, J = 13.6 Hz, Hp), 1.67-1.52 (2H, m), 1.44-1.05 (3H, m),
1.31 3H, t,J = 7.1 Hz, Hy), 1.31 (3H, t, J = 7.1 Hz, Hx’), 0.93 (9H, s, Hy), 0.90 (3H, t, J
= 7.5 Hz, Hp), 0.18 (3H, s, Hg), 0.15 (3H, s, Hs") ppm.

BC NMR (100 MHz; CDCls): & 205.8 (Q, Cr), 163.0 (Q, Cp), 144.7 (d, J = 2.1 Hz, Q,
Cq), 111.6 (CHa, Cr), 98.9 (CH, Ck), 62.6 (d,J = 7.1 Hz, CHa, Cg), 62.0 (d, J = 7.1 Hz,
CH,, Cp), 55.4 (CH, Cy), 54.3 (d, J = 127.1 Hz, CH, C¢), 50.8 (d, J = 4.1 Hz, CH, Cp),
47.8 (Q, Cw), 41.7 (CH,, Cp), 40.2 (CH, Cg), 34.1 (CH,, Cg), 31.4 (CH,, Cy), 28.2 (CHa,
Cr), 25.6 (3 x CH3, Cy), 22.9 (CH,, Cy), 17.9 (Q, Cy), 16.2 (d, J = 6.2 Hz, CH3, Ca), 16.2
(d, J = 6.1 Hz, CHs, Cy), 8.5 (CHs, Co), -4.6 (CHs, Cs), -5.1 (CHs, Cs’) ppm.

3P NMR (121 MHz; CDCls): & 22.56 ppm.

ES'MS: m/z (%): 1016 ((2M+Na)", 32), 519 (M+Na)", 100), 497 (M+H)", 12).
HRES"MS For CysHys05PSi (M+H)": calcd 497.2847, found 497.2844.

Data for (4.37)

Mw = 554.814 (C30Hss06PSi).

Rf = 0.40 (Hexane/EtOAc 1:1).

IR (neat): 2957 (m), 2931 (m), 2858 (w), 1704 (m), 1620 (m), 1462 (w), 1391 (w), 1352
(m), 1230 (s), 1161 (w), 1055 (s), 1026 (s), 960 (s), 841 (s), 763 (s) cm™".

"H NMR (400 MHz; CDCly): § 5.00 (1H, s, Hr), 4.91 (1H, s, Hr), 4.50 (1H, t, J = 2.2 Hz,
Hyp), 4.12-4.00 (4H, m, Hg), 2.67-2.39 (3H, m), 2.23-2.08 (3H, m), 2.01-1.89 (3H, m),
1.86-1.73 (2H, m), 1.60 (1H, ddd, J = 14.9, 10.7, 5.4 Hz), 1.45 (1H, m), 1.28 (3H, t, J =
7.1 Hz, Hy), 1.27 (3H, t, J = 7.1 Hz, Hy’), 1.34-1.15 (2H, m, Hp), 1.12 (9H, s, Hy), 0.91
(9H, s, Hy), 0.82 (3H, t, J = 7.4 Hz, Hp), 0.15 (3H, s, Hy), 0.14 (3H, s, Hy*) ppm.

BC NMR (100 MHz; CDCl3): § 215.9 (Q, Cr), 163.4 (Q, Cx), 147.0 (Q, Cs), 111.9 (CH,,
Cr), 98.9 (CH, Cy), 61.42 (d, J = 6.5 Hz, CH,, C), 61.41 (d, J = 6.4 Hz, CH,, Cg), 54.4
(CH, Cx), 47.9 (Q, Cy), 44.2 (CH,, Cy), 42.1 (Q, Co), 41.3 (d, J = 4.5 Hz, CH, Cg), 39.9
(d, J = 13.2 Hz, CH, Cp), 31.9 (CHy, Cg), 29.2 (CHa, Cy), 26.4 (CHa, CF), 25.6 (3 x CH,
C), 24.8 (3 x CH3, Cw), 25.3 (d, J = 140.9 Hz, CH,, Cc), 22.4 (CHy, Cp), 17.9 (Q, Cy),
16.4 (d, J = 6.1 Hz, 2 x CH,, Cy), 8.3 (CHs, Cg), -4.6 (CH3,Cy), -5.1 (CH3, Cy») ppm.

3P NMR (121 MHz; CDCls): & 32.92 ppm.

ES'MS m/z (%): 1132 (2M+Na)", 15), 577 (M+Na)", 100), 555 (M+H)', 82).
HRES"MS For C30Hss04PSi (M+H)": caled 555.3629, found 555.3628.
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Data for (4.39)
Mw = 528.734 (C27H4906PSi).

Rf = 0.18 (Hexane/EtOAc 1:1).

IR (neat): 2978 (w), 2931 (W), 2907 (w), 1737 (s), 1619 (w), 1462 (w), 1437 (w), 1390
(W), 1229 (s), 1164 (m), 1054 (s), 1026 (s), 959 (s), 839 (s), 782 (s) cm™.

"H NMR (400 MHz; CDCly): § 5.00 (1H, s, Hs), 4.93 (1H, s, Hs), 4.50 (1H, s, Hy), 4.18-
3.99 (4H, m, Hg), 3.65 (3H, s, Hy), 2.53 (1H, d, J = 13.1 Hz, Hy), 2.44 (1H, ddd, J = 15.8,
10.6, 5.2 Hz), 2.26 (1H, ddd, J = 15.9, 11.2, 6.0 Hz), 2.21-1.67 (9H, m, Hy + 8H), 1.48
(1H, td, J = 16.1, 8.3 Hz), 1.29 (6H, t, J = 7.0 Hz, Hy), 1.36-1.14 (2H, m, Ho), 0.91 (9H, s,
Hy), 0.83 (3H, t,J = 7.4 Hz, Hp), 0.15 (3H, s, Hr), 0.13 (3H, s, Hr") ppm.

BC NMR (100 MHz; CDCL): § 174.2 (Q, Cr), 163.3 (Q, Cn), 146.9 (Q, Cr), 112.0 (CH,,
Cs), 99.0 (CH, Cyp), 61.5 (d, J = 6.6 Hz, CH,, Cg), 61.5 (d, J = 6.5 Hz, CHy, Cg), 54.2
(CH, Cp), 51.5 (CHs, Cy), 47.8 (Q, Cx), 42.0 (CH,, Cq), 40.9 (d, J = 4.7 Hz, CH, C)), 39.9
(d, J = 12.7 Hz, CH, Cg), 29.8 (CHa, Cgx), 29.0 (CHa, Cgi), 25.6 (CHa, Cr), 25.6 (3 x
CH;, Cv), 25.5 (d, J = 141.4 Hz, CHy, Cc), 22.5 (CHy, Co), 17.9 (Q, Cy), 16.4 (d, J = 6.1
Hz, 2 x CHa, C,), 8.3 (CHs, Cp), -4.6 (CH3, Cr), -5.1 (CH3, Cr) ppm.

3P NMR (121 MHz; CDCls): & 32.46 ppm.

ES'MS m/z (%): 1080 (2M+Na)", 12), 551 ((M+Na)", 100), 529 ((M+H)", 50).

HRES MS For C,7Hs5004PSi (M+H)": caled 529.3114, found 529.3111.

The [p-keto phosphonate (4.400) and the monocyclised ketone (4.42) and the

monocyclised ester (4.41)
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A solution of the vinyl bromide (4.33) (350 mg, 0.59 mmol, 1.0 equiv) in THF (10 mL)
was cooled to -116 °C in an EtOH/liquid N, cold bath and treated with ‘Butyllithium (1.5

M in pentanes) (965 pL, 1.1 mmol, 2.2 equiv). After the dropwise addition, the reaction
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was stirred for 15 min, then the cold bath was removed and the reaction was allowed to
warm to room temperature over 1 h. Saturated aq. NaHCO; (10 mL) was added and the
reaction was extracted with DCM (3 x 10 mL). The combined organic phases were dried
over Na,SO,, filtered and concentrated in vacuo. The crude mixture was dissolved in THF
(5 mL) and treated with HCI 2M (5 mL) and the mixture was stirred for 30 min at room
temperature. Water was added (10 mL) and the mixture was extracted with DCM (3 x 20
mL), filtered and concentrated in vacuo. The crude product was purified by column
chromatography (Hexane/Acetone 60:40). This yielded (4.40a) as a colourless oil (89 mg,
41%) as a single diastereoisomer , (4.42) as a colourless oil (40 mg, 18%) and (4.41) as a
colourless oil (14 mg, 6%). Recrystallization of (4.40a) in (DCM/Hexane 1:3) afforded

fine colourless needles.

Data for (4.400)

Mw = 368.404 (C19H9O5P).

Rf = 0.38 (Hexane/Acetone 60:40).

IR (film): 2978 (w), 2936 (w), 2907 (w), 1736 (s), 1707 (s), 1644 (w), 1453 (w), 1391
(W), 1242 (m), 1163 (w), 1049 (s), 1018 (s), 959 (s), 852 (m), 784 (m) cm’.

"H NMR (400 MHz; CDCls): § 4.96 (1H, t, J = 1.7 Hz, Hy), 4.87 (1H, s, Hy'), 4.13-4.02
(4H, m, Hp), 3.38 (1H, ddd, J = 26.4, 8.4, 1.9 Hz, Hc), 2.85 (1H, ddd, J = 17.4, 9.5, 2.8
Hz, Hg), 2.75-2.60 (1H, m, Hp), 2.51-2.29 (3H, m, He+Hg+Ho), 2.20-1.74 (5H, m,
Hi+Ho+2Hp+H)), 1.68-1.47 (2H, m, Hp+Hy), 1.39-1.29 (1H, m, Hg), 1.28 3H, t, J = 6.6
Hz, Hy), 1.24 (3H, t, J = 6.6 Hz, Ha'), 0.78 (3H, Hyx) ppm.

BC NMR (100 MHz; CDCl): 8 218.9 (Q, Cy), 206.4 (d, J = 5.2 Hz, Q, Cy), 143.5 (d, J =
1.8 Hz, Q, Cp), 111.3 (CH,, Cq), 62.9 (d, J = 7.0 Hz, CH,, Cg), 62.7 (d, J = 7.0 Hz, CH,,
Cp), 50.3 (d, J = 123.9 Hz, CH, Cc), 50.5 (CH, Cy), 48.8 (Q, Cwm), 46.4 (d, J = 4.0 Hz, CH,
Cp), 42.8 (CHa, Co), 38.8 (d, J = 9.2 Hz, CH, Cg), 37.4 (CHa, Cg), 35.8 (CH,, Cx), 25.3
(CH,, Cy), 21.6 (CHy, Cy), 162 (d, J = 6.1 Hz, 2 x CHs, Cy), 14.2 (CH;, Cy) ppm.

3P NMR (121 MHz; CDCls): 8 22.67 ppm.

ES*MS m/z (%): 759 (2M+Na)', 42), 369 (M+H)", 100).

HRES 'MS: not necessary, X-ray obtained instead.
X-ray: X-ray data available in Appendix IL
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Data for (4.41)

Mw = 400.446 (CoH3;04P).

Rf = 0.22 (Hexane/Acetone 60:40).

IR (film): 2978 (w), 2936 (W), 2907 (W), 1736 (s), 1723 (s), 1642 (w), 1453 (w), 1391
(w), 1237 (m), 1162 (m), 1054 (s), 1023 (s), 956 (s), 897 (m), 795 (m) cm".

"H NMR (400 MHz; CDCl): & 5.05 (1H, s, Hr), 4.97 (1H, s, Hr’), 4.10-4.03 (4H, m,
Hg), 3.67 (3H, s, Hy), 2.50-2.39 (3H, m), 2.32-2.24 (1H, m), 2.18-1.99 (6H, m), 1.92-1.87
(2H, m), 1.68-1.46 (3H, m), 1.29 (6H, t,J = 7.0 Hz, H,), 0.78 (3H, Ho), ppm.

BC NMR (100 MHz; CDCL): §219.5 (Q, Cw), 173.8 (Q, Cn), 144.9 (d, J = 1.4 Hz, Q,
Cq), 112.9 (CH,, Cr), 61.6 (d, J = 6.5 Hz, CH,, Cg), 61.5 (d, J = 6.5 Hz, CH,, Cp’), 51.6
(CH3, Cy), 48.9 (d, J = 1.7 Hz, CH, Cy), 48.6 (Q, Cx), 42.9 (CH,, Cp), 40.7 (d, J = 8.7 Hz,
CH, Cp), 40.6 (CH, Cg), 35.9 (CH,, Cxu), 29.2 (CHy, Crig), 24.9 (d, J = 142.3 Hz, CH,,
Cc), 24.6 (CHy, C/g), 22.6 (CHa, Cxar), 16.4 (d, J = 6.1 Hz, 2 x CHs, Ca), 14.1 (CHs, Co)
ppm.

3P NMR (121 MHz; CDCls): & 31.64 ppm.

ES'MS m/z (%): 823 (2M+Na)", 33), 423 ((M+Na)", 75), 401 (M+H)", 70).

HRES MS For Cy0H3406P (M+H)": caled 401.2093, found 401.2100.

Data for (4.42)
Mw = 426.527 (C23H3905P).

Rf=0.41 (Hexane/Acetone 60:40).

IR (film): 2965 (m), 2905 (w), 1737 (s), 1703 (m), 1239 (m), 1052 (s), 1024 (s), 956 (s),
730 (m) cm™.

"H NMR (400 MHz; CDCLy): & 5.04 (1H, s, Hs), 4.95 (1H, s, Hs'), 4.09-3.99 (4H, m, Hg),
2.68-2.58 (1H, m, Hg), 2.50-2.34 (3H, m, HutHqotHe), 2.26-2.01 (5H, m,
Hc+He+Hw+HptHg), 1.96 (1H, m), 1.89-1.70 (2H, m), 1.69-1.53 (2H, m, contains Hg),
1.52-1.41 (1H, m, Hg), 1.27 3H, t, J = 7.1 Hz, Ha), 1.26 (3H, t, J = 7.1 Hz, Ha"), 1.13
(9H, s, Hy), 0.76 (3H, s, Hp) ppm.

BC NMR (100 MHz; CDCls): § 219.9 (Q, Cx), 215.8 (Q, Cr), 145.3 (Q, Cr), 112.9 (CH,,
Cs), 61.8 (d, J = 6.5 Hz, CH,, Cp), 61.8 (d, J = 6.4 Hz, CH», Cg), 49.1 (Q, Co), 48.8 (CH,
Ck), 44.5 (Q, Cy), 43.2 (CH,, Cq), 41.1 (d, J = 4.2 Hz, CH, Cg), 40.9 (d, J = 13.8 Hz, CH,
Cb), 36.1 (CHa, Cw), 31.2 (CHa, Cg), 26.6 (3 x CH3, Cy), 24.9 (d, J = 142.0 Hz, CH,, Co),
23.9 (CHa, Cpp), 22.9 (CHy, Cgpr), 16.6 (d, J = 6.0 Hz, 2 x CH,, Ca), 14.3 (CHs, Cp) ppm.
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3P NMR (121 MHz; CDCls): & 32.05 ppm.
ES'MS m/z (%): 875 (2M+Na)", 32), 427 ((M+H)", 100).
HRES "MS For Cp;H;005sPNa (M+Na)+: calcd 449.2427, found 449.2418.

The B-keto phosphonate (4.4003)

T

(Et0);”
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(4.400) 62% (4.40p), 33%

The silyl enol (4.35a) (119 mg, 0.25 mmol, 1.0 equiv) was dissolved in THF (5 mL) and
treated with TBAF (1 M in THF, 0.50 mL, 0.50 mmol, 2.0 equiv) and the mixture was
stirred for 1 h at room temperature. Water was added (5 mL) and the reaction was
extracted with DCM (3 x 10 mL), dried over MgSO,, filtered and concentrated in vacuo.
The crude product was purified by column chromatography (Hexane/Acetone 60:40). This
yielded (4.400) as a colourless oil (57 mg, 62%) and (4.40B) as a colourless oil (30 mg,
33%).

Data for (4.400)

Mw = 368.404 (C9H290sP).

Rf = 0.56 (Hexane/Acetone 60:40).

IR (film): 2970 (w), 2936 (w), 1733 (s), 1706 (s), 1644 (w), 1445 (w), 1391 (w), 1242
(m), 1049 (s), 1019 (s), 955 (s) cm’".

"H NMR (400 MHz; CDCly): 8 5.11 (1H, t,J = 2.2 Hz, Hg), 5.02 (1H, t, J = 2.2 Hz, Hy),
4.24-4.02 (4H, m, Hp), 3.58 (1H, ddd, J = 19.9, 4.1, 2.0 Hz, Hc), 2.88 (1H, dt, J = 14.0,
6.9 Hz, Hg), 2.73 (1H, dq, J = 11.2, 3.6 Hz, Hg), 2.56-2.47 (3H, m, Hs-+HotHk), 2.33-
2.02 (5H, m, Ho+Hx+Hp+tHgt+Hj), 1.69 (1H, tt, J = 12.4, 9.1 Hz, Hy), 1.41 (1H, m, Hy),
1.33 BH, t, J = 7.0 Hz, Ha), 1.32 (3H, t, J = 7.0 Hz, Ha"), 1.31 (1H, m, Hg») 0.99 (3H, s,

Hy) ppm.

BC NMR (100 MHz; CDCls): 8 219.9 (Q, Cy), 204.8 (Q, Cy), 143.2 (d, J = 2.3 Hz, Q,
Cp), 112.8 (CHa, Cq), 62.8 (d, J = 7.1 Hz, CHa, Cg), 62.2 (d, J = 7.3 Hz, CHa, Cp), 54.1
(d,J=127.1 Hz, CH, Cc), 50.5 (CH, C), 499 (d, J = 4.7 Hz, CH, Cp), 48.3 (Q, Cwm), 42.3
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(CHa, Co), 40.0 (CHa, Cg), 36.0 (CHa, Ck), 35.3 (CH, Ck), 30.8 (CHa, Cr), 22.0 (CH,, Cy),
16.2 (d, J = 6.6 Hz, CH3, C,), 16.2 (d, J = 7.4 Hz, CH;, C,), 14.5 (CH3, Cy) ppm.

3P NMR (121 MHz; CDCls): 8 22.66 ppm.

ES'MS m/z (%): 759 (2M+Na)", 100), 391 (M+Na)™ 17), 369 (M+H)", 14).
HRES"MS For C19H300sP (M+H)": caled 369.1825, found 369.1828.

The B-keto phosphonate (4.430) and the B-keto phosphonate (4.433)

The silyl enol (4.2a) (123 mg, 0.25 mmol, 1.0 equiv) was dissolved in THF (5 mL) and
treated with TBAF (1 M in THF, 0.50 mL, 0.50 mmol, 2.0 equiv) and the mixture was
stirred for 1 h at room temperature. Water was added (5 mL) and the reaction was
extracted with DCM (3 x 10 mL), dried over MgSOs, filtered and concentrated in vacuo.
The crude product was purified by column chromatography (Hexane/Acetone 60:40). This
yielded (4.43a) as a colourless oil (58 mg, 66%) and (4.43B) as a colourless oil (25 mg,
30%) which was recrystallized in (DCM/Hexane 1:3) to afford fine colourless needles.
Data for (4.430)

Mw = 382.431 (CyHj3,05P).

Rf = 0.46 (Hexane/Acetone 60:40).

IR (neat): 2970 (w), 2936 (w), 1733 (s), 1706 (s), 1644 (w), 1445 (w), 1391 (w), 1242
(m), 1049 (s), 1019 (s), 955 (s) cm™.

"H NMR (400 MHz; CDCls): § 4.99 (1H, s, Hg), 4.87 (1H, s, Hg'), 4.15-4.02 (4H, m, Hg),
3.39 (1H, ddd, J = 26.2, 8.5, 1.8 Hz, Hc), 2.87 (1H, ddd, J = 17.3, 9.8, 2.8 Hz, Hg), 2.70
(1H, d, J = 13.5 Hz, Hp), 2.76-2.60 (1H, m, Hp), 2.49-2.31 (2H, m), 2.14 (1H, ddd, J =
10.1, 8.7, 5.6 Hz), 1.98 (2H, ddd, J = 9.5, 6.4, 3.5 Hz), 1.92 (1H, d, J = 13.9 Hz, Hp),
1.87-1.73 (1H, m), 1.73-1.57 (2H, m), 1.28 (6H, dd, J = 14.8, 7.2 Hz, Ha), 1.48-1.21 (3H,
m, Hg + Hx), 0.73 (3H, t, J = 7.4 Hz, Ho) ppm.

BC NMR (100 MHz; CDCls): §217.6 (Q, C1), 206.6 (d,J = 5.2 Hz, Q, Cy), 143.5 (d,J =
1.4 Hz, Q, Cg), 111.0 (CHa, Cr), 62.9 (d, J = 7.0 Hz, CHa, Cg), 62.8 (d, J = 6.9 Hz, CH,,

Cg), 52.0 (Q, Cn), 51.3 (CH, Cy), 51.4 (d, J = 124.0 Hz, CH, C¢), 46.2 (d, J = 3.9 Hz, CH,
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Cp), 38.8 (CHa, Cp), 38.6 (d, J = 9.4 Hz, CH, Cg), 37.4 (CHa, Cg), 35.8 (CHa, Cx), 25.4
(CH,, Cy), 20.9 (CH,, Cy), 18.3 (CH,, Cy), 16.3 (d, J = 6.0 Hz, CHz, Cx), 16.2 (d, J = 6.2
Hz, CH3, Cy), 6.9 (CH;3, Co) ppm.

3'P NMR (121 MHz; CDCl3): & 22.67 ppm.

ES'MS m/z (%): 787 ((2M+Na)", 40), 405 ((M+Na)", 100), 383 (M+H)", 13).

HRES MS For CyoH;,05PNa (M+Na)": caled 405.1801, found 405.1808.

Data for (4.43p3)

Mw = 382.431 (Cy0H3105P).

Rf = 0.58 (Hexane/Acetone 60:40).

IR (neat): 2964 (w), 2937 (w), 1732 (s), 1716 (s), 1644 (w), 1444 (w), 1391 (w), 1244
(m), 1044 (s), 1019 (s), 952 (s) cm™.

"H NMR (400 MHz; CDCls): § 5.08 (1H, s, Hg), 5.00 (1H, s, Hg), 4.20-4.00 (4H, m, Hg),
3.56 (1H, ddd, J = 19.9, 3.9, 1.9 Hz, Hc), 2.87 (1H, dt, J = 14.1, 7.0 Hz), 2.78 (1H, dd, J =
11.2, 3.4 Hz),2.72 (1H, d, J = 14.3 Hz, Hp), 2.51 (1H, m), 2.47 (1H, dd, J = 19.2, 9.1 Hz),
2.33-2.08 (3H, m), 2.07-1.96 (1H, m), 1.87 (1H, d, J = /4.2 Hz, Hp), 1.83-1.70 (2H, m),
1.50-1.42 (1H, m), 1.31 3H, t,J = 7.1 Hz, Ha), 1.31 3H, t, J = 7.1 Hz, Ha’), 1.40-1.24
(2H, m), 0.78 (3H, t, J = 7.4 Hz, Ho) ppm.

3C NMR (100 MHz; CDCL): § 218.4 (Q, Cr), 204.9 (Q, Cy), 143.0 (d, J = 2.2 Hz, Q,
Co), 112.4 (CH,, Cg), 62.8 (d, J = 7.0 Hz, CHa, Cg), 62.2 (d, J = 7.1 Hz, CH,, Cg), 54.1
(d, J = 127.0 Hz, CH, C¢), 51.5 (Q, Cwm), 51.3 (CH, Cy), 49.8 (d, J = 4.8 Hz, CH, Cg), 40.0
(CHa, Cp), 38.6 (CHa, Cg), 35.9 (CH,, Cx), 35.1 (d, J = 1.3 Hz, CH, Cp), 31.0 (CHa, C),
21.3 (CHa, Cy), 18.5 (CHa, Cx), 16.2 (d, J = 5.8 Hz, CHj, Ca), 16.2 (d, J = 5.8 Hz, CHs,
Ca’), 7.0 (CH3;, Cp) ppm.

3P NMR (121 MHz; CDCl;): & 22.68 ppm.

ES'MS: m/z (%): 787 (2M+Na)", 24), 405 ((M+Na)", 81), 383 (M+H)", 100).

HRMS: not necessary, X-ray obtained instead.
X-ray: X-ray data available in Appendix IL
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The C-ring cvclised ester (4.44)
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The ester (4.39) (90 mg, 0.17 mmol, 1.0 equiv) was dissolved in THF (5 mL) and treated
with TBAF (1 M in THF, 0.34 mL, 0.34 mmol, 2.0 equiv) and the mixture was stirred for
30 min at room temperature. H,O was added (5 mL) and the reaction was extracted with
DCM (3 x 10 mL), dried over MgSQ,, filtered and concentrated in vacuo. The crude
product was purified by column chromatography (Hexane/Acetone 60:40). This yielded
(4.44) as a colourless oil (65 mg, 94%).

Mw = 414.473 (C21H3506P).

Rf = 0.39 (Hexane/Acetone 60:40).

IR (film): 2971 (W), 2955 (w), 2905 (w), 1731 (s), 1641 (w), 1438 (m), 1390 (w), 1233
(m), 1172 (m), 1050 (s), 1023 (s), 958 (s), 891 (m) cm™".

"H NMR (400 MHz; CDCLs): & 5.03 (1H, s, Hs), 4.97 (1H, s, Hy'), 4.17-3.95 (4H, m, Hg),
3.66 (3H, s, Hy), 2.63 (1H, d, J = 13.5 Hz, Hy), 2.48-2.37 (2H, m), 2.26 (1H, td, J = 9.8,
8.0 Hz), 2.21-2.03 (4H, m), 2.00-1.92 (1H, m), 1.86 (1H, d, J = 13.6 Hz, Hy), 1.87 (2H,
m), 1.76-1.52 (3H, m), 1.46-1.34 (1H, m, Ho), 1.28 (6H, t, J = 7.1 Hz, Hy), 1.27-1.17 (1H,
m, Hp'), 0.72 3H, t, J = 7.4 Hz, Hp) ppm.

BC NMR (100 MHz; CDCls): § 218.1 (Q, Cwm), 173.8 (Q, Cn), 144.9 (Q, Cr), 112.5 (CH,
Cs), 61.6 (d,J = 2.7 Hz, CH,, Cg), 61.5 (d, J = 2.6 Hz, CH,, Cp’), 51.7 (Q, Cx), 51.6 (CH3,
Cy), 49.6 (CH, Cj), 40.4 (CH, Cg), 40.4 (d, J = 17.6 Hz, CH, Cp), 38.8 (CH,, Cq), 35.8
(CHa, Cv), 29.1 (CHa, Cg), 24.7 (CHa, Cr), 25.0 (d, J = 142.2 Hz, CHa, Cc), 21.9 (CHy,
Ck), 18.1 (CHy, Co), 16.3 (d, J = 6.2 Hz, 2 x CH3, Ca), 6.8 (CH3, Cp) ppm.

3P NMR (121 MHz; CDCls): & 31.69 ppm.

ES'MS m/z (%): 852 (2M+Na)", 7), 437 ((M+Na)", 100), 415 (M+H)", 8).

HRES"MS For CyH3504PNa (M+Na)': calcd 437.2063, found 437.2063.
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The C-ring cvclised carboxvlic acid (4.45)
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To a solution of the ester (4.44) (60 mg, 0.14 mmol, 1.0 equiv) in MeOH (5 mL) was
added NaOH 4 M (3 mL). The mixture was stirred at room temperature for 90 min until
completion. The pH was adjusted (pH 6) before extraction of the crude mixture with DCM
(3 x 15 mL). The combined organic phases were dried over MgSQ,, filtered and
evaporated in vacuo. The crude product was purified by column chromatography
(DCM/MeOH 95:5) to afford (4.45) (55 mg, 99 %) as a colourless oil. Recrystallization in
(DCM/Hexane) afforded (4.45) as fine white crystals (m.p. = 108-112 °C).

Mw = 400.446 (CoH3304P).

Rf = 0.38 (DCM/MeOH 95:5).

IR (film): 3446 (br w), 2978 (W), 2936 (w), 2907 (w), 1736 (s), 1642 (w), 1453 (w), 1391
(W), 1237 (m), 1162 (m), 1054 (s), 1023 (s), 956 (s), 897 (m), 795 (m) cm".

"H NMR (400 MHz; CDCl;): 8 6.40 (1H, br hump, OH), 5.00 (1H, s, Hg), 4.98 (s, 1H,
Hr'), 4.15-4.03 (4H, m, Hg), 2.66 (1H, d, J = 13.5 Hz, Hp), 2.53-2.38 (2H, m), 2.32-1.83
(9H, m), 1.73-1.57 (3H, m), 1.41-1.22 (2H, m, Hy), 1.31 3H, t, J = 7.1 Hz, Ha), 1.29 (3H,
t,J = 7.1 Hz, Hy’), 0.74 (3H, t, J = 7.4 Hz, Ho) ppm.

BC NMR (100 MHz; CDCls): 8 218.2 (Q, Cy), 176.2 (Q, Cy), 145.0 (d, J = 2.9 Hz, Q,
Cq), 112.2 (CHa, Cr), 62.2 (d, J = 6.9 Hz, CHa, Cg), 62.1 (d, J = 6.9 Hz, CHa, Cp’), 51.6
(Q, Cwm), 49.1 (d, J = 1.2 Hz, CH, C)), 40.8 (d, J = 12.1 Hz, CH, Cp), 39.5 (d, J = 4.4 Hz,
CH, Cg), 38.8 (CH,, Cp), 35.8 (CHy), 29.2 (CH,), 25.0 (d, J = 142.4 Hz, C¢), 24.6 (CHy),
21.7 (CHy), 18.1 (CH,, Cy), 16.3 (d, J = 6.1 Hz, 2 x CHj, C,), 6.8 (CHj, Co) ppm.

3P NMR (121 MHz; CDCl;): & 32.38 ppm.

ES'MS m/z (%): 824 (2M+Na)", 36), 423 ((M+Na)", 70), 401 (M+H)", 100).

HRES MS For CyoH33;04P (M+H)": caled 401.2088, found 401.2088.

X-ray: X-ray data available in Appendix IL
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The C-ring cyclised ketone (4.46)

8 _T
A B I M
TBAF, THF  (Et0), T 5"
_—

[} 2 H

94% o T
| ul_ (4.48)
o

The ketone (4.37) (0.150 g, 0.27 mmol, 1.0 equiv) was dissolved in THF (5 mL) and
treated with TBAF (1 M in THF, 0.54 mL, 0.54 mmol, 2.0 equiv) and the mixture was

P
(EtO);”

stirred for 30 min at room temperature. Water was added (5 mL) and the reaction was
extracted with DCM (3 x 10 mL), dried over MgSQs, filtered and concentrated in vacuo.
The crude product was purified by column chromatography (Hexane/Acetone 70:30). This
yielded (4.46) as a colourless oil (0.107 g, 94%).

Mw = 440.269 (C24Hs,05P).
Rf = 0.35 (Hexane/Acetone 70:30).

IR (film): 2968 (w), 2906 (w), 1734 (s), 1702 (s), 1461 (w), 1233 (m), 1051 (s), 1024 (s),
957 (s) cm™.

"H NMR (400 MHz; CDCL): & 5.04 (1H, s, Hy), 4.97 (1H, s, Hr), 4.11-3.96 (4H, m, Hg),
2.68-2.56 (2H, m, HgtHg), 248236 (2H, m, Hg+Hy), 227-2.03 (4H, m,
Hp+Hy+He+He), 2.00-1.51 (7H, m, Hg+Hp+Hp+Hp+H +H+Hgo), 1.41 (1H, m, Hp),
1.28 BH, t,J = 7.0 Hz, Hy), 1.28 (3H, t, J = 7.1 Hz, Hx'), 1.22 (1H, m, Hp), 1.14 (9H, s,
Hy), 0.72 3H, t, J = 7.4 Hz, Hg) ppm.

BC NMR (100 MHz; CDCL): 8 218.2 (Q, Cn), 215.5 (Q, Cy), 145.0 (Q, Cs), 112.3 (CHa,
Cr), 61.5 (d, J = 6.5 Hz, CH,, Cg), 61.5 (d, J = 6.5 Hz, CH,, Cp’), 51.8 (Q, Co), 49.7 (CH,
Cx), 44.3 (Q, Cy), 40.6 (d, J = 4.3 Hz, CH, Cg), 40.4 (d, J = 13.7 Hz, CH, Cp), 38.9 (CH,,
Cr), 35.8 (CHa, Cy1), 30.9 (CH,, Cg), 26.3 (3 x CH3, Cy), 24.7 (d, J = 141.9 Hz, CH,, C¢),
23.8 (CH,, Cy), 22.0 (CHy, Cp), 18.1 (CH,, Cp), 16.4 (d, J = 6.1 Hz, 2 x CH,, Cy), 6.9
(CHs, Co) ppm.

3P NMR (121 MHz; CDCls): & 32.14 ppm.

ES'MS m/z (%): 464/463 (1:3, (M+Na)", 100), 442/441 (1:3, (M+H)", 12).

HRES"MS For Cy4H;,0sPNa (M+Na)': caled 463.2584, found 463.2587.
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The Weinreb amide (4.50) and the urea (4.52)
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To a DCM (7 mL) solution of acid (4.29) (246 mg, 0.53 mmol, 1.0 equiv) were
successively added at room temperature N, O-dimethylhydroxylamine hydrochloride (52
mg, 0.53 mmol, 1.0 equiv), EtsN (0.074 mL, 0.53 mmol, 1.0 equiv) and finally DCC (110
mg, 0.53 mmol, 1.0 equiv). After an overnight stirring at room temperature under N», 0.5
equiv of all the reagents were added in the same order and stirring continued for 4 h. Et,O
(10 mL) was added and the precipitated solid filtered and rinsed with Et,O. The combined
etherate phases were concentrated and the resulting crude purified by column
chromatography (Hexane/Acetone 60:40) to afford Weinreb amide (4.50) (150 mg, 56%)

as a colourless oil, and urea (4.52) (75 mg, 21%) as a white solid.

Data for (4.50)

Mw = 508.383 (C2;H35sBrNOgP).

Rf = 0.42 (Hexane/Acetone 60:40).

IR (neat): 2972 (w), 2937 (w), 1737 (s), 1656 (s), 1388 (w), 1240 (s), 1020 (s) cm™.

"H NMR (400 MHz; CDCls): & 6.60 (1H, ddd, J = 21.7, 17.2, 9.7 Hz, Hp), 5.97 (1H, s,
Hs), 5.68 (1H, dd, J = 20.9, 17.2 Hz, Hc), 5.54 (1H, s, Hs"), 4.18-3.97 (4H, m, Hg), 3.64
(3H, s, Hy), 3.15 (3H, s, Hy), 3.05 (1H, d, J = 14.9 Hz, Hy), 2.49 (1H, d, J = 14.9 Hz, Hy),
2.44-2.23 (7H, m, contains Hg+Hg+Hy), 2.13 (1H, m), 1.64-1.40 2H, m), 1.32 (3H, t, J =
7.0 Hz, Hy), 1.31 (3H, t,J = 7.0 Hz, Hy), 0.86 (3H, s, Hp) ppm.

BC NMR (100 MHz; CDCl3): § 221.4 (Q, Cy), 173.6 (Q, Cn), 155.0 (d, J = 3.8 Hz, CH,
Cp), 129.9 (Q, Cr), 122.4 (CH,, Cs), 119.3 (d, J = 187.1 Hz, CH, C¢), 61.7 (d, J = 5.8 Hz,
CH,, Cg), 61.6 (d, J = 5.7 Hz, CH,, Cg'), 61.2 (CHs, Cy), 51.7 (Q, Co), 47.0 (CHa, Co),
46.8 (d, J = 20.9 Hz, CH, Cg), 43.8 (CH, Cx), 36.9 (CH,, Cyy), 32.2 (CH3, Cy), 28.6 (CH,),
26.1 (CH,), 23.8 (CHy), 18.7 (CH3, Cp), 16.4 (d, J = 5.8 Hz, CHs, Ca), 16.4 (d, J = 6.0 Hz,
CHs, Ca’) ppm.
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3P NMR (121 MHz; CDCls): & 17.73 ppm.
ES'™MS m/z (%): 510/508 (1:1, (M+H)", 100).
HRES"™MS For C,;Hss ’BrNOgPNa (M+Na): caled 530.1278, found 530.1275.

Data for (4.52)

Mw = 671.643 (C3,Hs,BrN,OP).

Rf = 0.66 (Hexane/Acetone 60:40).

IR (film): 3249 (br w), 2933 (m), 2855 (w), 1742 (m), 1687 (s), 1651 (s), 1537 (m), 1226
(s), 1022 (s), 969 (s) cm™

"H NMR (400 MHz; CDCLy): 8 7.34 (1H, br s, NH), 6.50 (1H, ddd, J = 21.3, 17.1, 9.9 Hz,
Hp), 5.84 (1H, s, Hy), 5.62 (1H, dd, J = 21.8, 17.1 Hz, H¢), 5.53 (1H, s, Hy), 4.18-4.03
(4H, m, Hg), 4.02-3.90 (1H, m, Hy), 3.73-3.54 (1H, m, Hg), 3.06 (1H, d, J = 14.9 Hz, H,),
2.46-2.24 (TH, m, contains H;-), 2.08 (1H, m), 2.02-1.44 (14H, m), 1.39-1.07 (15H, m),
0.85 (3H, s, Hk) ppm.

BC NMR (100 MHz; CDCly): § 221.3 (Q, Cy), 171.0 (Q, Cg), 153.8 (d, J = 18.6 Hz, CH,
Cp), 153.7 (Q, Cp), 130.0 (Q, Cn), 122.0 (CH,, Cx), 118.9 (d, J = 188.1 Hz, CH, Cc), 62.0
(d, J = 6.1 Hz, CH, Cg), 61.9 (d, J = 6.1 Hz, CHa, Cp"), 54.8 (CH, Cn), 52.3 (Q, Cy) 50.1
(CH, Cg), 47.0 (CH,, Cp), 47.0 (d, J = 20.9 Hz, CH, Co), 44.1 (CH), 37.4 (CH,), 33.03
(CH,), 33.00 (CH,), 32.0 (CH,), 31.6 (CH,), 31.2 (CH,), 26.6 (CH,), 26.5 (CH,), 26.4
(CH,), 25.9 (CH,), 25.8 (CH,), 25.4 (CH,), 25.3 (CH,), 24.3 (CH,), 19.3 (CH3, Cx), 16.91
(d,J = 6.1 Hz, CHs, Cy), 16.90 (d, J = 6.1 Hz, CHs, Cy’) ppm.

3P NMR (121 MHz; CDCls): & 17.43 ppm.

ES'MS m/z (%): 671/669 (1:1, (M-H)", 62).

HRES MS For C3,Hs,”BrN,O¢PNa (M+Na)": caled 693.2639, found 693.2632.

The Weinreb amide (4.51)
L, o0
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To a DCM (10 mL) solution of acid (4.30) (540 mg, 1.17 mmol, 1.0 equiv) were
successively added at room temperature N, O-dimethylhydroxylamine hydrochloride (227
mg, 2.34 mmol, 2.0 equiv), EtsN (0.326 mL, 2.34 mmol, 2.0 equiv) and finally DIC (0.362
mL, 2.34 mmol, 2.0 equiv). After an overnight stirring at room temperature (16 h) under
N2, Et,0 (20 mL) was added and the precipitated solid filtered and rinsed with Et,O. The
combined etherate phases were concentrated and the resulting crude purified by column
chromatography (Hexane/Acetone 60:40) to afford Weinreb amide (4.51) (525 mg, 86%)
as a light yellow oil.

Mw = 522.410 (C2H37BrNOGP).

Rf = 0.22 (Hexane/Acetone 70:30).

IR (neat): 2974 (w), 2939 (w), 1735 (s), 1658 (s), 1390 (w), 1238 (s), 1020 (s) cm™.

"H NMR (400 MHz; CDCL): & 6.60 (1H, ddd, J = 21.8, 17.2, 9.9 Hz, Hp), 5.98 (1H, s,
Hs), 5.69 (1H, dd, J = 20.9, 17.2 Hz, He), 5.54 (1H, s, Hs'), 4.12-3.99 (4H, m, Hg), 3.64
(3H, s, Hy), 3.15 (3H, s, Hy), 3.13 (1H, d, J = 15.4 Hz, Hy), 2.50-2.23 (7H, m), 2.37 (1H, d,
J=14.9 Hz, Hy), 2.15 (1H, m), 1.62 (1H, m), 1.46 (1H, m), 1.44 (2H, q, J = 7.4 Hz, Hp),
1.32 3H, t, J = 7.0 Hz, Hya), 1.30 (3H, t, J = 7.0 Hz, Hy’), 0.78 (3H, t, J = 7.5 Hz, Hr)
ppm.

BC NMR (100 MHz; CDCls): § 220.2 (Q, Cn), 173.7 (Q, Cy) 155.4 (d, J = 3.9 Hz, CH,
Cp), 130.5 (Q, Cr), 122.5 (CH,, Cs), 119.3 (d, J = 187.1 Hz, CH, Cc), 61.7 (d, J = 5.7 Hz,
CH,, Cg), 61.6 (d, J = 5.8 Hz, CH,, Cg’), 61.2 (CHs, Cy), 54.1 (Q, Co ), 46.3 (d, J = 20.8
Hz, CH, Cg), 45.3 (CH,, Cq), 44.3 (CH, Ck), 37.0 (CH,, Cy), 30.7 (CH;, C)) 28.7 (CH,),
26.3 (CH,), 25.4 (CH,, Cp), 24.0 (CHy), 16.4 (d, J = 5.9 Hz, CH;, C,), 16.4 (d, J = 6.1 Hz,
CHs, Cy), 8.3 (CH3, Cr) ppm.

3P NMR (121 MHz; CDCls): & 17.82 ppm.

ES'MS: m/z (%): 546/544 (1:1, (M+Na)", 100), 524/522 (1:1, (M+H)", 63).

HRES'MS For Cy,Hs;’BriNOgPNa (M+Na)": calcd 544.1434, found 544.1434.

The Weinreb amide (4.48)
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To a stirred solution of Me(OMe)NH,CI (192 mg, 1.97 mmol, 6.0 equiv) in THF (3 mL)
was added n-BuLi (2.5 M hexane solution) (1.18 mL, 2.96 mmol, 9.0 equiv) at -78 °C
under N, and the resulting solution was allowed to warm to room temperature and stirred
for further 15 min at the same temperature. The solution was cooled to -78 °C again, and a
solution of methyl ester (4.1) (199 mg, 0.33 mmol, 1.0 equiv) in THF (3 mL) was added to
the solution, and the resulting solution was stirred for further 45 min at the same
temperature. The solution was treated with saturated aqueous ammonium chloride solution
and extracted with Et,O. The extract was washed with brine, dried over Na,SO,, and
concentrated to leave a residue, which was subjected to column chromatography using
pre-neutralized silica gel (Hexane/Acetone 70:30) to afford (4.48) (189 mg, 95%) as a

colourless oil.

Mw = 636.670 (CasHs; BrNO4PSi).

Rf = 0.34 (Hexane/Acetone 70:30).

IR (neat): 2930 (w), 2856 (w), 1650 (m), 1231 (s), 1024 (s), 961 (s), 839 (s) cm’.

"H NMR (400 MHz; CDCL): & 6.64 (1H, ddd, J = 21.8, 17.2, 9.4 Hz, Hp), 5.80 (1H, s,
Hs), 5.67 (1H, dd, J = 21.5, 17.2 Hz, Hc), 5.55 (1H, s, Hs’), 4.54 (1H, s, Hy), 4.18-3.93
(4H, m, Hgp), 3.62 (3H, s, H)), 3.12 (3H, s, Hy), 2.81 (1H, d, J = 15.2 Hz, Hy), 2.44-2.23
(5H, m), 2.20 (1H, d, J = 15.2 Hz, Hy'), 2.03-1.90 2H, m), 1.54-1.35 (2H, m, Hp + 1H),
1.30 3H, t, J = 7.1 Hz, Ha), 1.29 (3H, t, J = 7.0 Hz, Hy’), 1.25-1.13 (1H, m, Hp"), 0.89
(9H, s, Hw), 0.81 (3H, t, J = 7.4 Hz, Hr), 0.16 (3H, s, Hy), 0.15 (3H, s, Hy") ppm.

BC NMR (100 MHz; CDCLy): § 157.3 (d, J = 3.4 Hz, CH, Cp), 155.2 (Q, Cx), 131.1 (Q,
Cr), 120.9 (CH,, Cs), 118.7 (d, J = 186.8 Hz, CH, C¢), 98.6 (CH, Cy), 61.7 (d, J = 5.5 Hz,
CHa, Cg), 61.5 (d, J = 5.7 Hz, CH,, Cp’), 61.3 (CH3, Cy), 53.1 (Q, Co), 46.3 (d, J = 20.9
Hz, CH, Cg), 45.7 (CHa, Cq), 43.3 (CH, Cx), 30.6 (CHs, C1), 32.5 (CH»), 29.0 (CH»), 28.1
(CH,), 26.8 (d, J = 1.4 Hz, CH,, Cy), 25.7 (3 x CHs, Cy), 18.0 (Q, Cy), 16.5 (d, J = 6.1
Hz, CH3, Cp), 16.4 (d, J = 6.1 Hz, CHs, Cy’), 9.5 (CHs, Cy), -4.9 (CHs, Cy), -5.2 (CHs,
Cy) ppm. (Cy not observed).

3P NMR (121 MHz; CDCls): & 18.15 ppm.

ES'MS m/z (%): 660/658 (1:1, (M+Na)", 100), 638/636 (1:1, (M+H)", 65).

HRES MS For CysHs;”BrNOgPSiNa (M+Na)": calcd 658.2299, found 658.2292.
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The B-ring cyclised phosphonate (4.56)
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To a cooled (-78 °C) solution of Weinreb amide (4.51) (0.115 g, 0.22 mmol, 1.0 equiv) in
THF (10 mL) was slowly added LDA (2 M in THF, 0.275 mL, 0.55 mmol, 2.5 equiv). The
reaction mixture was stirred at -78 °C for 2 h, then TBDMSOTT (0.126 mL, 0.55 mmol,
2.5 equiv) was added and stirring continued for 15 min at -78°C. The mixture was warmed
to room temperature and then sat.aq. NaHCO; (5 mL) was added followed by DCM (10
mL). The phases were separated and the aqueous phase was extracted with DCM (5 x 10
mL). The combined organic phases were dried over Na,SOs, filtered and concentrated in
vacuo. The crude product was purified by column chromatography (Hexane/Acetone
70:30) whereby the silica was pre-neutralized by making the slurry in the said solvent
system, containing ~1% of Et;N. This yielded (4.56) as a colourless oil (0.104 g, 74%), as

an inseparable mixture of diastereoisomers in approximately a 4:1 ratio.

Mw = 636.671 (C23Hs1BrNOgPSI).

Rf = 0.55 (Hexane/Acetone 70:30).

IR (neat): 2930 (w), 2854 (w), 1736 (m), 1245 (s), 1096 (s), 1024 (s), 834 (s) cm ™.

'"H NMR (400 MHz; CDCL): Major diastereoisomer 5 6.99 (1H, dd, J = 22.2, 2.5 Hz,
Hp), 5.97 (1H, s, Hw), 5.50 (1H, s, Hw), 4.20-3.95 (4H, m, Hg), 3.50 (3H, s, Hi), 3.29
(1H, d, J = 15.0 Hz, Hy), 2.72-2.52 (5H, m, HgtH;+Hy), 2.50-2.28 (4H, m), 2.25-1.99
(2H, m), 1.60-1.42 (5H, m), 1.31 (6H, dt,J = 7.1, 4.0 Hz, Hx), 0.94 (9H, s, Hy), 0.86 (3H,
t, J = 7.5 Hz, Hy), 0.17 3H, s, Hk), 0.14 (3H, s, Hx') ppm; Minor diastereoisomer
observed & 6.92-6.82 (1H, m, Hp), 5.45 (1H, s, Hw), 3.25 (1H, d, J = 17.2 Hz, Hy), 0.17
(3H, s, Hk), 0.11 (3H, s, Hx>) ppm.

BC NMR (100 MHz; CDCly): Major Diastereoisomer  220.3 (Q, Cq), 150.6 (d, J = 7.1
Hz, CH, Cp), 135.5(d, J = 184.5 Hz, Q, C¢), 130.2 (Q, Cy), 122.1 (CHy, Cw), 91.6 (d, J =
4.9 Hz, Q, Cy), 61.5 (d, J = 6.7 Hz, CH,, Cp), 61.3 (d, J = 5.6 Hz, CH,, Cg’), 59.0 (CHj3,
Cy), 54.1 (Q, Cr), 46.4 (CH,, Cy), 45.3 (CH, Cy), 37.4 (CH3, C;), 37.4 (CH,, Cp), 35.3 (d,
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J=15.4 Hz,CH, Cg), 31.9 (d, J = 3.9 Hz, CH,, Cg), 26.2 (3 x CH3, Cwn), 25.9 (CH,), 24.1
(CH,), 23.5 (CH,), 18.9 (Q, Cp), 16.4 (d, J = 6.3 Hz, CH3, Cy), 16.3 (d, J = 7.3 Hz, CH;3,
Ca’), 8.5 (CH3, Cr), -1.8 (CHj3, Ck), -1.9 (CH3, Ckx’) ppm.

P NMR (121 MHz; CDCl): Major diastereoisomer o 18.33 ppm, Minor
diastereoisomer 5 19.48 ppm.

ES'™S m/z (%): 659/657 (1:1, (M+Na)", 100).

HRES'MS For C,3sHs,”BrNOgPSiNa (M+Na)": caled 658.2299, found 658.2305.

The B-ring cyclised -keto phosphonate (4.57)
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To a cooled (-78 °C) solution of Weinreb amide (4.51) (0.054 g, 0.10 mmol, 1.0 equiv) in
THF (2 mL) was slowly added LDA (2 M in THF, 0.129 mL, 0.26 mmol, 2.5 equiv). The
reaction mixture was stirred at -78 °C for 15 min, then warmed to room temperature and
stirring continued for 30 min. and TBDMSOT( (0.059 mL, 0.26 mmol, 2.5 equiv) was
added. The mixture was stirred at room temperature for 15 min and then sat.aq. NaHCO;
(2 mL) was added followed by DCM (5 mL). The phases were separated and the aqueous
phase was extracted with DCM (5 x 5 mL). The combined organic phases were dried over
NaySOg, filtered and concentrated in vacuo. The crude product was purified by column
chromatography (Hexane/Acetone 60:40) to afford (4.57) as a light yellow oil (0.032 g,
68%).

Mw = 461.327 (C0H30BrOs).
Rf = 0.33 (Hexane/Acetone 60:40).
IR (neat): 2978 (w), 1732 (m), 1190 (s), 1086 (m), 1016 (s) 971 (s) cm™.
"H NMR (400 MHz; CDCL3): & 7.92 (1H, d, J = 21.4 Hz, Hp), 5.96 (1H, s, Hy), 5.46 (1H,
s, Hr’), 4.36-4.04 (4H, m, Hg), 3.37 (1H, d, J = 15.0 Hz, Hp), 2.80-2.57 (3H, m,
He+Hgt+Hp), 2.53-2.38 (4H, Hx+Hg-+HrtHg), 2.33-2.15 (2H, m, Hy+Hg), 1.88 (1H, ddt,
J=13.3,9.3, 4.2 Hz, Hp), 1.75-1.64 (1H, m, Hy»), 1.58 (2H, q, J = 7.6 Hz, Hy), 1.33 (6H,
t,J= 7.1 Hz,Hy), 0.91 3H, t, J = 7.4 Hz, Ho) ppm.
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B3C NMR (100 MHz; CDCls): § 219.1 (Q, Cy), 195.5 (d, J = 5.2 Hz, Q, Cy), 164.7 (d, J =
5.8 Hz, CH, Cp), 131.2 (d, J = 180.8 Hz, Q, Cc), 129.6 (Q, Cq), 122.4 (CH,, Cr), 62.6 (d,
J = 6.3 Hz, CH,, Cg), 62.5 (d, J = 6.3 Hz, CH,, Cp’), 53.7 (Q, Cn), 46.6 (CH,, Cp), 44.1
(CH, C)), 38.6 (d, J = 14.2 Hz, CH, Cg), 37.5 (d, J = 7.8 Hz, CH,, Cg), 37.1 (CHa, Cx),
27.1 (CHy), 26.1 (CHy), 24.5 (CHy), 16.4 (d, J = 6.3 Hz, 2 x CH3, Ca), 8.5 (CH3, Co) ppm.
3P NMR (121 MHz; CDCls): & 13.96 ppm.

ES'MS m/z (%): 485/483 (1:1, (M+Na)", 100), 463/461 (1:1, (M+H)", 45).

HRES MS For CaHy’BrOsP (M-H)": caled 459.0930, found 459.0931.

The C-ring cvclised Weinreb amide (4.60)

0
.
T R
Br PTES ? M
o N N THE Ao p Bl !
b | -116°C —= -78°C (EO)z 2 g:a*
(EtO)y NF — IF
: 2) TBDMSOTF
| H
OAN\/ 78°C —> 1t 460) SN TXp
(4.48) \o_ 62% (\)
\J

A solution of the vinyl bromide (4.48) (0.190 g, 0.298 mmol, 1.0 equiv) in THF (2 mL)
was cooled to -116 °C in an EtOH/liquid N; cold bath and treated with ‘BuLi (1.6 M in
pentanes) (0.447 mL, 0.715 mmol, 2.4 equiv). After the quick addition (over 20 seconds),
the reaction was stirred for 15 min, then the reaction was allowed to warm to -78 °C and
stirring continued for 30 min. TBDMSOTT (0.204 mL, 0.894 mmol, 3.0 equiv) was added
at -78 °C and the reaction mixture was warmed to room temperature over 1 h. Saturated
aq. NaHCO; (3 mL) was added and H,O (10 mL) and the reaction was extracted with
DCM (3 x 10 mL). The combined organic phases were dried over Na,SOs, filtered and
concentrated in vacuo. The crude product was purified by column chromatography
(Hexane/Acetone 70:30) to afford (4.60) as a colourless oil (0.082 g, 62%).

Mw = 443.243 (CH3sNOgP).

Rf = 0.22 (Hexane/Acetone 70:30).

IR (neat): 2966 (w), 1732 (s), 1655 (m), 1387 (m), 1231 (m), 1023 (s), 957 (s) cm™".

"H NMR (400 MHz; CDCl;): § 5.06 (1H, s, Hy), 4.99 (1H, s, Hp), 4.19-3.97 (4H, m, Hp),
3.71 (3H, s, Hy), 3.18 (3H, s, Hy), 2.65 (1H, d, J = 13.5 Hz, Hg), 2.54 (1H, m), 2.48-2.33
(2H, m), 2.28-2.08 (4H, m), 2.01 (1H, m), 1.93-1.84 (3H, m), 1.82-1.58 (4H, m), 1.44 (1H,
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m), 1.30 BH, t, J = 6.9 Hz, Ha), 1.29 3H, t,J = 7.1 Hz, Ha’), 0.74 3H, t, J = 7.4 Hz, Hp)
ppm.

BC NMR (100 MHz; CDCls): § 218.3 (Q, Cx), 174.1 (Q, Cy), 145.1 (Q, Cs), 112.4 (CH,,
Cr), 61.6 (d, J = 6.9 Hz, CH,, Cg), 61.5 (d, J = 6.8 Hz, CH,, Cg), 61.3 (CH3, Cy), 51.8 (Q,
Co), 49.6 (CH, Ck), 40.6 (d, J = 2.0 Hz, CH, Cg), 40.5 (d, J = 20.4 Hz, CH, Cp), 38.9
(CHz, Cr), 35.9 (CH,), 32.2 (CH3, Cy), 26.9 (CH»), 24.3 (CH,), 249 (d, J = 141.9 Hz,
CH,, C¢), 21.9 (CH,), 18.1 (CH,), 16.4 (d, J = 6.1 Hz, 2 x CH3, Ca), 6.9 (CH3, Co) ppm.
3P NMR (121 MHz; CDCls): & 32.04 ppm.

ES'MS m/z (%): 466 ((M+Na)", 100), 444 (M+H)", 63).

HRES MS For C»,H3sNOgPNa (M+Na)": caled 466.2329, found 466.2331.

The MEM-ester (4.61)

Br O T
o XL DIPEA
]
MEM-CI
P B \C/K/

(E10);” / Y (Et0)7 P
DCM

0°C
HO)J\/ (4.30)  83% O\/\O/KOJ\/ (4.61)

To a stirred, precooled (0 °C) solution of (4.30) (0.232 g, 0.501 mmol, 1.0 equiv) in DCM
(5 mL) under N, were added DIPEA (0.137 mL, 0.551 mmol, 1.1 equiv) and MEMCI
(0.098 mL, 0.601 mmol, 1.2 equiv), and the resulting solution was stirred at 0 °C for 2 h
under Ny. The reaction was quenched by adding 0.1 N HCl (3 mL). The product was
extracted into DCM (3 x 10 mL) and the combined extracts were dried over MgSQy,
filtered and concentrated in vacuo. The crude product was purified by column
chromatography (Hexane/Acetone 60:40), affording (4.61) (0.235 g, 83%) as a light

yellow oil.

Mw = 567.447 (C24H4oBrOgP).

Rf = 0.37 (Hexane/Acetone 60:40).

IR (neat): 3465 (br, w), 2988 (m), 2935 (m), 2902 (m), 1730 (s), 1621 (m), 1446 (w),
1389 (m), 1243 (s), 1162 (m), 1096 (s), 1020 (s), 964 (s), 845 (m) cm".

"H NMR (400 MHz; CDCL): & 6.58 (1H, ddd, J = 21.7, 17.2, 9.9 Hz, Hp), 6.01 (1H, s,
Hy), 5.70 (1H, dd, J = 20.5, 17.3 Hz, Hc), 5.55 (1H, s, Hy’), 5.34-5.29 (2H, m, H)), 4.17-
4.02 (4H, m, Hp), 3.79-3.75 (2H, m, Hyx), 3.58-3.51 (2H, m, Hyx), 3.37 3H, s, Hy), 3.14
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(1H, d, J = 14.8 Hz, Hr), 2.47-2.10 (9H, m), 1.64-1.48 (2H, m), 1.44 2H, q, J = 7.4 Hz,
Hr), 1.33 (6H, t,J = 7.1 Hz, Ha), 0.79 3H, t, J = 7.5 Hz, Hg) ppm.

3C NMR (100 MHz; CDCls): § 219.9 (Q, Cp), 172.4 (Q, Cy), 154.5 (d, J = 4.0 Hz, CH,
Cp), 1304 (Q, Cu), 122.6 (CH,, Cy), 119.8 (d, J = 186.8 Hz, CH, Cc), 89.4 (CH,, C)),
71.5 (CHa, Cyk), 69.6 (CHa, Cyk), 61.7 (d, J = 5.2 Hz, CH,, Cg), 61.7 (d, J = 5.1 Hz, CHa,
Cp), 59.0 (CHs, Cyp), 54.1 (Q, Cq), 46.1 (d, J = 21.1 Hz, CH, Cg), 45.3 (CH,, Cy), 44.1
(CH, Cw), 36.9 (CHa, Co), 31.2 (CH,, Cg), 26.6 (d, J = 1.5 Hz, CH,, Cg), 25.3 (CHa, Cg),
24.1 (CHy, Cy), 164 (d, J = 6.2 Hz, CH3, Cy), 16.4 (d, J = 6.1 Hz, CH3, Cya’), 8.3 (CH3,
Cs) ppm.

3P NMR (121 MHz; CDCls): & 17.56 ppm.

ES'MS m/z (%): 591/589 (1:1, (M+Na)", 60), 569/567 (1:1, (M+H)", 40).

HRES'MS: We have not obtained HRMS or elemental analysis of this compound, but
copies of the 'H and *C NMR spectra are included in Appendix 1.

The phenyl ester (4.63)

Br DIC N5 Br Y Q2
DMAP
“ PhOH EtO
(EtO)5”

= O
HO)J\/ (4.30) 79% )J\/ (4.63)

To a solution of carboxylic acid (4.30) (0.558 g, 1.21 mmol, 1.0 equiv) in DCM (10 mL)
were successively added PhOH (0.170 g, 1.81 mmol, 1.5 equiv), DIC (0.284 mL, 1.21
mmol, 1.5 equiv) and finally DMAP (0.032 g, 0.24 mmol, 0.2 equiv). The reaction
mixture was stirred at room temperature for 5 days, then water (10 mL) was added. The
phases were separated and the aqueous phase extracted with DCM (3 x 10 mL). The
combined organic phases were dried over MgSOQy, filtered and concentrated. The resulting
crude was purified by column chromatography (Hexane/Acetone 70:30) to afford (4.63) as
a light yellow oil (0.530 g, 79%).

Mw = 555.438 (C26H36Br06P).

Rf = 0.34 (Hexane/Acetone 60:40).
IR (neat): 2978 (w), 1755 (m), 1734 (m), 1241 (m), 1129 (m), 1021 (s), 957 (s) cm .
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"H NMR (400 MHz; CDCl): & 7.44-7.36 (2H, m, Hj), 7.25 (1H, m, Hy), 7.10-7.06 (2H,
m, Hy), 6.66 (1H, ddd, J = 21.7, 17.2, 10.1 Hz, Hp), 6.08-5.99 (1H, s, Hy), 5.78 (1H, dd, J
= 20.5, 17.3 Hz, He), 5.59 (1H, s, Hy), 4.22-4.05 (4H, m, Hg), 3.17 (1H, d, J = 14.8 Hz,
Hr), 2.62 (1H, ddd, J = 16.5, 8.0, 5.0 Hz, Hg), 2.53-2.24 (7H, m, contains Hp+Hg), 1.72-
1.58 (3H, m), 1.51-1.45 (2H, m, Hr), 1.35 (3H, t, J = 7.0 Hz, Ha), 0.82 (3H, t, J = 7.5 Hz,
Hs) ppm.

BC NMR (100 MHz; CDCLy): § 219.9 (Q, Cp), 171.5 (Q, Cr), 154.8 (d, J = 3.9 Hz, CH,
Cp), 150.5 (Q, Cy), 130.4 (Q, Cu), 129.5 (2 x CH, Cy), 125.9 (CH, Cy), 122.7 (CHa, Cy),
121.4 (2 x CH, Ck), 119.6 (d, J = 186.5 Hz, CH, Cc), 61.8 (d, J = 4.0 Hz, CH,, Cg), 61.8
(d, J = 3.9 Hz, CH,, Cp), 54.1 (Q, Cq), 46.1 (d, J = 21.0 Hz, CH, Cg), 45.4 (CH,, Cy),
442 (CH, Cy)), 36.9 (CH,, Co), 31.3 (CHy, Cg), 26.7 (CH,), 25.4 (CHy), 24.1 (CHy), 16.5
(d,J = 3.2 Hz, CHs, Cy’), 16.4 (d, J = 3.1 Hz, CH;, Cy), 8.4 (CH;, Cs) ppm.

3P NMR (121 MHz; CDCl3): & 17.52 ppm.

ES*MS m/z (%): 579/577 (1:1, (M+Na)", 100), 557/555 (1:1, (M+H)", 28).

HRES MS For CysHss°BrOgPNa (M+Na): caled 577.1325, found 577.1322.

The silvl enol ether (4.64)

S s
o- 1
V\BI’ TR AN
TBDMS OTt s O \l‘J/
NEt3 DCM (Et0),-g e Re ! °
(EtO)s~ g M

= H
w L
~F
PhO)K/ ey TR N0l w@ed)

To a cooled solution (-50 °C) of the ketone (4.63) (0.497 g, 0.895 mmol, 1.0 equiv) in
DCM (1.5 mL) was added Et;N (0.374 mL, 2.69 mmol, 3.0 equiv) then, dropwisely over 2
min, TBDMS-OTf (0.616 mL, 2.69 mmol, 3.0 equiv) was added. The reaction mixture
was stirred for 2 h at -50/-40 °C and then sat.aq. NaHCO; (5 mL) was added and the
reaction was warmed to room temperature. The phases were separated and the aqueous
phase was extracted with DCM (5 x 10 mL). The combined organic phases were dried
over NaySO,, filtered and concentrated in vacuo. The crude product was purified by
column chromatography (Hexane/Acetone 70:30) whereby the silica was pre-neutralized
by making the slurry in the said solvent system, containing ~1% of Et;N. This yielded
(4.64) as a colourless oil (0.358 g, 72%).
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Mw = 669.699 (C3;HsoBrOgPSi).

Rf = 0.42 (Hexane/Acetone 65:35).

IR (neat): 2929 (w), 2855 (w), 1756 (m), 1232 (m), 1134 (m), 1022 (s), 836 (s) cm.

"H NMR (400 MHz; CDCL): & 7.39-7.35 (2H, m, Hy), 7.22 (1H, m, Hy), 7.08-7.06 (2H,
m, Hx), 6.71 (1H, ddd, J = 21.7, 17.2, 9.6 Hz, Hp), 5.87 (1H, br s, Hy), 5.77 (1H, dd, J =
21.1, 17.2 Hz, He), 5.60 (1H, br s, Hy-), 4.59 (1H, s, Ho), 4.16-4.08 (4H, m, Hg), 2.87 (1H,
d, J = 152 Hz, Hy), 2.58 (1H, ddd, J = 16.2, 8.5, 5.0 Hz, Hg), 2.53-2.33 (4H, m,
He+Hy+He+He ), 2.25 (1H, d, J = 15.2 Hz, Hr), 2.14 (1H, m, Hg), 2.98 (1H, m, Hy),
1.71-1.44 (2H, m, Hg+Hg), 1.35 (6H, t, J = 7.1 Hz, Hy), 1.25 (1H, m, Hg’) 0.93 (9H, s,
Hy), 0.85 (3H, t,J = 7.4 Hz, Hs), 0.20 (3H, s, Hy), 0.19 (3H, s, Hy)ppm.

BC NMR (100 MHz; CDCL): 8 171.6 (Q, Cr), 155.9 (d, J = 3.5 Hz, CH, Cp), 155.2 (Q,
Cp), 150.6 (Q, Cy), 131.0 (Q, Cy), 129.4 (2 x CH, Cy), 125.8 (CH, Cy), 121.4 (2 x CH, Cx),
121.0 (CHy, Cy), 119.4 (d, J = 186.7 Hz, CH, C¢), 98.4 (CH, Co), 61.7 (d, J = 5.8 Hz,
CH,, Cg), 61.6 (d, J = 5.9 Hz, CHa, Cg), 53.0 (Q, Cq), 45.9 (d, J = 20.8 Hz, CH, Cg), 45.7
(CH,, Cr), 43.2 (CH, Cy)), 32.5 (CH,, Cy), 31.4 (CH,, Cg), 28.0 (CH,, Cg), 27.1 (CH,,
Cr), 25.6 (3 x CHs, Cy), 17.9 (Q, Cx), 16.5 (d, J = 2.7 Hz, CHz, Cy), 16.4 (d, J = 2.7 Hz,
CHs, Cy'), 9.5 (CH3, Cs), -5.0 (CH3, Cy), -5.3 (CHs, Cw») ppm.

3P NMR (121 MHz; CDCls): & 17.86 ppm.

ES'MS m/z (%): 693/691 (M+Na)", 100), 671/669 (M+H)", 10).

HRES MS For C3,Hs;”BrOgPSi (M+H"): calcd 669.2370, found 669.2365.
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9.4 Experimental data for Chapter 5

The aldol compound (5.4)

O/_\O
<83

DBU, LiCl, MeCN
36%

O (4.35a)

To a stirred suspension of LiCl (5 mg, 0.115 mmol, 1.5 equiv) in dry MeCN (5 mL) under
nitrogen at room temperature, was added a MeCN (2 mL) solution of B-ketophosphonate
(4.350) (37 mg, 0.077 mmol, 1.0 equiv), DBU (14 mL, 0.092 mmol, 1.2 equiv) and finally
aldehyde (4.3) (20 mg, 0.154 mmol, 2.0 equiv). Almost all of the salt soon dissolved and
the reaction mixture was stirred overnight at room temperature (16 h). Saturated aq.
NaHCO; was added (5 mL) and the aqueous phase was extracted with DCM (3 x 10 mL).
The combined organic phases were dried over Na,SOs, filtered and concentrated in vacuo.
The crude product was purified by column chromatography (Hexane/EtOAc 45:55) using

pre-neutralized silica gel to afford (5.4) as a colourless oil (17 mg, 36%).

Mw = 594.792 (Cs;Hs,07PSi).

Rf = 0.34 (Hexane/EtOAc 45:55).

"H NMR (300 MHz; CDCl:): 8 6.69 (1H, m, Hy), 4.96 (1H, br s, Hy), 4.87 (1H, br s, Hy"),
4.45 (1H, m, Hp), 4.17-4.02 (4H, m, Hg), 4.03-3.91 (4H, m, Hy), 3.57 (1H, dd, J = 27.3,
8.6 Hz, He), 2.75-1.73 (11H, m), 1.36 (3H, s, Hy), 1.28 (6H, q, J = 6.7 Hz, Ha), 0.95 (9H,
s, Hy), 0.75 (3H, s, Hs), 0.18 (3H, s, Hw), 0.16 (3H, s, Hw’) ppm.

BC NMR (75 MHz; CDCls): 8 190.6 (Q, Cn), 163.6 (Q, Cq), 1453 (d, J = 1.5 Hz, Q, Cy),
137.8 (Q, Cq), 134.0 (CH, C)), 110.7 (CH,, Cy), 109.5 (Q, Ck), 98.3 (CH, Cp), 64.9 (2 x
CH,, Cwm), 62.9 (d, J = 7.1 Hz, CHy, Cg), 62.6 (d, J = 6.9 Hz, CH,, Cg), 53.6 (CH, Cy),
49.8 (d, J = 123.3 Hz, CH, C¢), 46.9 (Q, Cr), 45.6 (CH, Cg), 45.2 (CH,, Cr), 38.0 (CH>),
373 (d, J = 8.5 Hz, CH, Cp), 30.0 (CHy), 28.1 (CH,), 25.6 (3 x CH3, Cy), 24.5 (CHs, Cyp),
18.1 (Q, Cx), 16.3 (d, J = 6.4 Hz,2 x CHs, Ca), 15.6 (CH3, Cs), -4.7 (CH3, Cy), -5.0 (CHs,
Cw’) ppm.
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3P NMR (121 MHz; CDCls): & 23.84 ppm.
ES'™S m/z (%): 618/617 (1:3, (M+Na)", 100), 596/595 (1:3, (M+H)", 80).
HRES"MS For C3;Hs;0;PSiNa (M+Na)": caled 617.3039, found 617.3044.

The HWE product (5.5) and the diol (5.6) and the dimer (5.7)

OTBS

(P Pt

H

(Et0)” e d K,CO, 8M
THF

(4.350)

To a solution of the phosphonate (4.35a) (125 mg, 0.26 mmol, 1.0 equiv) and
formaldehyde (37% w/w in H,O, 400 uL, ca. 15.0 equiv) in THF (1.5 mL) was added a
solution of K,COj3 (8 M, 500 uL, 15.0 equiv) dropwise. The mixture was stirred for 5 h at
room temperature then HO (5 mL) was added and the reaction was extracted with DCM
(4 x 10 mL), dried over Na,SO,, filtered and concentrated in vacuo. The crude product
was purified by column chromatography (Hexane/Acetone 90:10 to 70:30) to afford (5.5)
(38 mg, 41%) as a colourless oil that dimerized to (5.7), (5.6) as a white solid (7 mg, 6%),
(4.35B) (36 mg, 29%) as a colourless oil and (4.35a) (14 mg, 11%) as a colourless oil.

Data for (5.5)

Mw = 358.590 (C1,H340,Si).

Rf = 0.79 (Hexane/Acetone 95:5).

No other data available, compound too unstable.

Data for (5.6)

Mw = 418.642 (C14H3304S1).

Rf = 0.36 (Hexane/Acetone 70:30).

IR (film): 3422 (br w), 2958 (m), 2930 (m), 2857 (m), 1681 (w), 1644 (w), 1619 (m),
1472 (w), 1369 (m), 1253 (m), 1228 (m), 1044 (w), 839 (s), 782 (m) cm .

"H NMR (400 MHz; CDCls): § 6.08 (1H, t, J = 2.5 Hz, Hy), 5.81 (1H, t, J = 2.5 Hz, Hy),

4.82 (1H, s, Ho), 4.72 (1H, s, Ho), 4.35 (1H, s, Hy), 3.90 (1H, d, J = 9.5 Hz, Hy), 3.51
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(3H, m, Hy), 2.76 (1H, d, J = 8.4 Hz, Hc), 2.68 (1H, br s, OH), 2.50 (1H, br s, OH), 2.22-
1.16 (8H, m), 0.83 (9H, s, Hy), 0.61 (3H, s, Hx), 0.18 (3H, s, Hy), 0.16 (3H, s, Hg-) ppm.
BC NMR (100 MHz; CDCL): §209.6 (Q, Cg), 163.6 (Q, Cy), 145.1 (Q, Cg), 144.1 (Q,
Cp), 126.5 (CHa, Ca), 111.4 (CHa, Cq), 98.4 (CH, Ck), 67.4 (CH,, Cy), 65.8 (CHa, Cy),
54.2 (CH), 52.3 (Q, Cy), 52.1 (CH), 46.2 (Q, Cn), 45.2 (CH»), 35.7 (CH), 31.7 (CH,), 27.8
(CH,), 25.6 (3 x CH3, Cy), 18.1 (Q, Cs), 15.8 (CHs, Cy), -4.6 (CHs, Cr), -4.8 (CHs, Cg’)
ppm.

ES'™S m/z (%): 419 (M+H)", 100).

HRES"MS For Cp4H390,Si (M+H)": caled 419.2612, found 419.2620.

Data for (5.7)
Mw="717.179 (C44H6304Si2).

Rf = 0.82 (Hexane/Acetone 95:5).

IR (film): 2955 (m), 2930 (m), 2855 (m), 1727 (m), 1678 (w), 1618 (s), 1471 (w), 1463
(W), 1450 (w), 1332 (w), 1250 (m), 1227 (m), 1156 (m), 1104 (m), 835 (s), 781 (m) cm .
"H NMR (400 MHz; CDCl;): & 5.11 (1H, s), 4.95 (1H, s), 4.68 (1H, s), 4.39 (3H, br s),
2.65-2.48 (2H, m), 2.16-2.05 (3H, m), 2.14-1.62 (12H, m), 1.54-1.06 (9H, m), 0.80 (9H,
s), 0.78 (9H, s), 0.68 (3H, s), 0.67 (3H, s), 0.17 (6H, s), 0.15 (6H, s) ppm.

BC NMR (100 MHz; CDCLy): §208.9 (Q), 165.3 (Q), 164.5 (Q), 149.6 (Q), 149.5 (Q),
142.7 (Q), 116.0 (CH»), 110.6 (CH,), 103.3 (Q), 99.9 (CH), 99.4 (CH), 85.7 (Q), 56.7
(CH), 55.7(CH), 54.5 (CH), 54.0 (CH), 47.8 (CH»), 47.6 (Q), 46.4 (Q), 45.9 (CH,), 41.7
(CH), 37.2 (CH,), 36.7 (CH), 31.8 (CH,), 29.5 (CH,), 29.3 (CH>), 28.7 (CH,), 26.8 (CH,),
26.6 (6 x CH3), 23.2 (CHy), 19.1 (2 x Q), 19.0 (CH), 16.8 (CH), 16.6 (CH), -3.7 (2 x
CH3), -4.1 (2 x CH3) ppm.

MS: We have not been able to obtain MS data, but copies of "H and "*C are included in

Appendix L.
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The A-ring annelated steroid (5.13)

OTBS 1) aq. CH,0O, 8M K,CO5 R O
o o
2 , NaOMe
) A e MeOH
3) 5N ag. NaOH;
2N aq. HCI;

(4.35q) heat to 70 °C
27%

(0]

It
P,

(Et0);”

This is known compound but no NMR data have been reported.*®

To a solution of the phosphonate (4.35a) (0.633 g, 1.28 mmol, 1.0 equiv) and
formaldehyde (37% w/w in H,O, 1.43 mL, 19.13 mmol, 15.0 equiv) in THF (10 mL) was
added an aqueous solution of K,CO; (8M, 2.39 mL, 19.13 mmol, 15.0 equiv) dropwise.
The mixture was stirred for 5 h at room temperature then H,O (10 mL) was added and the
reaction was extracted with DCM (5 x 10 mL), dried over Na,SO,, filtered and
concentrated in vacuo. Ethylacetoacetate (322 pL, 2.55 mmol, 2.0 equiv) was slowly
added to a 0.3 M solution of NaOMe in MeOH (8.49 mL, 2.55 mmol, 2.0 equiv). The
mixture was stirred for 15 min before being added by cannula to a solution of the
previously obtained crude enone in dry MeOH (5 mL). The resulting mixture was stirred
for 1 h at room temperature then NaOH 5 N (4 mL) was added and stirring continued for
30 min. The biphasic mixture was acidified with HCl 2 N until two clean phases were
obtained and efficient stirring was continued for 30 min. The reaction mixture was
extracted with DCM (5 x 10 mL), dried over MgSOj4 and concentrated in vacuo for 1 h so
as to achieve complete decarboxylation (P = 5 torr, water bath = 70 °C). The final crude
product was purified by column chromatography (Hexane/Acetone 70:30) followed by
preparative HPLC (Hexane/Acetone 80:20). This yielded (5.13) (98 mg, 27%) as

colourless crystals.

Mw = 284.393 (C19H240,).

m.p. = 188-192 °C.

Rf =0.47 (Hexane/Acetone 60:40).

IR (film): 2930 (w), 2875 (w), 1737 (s), 1670 (s), 1616 (w), 1454 (w), 1353 (w), 1258
(W), 1039 (w), 902 (w) cm™.

"H NMR (400 MHz; CDCl;): & 5.90 (1H, br s, Hp), 4.95 (1H, s, Hs), 4.86 (1H, s, Hy),
2.59-1.14 (18H, m), 0.89 (3H, s, Hg) ppm.
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BC NMR (100 MHz; CDCly): §219.4 (Q, Cq), 199.8 (Q, C¢), 165.6 (Q, Cg), 144 9 (Q,
Ck), 125.9 (CH, Cp), 110.9 (CH,, Cs), 54.2 (CH), 51.2 (CH), 49.4 (Q, Cw), 43.8 (CH,,
Cp), 41.1 (CH), 37.5 (CH), 36.9 (CH,), 36.0 (CH,), 35.1 (CH»), 29.4 (CH,), 28.2 (CH,),
21.5 (CHy), 14.3 (CH3, Cr) ppm.

CIMS m/z (%): 285 ((M+H)", 100).

HRMS: not necessary, X-ray obtained instead.

X-ray: X-ray data available in Appendix IL

The A-ring annelated steroid (1.71)

OTBS 1) aq. CHzo, 8M K2CO3

o] o]
[@) 2 , NaOMe
P ) Moa MeOH
V7,
(EtO); 3) 5N aqg. NaOH;
2N aq. HCI;
o (4.20) heat to 70 °C

32%

This is a known compound but only partial analytical data are described in the
literature.”"*

To a solution of the phosphonate (4.2a) (0.482 g, 0.97 mmol, 1.0 equiv) and formaldehyde
(37% w/w in HyO, 1.09 mL, 14.55 mmol, 15.0 equiv) in THF (10 mL) was added an
aqueous solution of K,CO3; (8 M, 1.82 mL, 14.55 mmol, 15.0 equiv) dropwise. The
mixture was stirred for 5 h at room temperature then H,O (10 mL) was added and the
reaction was extracted with DCM (5 x 10 mL), dried over Na,SO,, filtered and
concentrated in vacuo. Ethylacetoacetate (245 pL, 1.94 mmol, 2.0 equiv) was slowly
added to a 0.3 M solution of NaOMe in MeOH (6.46 mL, 1.94 mmol, 2.0 equiv). The
mixture was stirred for 15 min before being added by cannula to a solution of the
previously obtained crude enone in dry MeOH (5 mL). The resulting mixture was stirred
for 1 h at room temperature then NaOH 5 N (4 mL) was added and stirring continued for
30 min. The biphasic mixture was acidified with HCl 2 N until two clean phases were
obtained and efficient stirring was continued for 30 min. The reaction mixture was
extracted with DCM (5 x 10 mL), dried over MgSOj4 and concentrated in vacuo for 1 h so
as to achieve complete decarboxylation (P = 5 torr, water bath = 70 °C). The final crude
product was purified by column chromatography (Hexane/Acetone 70:30) followed by
preparative HPLC (Hexane/Acetone 80:20). This yielded (1.71) (93 mg, 32%) as

colourless crystals.
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MW =298.419 (C,0H260,).

m.p. = 148-152 °C.

Rf = 0.47 (Hexane/Acetone 60:40).

IR (film): 2961 (w), 2876 (w), 1727 (m), 1662 (m), 1460 (w), 1352 (w), 1258 (s), 1220
(W), 1074 (s), 1018 (s), 901 (m), 796 (s) cm .

'"H NMR (400 MHz; CDCl3): & 5.91 (1H, br s, Hp), 5.02 (1H, s, Hy), 4.91 (1H, s, Hy),
2.68-2.60 (2H, m), 2.56-2.11 (7H, m), 1.99-1.92 (2H, m), 1.87 (1H, d, J = 12.9 Hz), 1.76-
1.49 (6H, m, contains Hg’), 1.32 (1H, m, Hg), 1.17 (1H, m), 0.79 3H, t, J = 7.4 Hz, Hs)
ppm.

BC NMR (100 MHz; CDCL): §217.9 (Q, Cq), 199.7 (Q, Cc), 165.6 (Q, Cg), 144.9 (Q,
Ck), 1259 (CH, Cp), 1104 (CH,, Cr), 54.1 (CH), 52.7 (Q, Cwm), 52.0 (CH), 40.9 (CH),
39.5 (CH,), 37.6 (CH), 36.9 (CH,), 36.0 (CH,), 35.1 (CH,), 29.5 (CH,), 28.3 (CH»), 20.8
(CH»), 18.2 (CHy), 7.1 (CH3, Cs) ppm.

CIMS m/z (%): 299 (M+H)", 100).

HRMS: not necessary, X-ray obtained instead.

X-ray: X-ray data available in Appendix IL

The thioketal steroid (5.14)

To (5.13) (0.097 g, 0.311 mmol, 1.0 equiv) was slowly added, over 15 min at room
temperature, MeOH (6 mL) so as to achieve complete dissolution. Ethane-1,2-dithiol (54
uL, 0.616 mmol, 1.8 equiv) was added followed by dropwise addition of BF3.Et,O (34 uL,
0.259 mmol, 0.9 equiv) and the mixture was stirred for 16 hours. After usual work-up, the
crude product was purified by column chromatography (Hexane/Acetone 80:20) to afford
(5.15) as a white solid (98 mg, 84%).

MW =360.576 (C21H2308>).
Rf = 0.46 (Hexane/Acetone 80:20).
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IR (film): 2958 (m), 2917 (s), 2848 (w), 1729 (s), 1448 (m), 1258 (m), 1037 (m), 1004
(w), 889 (m) cm’.

"H NMR (400 MHz; CDCl): 8 5.69 (1H, s, Hp), 4.93 (1H, s, Hs), 4.84 (1H, s, Hg'), 3.41-
3.22 (4H, m, Hr), 2.48 (1H, m), 2.34-1.91 (10H, m), 1.83 (1H, m), 1.60-1.27 (5H, m), 1.07
(1H, m), 0.85 (3H, s, Hr) ppm.

BC NMR (100 MHz; CDCls): 8 219.8 (Q, Co), 145.6 (Q, Ck), 141.0 (Q, Cg), 126.6 (CH,
CD), 110.6 (CH,, Cs), 65.7 (Q, C¢), 54.7 (CH), 51.5 (CH), 49.6 (Q, Cwm), 44.0 (CH,, Cy),
41.6 (CH), 40.4 (CH>), 40.0 (CH,), 39.7 (CH), 36.1 (CH»), 35.9 (CH), 34.7 (CH»), 30.4
(CH>), 28.6 (CH»), 21.5 (CH>), 14.3 (CH3, Cr) ppm.

X-ray: X-ray data available in Appendix II.

The thioketal steroid (5.15)

BF,.Et,0 8
MeOH

S
89% Y e C
85 5 F (5.15)

To steroid (1.71) (0.093 g, 0.311 mmol, 1.0 equiv) was slowly added, over 15 min at room
temperature, MeOH (6 mL) so as to achieve complete dissolution. Ethane-1,2-dithiol (52
uL, 0.591 mmol, 1.8 equiv) was added followed by dropwise addition of BF3.Et,O (33 uL,
0.249 mmol, 0.9 equiv) and the mixture was stirred for 16 hours. After usual work-up, the
crude product was purified by column chromatography (Hexane/Acetone 80:20) to afford
(5.15) as a white solid (103 mg, 89%).

MW = 374.603 (C2H300S,).

Rf = 0.49 (Hexane/Acetone 80:20).

IR (film): 2960 (m), 2918 (m), 2850 (w), 1733 (m), 1456 (w), 1258 (m), 1011 (s), 789 (s)
cm’.

"H NMR (400 MHz; CDCls): & 5.68 (1H, br s, Hp), 4.95 (1H, s, Hy), 4.84 (1H, s, Hp),
3.41-3.34 3H, m, Hy), 3.25 (1H, m, Hy), 2.59 (1H, d, J = 12.7 Hz, Hy), 2.42 (1H, dd, J =
19.3, 8.8 Hz), 2.36-1.78 (10H, m), 1.71-1.37 (5H, m, contains Hg), 1.33-1.24 (2H, m,
contains Hg’), 1.04 (1H, m), 0.77 (3H, t, J = 7.4 Hz, Hg) ppm.
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BC NMR (100 MHz; CDCls): 8 218.5 (Q, Co), 145.7 (Q, Ck), 141.0 (Q, Cg), 125.6 (CH,
Cp), 110.2 (CH,, Cr), 65.7 (Q, Cc), 54.6 (CH), 52.9 (Q, Cw), 52.2 (CH), 41.3 (CH), 40.4
(CH,), 40.0 (CHy), 39.6 (CHy), 39.6 (CH,), 36.1 (CH»), 35.9 (CH), 34.7 (CH,), 30.5
(CH»), 28.6 (CH>), 20.8 (CHa, Cgr), 18.1 (CH»), 7.2 (CH3, Cs) ppm.

X-ray: X-ray data available in Appendix II.

The C17a-ethinyl steroid (5.20) and the A3.4-steroid (5.21)

O

y 0’ HO ///

ol e il 5
EIOH, 80 C_
Y608 +
73% 0 T;;; ‘0 Ratio ’0
S (5.14) ’ ° 80 / 20
) | {5.20) H 621

H (5.17)

Thioketal (5.14) (0.019 g, 0.053 mmol) was dissolved in ethanol (3 mL), and Raney nickel
was added. The mixture was refluxed (80 °C) with sequential addition of Raney nickel
every 2 h until completion (4 h overall). The reaction mixture was cooled to room
temperature, water (5 mL) and DCM (5 mL) were added and the phases were separated.
The aqueous phase was extracted with DCM (3 x 10 mL) and the combined organic
phases were dried over MgSQg, filtered and evaporated. The crude product was purified
by column chromatography (Hexane/Acetone 90:10) to afford (5.16) and (5.17) as an
unseparable mixture (0.010 g, 73%) (ratio (5.16)/(5.17) = 80:20).

To a cooled (-40 °C) solution of steroids (5.16)/(5.17) (0.010 g, 0.037 mmol, 1.0 equiv) in
dry THF (2 mL) was added sodium acetylide (18% wt in Xylene, 0.224 mL, 0.740 mmol,
20 equiv). The reaction mixture was stirred at -40 °C for 30 min, then 30 min at 0 °C. The
mixture was allowed to warm up to room temperature and stirring continued for 14 h. The
mixture was diluted with DCM (5 mL) and slowly poured onto water (5 mL). After
extraction with DCM (3 x 5 mL), the combined organic phases were dried over Na,SOy,
filtered and evaporated in vacuo. The crude product was purified by column
chromatography (Hexane/Acetone 85:15) to afford steroid (5.20) and its A3,4-isomer
(5.21) as an unseparable mixture (0.008 g, 76%) (ratio (5.20)/(5.21) = 80:20).
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Significant data for (5.20)
MW = 296.446 (C;Hp50).

Rf =0.34 (Hexane/Acetone 85:15).

"H NMR (400 MHz; CDCls): Characteristic peaks & 5.48 (1H, br s), 4.86 (1H, m), 4.79
(1H, br s), 2.59 (1H, s), 2.44 (1H, d, J = 11.9 Hz), 0.83 (3H, s) ppm.

BC NMR (100 MHz; CDCly): § 147.6 (Q), 139.9 (Q), 121.3 (CH), 109.1 (CH,), 87.3 (Q),
79.0 (Q), 74.0 (CH), 54.8 (CH), 50.8 (CH), 48.9 (Q), 45.5 (CH), 42.8 (CH), 39.3 (CHy),
36.6 (CH), 35.5 (CH,), 31.7 (CHy), 29.1 (CHa), 25.7 (CH»), 22.6 (CH>), 21.9 (CH>), 13.0
(CHs) ppm.

Desogestrel (1.14) and the A3.4-steroid (5.22)

Raney Ni
EtOH, 80 °C

78% Ratio

80 [/ 20

H (5.22)

Thioketal (5.15) (0.065 g, 0.174 mmol) was dissolved in ethanol (10 mL), and Raney
nickel was added. The mixture was refluxed (80 °C) with sequential addition of Raney
nickel every 2 h until completion (6 h overall). The reaction mixture was cooled to room
temperature, water (15 mL) and DCM (15 mL) were added and the phases were separated.
The aqueous phase was extracted with DCM (3 x 10 mL) and the combined organic
phases were dried over MgSQy, filtered and evaporated. The crude product was purified
by column chromatography (Hexane/Acetone 90:10) to afford (5.18) and (5.19) as an
unseparable mixture (0.039 g, 78%) (ratio (5.18)/(5.19) = 80:20).

Acetylene was passed through a suspension of KO'Bu (0.056 g, 0.499 mmol, 5.0 equiv) in
dry THF (0.6 mL) at -25 °C for 1 hour. A solution of steroids (5.18)/(5.19) (0.028 g, 0.098
mmol, 1.0 equiv) in dry THF (300 pL) was added and acetylene was passed through the
mixture for 1 h at -25 °C. The resulting mixture was allowed to warm up to room
temperature, diluted with DCM (5 mL) and slowly poured onto water (5 mL). After
extraction with DCM (3 x 5 mL), the combined organic phases were dried over Na,SOy,

filtered and evaporated in vacuo. The crude product was purified by column

221



chromatography (Hexane/Acetone 85:15) to afford desogestrel (1.14) and its A3,4-isomer
(5.22) as an unseparable mixture (0.029 g, 95%) (ratio (1.14)/(5.22) = 80:20).

Significant data for desogestrel (1.14)

MW = 310.473 (C12H300).

Rf =0.36 (Hexane/Acetone 85:15).

'"H NMR (400 MHz; CDCl3): Characteristic peaks 6 5.48 (1H, s), 4.99 (1H, s), 4.79 (1H,
s),2.62 (1H,d, J = 9.0 Hz), 2.61 (1H, s), 1.05 3H, t, J = 7.4 Hz) ppm.

BC NMR (100 MHz; CDCly): § 147.5 (Q), 139.9 (Q), 121.3 (CH), 108.5 (CH,), 87.9 (Q),
81.1 (Q), 74.0 (CH), 54.7 (CH), 52.4 (CH), 50.4 (Q), 42.6 (CH), 40.6 (CH,), 39.8 (CH,),
36.6 (CH), 35.5 (CH,), 31.7 (CH,), 29.1 (CH,), 25.7 (CH,), 22.0 (CH), 21.9 (CH»), 19.8
(CH>), 9.1 (CH3) ppm.

These data correspond to literature data.”®
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9.5 Experimental data for Chapter 6

The C-ring cyclised bromide (rac-6.1, 6.1) and the C-ring cyclised debrominated
adduct (rac-6.2, 6.2) and the phosphonic acid (6.3).

Route 1:

O  Hoveyda-Grubbs

o A catalyst
'I:I, 2" generation
(Et0O);” = - 35 mol %

BriH
r: C =0.01m
= —_—

o A

3-3) toluene (rac-6.1) (rac-6.2)

A 0.01 M solution of phosphonate (3.3) (246 mg, 0.47 mmol, 1.0 equiv) in toluene (47
mL) was degassed by bubbling nitrogen through it for 10 minutes. The 2 generation
Hoveyda-Grubbs catalyst (102 mg, 0.165 mmol, 0.35 equiv) was added and the solution
was heated to 80 °C for 2 days. After cooling to room temperature, the solvent was
removed and the crude product was purified by column chromatography (Hexane/Acetone
80:20) followed by HPLC (Hexane/Acetone 95:5) to afford (rac-6.1) as a brown oil (103

mg, 61%) and (rac-6.2) as a colourless oil (1-2 mg, traces).

Route 2
u
/ \/ P \/SR O Grubbs catalyst
O;N\ 2 | @ T 7 2" generation P 0 P o
P~ A 2 NHCI P a5 mol%
e = o | 2
N TR TResc  HOGT YR TR
B _— A z -
Br: Br: - .
~o oYy ey DCM
(3.4) (6.3)

To a solution of phosphonamide (3.4) (0.189 g, 0.327 mmol, 1.0 equiv) in THF (3 mL)
was added 2 N HC1 (0.335 mL, 0.670 mmol). The mixture was stirred at 65 °C for 16
hours, then diluted with EtOAc and washed with 1 N HCI. The organic layer was dried
over MgSO, and evaporated to give phosphonic acid (6.3) (0.144 g, 97 %), which was
used in the next step without further purification. A 0.01 M solution of phosphonic acid

(6.3) in DCM (32 mL) was degassed by bubbling nitrogen through it for a few minutes.
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The 2™ generation Grubbs catalyst (0.095 g, 0.115 mmol, 0.35 equiv) was added and the
mixture was refluxed for 24 hours. After cooling to room temperature, the solvent was
evaporated and the crude mixture was purified by column chromatography
(Hexane/Acetone 80:20) followed by HPLC (Hexane/Acetone 95:5) to afford (6.1) as a
brown oil (0.053 g, 44%) and (6.2) (3 mg, 4%) as a colourless oil.

Data for (rac-6.1. 6.1):

Mw = 363.289 (C9H23BrO,).

Rf = 0.44 (Hexane/Acetone 80:20).

IR (neat): 2962 (m), 2911 (m), 2835 (m), 1727 (s), 1570 (m), 1463 (m), 1239 (s) cm .

"H NMR (400 MHz; CDCly): 8 7.42 (1H, d, J = 8.7 Hz, Ha), 6.79 (1H, d, J = 3.0 Hz, Hp),
6.64 (1H, dd, J = 8.7, 3.0 Hz, Hp), 5.82-5.61 (2H, m, Hr + Hs), 3.79 (3H, s, Hg), 2.85 (1H,
ddd, J=12.9,12.0, 5.1 Hz, Hy), 2.68 (1H, ddd, J = 13.3, 11.7, 5.3 Hz, Hy'), 2.45 (1H, m,
Hy), 2.25-2.03 (5H, m, Hy + Hy + Hw + 2Hg), 1.85 (1H, m, Hy), 1.67-1.58 (3H, m, H; +
Hy- + Hk), 0.92 (3H, s, Hp) ppm.

C NMR (100 MHz; CDCls): § 221.6 (Q, Cx), 159.0 (Q, Cc), 142.8 (Q, Cr), 133.3 (CH,
Ca), 130.3 (CH, Cs), 125.8 (CH, Cr), 116.0 (CH, Cp), 114.8 (Q, Cf), 113.0 (CH, Cg), 55.4
(CH3, Cq), 46.8 (Q, Cop), 46.0 (CH, Ck), 38.1 (CH, Cy), 35.8 (CH,, Cy), 33.5 (CHz, Cw),
33.4 (CHa, Cn), 32.7 (CHz, Cq), 22.8 (CH,, Cyr), 14.3 (CH3, Cp) ppm.

CIMS m/z (%): 382/380 (M+NH,', 8), 365/363 (M+H', 2), 347/345 (12), 302 (47),
285/283 (30), 267 (84), 122 (100).

HRES MS For C19H,,0,”Br (M+H)": calcd 363.0954, found 363.0951.

[a]p = +31.3 ° (c 0.82, CHCL).

Data for (rac-6.2, 6.2):

Mw = 284.178 (C19H240,).

Rf = 0.44 (Hexane/Acetone 80:20).

IR (neat): 2918 (w), 2857 (w), 1736 (s), 1584 (m), 1453 (m), 1259 (s), 1152 (m), 1046
(m), 780 (m) cm™".

"H NMR (400 MHz; CDCLy): 8 7.22 (1H, dd, J = 8.8, 7.3 Hz, Hy), 6.83-6.72 (3H, m, Hg +
Hr + Hp), 5.74-5.66 (2H, m, Hg + Hg), 3.80 (3H, s, Hg), 2.78 (1H, ddd, J = 13.5, 11.0, 5.5
Hz, Hp), 2.61 (1H, ddd, J = 13.5, 10.6, 5.8 Hz, Hy-), 2.47 (1H, m, Hy), 2.22-2.04 (5H, m,
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Hy+ Hr + Hw + 2Hg), 1.90 (1H, dddd, J = 17.2, 11.1, 6.4, 4.2 Hz, Hy), 1.71-1.51 (3H, m,
Hy + Hy> + Hk), 0.88 (3H, s, Hp) ppm.

BC NMR (100 MHz; CDCls): 8 221.6 (Q, Cx), 159.7 (Q, Cc), 144.1 (Q, Cg), 130.3 (CH,
Cs), 129.3 (CH, Ca), 125.6 (CH, Cgr), 120.7 (CH, Cg), 114.2 (CH, Cp), 111.0 (CH, Cpg),
55.1 (CHs, Cq), 46.8 (Q, Co), 46.3 (CH, Ck), 37.9 (CH, C;), 35.8 (CHz, Cwm), 34.3 (CH,,
Cy), 33.5 (CHa, Cp), 32.8 (CHa, Cyp), 22.8 (CH,, Cyr), 14.3 (CH3, Cp) ppm.

CIMS m/z (%): 302 (M+NH,)", 6), 285 (M+H)", 8), 267 (30), 122 (100).

HRMS (CI) For C19H2405: calcd 284.17763, found 284.17803.

Data for (6.3):

Mw = 471.322 (C2HysBrOsP).

IR (neat): 2936, 2870, 1734, 1471, 1240, 1161, 992, 929, 808 cm".

"H NMR (400 MHz; CDCl): 8 7.46 (1H, d, J = 8.5 Hz, Hy), 6.89 (1H, d, J = 3.0 Hz, Hp),
6.76 (1H, dd, J = 8.5, 3.0 Hz, Hg), 6.33 (1H, ddd, J = 21.1, 17.1, 10.0 Hz, Hk), 5.85 (1H,
dd,J=19.6, 17.1 Hz, Hy), 5.45 (1H, m, Hy), 5.18 (1H, d, J = 17.1 Hz, Hy), 5.06 (1H, d, J
= 10.0 Hz, Hy, 3.76 (3H, s, Hg), 2.65 (1H, td, J = 13.0, 4.5 Hz, Hy), 2.48 (1H, td, J =
13.0, 5.0 Hz, Hy), 2.37-2.25 (2H, m), 2.18 (1H, dd, J = 14.0, 9.0 Hz, Hs), 2.20-1.93 (4H,
m), 1.85 (1H, m), 1.55-1.40 (2H, m), 0.94 (3H, s, Hg) ppm.

BC NMR (100 MHz; CDCl3): & 222.0 (Q, Cp), 158.7 (Q, Cc), 149.2 (CH, Cx), 142.3 (Q,
Cg), 134.7 (CH, Cy), 133.1 (CH, C,), 123.7 (CH, d, J = 179.3 Hz, Cy), 118.4 (CH,, Cy),
116.0 (CH, Cp), 113.7 (CH + Q, Cg+Cy), 55.3 (CH3, Cg), 51.6 (Q), 45.7 (CH, d, J = 20.4
Hz, Cy), 43.9 (CH, Cyy), 40.2 (CH,, Cs), 36.6 (CHy, Cy), 33.2 (CH,, Co), 31.7 (CH,, Cy),
23.0 (CH,, Cy), 17.7 (CH3, Cr) ppm.

3P NMR (121 MHz; CDCLy): 8 12.41 ppm.

ES'MS m/z (%): 472/470 (1:1, (M+H)", 100).

HRES™S For Cy1Hao " BrOsP (M+H)": caled 471.0930, found 471.0929.

[a]p = +34.0 ° (¢ 0.60, CHCL).
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The A11,12-steroid (6.4).

HERRMANN Catalyst, 2 mol % (1.57)
"BusOAc
DMF/ MeCN / H,O G
110 °C, 3h
Quantitative

To a carefully degassed solution of bromide (6.1) (35 mg, 0.096 mmol, 1.0 equiv) and
"BusOAc (100 mg, 0.333 mmol, 3.5 equiv) in DMF/MeCN/H,O (1:1:0.2, 1.2 mL) was
added the Herrmann catalyst (2.5 mg, 1.92 umol, 0.02 equiv) at 50 °C. The mixture was
stirred at 115 °C for 3 h. After cooling to room temperature, the mixture was diluted with
Et,0, washed with H,O and brine, dried over MgSO4 and concentrated in vacuo yielding

(6.4) as a colourless oil (27 mg, quantitative).

Mw = 282.377 (C19H20»).

Rf = 0.46 (Hexane/Acetone 80:20).

IR (film): 2921 (m), 2852 (w), 1738 (s), 1609 (W), 1499 (m), 1465 (m), 1247 (s), 1037 (s)
cm™
"H NMR (400 MHz; CDCLy): 8 7.20 (1H, d, J = 8.6 Hz, Ha), 6.75 (1H, dd, J = 8.6, 2.7
Hz, Hg), 6.65 (1H, d, J = 2.7 Hz, Hp), 6.18 (1H, dd, J = 9.9, 1.6 Hz, Hy), 6.06 (1H, dd, J
=99, 4.1 Hz, Hr), 3.78 (3H, s, Hg), 3.54 (1H, m, Hg), 2.79 (1H, ddd, J = 15.4, 10.8, 4.3
Hz, Hy), 2.61 (1H, td, J = 15.9, 4.9 Hz, Hy), 2.55-2.47 (2H, m, Hy + Hj), 2.19 (1H, m,
Hw), 2.03-1.92 2H, m, Hy + Hy), 1.85 (1H, dt, J = 12.4, 5.4 Hz, Hk), 1.76 (1H, ddd, J =
17.1, 8.9, 4.0 Hz, Hr), 1.66 (1H, ddd, J = 17.8, 10.8, 6.1 Hz, Hr), 1.03 (3H, s, Hp) ppm.
BC NMR (100 MHz; CDCls): 8 216.5 (Q, Cx), 157.3 (Q, Cc), 138.6 (Q, Cg), 130.5 (CH,
Cr), 130.4 (CH, Cy), 130.4 (Q, Cp), 128.8 (CH, Cy), 113.4 (CH, Cg), 112.2 (CH, Cp), 55.2
(CH3, Cg), 49.6 (Q, Co), 43.3 (CH, Ck), 38.7 (CH, Cs), 36.6 (CHz, Cw), 31.4 (CH, Cy),
26.4 (CHa, Cp), 25.0 (CHa, Cy), 20.9 (CHy, Cv), 17.6 (CHs, Cp) ppm.

CIMS m/z (%): 300 (M+NH,", 18), 283 (M+H", 100).

HRMS we were not able to obtain HRMS data, product too unstable.

[a]p =-119.2 ° (c 0.25, CHCl).
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3-0O-Methvl-Estrone (1.113) and the cis-C8,9-steroid (6.5)

[o]p +157.2° (c 1.0, CHCly)
Lit. [o]p +160° (c 1.0, CHCly)

Pd/C (0.6 equiv)

S

N
EtOH, A, 18h 9
98%

i D H
(1.113) (6.5)
[ Ratio: 70 : 30 ]

A solution of alkene (6.4) (43 mg, 0.15 mmol, 1.0 equiv), cyclohexadiene (1.54 mL, 15
mmol, 100 equiv) and Pd/C (10% wt, 97 mg, 0.6 equiv) in dry EtOH (4 mL) was stirred
for 20 h at 110 °C. Once cooled, the reaction mixture was diluted with DCM, filtered on
celite and evaporated. The crude product was purified by column chromatography
(Hexane/Acetone 80:20) to give a mixture of (1.113)/(6.5) in a 70/30 ratio (42 mg, 98%).
Recrystallization in DCM/Hexane afforded pure (1.113) as fine white crystals.

Mw = 284.393 (C9H240,).

m.p. = 144-147 °C.

Rf = 0.45 (Hexane/Acetone 80:20).

IR (film): 2914 (m), 2848 (w), 1736 (s), 1608 (m), 1504 (m), 1245 (m) cm™".

"H NMR (400 MHz; CDCLy): 8 7.22 (1H, d, J = 8.6 Hz, H,), 6.73 (1H, dd, J = 8.6, 2.6
Hz, Hp), 6.66 (1H, d, J = 2.6 Hz, Hp), 3.79 (3H, s, Hg), 2.94-2.90 (2H, m, Hy), 2.51 (1H,
dd, J = 18.8, 8.3 Hz, Hx), 2.41 (1H, m, Hy), 2.27 (1H, m), 2.20-1.95 (4H, m), 1.69-1.40
(6H, m), 0.92 (3H, s, Hp) ppm.

BC NMR (100 MHz; CDCLy): §220.9 (Q, Cx), 157.6 (Q, Cc), 137.7 (Q, Cg), 132.0 (Q,
Cr), 126.3 (CH, Cy), 113.9 (CH, Cp), 111.6 (CH, Cg), 55.2 (CH3, Cg), 50.4 (CH, Cj), 48.0
(Q, Co), 44.0 (CH, Cs), 38.4 (CH, Ck), 35.9 (CHz, Cwm), 31.7 (CHa, Cq), 29.7 (CH>, Cn),
26.6 (CHa, Cy), 25.9 (CHa, Cgr), 21.6 (CH», Cy), 13.9 (CHs, Cp) ppm.

CIMS m/z (%): 285 (M+H", 100).

[alp=+157.2 ° (c 1.0, CHCL).

The experimental data correspond well to the reported data.”>*>*"

Significant data for (6.5):
Mw =284.393 (C19H2402).
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Rf = 0.45 (Hexane/Acetone 80:20).

"H NMR (400 MHz; CDCly): Characteristic peaks & 7.25 (1H, d, J = 8.5 Hz, Hy), 6.73
(1H, dd, J = 8.6, 2.6 Hz, Hp), 6.63 (1H, d, J = 3.0 Hz, Hp), 3.78 (3H, s, Hg), 3.03 (1H, m),
2.82 (1H, m), 2.70 (1H, dt, J = 17.1, 4.5 Hz), 0.98 (3H, s, Hp) ppm.

BC NMR (100 MHz; CDCly): § 220.8 (Q, Cx), 157.5 (Q, C¢), 138.5 (Q, Cg), 130.0 (Q,
Cr), 127.5 (CH, C,), 114.0 (CH, Cp), 112.2 (CH, Cg), 55.3 (CHs, Cg), 48.0 (Q, Co), 42.5
(CH), 37.5 (CH), 35.5 (CH>), 34.0 (CH), 27.5 (CH>), 26.1 (CH>), 24.9 (CH>), 24.3 (CHa),
21.9 (CH,), 13.5 (CHj3, Cp) ppm.

The experimental data correspond well to the reported data.

242,243

The A9.11-steroid (6.6):

A solution of steroid (6.4) (49 mg, 0.177 mmol, 1.0 equiv) in dry DMSO (5 mL) was
treated with KOrBu (52 mg, 0.460 mmol, 2.5 equiv) with stirring for 1 h at room
temperature. Water (5 mL) and brine (2.5 mL) were added and the mixture was extracted
with Et;,O (3 x 10 mL). The combined organic layers were dried over NaSOs.
Evaporation of the solvent and purification of the resulting residue by column
chromatography (Hexane/Acetone 70:30) afforded steroid (6.6) (20 mg, 41%) as an

orange oil.

MW =282.377 (Ci9H2,02).

Rf = 0.29 (Hexane/Acetone 80:20).

IR (film): 2905 (m), 1723 (s), 1600 (m), 1492 (s), 1208 (m), 1036 (s) cm".

"H NMR (400 MHz; CDCL): § 7.55 (1H, d, J = 8.8 Hz, Hy), 6.77 (1H, dd, J = 8.8, 2.5
Hz, Hp), 6.64 (1H, d, J = 2.3 Hz, Hp), 6.22 (1H, m, Hk), 3.81 (3H, s, Hs), 3.01-2.88 (2H,
m), 2.81 (1H, dd, J = 18.6, 6.9 Hz, Hx), 2.56 (1H, m), 2.46-2.38 (2H, m), 2.31 (1H, dd, J
=18.6, 13.6 Hz),2.12-1.97 (3H, m), 1.61-1.50 (2H, m), 1.12 (3H, s, Hg) ppm.

BC NMR (100 MHz; CDCls): & 203.6 (Q, Cq), 158.9 (Q, Cc), 137.2 (Q, C), 135.2 (Q,
Cr), 126.5 (Q, Cy), 125.3 (CH, Ca), 115.9 (CH, Ck), 113.4 (CH, Cgp), 113.0 (CH, Cgp),
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55.3 (CHs, Cs), 46.4 (Q, Cy), 40.4 (CH, Cx), 37.7 (CH, C), 37.0 (CHa, Cp), 33.0 (CH,
C1), 29.7 (CH,), 27.94 (CH,), 27.86 (CHy), 14.7 (CHs, Cg) ppm.

205,221-223

The NMR data correspond to literature data.

Estrone (1.6)

To a cooled (0 °C) solution of MeCN (2 mL) and DCM (1 mL) was added AICI; (0.070 g,
0.53 mmol, 10.0 equiv) followed by Nal (0.078 g, 0.125 mmol, 2.4 equiv) and finally
methyl-estrone (1.113) (0.015 g, 0.053 mmol, 1.0 equiv). The mixture was stirred for 5 h
at room temperature, diluted with DCM (5 mL), poured onto 2 N HCI solution (5 mL),
extracted with DCM (3 x 5 mL), dried over MgSO, and finally concentrated in vacuo. The
crude product was purified by column chromatography (Hexane/Acetone 70:30) to afford
estrone (1.6) (0.014 g, 92 %) as a white solid.

Mw = 270.366 (Ci3H2,0,).

m.p. = 248-252 °C.

Rf = 0.36 (Hexane/Acetone 80:20).

IR (film): 3271 (br, m), 2924 (m), 2860 (m), 1716 (s), 1704 (s) 1621 (m), 1579 (m), 1496
(m), 1287 (s), 1246 (s), 1055 (s), 816 (s) cm™,

"H NMR (400 MHz; CDCL): 8 7.16 (1H, d, J = 8.4 Hz, Hy), 6.65 (1H, dd, J = 8.4, 2.3
Hz, Hp), 6.60 (1H, d, J = 2.4 Hz, Hp), 4.70 (1H, br s, OH), 2.88 (2H, m, Hg), 2.52 (1H,
dd, J = 18.8, 8.5 Hz, Hy), 2.39 (1H, m), 2.25 (1H, m), 2.20-1.93 (4H, m), 1.69-1.39 (6H,
m), 0.92 (3H, s, Ho) ppm.

BC NMR (100 MHz; CDCly): & 221.0 (Q, Cy), 153.4 (Q, C¢), 138.1 (Q, Cg), 132.1 (Q,
Cr), 126.5 (CH, C,), 115.3 (CH, Cp), 112.8 (CH, Cg), 50.4 (CH, Cg), 48.0 (Q, Cy), 44.0
(CH, Cy), 38.4 (CH, Cy), 35.9 (CH,, Cy), 31.6 (CHay, Cp), 29.5 (CH,, Cu), 26.5 (CHa, Cuyg),
25.9 (CHy, Cuyp), 21.6 (CH,, Ck), 13.9 (CHj3, Co) ppm.

CIMS m/z (%): 271 (M+H", 100).

The experimental data correspond well will literature data.***
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9.6 Experimental data for Chapter 7

The carbonate (7.16)
0 1) "BuLi
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To a solution of the Z-allylic phosphonate (2.3) (1.03 g, 2.63 mmol, 1.0 equiv) in THF (20
mL), cooled to -78 °C, "BuLi (2.5 M in Hexane, 1.15 mL, 2.89 mmol, 1.1 equiv) was

added slowly and the mixture was stirred for 15 min at -78 °C. After warming to 0 °C, a

solution of 2-methyl-2-cyclopentenone (1.100) (0.333 mL, 2.89 mmol, 1.3 equiv) in THF

(10 mL) was immediately added over 2 min. via cannula. The solution was stirred for 1 h

at 0 °C and then quenched with methyl cyanoformate (7.14) (2.02 mL, 26.3 mmol, 10

equiv). The solution was warmed to room temperature and stirred for 1 h. Water (50 mL)

was added and the reaction was extracted with DCM (3 x 50 mL), dried over MgSOQa,

filtered and concentrated in vacuo. The crude product was purified by column

chromatography (Hexane/Acetone 70:30) to afford (7.16) as a light yellow oil (1.08 g,

79%).

MW = 544. 123 (C24H34BI'O7P).
Rf = 0.54 (Hexane/Acetone 65:35).

IR (neat): 2956 (w), 1758 (s), 1572 (w), 1472 (m), 1236 (s), 1050 (s), 1020 (s), 957 (s),

784 (m) cm™.

"H NMR (400 MHz; CDCL): & 7.39 (1H, d, J = 8.7 Hz, Hy), 6.78 (1H, ddd, J = 22.1,
17.2, 7.6 Hz, Hy), 6.74 (1H, d, J = 3.0 Hz, Hg), 6.63 (1H, dd, J = 8.7, 3.0 Hz, Hp), 5.80
(1H, dd, J = 20.4, 17.2 Hz, Hy), 4.16-4.04 (4H, m, Hy), 3.81 3H, s, Hgv), 3.78 GH, s,
Hov), 2.79-2.66 (2H, m, Ho+Hy), 2.54 (1H, m, Hyy), 2.48-2.42 3H, m, HitHo+Hq), 1.97
(1H, ddd, J = 16.5, 13.3, 7.7 Hz, Hp), 1.82-1.66 (2H, m, Hr+Hp-), 1.60 (1H, dtd, J = 15.3,
10.5, 5.0 Hz, Hy), 1.50 (3H, s, Hy), 1.35 (6H, t, J = 7.1 Hz, Hy) ppm.
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BC NMR (100 MHz; CDCly): & 159.0 (Q, Cc), 155.3 (d, J = 4.2 Hz, CH, Cx), 153.0 (Q,
Cu), 145.9 (Q, Cx), 142.0 (Q, Cg), 133.3 (CH, Cy), 123.3 (Q, Cs), 118.2 (d, J = 186.1 Hz,
CH, Cp), 115.9 (CH, Cp), 114.7 (Q, Cg), 113.4 (CH, Cg), 61.7 (d, J = 5.2 Hz, CH,, Cy),
61.7 (d, J = 5.3 Hz, CHz, Cw’), 55.4 (CHs, Cgn), 55.1 (CHs, Carv), 48.9 (CH, Co), 45.9 (d,
J =20.3 Hz, CH, Cj), 34.6 (CHa,, Cn), 29.7 (CHa, Cq), 28.0 (CHa, Cy), 22.1 (CHa, Cp), 16.4
(d, J = 5.0 Hz, 2 x CH3, Cy), 10.6 (CH3, Cr) ppm.

3P NMR (121 MHz; CDCl;): & 18.85 ppm.

ES'MS m/z (%): 569/567 (1:1, (M+Na)", 37), 547/545 (1:1, (M+H)", 13).

HRES'MS for Cy4H340," BrP (M+H)": caled 545.1298, found 545.1300.

The silyl enol ether (7.17)

u
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To a solution of the Z-allylic phosphonate (2.3) (1.03 g, 2.63 mmol, 1.0 equiv) in THF (20
mL), cooled to -78 °C, "BuLi (1.6 M in Hexane, 1.81 mL, 2.89 mmol, 1.1 equiv) was
added slowly and the mixture was stirred for 15 min at -78 °C. After warming to 0 °C, a
solution of 2-methyl-2-cyclopentenone (1.100) (0.334 mL, 3.42 mmol, 1.3 equiv) in THF
(10 mL) was immediately added over 2 min. via cannula. The solution was stirred for 1 h
at 0 °C and then quenched with TBDMSOTT (1.21 mL, 5.26 mmol, 2.0 equiv). The
solution was warmed to room temperature and stirred for 1 h. Water (10 mL) was added
and the reaction was extracted with DCM (3 x 10 mL), dried over Na,SOy, filtered and
concentrated in vacuo. The crude product was purified by column chromatography
(Hexane/Acetone 70:30) using pre-neutralized silica gel to afford (7.17) as a light yellow
oil (1.27 g, 84%).

Mw = 601,625 (C3H46BrOsPSi).

Rf = 0.48 (Hexane/Acetone 65:35).

IR (film): 2936 (m), 2855 (m), 1727 (m), 1471 (w), 1242 (m), 1101 (m), 1052 (s), 1022
(s), 959 (m) cm’.
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"H NMR (400 MHz; CDCl;): 8 7.39 (1H, d, J = 8.7 Hz, Hy), 6.79 (1H, ddd, J = 22.1,
17.2, 8.5 Hz, Hy), 6.72 (1H, d, J = 3.0 Hz, Hp), 6.63 (1H, dd, J = 8.7, 3.0 Hz, Hg), 5.77
(1H, dd, J = 20.9, 17.2 Hz, Hy), 4.16-4.05 (4H, m, Hyy), 3.78 (3H, s, Hg), 2.78-2.59 (2H,
m, Ho+Hy), 2.51 (1H, ddd, J = 13.5, 10.4, 6.3 Hz, Hy), 2.43 (1H, m, Hy), 2.27-2.12 (2H,
m, Hg), 1.90-1.80 (1H, m, Hp), 1.75-1.66 (1H, m, Hy), 1.62-1.51 (2H, m, Hy+Hp'), 1.47
(3H, s, Hy), 1.35 (6H, t, J = 7.1 Hz, Hy), 0.93 (9H, s, Hy), 0.10 (3H, s, Hy) ppm.

BC NMR (100 MHz; CDCly): & 158.9 (Q, Cc), 156.5 (d, J = 4.1 Hz, CH, Cy), 148.9 (Q,
Cr), 142.4 (Q, Cg), 133.3 (CH, Ca), 117.5 (d, J = 186.0 Hz, CH, Cy), 116.0 (CH, Cp),
114.7 (Q, Cr), 113.2 (CH, Cg), 113.1 (Q, Cs), 61.6 (d, J = 3.9 Hz, 2 x CH,, Cw), 55.4
(CH3, Cg), 49.3 (CH, Co), 46.6 (d, J = 20.1 Hz, CH, Cy), 34.9 (CH,, Cy), 32.8 (CH,, Co),
28.1 (CH,, Cy), 25.7 (3 x CHs, Cyw), 22.0 (CH,, Cp), 18.1 (Q, Cy), 16.4 (d, J = 5.1 Hz, 2 x
CHs, Cx), 10.7 (CHs, Cy), -4.0 (CH3, Cy) ppm.

3'P NMR (121 MHz; CDCl3): & 19.22 ppm.

ES'MS m/z (%): 626/623 (1:1, (M+Na)", 100), 603/601 (1:1, (M+H)", 30).

HRES MS For CysHse BrOsPSiNa (M+Na)™: caled 623.1928, found 623.1942.

The alcohol (7.12)
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To a stirred solution of silyl enol ether (7.17) (0.133 g, 0.221 mmol, 1.0 equiv) and
paraformaldehyde (0.066 g, 2.21 mmol, 10 equiv) in DCM (3 mL) was slowly added
AlMes (2 M in Hexane, 0.221 mL, 2.0 equiv). The mixture was stirred at room temperature
for 5 h, then water was added (2 mL). The reaction was extracted with DCM (3 x 5 mL),
dried over Na;SO4 and concentrated in vacuo. The resulting crude product was dissolved
in THF (3 mL), treated with HC]1 2 M (2 mL) and stirred at room temperature for 1 h. After
usual work-up, the crude product was purified by column chromatography

(Hexane/Acetone 60:40) to afford alcohol (7.12) as a light yellow oil (0.064 g, 56%).
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Mw = 517,390 (C23H34BrOgP).
Rf = 0.27 (Hexane/Acetone 65:35).

"H NMR (400 MHz; CDCly): 8 7.40 (1H, d, J = 8.7 Hz, Hy), 6.73 (1H, d, J = 3.0 Hz, Hp),
6.71 (1H, m, Hx), 6.64 (1H, dd, J = 8.8, 3.0 Hz, Hg), 5.78 (1H, dd, J = 20.6, 17.3 Hz, Hy),
4.21-4.05 (4H, m, Hy), 3.78 (3H, s, Hg), 3.77 (1H, d, J = 9.7 Hz, Hy), 3.44 (1H,d, J = 9.7
Hz, Hy), 2.71 (1H, ddd, J = 13.2, 11.8, 5.0 Hz, Hy), 2.58-2.45 (2H, m, Ho+Ho), 2.44-
2.32 (2H, m, H/+H)), 2.28-2.06 (2H, m, Hp+Hr), 1.99 (1H, m, Hy), 1.69-1.41 (2H, m,
Hp-+Hyp), 1.35 (6H, t,J = 7.1 Hz, Hy), 0.83 (3H, s, Hr) ppm.

BC NMR (100 MHz; CDCl3): & 222.8 (Q, Cr), 159.1 (Q, Cc), 155.4 (d, J = 3.8 Hz, CH,
Cx), 142.0 (Q, Cg), 133.4 (CH, C,), 119.0 (d, J = 186.7 Hz, CH, Cy), 116.0 (CH, Cp),
114.6 (Q, Cg), 113.2 (CH, Cg), 65.4 (CH,, Cy), 61.8 (d, J = 5.5 Hz, 2 x CH,, Cyy), 55.4
(CH3, Cg), 53.7 (Q, Cs), 46.6 (d, J = 20.9 Hz, CH, Cj), 42.5 (CH, Co), 37.0 (CH,, Cy), 34.0
(CH,, Cq), 32.0 (CHa, Cy), 23.5 (CH,, Cp), 16.4 (d, J = 6.2 Hz, 2 x CHj, Cy), 13.7 (CH3,
Cr) ppm.

3P NMR (121 MHz; CDCls): & 17.97 ppm.

ES'MS m/z (%): 541/539 (1:1, (M+Na)", 100), 519/517 (1:1, (M+H)", 10).

HRES™MS For Cy3Hs,’BrOsPNa (M+Na) " calcd 539.1174, found 539.1176.

The mesylate (7.19)
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Triethylamine (45 pL, 0.33 mmol, 2.5 equiv) in DCM (1 mL) was added dropwise to
alcohol (7.12) (67 mg, 0.13 mmol, 1.0 equiv) and methanesulfonyl chloride (20 uL, 0.26
mmol, 2.0 equiv) in DCM (2 mL) at -20 °C. After 20 min, the mixture was allowed to
warm to room temperature. After an additional 40 min, the mixture was poured into water
(5 mL), and the organic phase was dried over Na>SOQs, filtered and concentrated in vacuo.
The crude product was purified by column chromatography (Hexane/Acetone 60:40) to
afford (7.19) as a colourless oil (62 mg, 81%).
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Mw = 595.481 (Ca4H3605PS).

Rf = 0.29 (Hexane/Acetone 65:35).

"H NMR (400 MHz; CDCL): & 7.41 (1H, d, J = 8.7 Hz, Hy), 6.73 (1H, d, J = 3.0 Hz,
Hp), 6.63 (1H, ddd, J = 21.8, 17.3, 9.7 Hz, Hx), 6.65 (1H, dd, J = 8.8, 2.8 Hz, Hg), 5.84
(1H, dd, J=20.4, 17.3 Hz, Hy), 431 (1H, d, J = 9.8 Hz, Hy), 4.21-4.06 (4H, m, Hy), 4.02
(1H, d, J = 9.8 Hz, Hy), 3.79 (3H, s, Hg), 3.01 (3H, s, Hy), 2.70 (1H, m, Hy), 2.57-2.08
(6H, m, Hr+Hp+H+Ho+Hp+Hg), 2.01 (1H, m, Hy), 1.67-1.48 (2H, m, Hy+Hp'), 1.36
(6H, t, J = 7.0 Hz, Hy), 0.89 (3H, s, Ht) ppm.

BC NMR (100 MHz; CDCL): & 218.4 (Q, Cr), 159.0 (Q, Cc), 153.4 (d, J = 3.1 Hz, CH,
Cx), 141.7 (Q, Cg), 133.4 (CH, C,), 120.4 (d, J = 187.3 Hz, CH, Cy), 116.0 (CH, Cp),
114.6 (Q, Cy), 113.3 (CH, Cg), 71.5 (CHy, Cy), 62.0 (d, J = 5.6 Hz, CH,, Cyy), 62.0 (d, J =
5.5 Hz, CH,, Cyp), 55.4 (CHs, Cg), 51.9 (Q, Cs), 46.6 (d, J = 20.8 Hz, CH, Cy), 42.2 (CH,
Co), 36.7 (CH3, Cy), 36.3 (CH,, Cy), 34.0 (CH,, Cg), 31.9 (CH,, Cy), 23.2 (CH,, Cp), 16.4
(d, J= 6.1 Hz, 2 x CH;, Cx), 13.5 (CH3, Cr) ppm.

3P NMR (121 MHz; CDCls): & 16.89 ppm.

ES'MS m/z (%): 619/617 (1:1, (M+Na)", 100), 597/595 (1:1, (M+H)", 65).

HRES+MS For C4H305PS”BrNa (M+Na) " caled 617.0944, found 617.0954.
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Appendix I : Copies of 'H and “C NMR spectra
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"H NMR spectrum (CDCls, 400 MHz) of (4.18).
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"H NMR spectrum (CDCls, 400 MHz) of (4.61).
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"H NMR spectrum (CDCls, 400 MHz) of (5.7).
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Appendix II: X-ray data
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X-ray data for (3.3)

Table 1. Crystal data and structure refinement details.

Independent reflections
Complateness to 6=25.03"
Absorption carrection
Rsfinament method
Data / restraints / parameters
Goodnass-of it oa F*

Final R indices [F* = 2o(F)]
R indices (all datn)
Largest &5 paak and bole

CxyHuBOP
242

QK
07103 A
Monoclizic

Cle
a=359751(6) A
b=1142160) A

e=13 A
:”‘37(1’) 5

Fragmant, Colomess
020,14  0.05 !
315-2503"
“2<h<4,0<k<13,081515
€3

6233 [Ro,=0.0000]
9.5%
052152d0.7221
Full-matrix least-squares ca F*
6233/0/294

345
RI=00875,wR2=01519
RI=0.1068, wR2=0.1587
116l and-1.122 0 4

£=1022390(10)°

Table 2. Atomic coordinates [x 10'], equivalent isotropic displacement parameters [A’ x 10"] and site occupancy factors. U, is defined as cne third of

the trace of the orthogonalized U tensor.

Atom X y ] l-l. Sof
Brl 262(1) 6728(1) 4120) 381) 1
Pl -1743(1) 8996(1) 4970) 25(1) 1
ol 5801) 11108G) 74050) 340) 1
0 -1385(1) 36643) 76490) 350) 1
03 A7) 96470) 39210) 16) 1
o4 -21041) £2250) 15390 () 1
05 -1705(1) a7330) $5300) 16) 1
ca 9530) 11309(5) 8021(%) 40) 1
Q 534(1) 10124(8) 671960) 260) 1
c 82601) 9451(4) 6554(3) ) 1
C4 737(1) 8472(%) 39430) 26(1) 1
cs 3641) 8139(4) 55970) 2441) 1
6 60) §792(4) 58190) 19(1) 1
c 160(1) 9793(4) 64090) 21(1) 1
8 -3441) B408(4) 55176) 21(1) 1
o —-4380) 7558(4) 6310) 2000) 1
cl0 -326Q1) 6952(4) 60080) 18Q) 1
cu -5000) 6138(4) 68900) 190) 1
cn -569Q1) 5288(4) 73160) 24Q1) 1
13 -T39(1) £396(4) 7955(8) 3001) 1
cl4 -11570) £364) 4354) 260) 1
c1s -1255(1) 5334(%) 66260) (1) 1
cl6 -1301(1) 4745(%) 55430) 2801) 1
o -16360) 5905(4) 67070) 20) 1
18 -16370) 84760 743%) 3100 1
19 -1702(1) 75880 %) () 1
N -11380) 7844(%) ST340) 190) 1
ca -1351(1) 8031(%) 47890) 21(1) 1
™ -23n0) 784405) 3624(5) 50Q) 1
o 20642 6709(6) maE) 50Q) 1
o4 -20120) 10304(8) 5801(7) 790) 1
25 -2001(3) 11576(7) 5648() 1269 1
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Table 3. Bond lengths [A] and angles [°]

Brl-C3
P03
P1 05
P04

=
ggeo0D

29229989

hioomkieme
aasab§§s§§§993

9022929202223 30288288 RRPVERRILRLSL
2288

2229
223928282
gsbgaaggg

1.916(5)

C8-09

C9 C10
C10 C20
Clo cn
Cll 12
Cl1 C15
cn C13
C13 C14
Cl4 C15
Cl5 €17
C15-C16
C17 C18
Cl1s C19
Cx C21
[ersZeni}
C4-C25

C2 C10 &
C20 €10 C11
C9 Clo c1l
C10-C11-CI2
C10-C11-C15
C12 €11 CIs
ci3 cn2cn
Cl4 C13 C12
02-Cl4-C13
02-Cl4-C15
Cl13 Cl4 CI5
Cl4 C15 C17
Cl4 C15 Cl§
C17 C15 Cl6
Cl4-C15-Cll
C17 €15 Cl1
Cl6 C15 C11
Cl§ C17 CI5
C18 C18 C17
C21-C0-C10
C20-C21-P1
o) ovsJorl]
C25 C4 05

Table 4. Anisotropic displacement parameters [4*x 10]. The anisotropic displacement

factor exponent takes the form: -2.7*[h'a*’U" +--+2 hka* b* U],

Atom i = > [l s &
Brl 3601) 20 360 12(1) A 81
) 19(1) 20) 3%(1) 10(1) 30) 111)
o1 380) 240) 36Q) 20 ) 62)
0 31Q2) 20) 460Q) 120Q) 13Q) 02)
03 @) %0 562) 271Q) 62) 62)
04 3Q) 512) 52Q2) 902) 2) )
05 #0) Q) 56Q) 52) 13Q) 13Q)
cl 410) 316) 40) 20) -603) -11(3)
Q 303) 230) 23Q) 9Q) 52) -1
c3 19@2) 30) 213) 152) 2) )
C4 200) 3503) 20) 132) %) 602)
s 270) 300) 16Q) ) 5Q2) 20)
] 20) 40 12) 102) 52) 42)
c 260) 200) 15) %) 6Q2) 42)
c8 Q) 240) 172) Q) 42) Q)
o Q) 200) 15Q) 32) 4 3Q)
c10 182) 200) 16Q) 0) 62) 102)
cu Q) 1902) 16Q) 12) 5@2) 20)
c 20) 240) 26Q) 20 52) 1)
c13 30) 24() 323) 52) 32) 3Q)
cl4 3103) 2003) 283) 1) 120 12)
c1s 22) 200) 2402) 02 52) 12)
16 20) 250) 216) ) %) 5Q)
cn 17Q) 260) 230Q) 32) 32) 3Q)
cls 30) 410) 300) 20) 82) 62)
cl 2603) s1(9) 90) 200) @) 30)
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gg8Reese

21Q)
18Q2)
318)
40(%)

60(5)
131(%)

8(2)
6(2)
-13)
165

343
707

Table 5. Hydrogen coordinates [~ 10°] and isotropic displacement parameters [A* - 10%].

Atomn x y z Uy So.f
HIA 1050 10613 8443 64 1
HIB 48 11981 8485 64 1
HIC 1128 11472 7556 64 1
0B 1084 9684 6805 32 1
HY 934 8019 5761 31 1
H7 38 10275 6557 25 1
HiA -389 8020 4822 25 1
HEB =513 9100 5461 25 1
HoA 431 7993 6993 3 1
HoB 238 6950 6478 23 1
HI0 824 6465 sn 21 1
HIl -932 6650 7487 2 1
HI2A 479 4903 6734 29 1
HI2B 353 5708 7763 2 1
HI3A 621 3817 7930 36 1
HI3B =03 8697 36 1
HI6A -1063 4357 5493 41 1
HI6B -1364 5340 4992 41 1
HI6C 1506 4165 3456 41 1
HI7A 1702 6501 6147 26 1
HI7B -1837 5298 6575 26 1
His -1586 5994 8350 38 1
HISA 1753 8097 7282 50 1
HISB 1698 7886 8554 50 1
00 1187 8317 6290 2 1
01 1288 7611 4220 25 1
H2A 2390 8444 3068 60 1
H2B 2626 7768 3w 60 1
H3A 2026 6802 29m 109 1
HI3B 2465 64499 2638 109 1
H13C ms 6124 3785 109 1
HMA -2255 10091 5383 95 1
HM4B -2012 10250 6549 95 1
H5A 1754 11884 6014 168 1
H25B 2205 11952 5924 168 1
H25C 2037 11741 4896 168 1

Thermal ellipsoids drawn at the 35% probability level
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X-ray data for (4.26)

0]
Table 1. Crystal data and structure refinement details. Q
P g
IdentiSication coda 20075001091 (VFI494624) (EtO)3 TG
Expirical formmhy CiHOP (0] :
oo gy TAaK M (aze
Waalangth 071089 A HO )
Spaca group Fl
Unit call dimansions a=894(5A »=108.282(5)"
b=14765(5) A 1= 0.978(3)"
e=15. A »=90370(5)"
Volums 1979.6(14) A’
z +
Dunsity (calculated) 1297 Mg /=
Absorption coafficent 0170 mm *
Fiooo) 832
Crysaal Block; Colourloss
Crystal im 02005 « 0.05 pum’
#range for data collection 39 25m
Indox ranges 10k10, 17-k~17, 18-1-18
Rafloctions collected 8
Indapendaet redections 6931 [n..=um]
Complatanass to #=25.02" 989%
Absorption carrection Semi empirical from
Max and min trasemission 09915 and 09567
Rafinament mothod ‘Full-paatrix loast-squares o F*
Data / rostraints / paramatars 6931/338/ 481
Goodnoss-ofBt cn F*
Final R indices [F* = 20{P)] RI=01893, wR2=03504
Rindices (all dan) RI=03500, k2 = 04365
Largest & pask md bole 1045 and -0.5160 4 *
Table 2. Atomic coordinates [/ 10‘], eqmwlutmop::d:splwmmm[.&’ » 10"] and site occupancy factors. U, is defined as cne third of
the trace of the orthogonalized U
Atom X y ] Uy Sof
4} 68633) -1621() 058Q) 25(0) 1
ol 7003() 1162(6) 400) 1
0 $296(7) 1693(5) 6720(4) 260) 1
03 M24(8) 952(5) 671(5) 352) 1
04 14885(7) 3594(5) 7622(5) 310) 1
05 8885(10) -2001(7) 3591(6) 593) 1
06 10615(8) 1865(5) 335 33Q) 1
Cl 412706) 47111 8830Q10) 0% 1
Q 5852014) 1238010) 8693(%) 50(6) 1
CiA 7130430) 660(16) nmas) (5 0.362(18)
caA T4T0G0) 160(11) 6447012) 47(9) 0.562(18)
CiB 7180(40) 20020) ST2704) 3(5) 0.438(18)
C4B 7340(40) 38(13) 6676(15) 47%) 0.438(18)
cs m1E) M4 66958(4) 20) 1
cs 9502010) -2750(7) 68208 200) 1
[} 9985011) 2832(8) T8(7) 25G) 1
cs 11698(10) 2866(8) 7%33(7) 216) 1
(] 1283(11) 3604(7) 087(7) 243) 1
Cl0 13980(11) -3812(0) 014(7) 23 1
cu 14313(11) ~A245() 6031(7) 283) 1
cn 12865(11) 4293(8) 5507(7) 276) 1
cB 11875(10) 3565(8) 6190(7) 25¢) 1
Cl4 102330) 3565(T) 6017(8) 17Q) 1
15 1711011 4652(7) 7N85(7) 20) 1
16 9138012) -2044(E) 8361(6) 390) 1
cnr 9859%) 348 5055(5) 200 1
Cl8 10335(11) 2553(8) “40) 23) 1
cw 987102) 2511(8) 051(8) 318) 1
] 804103) 1618(2) 197002) 370) 1
[ 957010) ~1218(8) 1173(7) nE) 1
08 959707) 1638(5) 293(5) 280) 1
09 1) 902(5) meq) §703) 1
010 89(8) 3521(8) 314(%) 40Q2) 1
o1l 5830(8) 3248(6) 46470) 332) 1
on 4530) -1940(6) S078(5) 440) 1
= 9860Q0) -162(12) 108102) 83(3) 1
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ca 923304) 1113%9) 631(9) 413) 1
A 771030) 16) 430001) 102(6)

CBA 7510Q20) 15(11) 334200 34 0.842)

2B 632000) 166(16) 413000) 102(6) 0.16Q)

C23B ~120030) 344000) 13(6) 0.16@2)

CM4 70 -2T24(6) 1713(3) 2803) 1

c2s 5358Q11) -2763(8) 1593(7) 263) 1

C2% 4853012) 2799(9) 677(8) 380) 1

(w1 312201) 2T7() 550(8) 3603) 1

2507011) -~3661(8) 767(8) 3103) 1

c» 784(12) -3746(9) 803(8) 340) 1

c30 s3(1) 4209(8) 1490(8) 350) 1

cil 1962011) 4332(8) 1940(7) 300) 1

(7] 2953(10) 3584(7) 1725(7) 2002) 1

ok 4647010) 3604(7) 1860(7) 20Q) 1

CH 2043(7) -4588(7) 42(5) 380) 1

c3s 5679(13) 2891(9) (o) 52(4) 1

C3 5019(10) 3591(7) 2839(6) 2903) 1

o 4633012 2676(8) 3350 310) 1

C3 5035(10) 2675(8) 4455(7) 250) 1

Table 3. Bond lengths [A] and angles [°]

Pl.O2 1478(T) 08
P01 L571(3) n o
P03 1587@3) n 09

Pl Cs 1.728(10) P CH

01 Q2 1.433(15) 0i
03-C4A 1.419(15) 05-C23B
03 C4B 1L40(16) 05 C3A
o4 C10 1.200(12) 010 C29
05 C19 1206(13) Oll C38
0¢ C19 1380149 012 C38
C1-C2 1.487(19) cx-C21
C3A-CRA 1516(17) CRA-CBA
C3B C4B 1.543(18) C28 238
C5 Cs 1.596(12) CM4 C25
C6-C7 1.500(15) C25-C26
C6-Cl4 1.600(13) C25-C33
C1-Clé 1340(15) C26-C35
crce 1.544(14) €26 C7
cs o 1511(14) c C%
Cs-Cl3 1.527(15) C28-C32
C9-Cl0 1.531(13) C28-C3H4
C9-CIs 1.555(15) C28-C9
clocn 1.518(14) C2 C30
Cl1 C12 L5114 C30 €31
c12-Ci3 1.55(14) C31-Cn
C13.Cl4 1.489(13) C32.C33
Cl4 C17 1.586(13) C33 C36
Cl7 Cis 1.502(15) C36 C37
Clg C19 1.478(16) C37 C38

01 P1 01 112.5¢4) C8 9 Cl0
(/0 W) 1153(5) Cl3 C9 Cl0
01-P1-03 10244) C8-09-Cl15
0mCcs 111249 Cl13 C9 CIS
01 P Cs 111.64) Clo C9 CI5
03P Cs 103.2(%) 04 Clt C11
aomn 1810 01 Clt O
C4A-03-C4B 14.7(13) Cl1-C10-09
C4A-03-P1 126.1(11) C12-C11-C10
caBOI M 1180(14) Cl1 €12 C13
(o) e o] 112412) CUC3 O
03 C4A GA 108.5(16) Cl4 C13 C12
03-C48-C3B 114) C9-C13-Ci12
C6-C5-P1 118500 C13-C14-C17
C1C6Cs 11350 Cl3 Cl4 C§
C7 C6 Cl4 11148) Cl17 C14 C§
C5 C6 Cl4 1150 Cl8 C17 Ci4
C16-C7-Cé 128509) C19-C1§-C17
C16-C7-C8 1172(10) 01-C19-06
c6CICs 11399 0! C19 Cl18
[ N Ror) 1082(8) 0¢ C18 C18

C8 O Cl3 109.60) Of 1 07



08 P2 09 1123(3) C32 C28 C4

07-12-09 1041(6) CN-C2-CH
08-P2-C24 112.44) C3-L8-CH
071 P2 C4 111.00) o CBCw
08 P2 C4 104.1(4) €34 C28 €9
€107 R 12320) 010 €26 €30
C23B-08-CHA ue) 010-C29-C28
C238-08-P 128.0019) C30-CH-CH
CBA P2 125.7(9) €29 C30 31
07 C21 €N 108.412) €32 €31 €0
09-C23A-CA 113.1(14) CB-C-C
08-C236-C2B 1 C28-C32-C31
€25 C4 2 1192(7) €33 c32 31
26 C25 €33 11053) €32 C33 025
26 C25 C24 113.08) €32 C33 €36
33 C25 C4 11158) €25 €33 €36
C35-C26-C25 1285(10) €37-C36-C33
€35 €26 €7 1165(11) €36 €37 C38
€25 €26 €7 11429) o1l C3 o12
€28 €17 Q26 1063(10) o11 38 €37
c3 CB C 109.19) o012 C38 €37

Table 4. Anisotropic displacement parameters [A*/ 10*). The anisotropic displacement
factor exponent takes the form: 25 [K'a**U" +--+2 hka* b* U* ]

Atom [ [ ™ T o 3
P 230) Q) 250) 11(1) o) -2(1)
o1 2 50(5) 339 L) 36) 13)
2 190) 38(%) 17(%) 23) 3(3) ()
03 35(4) 28 30(3) 163) 83) 203)
04 20) (5 245 9G) 23) 30)
05 66(5) 1) 48(5) 319 16(%) 2(%)
06 ) (4 359 3003) 133) 43)
cl 6(7) 85(7) 56(7) 23(6) 4(6) 21(6)
Q 65(7) 41(6) 2109 -3(5) -4(5)
CA n[ nm 7(7) 25(5) A5 -l
C4A 2(5) 44(6) 21(5) o(5) -10(4)
C3B n{) () () 25(3) 23) 1(5)
C4 2(5) 50(6) 44(6) 21(9) 0(5) 10(%)
Cs 234 35(3) 26(5) 8 -9
V] 18(4) 240 20(5) 119 54) 24)
c? 24(3) 13(% -6(%) X
cs ) 313 30(5) 11(% -1(% 54
9 28(5) 16(5) (%) 04) 5(4)
Cl0 23(%) 25(3) 15(%) -2(%) -3(9)
cu 2(5) 30(5) (%) 44) 5(4)
cn 20) 20(5) 11(% -2(4) -1(%)
cL3 18(%) () 23(3) (%) 49 3
cl4 15(4) 14(5) 26(5) 114 34
c13 31() 23(5) 18(4) o) 04)
Cl6 2(5) 31(6) 37(6) 11(5) 6(4) 11(5)
cn 15(%) 26(3) 23(3) 12(%) -4(4) -5(9)
Cl8 30(5) 25(5) 16(%) -3(4) )
c19 26(3) 310 35(6) (%) -44) -44)
n 180) b 500) 36Q) A1) A1)
o7 51(5) 101(6) 83(6) 62(5) 12(4) 16(4)
08 110) 32(%) 176) -1(3) -3G)
09 () 515 109(5) 14(3) 13(% -1(%)
010 () 5(5) ) 21(4) 03) -13)
o1 () () 245 15(3) ) 5(3)
o1 45(%) 61(5) 28(%) 17(%) 6) §%)
91(8) 82(8) 37(6) 0(6) -21(6)
cl 57(6) 5 37(6) 31(9) - -2(5)
CRA 10(7) 101(7) 104(8) 3009 -1(6) 55
CBA B4(5) 61(6) 23(5) 24(5)
2B 101(7) 101() 104(8) 3009 1(6) 5(5)
c3B 4(6) 84(6) 61(6) 2305
4 26(5) 3#(5) 28(5) 16(% 3% A5
c25 24(4) 10(%) 34) 04
€26 2(5) 45(6) 41(5) 15(3) -3(%) -1(%)
(=) 28(5) 38(6) 25(3) 23(3) 1(49) 4%
C2% A() 36(3) 35(9) 18(%) ® i)
¥ 28(5) 45(6) 28(5) 93) 8% 39
€30 26(5) L0} 43(9) 22(9) 1% -9
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Gl
C33

C35
C36
(=)
C38

20)
1704)
19(4)
3()
38(6)
)
2%()
17(4)

13(%)

49

5(4)
44
-4
165)
-209)
-1%
-1

&9

Table 5. Hydrogen coordinates [ 10°] and isotropic displacement parameters [A* / 10°].

Atom 3 y ] Uy Sof
HO06 10296 -1876 3287 b 1
HIA 23 152 9044 105 1
HIB 4005 -526 un 105 1
HIC 4201 535 8264 105 1
mA 6314 1206 9276 60 1
3343 1866 $440 60 1
HAl 6419 “7 7640 110 0.562(18)
DA 6707 1188 7104 110 0.562(18)
BA3 8062 £76 7623 110 0.562(18)
HiAl 6366 -330 6056 5 0.562(18)
HiA2 8275 ry 6110 51 0.562(18)
H3BI 8146 05 5543 110 0.435(18)
H3B2 6434 300 m 110 0.438(18)
H3B3 6862 -600 312 110 0.435(18)
H4BI 8007 464 7035 b 0.435(18)
H4B82 6346 37 6955 b 0.438(18)
HSA o 3128 7012 H# 1
7486 3004 6056 # 1

H6 9911 =2130 6794 bi] 1
HEA 12165 262 7817 3 1
HEB 1194 2051 8417 3 1
HIIA 15064 3855 5849 3 1
HIIB 1479 4898 917 H# 1
HI2A 12420 4943 5328 2 1
HI2B 13028 -4102 4968 2 1
HI3 12254 2017 6218 30 1
Hi4 9823 4192 6030 2 1
HISA 12100 5183 6701 2 1
HISB 10615 -4671 7157 2 1
HISC 12057 -4105 7760 2 1
HI6A 8080 2982 £290 a1 1
HI6B 9596 2084 $895 a 1
HI7A 10356 4009 4606 4 1
HITB 8766 -3567 4946 4 1
HISA 9881 -2019 5407 3 1
HISB 11436 2482 5010 3 1
HI2 4709 1954 5587 67 1
H0A 9066 0 1145 131 1
H0B 10638 45 &8 131 1
HoC 1029 108 1669 131 1
mIA 8939 -1208 51 5 1
H1B 9988 -1597 3 b 1
A 6891 M8 4664 153 0.842)
HMB $666 0 4551 153 0.842)
Hmc 7694 -663 4306 153 0.842)
H3BA &m 309 3330 87 0.84(2)
H3B 8478 206 32 §7 0.842)
H2D bi)| 86 3991 153 0.16Q2)
HNE 6676 24 46 153 0.16Q)
HMF 6180 831 4109 15 0.16Q)
HiC 7426 488 m 87 0.16Q)
H3D 8520 193 3641 87 0.162)
HMA 7525 3148 1155 # 1
HMB 7356 3003 2191 * 1
H2$ 4968 2158 2013 2 1
H7A 2706 -2193 938 L] 1
H7B 2855 2826 n 4 1
H0A 46 4838 1209 4 1
H30B 236 3807 1939 4 1
BIA 1864 4195 2591 36 1
1B 2397 -4983 1M 36 1
02 2613 2046 2110 4 1
03 2 216 1443 2 1
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H34A
H34B

H35A
H35B
H36A
H36B
H37TA
H37B

2603
4033
4mn
6735
5206
44367
6101
3544
5155

5138
-4607
4607

2943

4120
-306
-2572

2141

210
-18
-528

17

9
2957
2891
3505
3408

57
57
57
63
63
35
35

(SR

One of the 2 independent molecules in the asymmetric unit. Thermal ellipsoids drawn at

the 35% probability level, disorder omitted for clarity.
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X-ray data for (4.29)

Table 1. Crystal data and structure refinement details.

Final R indices [F* = 2o{P)]
Rindices (al datn)
Largost &8 poak and hole

20065001373 (VFI4T2623)
CyHeBOP

46531

0K

0710 A

Momoclizdc

Fln
a=727800(10) A
b=15.0888(9) A
e=19. A
iln.ﬂ‘)

1483 Mg /o'
1.996 2!

968

Blodk; Colourless
060402 man'
312-2748°

HLh<9, -19<kL19, 25125

341

4976 [R =00535]
95%

06909 md 03705

Full-satrix laast-squares ca F*

976/0/247

1032

RI=00399, wR2=0.0890
RI=00589, wR2=0.0966
0529 :md-0.793 6 4™

B=95.0070(10)*

Table 2. Atomic coordinates [ lO‘],eqniwlmtismum’cdisplmpum[A’x 10"] and site occupancy factors. Ul is defined as one third of

the trace of the orthogonalized L tensor.

Atom x y 2 l-l. Sof
cl 1198(4) £3150) 390) 1
a 2047(3) 50830) 17010) 25(1) 1
c3 42390) 75012) 202501) 20(1) 1
C4 46170) 66292) 1662(1) 170) 1
cs 58230 67800) 107401) 230) 1
C6 5084(%) 6252Q2) 468(1) 30(1) 1
1 36130) 56482) 770) 23(1) 1
s 2120) 61260) 13310) 160) 1
o SH4IG) 21541) 2(1) 1
clo 196003) 549502) 17980) 1601) 1
cll 2543) 50650) 142601) 180) 1
o —4660) s10) 1833(1) 20) 1
ci 21603) 38700) 15030) 150) 1
Cl4 12273) 59752) 241001) 1600) 1
Cl1s 18390) S1Q) 3049(1) 18(1) 1
clé -19533) 5850Q) 30850) 36Q) 1
o 2174 5036@) 2650) 36Q) 1
cls 25608) %280 350) 1
cl9 3386%) 6962Q2) 47890) 241 1
ol 714¢) m10) 11220) 330) 1
0 -26130) 31660) 1844(1) 400) 1
03 -30000) 1140) 993(1) 31(0) 1
04 585Q2) 7780) 35210) 240 1
()] 3188Q2) 641301) 4180Q) 21(1) 1
06 150) s8710) 4810) 210) 1
P 13151) 6404(1) 31310) 17(1) 1
Brl 21Q0) 8537(01) 833Q) 330 1
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Table 3. Bond lengths [A] and angles [*]

caQ 13149 aien
Qo 14990) e
C2-Brl 19116) C13-03
C3-C4 15376) c13-0

C4 ¢S 15350) 4 c1s
T 1.5406) asm
c+-C3 15%0) C16-06
€501 12056) cecn

Cs 08 15036) Qs cw

cs €7 15196) €18 05
c108 1L540) 04 Pl
C8-Clo 1.5356) 05-PI
C10-Cl4 14540) 06-P1

cl0 c1l 15330)

aaa 12760) €11 €10 8
Cl C2 Bl 1760) o i i
C3 C2 Brl 11452(5) a3 cn cil
203 C4 1169019) 03 C13 02
C3-04-C5 11L5Q) 03-Cl3-CI2
C3 04 09 1078118) 02 13 €12
C5 4 09 103.1315) C15 €4 Clo
C304C8 1166519) cl C1s Pl
C5 C4 3 103.92(15) 06 Cl6 €17
9-C+-C3 1129615) 05-C19-C18
01306 1263Q) C19-05-P1
01 3 ¢4 1360) C16 06 P1
C6 C5 O 10950) 04 P1 05
C5 08 €7 105.702) 04 P1 06
C6-C1-C3 105.6019) 05-P1-06
C10-C8-C7 1127915) O4-PLCIS
C10 C8 C4 115.728) 05 P CI$
C7 03 C4 104.65(15) 06 P1 C15
Cl4 €10 Cll 1099415)

Cl-CI0-C3 110.7418)

Table 4. Anisotropic displacement parameters [4* - 10']. The anisowropic displacement
factor exponent takes the form: 2 ’[ha*’U" + - +2 hka* b* U*].

15150)
15010)
11910)
13176)

1760)
14540)
14854)
1.489(%)
14630)
1470107)
1558906)
1576217)

111.088)
1113408)
114.1809)
18.3Q)
1250Q)
1150)
12610)

109.0Q)
11060)
119.64(15)
119.1505)
11551010)
134200)
102.66(9)
132201)
102.0410)
108.80(10)

T T 7 7 7 7
a 80) 130) 530) ) ) o)
Q Q) 160) 20) o) ) 3)
o 30) 180) 160) -31) -0 -4(1)
o4 160) 20) 140) 10) 11) 1)
cs 20) () 1) 11) 101) 30
os 30) 20) 180) 60) 1) 120)
a 20) %() 160) 1) 40 1)
o 170) 1) 1) o) o) -11)
o 160) 3() 180) o) -10) )
cl0 180) 15) 140) 1) o) o)
cu 200) 150) 150) 1) ) 1)
cn 30) 20) 200) 5(1) ) &)
cB 2) 160) 180) -1) ) -11)
Clé 160) 1) 190) o) 0] -0)
a1 190) 160) 150) 0 1) )
c1 180) 550) Q) 140) ) )
cn %) 30) 40) 10) ) 30)
ci 410) Q) 350) 60) %) 100)
c 30) %0) 140) A1) ) 60)
ol 20) s10) 20) 0) 30) -160)
0 0] a0 380) 150) -180) -20)
0 1Q) 30) 2(0) ) 10) 1q)
04 70) 20) 210) o) 11) %)
05 00) ) 180) ) 1) 30)
06 180) 30) 17 1) 1(1) 1(1)
Pl 150) 190) 141) o) o) 1)
Brl 40) 30) 310 120) 0 )
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Table 5. Hydrogen coordinates - 10°] and isotropic displacement parameters [A* « 10"].

Aﬁ X y 2 Uy Sof

HA 926 8107 137 3 1

HIB 351 5691 1692 3 1

BA 301 7354 2487 3 1

HB 5399 847 20m 23 1

H6A 0 5899 28 36 1

H6B 4541 882 106 3 1

HTA 4151 5064 851 7 1

HB 2601 5557 359 27 1

HS 1983 6571 1156 19 1

HoA 6156 5498 1927 n 1

9B 5186 5908 259 n 1

HSC 6983 6370 2208 2 1

HI0 2851 5016 1949 19 1

HIIA 74 5517 1340 2 1

HIIB 576 584 2 1

HI2A 518 3861 1913 26 1

HI2B % 458 M 2% 1

Hl4 ) 6503 2335 1 1

HI1S 2433 5178 3139 2 1

HI6A a7 5851 3486 8 1

HI6B 2549 6381 4161 8 1

HITA m4 4513 4060 35 1

HI7B 089 5039 416 55 1

HIC M1 5021 4153 55 1

HA 5444 73 4462 3 1 3 1 [
.. i e e » : Thermal ellipsoids drawn at the 50%
HIC 3445 5159 4316 5 1

HSA 1% 6648 5148 » 1

HISB 2158 7067 4952 2 1

m 3562 w32 1649 s 1

Table 6. Hydrogen bonds [A and °].

D B4 4D H) dEH-4) d(D-4) (DA
02 -0 08 178 25932) 15

used to gemarate equivalent atoms:

5T

Hydrogen bonded chains extend along the b axis

Symmetry transformatians
® 212y 12 H12
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X-ray data for (4.40)

Table 1. Crystal data and structure refinement details.

g
36839
QK
07103 A
Monockzic

Pluin
a=685160(10) A
b=150754(4) A
c=184301(5) A

1573.72(8)

4
1306 Mg /=
0173 o™
2

Block; Colourless
0402 %015 '
293-2748"

-B<h<8 -19<k<]9,-23K1<

26827
4285 [Ro,=0.0673]
95%

Seami-empirical from equivaleats
0.9746 :nd 0.9241

Full-natrix P
4285/0/230

10%9

2007001320 (VFIT2656-2)
Es0P

RI=00494, wR2=0.1174
RI=00727,wR2=0.1308

0.015(2)
0474 204 -0.405 0 4

TabklAtmcooordmu[x lﬂqulatmchsplmm[l’x 10"] and site occupancy factors. U, is defined as ane third of

the trace of the orthogonalized U

Atom X y ] l-l. Sof
” 2541 3602(1) 1540(1) 25(1) 1
ol -37Q) 34050) 1(1) 80) 1
0 -860Q) 44961) 1635(1) 37) 1
03 -266Q) 20120) 203001) 31(1) 1
04 210) 309701) 1(1) 521) 1
c19 202003) 576201) 21340) 28(1) 1
05 1580) 348501) 5008(1) 25(1) 1
cl -23553) 2857Q) -380(1) 3901) 1
(] -133003) ) 37%() 31Q1) 1
ca -2806(%) $356@) 65902) 58(1) 1
c4 -850¢4) 52352) 11150) 45(1) 1
cs 288003) 38820) 1693(1) 20(1) 1
cs 308303) 31030) 1492100) 2701) 1
<1 46450) 23470) ) 28() 1
cs 47650) 25861) 251(1) 25(1) 1
9 536803) 355701) 2%750) 20(1) 1
c10 36113) 41550) 2511(1) 20(1) 1
cll 40943) 513700) 264401) 21(1) 1
cn 41843) 3730) 345401) 23(1) 1
c13 649303) 410) 37870) 21Q) 1
Cl4 58920) 3809(1) 36850) 20(1) 1
c1s 75390) 33100) 4199(1) 27(1) 1
Cl6 94703) 39170) 488101) 280) 1
o 71803) 4833(1) 461801) 23(1) 1
cl18 835503) 50311) 3461() 2701) 1
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Table 3. Bond lengths [A] and angles [].

P03
P10l
P-02
P C5
o1 Q
021 C4
04 C6
C19-Cll
05 C17
c1a
C3 04
C5 C§
C5-Cl0
ce-C7

03-P1-01
03P 02
Ol F1 02
03-P1-C5
01-P1-C5
02-P1-C5
C20l1 P
camp
01-C2-C1
02-C4-C3
C6-C5-C10
C6 C5 Pl
ClC5 Pl
04 C6 C7
04-C6-C5
C1C6 C5
Cc6C1C8
crcce
CH0CE
Cl4-09-Cl0
C8 O CI0

1462515)
1.569705)
L5734(16)
L£21208)

14390)
14660)

18.6414)
121.4205)
108.9318)
11120)

1153419)
107.6513)
110.5412)
121.4518)
119.5619)
1189417)
113.7306)
109.8306)
1133%15)
108.00(14)
108.5004)

ac

o

C9-Cl4
9 Clo

Clo c1l
cucn
cnr2 ci3
C13C17
C13 Cl4
Cl13 C18
Cl4 C15
C15 C16
C16-C17

C11-C10-C5
Cll Cl0 ©®
CsCl0 O

Cl9-C11-C12
C19-C11-Clo
C12-C11-C10
Cll €12 C13
C17 €13 C12
C1-C13-Cl4
C12-C13-Cl4
C17-C1-Cis
€12 €13 CIs
Cl4 C13 CIs
C9 Cl4 CI5
C9-Cl14-C13
Cls Cl4 C13
Cl4 C15 CI6
C17 C16 C15
01 C17 €13
03-C17-C16
Cl13 €17 C16

Table 4. Anisotropic displacement parameters [A* 10°). The anisotropic displacement

factor exponent takes the form: 25 ‘[a* U + .. +2 hka* b* U" ],

= 7 = s a 7 la

» 20 30(1) 150) 10) 10 X0
o1 1) Q) 150) 0) ) Q)
] 350) 80) 33() ) 201 130)
0 () 38(1) 260) 1) A1) 0
04 Q) 58(1) 240) ) 150) 20
c1 360) 200) 260) 10) 0) o)

03 30) (1) 20) -§0) 30) -0)
a 310) 55Q) 20) -30) -0) 1)
Q 390) 250) 260) 51) 1) 1)
a () ne) 60) %Q) ) 150)
ot () 35(1) 560) ) ) 601

cs 2501) 190) 160) 10) 1) )
c6 () »() 1) 0 1) o)
a 20) a0 301) -10) 10) 1)
o () 10) 260) -0 1) -10)
o 190) 180) 20) 1) 1) 1)
cu 20) 190) 170 0) 10) o)
cu 1) 190) 200) -31) o) )
cn 80) 19() 20) -50) 20) 11)
o 50) 200) 150) -0 201 (1)
ci4 20) 18) 20 ) 2A0) o)
cis 2%(1) 250) 210) ) -3(0) 10)
cle 2() 30(1) 240) ) 1) 1)
o 20 1) 20) ) 21) )
cis 70) () 26) %) A1) 50)
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Table 5. Hydrogen coordinates [ 10*] and isotropic displacement parameters [A* ~ 10%).

Atom x y 2 U, Sof
HI9A $n 6355 nnB 3 1
HI9B 3615 3616 1628 3 1
HIA 3347 330 357 58 1
HIB 3010 2325 612 58 1
HIC 1383 300 6 38 1
0A -2316 2468 687 3 1
-A415 2134 365 N 1
HA 314 4818 389 8 1
HB 2763 3860 326 8 1
HIC 30 4n 974 1
H4A 1492 5118 800 38 1
H4B 461 5787 1500 58 1
HS 3046 4406 137 4 1
HIA 5967 2144 1862 33 1
H7B 370 1846 1818 33 1
H3A 5750 2201 3060 30 1
H3B 3460 2487 2898 30 1
HY 6539 n 2634 4 1
H10 2490 4024 276 3 1
HI2A 3629 5280 m 28 1
HI2B 5134 6006 3501 28 1
Hi4 4654 NS 3896 b 1
HISA 736 3243 m 2 1
HI5B 7084 276 4328 2 1
HI6A 7244 3696 o 33 1
HI6B 9385 3990 5082 33 1
HISA 4 5649 3578 41 1
HISB 8075 4953 295 41 1
HISC 9457 4641 3614 41 1

Thermal ellipsoids drawn at the 35%
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X-ray data for (4.435)

Table 1. Crystal data and structure refinement.

ldeztification code 20075001258 (EtO)5~

Empirical formsly CufiuOP

Formmula weight na

Teamperatur 120K

Wavelangth 0TI0B A

Crysal system Momoclinic

Space group Qe

Unit call dimensions a=2650M2() A a=90°
b=82021@)A F=112458(2°
c-l’.l?Sl‘lﬁ)A =90

Vohume 3!52!0)

4

Density (calculated) lJlﬂlgln

Absorption coufficest 0171 ™

Fooo) 1648

Cryal Fragmant, Colourless

Crysal sm 0.07 % 0.05 x 0.02 mxx’

Grangs for data collection 299-2748"

Index ranges ~BChSI, -10SkCO,-ML1EB

Rafloctions collected 1507

Indopendant 5 4400 [R..=0.0817]

Complotansss to 6=27.48" 935%

Max and min tramemission 0.9966 and 0.9882

Rasfinamant method MWGP‘

Data / rostraints / parsmaters 4400/0/238

Goodnass-of-fit ca £ LB

Final R indices [F* = 2(F)] RI=00961,wR2=0.1628

Rindicos (all data) RI=0.1553, wR2=0.1920

Largost &5 poak and bole 0414 a0d-0.4420 47

Tawlmma[x lﬂmmtm:mmm[A’x 10"] and site occupancy factors. U, is defined as one third of
the trace of the orthogonalized L'

Atom X y z Uy Sof
Pl 79(1) 836501) a20) 20(1) 1
o1 32530) 931(%) Q) 270) 1
0 252(1) 12004(4) 46240) 32() 1
03 12070) 083(%) £740Q) 28(1) 1
04 185(1) T4 387302) 30(1) 1
[+] 750(1) 9671(%) 3613(2) 25(1) 1
c1 82702 9657(3) 502202) 170) 1
[ 1366Q2) 9600(5) SBIR) 18(1) 1
c3 149302) W74(%) 6156Q2) 170) 1
c4 2035Q2) 7906(5) 6806Q2) 15(1) 1
cs 2499002) 8413(5) 654102) 1601) 1
[+] 3061(2) 8645(%) N412) 200 1
a1 335202) 9940(5) 6871Q2) 21(1) 1
[« ] 2909(2) 10708(5) 616702) 15(1) 1
c9 3762) 10168(5) 6235Q) 18(1) 1
c10 184302) 10341(5) 555202) 170) 1
cu 1mm) 12136(5) 5358Q2) 21() 1
cn 1165Q2) 12450(5) mne) 21() 1
c13 7062) 11447(5) 47660) 15(1) 1
Cl4 1151Q) 6120(8) 60062) 26Q1) 1
C15 2543Q2) 72003) 5954Q2) 21() 1
Cl6 2685Q) 3457(3) 62643) 24) 1
cn 40 6117(5) 403203) 370) 1
ci8 -123Q) S071(7) 33673) 522 1
c1e me) 9161(5) 28823) 28(1) 1
c0 745(2) 10650(6) 24173) 360) 1
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Table 3. Bond lengths [A] and angles [°].

P03
Pl 04
P1-05
P1-Cl
Ol C6
o C13
04 C17
0§-C19
Cl-C13
crc
Cl H1

Cl4-HI4A
Cl4 HI4B
C15 Clé

CI5-H15A
CI5-H15B
Cl6 HI6A
Clé HI6B
Clé HI6C
c1-Cis

CI7-HI7TA
C17 HITB
Cl8 HISA
Cl8 HISB
CI8 HISC
Cl19-C20

C19 HISA
Cl19 HI%B
C20 H0A
C20 HXB
C20-H20C

03-P1-04
03-P1-05
04 P1 05
oipcl
[ W]
0§-P1-C1
C17-04-P1

g

1531(6)

1151719)

CH o5 Pl
ascaaq
CI3-Cl-P1
C2-C1-P1
Ci3 Cl1 Hl
Q Cl H
P1 Cl HI
G-Q-Cl
CG-Q-C10

20908
299299

hhas

Cl1 Cl0 H10
C9-C10-HI0
C2-C10-H10
Clo cn c12
Cl0 CI1 KA
Ci2 Cll HlA
C10-Cl1-H11B
CI2-Cl1-H1IB
HIIA-CII-H1IB
cicncl
Cl3 C12 HI2A
Cll-CI2-HI2A
CI3-CI2-H12B
Cl1 CI2 HI2B
HI2A C12 H12B
02 C13 C12
02-C13-C1 119.7(4)

cn2ciscl

C3 Cl4 HI4A
C3-Cl4-HI4B
HI4A-Cl14-HI4B
C16-C15-C5
C16 CI5 HISA
C5 CI5 HISA
C16 CI5 HISB
C5-CI5-HISB
HI5A CI5 HISB
C15 Cl6 HI6A
C15 Cl6 HI6B
HI6A Cl6 H16B
C15-Cl6-H16C
H16A C16 HI6C
HI6B C16 HI6C
Cl8 C17 04
Cl1§ CI7 HI7A
04-C17-HITA
C18-CI7-HITB
04 C17 HI7B
HI17A C17 H17B
C17 Ci8 HIEA
C17-ClE-H1EB
HI8A-CI8-HIEB
C17 Ci8 HIEC
HISA CIE HISC
HISB CI$ HISC
05-C18-C20
05-C19-HISA
C20 C19 HI9A
05 C19 HIB
CX C19 HI9B
HI9A-C19-H198
C19-C20-H0A
C19 C20 HNB
H20A C20 HNB
C19 C20 HNC
H20A-C20-HC
H20B-C20-H20C

11750)
1200
1200

132(3)
1089
1089
1089
1089
1078
1095
1095
109.5
1095
1095
1093
110.7(4)
1095
1095
1095
1095
1081
1095
1095
1095
1095
109.5
1095
108.7(3)
1100
1100
1100
1100
1083
1095
1095
1093
1095
1095
1095
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Symmetry transformations used to geserate equivalent atoms:

Table 4. Anisotropic displacement parameters [’ 10°]. The anisotropic displacement
factor exponent takes the form: -2, 2[a** 0" + - +2 hka* b* U],

Ao [ [ [ [ [ [
Pl 2 11 1M (1] i« on
ol £ ) LU &« In
o pavi] My @y w2 15 10¢2)
o ) o v] B2 L[] (1) un
() () 240) M) o2) &2) B U]
s (2) 242) 12) ol 10(1) LU
cl ) 182) 182 uy w2 o2)
@ 132) 192) 16(2) 1) ) 1)
(=} ne ) 152 ) 12 12
(&) 192) ) 16(2) 12 ) =)
o 132) 192 1) ) n2) £ v
(2] 202 240 1) &) 2 42
[ 132) %) 182) 12) &) o2)
[+ ] ny 131 ny 12 &« 12
[+] ny 151 16(2) n) ) n)
clo 1) ) 152) uy ) n)
cn ] 2 12 ) w2 A
cn ne) 142) B 32 ke 12
c3 M ny 162) n) ) 4
Cl4 ) e 182) 42 &) o2
Cls po] 192) piTv] o2 n2) “A2)
Clé n 132) 240 ) w2 £
cn “%(3) ) M) ) 14(3) 192
ci3 8S) O [0) =23) 13(3) =2(3)
c19 03 ne) ) ) 142 2
[+) &80) a20) ¥ ) 1) 3
Table 5. Hydrogen coordinates [ 10°] and isotropic displacement parameters [A* / 10°].
Alom x y 2 Uy Saf

HIl 28 nn fiE ¢ 2 1

. ] 108 10386 o n 1

H4A 209 6784 »n n 1

HeB 2037 %646 nn n 1

HIA 3648 Har (3] x5 1

HB 6 104 ner b 1

HIA 290 1912 61% n 1

HIB 23 10289 s n 1

HY 23% 10844 21 b1 1

HW uwn 760 sm » 1

HUA 209 12603 26 3 1

HUB ms nné s » 1

HI2A wn 13619 a i) 1

HIN8 n» 17220 a%n 3 1

HHA n4a 5768 an 3 1

HU4B e am 5995 3 1

HISA A% nn 50 3 1

HISB 0 794 Fi ) » 1

HISA N6 480 6726 » 1

HI&B e amm SE36 » 1

HKC pii] 508 an k' 1

HITA 330 %is s — 1

HITB -Mm als 4138 — 1

HIRA a3 5% 47 " 1

HiB -7 000 U n 1

HisC 1% o4 % " 1

HI9A “s s 229 n 1

HMB 1o s » n 1

HOA o nm 28 b 1

HXB nl 10319 1314 ~ 1

HOC 2) mn 2466 - 1
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N.B. As well as the enantiomer illusrated, the crystal structure also contains the

opposite enantiomer and thus is a racemic mixture
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X-ray data for (4.45)

(0]
Table 1. Crystal data and structe refinement P
(EtO)5
ldemtiication coda 20075001256y
Erpirical formely
Formala waight 40043
Tamparaturs 120K (4.45)
Wavslangth 0710B A HO
Crysal system Mooockzic - -
Speogroup Py
Unit call dimansions a=1614000)A a=90°
b=14478701) A P=91615(4y°
e= A r=
Volums 2089.20)
z 4
Dunsity (calculated) 1273 Mg /'
ion coafficieat 0.164 ™
Froo0) 864
Crysal Lath; colourdess
Crystal i 0.14 5 0.05  0.01 poee?
6rangs fix datn collecticn 293-2748°
Index ranges 0<h<N0,-18LkLIS 1111
Rafloctions collected 17897
Indapendant 4754 [Ro,=0.1220]
Complotansss to 6=27.48" 9.4%
Abserption correcian Semi-ampirical from oqunalents
Max and min tramsmission 09984 nd 0.9774
Rsfinemart mothod Full-peatrix lasst-squares ca F*
Data / restraints / parameters 4754/0/248
Goodness-of-6t o F* R
Final R indices [F* > 2o(P) RI=01317,wh2= 02682
Rindicas (all dat) RI=02336,wR2= 03254
Largest & peak and bole 041220404390 4
Table 2. Atomic coordinates [x 10*], equivalent isotropic displacement parameters [A* x 10°] and site occupancy factors. U, is defined as cne third of
the trace of the orthogonalized U tensor.
Atom x y z Uy Saf
2| 7583(1) 90020) 10665(2) 24(1) 1
ol 63843) 107513) 2501(5) 300) 1
0 10361G) 9472(4) B566(5) 36(1) 1
03 1062(3) 10363(3) 6803(5) 31(1) 1
04 786103) 90980) 12263(5) 26(1) 1
03 67080) 8532(4) 10502(5) 36(1) 1
06 8163G) 83940) 9682(5) 35(1) 1
c1 435(4) 10034(4) 7959(7) 20(1) 1
Q 6525(4) 10073(5) 741807) 24(1) 1
c3 6406(4) 10094(5) 57220) 26Q) 1
c4 6864(4) 10920(5) 5104(7) 2(1) 1
cs 6906(4) 10996(5) 34130) 20) 1
(V] TH44(4) 11421(4) 3041(7) 24Q) 1
c1 B27(4) 11533(4) 4548(7) 24(1) 1
c8 788(4) 10833(4) 5540(6) 18() 1
9 7951(4) 10847(%) 72406) 181) 1
cu $882(4) 10085(5) 8316(3) 3002) 1
cn 6484(4) 11849(4) 563007) 240) 1
cn S607(5) 12020(6) 073) 400) 1
cB B876(4) 10825(5) 7632(7) 25Q) 1
Cl4 9308(4) 9906(5) 80) 27Q) 1
C1s 10225(4) 9944(5) 1627(7) 25Q) 1
C16 7569(4) 10067(5) 9673(8) 2201) 1
o 6165(4) 8371(5) 11736(9) 35Q) 1
Cl8 626 7405(6) 12264(10) 5002) 1
c1 B478(5) 7507(5) 10211(9) 34Q) 1
cN 9396(5) 7544(6) 10299(10) 480) 1
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Table 3. Bond lengths [A] and angles [7].

Pl 04
Pl 05
P1-06
P1-Clé
0l C5
02 C15
03 C15
03-H3
05-C17
0¢ C19
Ccl 2
Cl1 Clé
Cl-09
Cl-Hl

Cl4 CI5
Cl4 HI4A
Cl4 HI4B

2g
RE

29929
PR
baégge

14924%)
1572(5)

2EEEEGEEFRERAEEES

§EEREzEEEEE

5225

1
10930)

0§ P1 C16
C15-03-H3
C17-05-P1

200g09099a028
222,20888859

EEQQQEEEQQ

2840228

Q-Cl0-H10A
Q2-Cl0-H108
HI0A C10 HI0B
clacu ¢
C12 C11 HIl1A
Ci-Cl1-H11A
Cl2-Cl11-HIIB
C4 Cl11 H1IB
HIlA Cl11 HIIB
Cl1 C12 HI2A
Cl1-C12-H128
HI2A-C12-HI2B
Cl1 €12 HIC
HI2A C12 HIC
HI2B-C12-H12C

1019¢)
109.5

1241(4)
1214(%)
1147(5)
1120(5)
109.5(5)
1066

1066
1066
1215(6)

1246(5)
1140(5)

1098
1098
1098
1098
1083
117.0(5)
108.5(5)
1003(5)
1117(5)
105.5(5)
112.5(5)
1265(7)
125.1(6)

106
1105
1105
1105
1105
1087
1015(5)
114
1114
114
1114
1093
119.6(5)
105.1(5)
1129(5)
1061
1061
1061
1115(5)
1145(5)
108.5(5)
1072
1072
1072
1200
1200
1200
1147(6)
1086
1086
1086
1086
1076
109.5
109.5
1095
1095
1095
109.5

Cl4 CI3 HI3A
C9 CI3 HI3B
Cl4-C13-K13B
HI3A-CI3-HI3B
C15 Cl4 C13
C15 Cl4 Hl4A
Cl13 Cl4 Hl4A
Cl15-Cl4+-H14B
C13-Cl4-H14B
HI4A Cl4 HI4B
02 C15 03

02 C15 Cl4
03-C15-Cl4
C1-Cl6-P1

Cl1 Clé Hl6A
P1 CI6 HI6A
C1 Cié HI6B
P1-Cl6-H16B
HI6A-CI6H16B
05 C17 C18

05 C17 HI7TA
CI8 C17 HI7A
05-C17-HI7B
Cl18-C17-H17B
HI7A C17 HI'B
Cl17 CI8 HlgA
C17 CI8 H1EB
HI8A CIS HIEB
C17 CI8 HI18C
HIgA CI8 HISC
HISB C1f HisC
06 C19 C20

06 C19 HISA
C20-C19-H19A
0é C19 HISB
C20 CI9 H19B
HI%A CI9 HISB
C19-C20-H20A
C19-CX-HNB
H204-CXHNB
C19 CX0 H20C
H04 C20 HNC
H208-C2(-H0C

1087
1087
1087
1076
1105(5)
1095
1095
1095
1095
1080
123.2(6)
12476
1121(5)
119.00)
1076
1076
1076
1076
1070
109.46)
1095
1095
1095
1095
1082
1095
1095
1095
1095
1095
1095

1099
1099
1099
1099
1083
109.5
109.5
1095
1095
109.5
109.5
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Symmstry transformations nsed to gezerate equivalent atoms:

Table 4. Anisotropic displacement parameters [A”~ 10"]. The anisotropic displacement
factor exponent takes the form: 2~*[fa**U" + .. +2 hka* b* U*].

= s [ T e T 7

Pl 2() 24() 15(1) 31 1) A1)
01 2603) 20) 202) 3Q) 42) o2)

02 20) 20) 376) 16Q2) 12) 12)

03 263) 3303) 318) 110) Q) Q)
o4 25¢) 20) 42 Q) 12)
05 360) 4303) 273) 42 Q) 16)
06 503) 26(3) 3103) 52) D) I

c1 153) 15(3) 2603) 1) 13) 3(3)

Q 24(%) 15(3) 2903) -23) -43) 03)

C3 28(%) 2(9) 2103) 3G) 6G) ()
C4 153) 2503) 22(3) 36) ) 33)

] 26 23) 309 23) 1003) 3)

C6 33(%) 200) 2003) 1) 20) 03)

c7 314) 19G) 216) -10) -403) -16)
c8 @) 15(3) 17G3) -42) 53)

c9 15@) 1933) 18(3) 62) 3Q) 13)
c10 3% 204 27(%) 56) ) 13)
cu 25(%) 21() 243) 36) 18) 3)

c12 35() 43(5) 415 -39 -13(%) 15(%)
C13 200) 28(%) 26(3) -103) ) )

Cl4 ) 24(H) 273) 33) 1)
C15 21(%) 25(%) 22(3) 43) 23)
C16 24(%) 2403) 18(3) 20) 23) 03)
c17 16(%) 45(5) 459 9 3() 43)
18 385) 6 s1(5) 31(9 6(4) -6(8)
c19 0@ () -56) 13)
o0 54(6) 26 58(5) 59 -4(9) )

N.B. As well as the enantiomer illusrated, the crystal structure also

contains the opposite enantiomer and thus is a racemic mixture
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X-ray data for (1.71)

Table 1. Crystal data and structure refinement details.

Tdemtification code 2008000073 (VF/494636)
Frpirical formmaha CxHuO;
Foromla weight 29841
Temperature 120K
Wanlength 07108 A
Crysal system Momoclinic
Smcegoup Pe
Unit call dimensions a=150183(5) A
b=103738(3) t =939
=
Volume mm(mz
4 ]
Dunsity (calculated) lgmq/-‘
Absorption coafficent 0.077 ™
Fioo) 1296
Crysal Fragmant, Coloarloss
Crysaal iz .11 0.08  0.03 mm’
Grangs for data collection 3.03-25.03"
Indax ranges =178hS17,-125kS 12 - 4815
Rafloctions collected 24995
Independant reSctions 5724 [Ru = 0.0845]
Complatansss to 6=25.03" 96%
i : ot i s
Max and min tramsmissicn 05977 =nd 0.9816
Rafinamat mabod Full-caatrix wF
Data / rostraines 5724/0/399
Goodness-of-fit o F* 107
Final R indices [F* = 2o(F)] RI=0,0889, wR2=0.1664
Rindicas (all data) RI=01391, wR2=0.1922
Largest &ff. pank amd bole 0252 and-02400 4™
Table 2. Atomic coordinates [x 10'], equvﬂntmomcd:sphnmmmm’x 10%] and site occupancy factors. U,y is defined as cne third of
the trace of the orthogonalized U
Atozmn x y z 17. Sof
ol 23000) £9100) 426802) 64(1) 1
o -43Q) 40) 28330) 48(1) 1
cl 18833) 7898(4) 42082) 460) 1
(o] 2490) 6650(4) 44780) 4100) 1
a3 18400) 54930) 41220) 320) 1
c4 83Q) 549303) 41150) 28(1) 1
s 4060) 43503) 3N62) 25(1) 1
c6 -£170) #10) 335830) 280) 1
7 -3413) 574403) 3244Q) 35(0) 1
cs -5062) 68760) 3651Q2) 36(1) i
0 4610 67850) 387902) 3001) 1
Cl10 980(3) 831(%) 3895(2) 41(1) 1
cll 104103) 2807(4) 45790) 370) 1
cn 30223) 4003@) 270) 1
c13 330) 19143) 35790) 33() 1
c14 -T04Q) 20076) 34870) 29(1) 1
Cls -118633) 1116(4) 30012) 35(1) 1
Cl6 =2011(3) 1800+) mmn) 480) 1
cn ~1935(3) 3201(%) 206102) 430) 1
18 5450) 33253) 31750) 31() 1
C19 -1153(3) 17873) 4123Q) 30(1) 1
cn -1007(3) 4334 4500Q) 430) 1
03 7502) ~43073) 389402) 96Q) 1
o4 37940) 46300) 2890(1) 450) 1
ca 67333) -3300(%) 389803) 6302) 1
2 71593) -2082(%) 4162Q) 37() 1
B 67073) ) 38790) 40) 1
4 501@2) -$6303) 39730) 320) 1
25 B7R) 276) 36262) 28(1) 1
C26 42080) 1973) 35840) 26(1) 1
(e 39073) -10703) 32650) 3700) 1
c28 £010) -221003) 36460) 41(1) 1
c» 2973) -2143(3) 3542) 360 1
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0 e e 36930 45(1) 1

cl 601903) 1826(3) 40250) 46(1) 1

cn 55320) 1609G) 38810) 32(01) 1

c33 51403) MsE) 34910) 36(1) 1

c34 1230) 26590) 35000) 27(1) 1

s 35760) 3568(4) 36(1) 1

36 269003) 2897(4) 28630) 20) 1

o3 M70) 14943) 3105@) 3701) 1

38 38110) 13490) 21 3001) 1

c 38076) 28840) 41810) 320) 1

c4%0 41063) 4175() 4760) 8(1) 1

Table 3. Bond lengths [A] and angles [*].

o1 C1 1.226(5) 01 cu
01-C15 1217(5) 04-C35

C1 C10 1461(6) c1 C30
acq 1.501(5) ol cen
Qa 1.518(5) cn s

c3 C4 1L527(5) o34
C+-09 L517(5) C4-C
CA-CS 1.546(5) €402

cs cn 1.526(5) s

s C6 1.551(5) €25 €26

c6 Cis 1.518(5) €26 C38
ce-C7 1L524(5) Q6-C7
C1-C8 1516(5) cn-C28

c8 09 1.500(5) % €9

€9 C10 135(5) €9 €30

cu ci2 1324(5) o1 e
cncn 1514(5) c-C33
cB3-Cl4 1.529(5) C33.034
Cl4 CIs 1518(5) c34 €35

Cl4 Cis 1L543(5) C34 C38

cl4 C19 1.548(5) C34 €9
CI5-Cl6 1.513(6) C35-C36
C16-C17 1542(5) C36-C37
o cis 1.53(5) €37 C38

19 €0 1.529(5) €39 €80

01 C1 €10 121.8(4) 01 CI5 Cl16
o1 ¢l 121.5(9) 01 C15 Cl4
cu cl &2 11630) Cl16 CI5 Cl4
cL02-C3 11150) CI5-C16-C17
C2C3 04 11200) CI8 C17 C16
09 C4 C3 109.50) 6 €18 €17
9 C4 C5 11276) C6 CI§ Cl4
C3 C4CS 11150) 17 CI8 Cl4
C12-C5-C4 11450) CN-C19-Cl4
Cl2 C5 C6 11040) 03 C11 C30
C4 C5 C6 113.50) 01 cucn
CI8 C§ C7 11160) c30 €21 cn
CI8 C§ C5 10850) o1 cncs
C-C6-C5 11010) Cn-CB-C4
C8-C7-C6 11090) €29-024.C8
€9 C8 C7 11400) €9 €4 25
Cl0 0 C3 12040) €3 04 25
C10-09-C4 12130) C32-C25-C4
C8-09-C4 11833) C32-025-C26
C9-C10-C1 123.9(9) C24-C25-C26
cl1 c12 C13 12050) €38 €26 €27
Cll €12 €5 12510) €38 €26 C25
C13-CI12-CS 11350) C27-C26-C25
Cl2-C13-Cl4 10810) C28-C27-C26
CI5-Cl4-C13 11810) €29-028-C7
Cls Cl4 CI8 100.10) €30 €9
C13 Cl4 Cis 10810) €30 €29 O
CI5-CI4-C19 105.60) C28-C29-C24
CI3-CI4-C19 11150) €29-C30-C21
CI8 Cl4 C19 11260) c31 cn2 o
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C31 €32 €25 125.54) 04 G35 C#
C33 €32 Qs 114.03) 04 C35 C36
C32 C33 G34 108103) C34 C35 C36
C35-L34-C33 117.73) C35-C36-C37
C35 C34 C38 100203) C38 €37 C36
C33 C4 38 108103) C26 C38 C37
C35 CH4 C39 106.03) C26 C38 C4
C33 CH Q39 11203) C37 C38 C34
C38-CH-C39 11253) C40-C39-C34

Table 4. Anisotropic displacement parameters [\ 10%]. The anisotropic displacement
factor exponent takes the form: 2+ (g% U" + .. +2 hka* b* U? ).

12664)
125.64)
107.16)
10570)
10256)
12020)

10410)
11370)

Am [ [ T T 4 I
ol 2@) #Q) 1073) -150Q) 200) -15Q)
01 652) Q) 45Q) 141) 852) 13(1)
Cl 38Q) 3R 673) 15Q) 15Q2) Q)
Q 31R) R 553) BE) 82) 40
c Q) 2%Q) 38Q) 5Q2) Q)
c Q) 8Q) 290) 1) 62) Q)
Cs @) 2) ) Q) 22)
6 Q) 2Q) 20Q) 2 12) 02)
c Q) 37Q) 5Q) 3Q) 20)
s Q) 23Q) Q) ) 62) 6Q2)
o) 35@) Q) 32Q) Q) 6(2) 32)
cu 20) 2%@) ) ) 150) 32)
cll 250) 410) ) 62) 1)
o 70) 250) 31Q) 20) 52) 12)
c1 »@) Q) 3Q) Q) ) o)
Cl4 Q) 250) 26Q) -10) 32) -10)
cls 53) 3@) 290) -3Q) 52) -10Q)
16 618) 13 30) 0) 140) 1502)
o #0) Q) £0) 52) 1902) 6Q2)
cis Q) 20) 230) 1) 30) 10)
Ccl9 Q) 21Q) 272) =3Q) 1Q2) =3Q)
c 516) 3Q) 92) 3Q2) -1)
03 6603) Q) 181(%) 3) 460) 20
04 6@) 20) 5() -4(1) 5(1)
Q1 353) 4103) 9%(%) 273) 353) 3R
c 3403) 38(3) 81(3) 240) 170 16Q)
2 35Q) Q) 556) 5Q2) 120) 90)
4 Q) #Q) 33Q) ) 52) 62)
cs 2@) 640 10) ) ) 30)
C26 %Q) 13Q) 262) A ) Q)
c 20) 25Q) 40 Q) 1) 02)
C2 40Q) 40Q) 3Q) 52) o2)
o 450) 8Q) 380) 1) 120) 50)
€30 30) %Q) 68C) ) 20) %)
c3l 40) 3Q) 556) Q) Q) 602)
c32 Q) %0Q) 3%Q) o) ) 1)
c33 Q) Q) Q) 2) 32) 1)
C34 30Q) 8Q) 280Q) 02) -42) 1)
€33 20) 280Q2) Q) ) 52) 42)
C36 40) 3#(@2) 3%Q) Q) Q) 5Q)
€3 41@) 28Q2) 35() Q) 102) 62)
C38 #@) 13Q) 25(2) Q) Q) 20
C3 35@Q) %Q) 34Q) -3Q) =3?) 20)
% #0) Q) 38Q) -13Q2) -42) 32)
Table 5. Hydrogen coordinates [ 10*] and isotropic displacement parameters [A* ~ 10"]
Atom x y z 5. Sof

oA 219 6591 4937 2] |

2905 6637 +448 L2 1

HA 20M4 4693 4330 3 1

HB 2020 5500 3675 39 1

H4 662 53% 4569 3 1

HS 669 4383 3299 30 1
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4454 3998 34 1
5764 2828 2 1
3814 3156 2 1
7678 3398 ] 1
6939 4030 43 1
8614 301 50 1
1948 4730 4 1
3510 4840 44 1
1082 3m 39 1
1965 3158 39 1
1385 2860 38 1
m ne S8 1
382 2614 2 1
33483 3324 2 1
3367 m 37 1
2425 44 36 1
1943 4049 36 1
207 4081 65 1
341 4787 65 1
26 4510 65 1
2074 4068 69 1
2072 4634 69 1
825 3415 50 1
-102 4089 50 1
m 4443 38 1
251 5 34 1
215 4029 31 1
-1123 3241 4 1
-1098 282 4“4 1
243 4067 9 1
3017 3413 9 1
-3949 3506 9 1
2685 4570 35 1
1123 4670 55 1
3044 43 1

3551 367 43 1
2916 2391 50 1
3328 3062 50 1
1366 3509 44 1
874 21 44 1
1305 2m 35 1
2841 4160 39 1
2180 4465 39 1
4165 45n 64 1
4315 4874 64 1
4812 417 64 1

Residue 1; thermal ellipsoids drawn at the 35% probability level.
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X-ray data for (5.13)

Table 1. Crystal data and structure refinement details.

TdemtiSication codo 20075061763 (VFI494614-1)

Fmpirical formmaly CyeHuO;

Formeals wight 28438

Temperature 120K

Wanslangth 07103 4

Space group Pl

Unit call dimensions a=116413) A a=96.669(2)"
b=54880(3) A P=S8612(2)
c:llW)A =102413Q)°

Vohume ;6691(5).4 r 0)

Z

Density (calculated) 12833 Mg /x*

Absorption coafficiat 0.078 z™

Fiooo) 308

Crysal Block; Calourloss

im 0603 x0.12 e’

Grangs for data collection 3.05-2748"

Index ranges HLhL9,-125k<12, -15KIL0S

Rsfloctions collected 14508

Indapendamt refections 3490 R, =0.0306]

Complotunsss to 6=27.48 93%

il : =i T

Max and min trammission 09907 and 0.9447

Rafinement method Full-eatrix least-squares ca F*

Data / rostraints / parsmeters 3490/0/192

Goodness-of-fit o F* L1%

Final R indices [# = 2o(F)] RI=0.0550,wR2=0.1379

Rindicas (all datn) RI=00613, wR2=0.1430

Extinction coofficiant 034)

Largest &f pank and bolo 0.563 and-0.548 0 4™

Table 2. Atomic coordinates [x 10*], equivalent isotropic displacement parameters [A* x 10'] and site occupancy factors. U, is defined as cne third of

the trace of the orthogonalized U tensor.

Atom 5 y z Uy Sof

o1 -2842Q) 14539(1) §723(0) 361 1

02 810(1) 4151(1) 6630(1) 24(1) 1

Cl -87Q) 13414(1) 8383(0) 21(1) 1

Q =3435Q) 12416(1) 72860 21() 1

c3 =31252) 10871(1) 7290(1) 2001) 1

C4 -548Q) 10884(1) 47001) 16(1) 1

cs 93Q) 11936(1) 8552(1) 16(1) 1

] -633Q) 13039(1) 8990(1) 18(1) 1

c? -807Q) 9331Q0) 7508(1) 15(1) 1

c8 15432) 9342(1) 981(1) 15(1) 1

[+ ] 2702) 10304(1) 9158(1) 15(1) 1

c1 2099(2) 11871(1) 9087(1) 20(1) 1

cu -1303Q2) 82901) 635601) 17(1) 1

cn ~11042) 6732(1) 641201) 19(1) 1

c13 10322) 6784(1) ) 160) 1

cl4 1612Q) 7768(1) 8047(1) 15(1) 1

c1s 154102) 537401) 7159(1) 15(1) 1

Cl6 3157Q2) ) 8218(1) 23(1) 1

o 3386Q) 7415(0) 8569(1) 20(1) 1

Cl18 -1 0) 53440 23(1) 1

cB 28120) 72550) 5963(1) 2(1) 1
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Table 3. Bond lengths [A] and angles [*]

o011 1227709) 809 1523505)
01 15 1217709) 8 Cl4 1.5266(15)
Cl C6 146707 €9 Cl0 15284016)
Cl-C2 1.5055017) Cl1-CI8 138707
c2-C3 15294016) clcn 15229016)
3 Ot 1.539206) o2 ci 1.532006)
C4 C5 1.5202019) C13 1S 1524416)
¢ 15491(19) 13 Cl4 1.5350015)
C5-C6 1343906) C13<C19 15489016)
C5-Cl0 1.5033(16) cluCl 1335416)
c1 el 1.532509) Cl5 Cl6 1522207
€18 1555709) 16 €17 1542106)
ol C1 C§ 121.0001) CsCl0 O 12500)
o1 cl 121401) Cls cl1 i 11991(10)
s Cl 2 11671010) 18 ¢ €7 12506(11)
C1-0-C3 111.4600) C1-C11-C7 114540)
€2 C3 C4 111.050) Cll c12 ¢13 10830)
C5 04 O3 108.360) Cl1s €13 ci2 174P)
Cs Ct C7 12810) Cls €13 Cl4 101250)
3 0t C7 111740) 12 €13 Cl4 108.540)
C6-C5-C10 119.1500) CI5C13-CI9 104190)
C6-C5-Ct 1222100) CI2-C1:-CI9 11096(10)
€10 C5 C4 118:43Q10) Cl4 C13 €19 13.650)
C5 06 Cl 1229801 Ct Cl4 C13 12700)
Cl1 €7 C4 114700) C8 C14 C17 120810)
C11-C7-C8 109.290) CI3C14-CI7 104640)
4-C7-C3 112940) 01-C15-C16 12525(11)
9 C8 Cl4 111.430) 01 €15 C13 1261501)
o9 C8 C7 11140) Cl6 €15 €13 108.560)
Cl4-C8-CT 108.079) C15-C16-C17 105.89(10)
C8-C5-C10 111010) Cl4-CI-CI6 12290)

Table 4. Anisotropic displacement parameters [A*, 10"]. The anisotropic displacement
factor exponent takes the form: 27°[W'a**U" + - +2 hka* b* U* ).

= 7 d i i i Id
o1 0) ) 360) -10) -31) )
] () 14() 240 o) &) &)
a 1) 20 20) 40) §0) 100)
Q 190) 20) 10) ) ) )
o 10) 190) 25(1) 3) 20) 51)
ot 160) 150) 170 ) ) 51)
cs 180) 1() 17 40 ) 30)
o6 20 150) 160) ) 30) 10
c 1 13() 160) 20) 10) 30)
c 150) 13() 17 o) 10) )
o 190) ) 201) 10 0 0!
clo 180) 150) 24(1) ) 101) 51)
cu 160) 150) 15() 10) 10) )
cu 210) 1() 180) o) 101) 3)
ci 190) 1Q) 170) 20) 30) o)
cl4 10) 13() 160) 10) 10) )
Cls 21() 15(1) 21() 3(1) 1)) 5(1)
clé 240) 160) 28() 20) 11) 1)
o 190) 160) 25(1) 20) 101) &)
cs %0) ) 201) o) ) &)
a1 280) 180) 20) 30) 80) 1)
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Table 5. Hydrogen coordinates [ 10°] and isotropic displacement parameters [A? | 10%].

Atom £ y 2 Uy Sof
m0nAa 2967 12811 6612 25 1
HIB 4841 12379 7202 25 1
HA -3793 10255 6544 25 1
H3B 3704 10439 7918 25 1
H4 424 11254 6793 19 1
H6 39 13585 s 2 1
H7 1390 8898 070 18 1
HB 2366 9735 743 19 1
HO9A 3644 10301 9431 3 1
H9B 1499 9902 9726 23 1
HI0A 2436 12490 9877 24 1
HI0B 3040 1252 62 M 1
HI2A 1527 6140 5631 2 1
HI2B -1930 6281 6936 2 1
Hl4 08 7381 £533 18 1
HI6A 4330 3452 8027 7 1
H16B 2734 5244 $857 1) 1
HI7A 3881 7698 9422 25 1
HI7B 4685 7923 £233 25 1
HI8A -2208 7983 4656 28 1
HISB 2028 9649 5308 28 1
HISA 3669 7281 6271 33 1
HI9B 2204 828 5803 33 1
HISC 15m 6554 24 33 1

Thermal ellipsoids drawn at the 50% probability level
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X-ray data for (5.14)

Table 1. Crystal data and structure refinement details.

Idaetiication codo 2008:060074 (VE/4946584)
Empirical formmh C.H408,
Formmel waight 360.55
Temperature IN2K
Wanslength 07103 A
Crysal system Momoc Emic
Smcegoup Pe
Unit call dimensions a=94754) A
b=149177(4) A B=100.5860(10)"
c=13511603)A

Volume 1877.37(8)
4 4
Density (calculated) 1276 Mg /'

ioa coufficent 0.289 zom!
Fiooo) 776
Crysal Fragant, Coloarlons
Crysaal sim 04035 % 0.12 e’
Grangs for data collection 3.07-2748"
Index ranges -11ShS12-19<k<19,-1781217
Rafloctions collected 24931
Indepsndant refections 4302 [Re=0.0474)
Complotansss to 6=27.48" WE%
Max and min trammission 0.5662 and 0.8832
Rasfinement motbod Full-satrix waF
Data / restraius / 4302/0/218
Goodness-of-fit ca F* 0364
Final R indices [ = 2o(F))] RI=0.0411,wR2=0.1146
Rindics (all daia) RI=00582, wk2=0.1284
Largest &£ poak and bole 0342and-03820 A4”
Table 2. Atomic coordinates [ 104}, equivalent isotropic displacement parameters [A2 x 105] and site occupancy factors. Ul is defined as
one third of the trace of the orthogonalized U¥ tensor.
Atom x ¥ z U Sof.
cl 43878) 234Q2) 61440) 410 1
@ 57840) 3802) 687002) £0) 1
3 414502) 1155(0) 7856(0) 21(1) 1
C4 38272) 21450 7665(1) 20) 1
Cs 237%2) 2385() 420) 23(1) 1
] 251Q) m) 9060(1) 1701) 1
c? 3076Q2) 13470) 9410Q) 18(1) 1
Cs 3H7Q) 874(1) 8863(1) 200 1
(%] 782Q) 2470) 9234(1) 1601) 1
cu 6042) 1899(1) 10301(1) 170) 1
clul 1316Q) 986(1) 10520(1) 21(0) 1
cn 2895Q2) 10241) 10434(1) 220) 1
c3 696Q2) 3023() 8968(2) 300) 1
Cl4 370) 31530) 9051(1) 21(1) 1
C1s -1555Q) 3n20) 9080(2) 23() 1
Clé =1714Q) 28001) 10126(1) 20(0) 1
o -1001(2) 1875) 10325(1) 19(1) 1
18 -15630) 15170 11246(1) 26(1) 1
c’ 31520) 181401) 11020) 28(1) 1
cn -3026Q2) 2604(1) 10302(1) 20) 1
cu -11372) 350901) 10936(2) 28() 1
ol -4305(1) 301601) 9940(1) 29(1) 1
sl 305001) 43200 6905(1) 350) 1
52 6043(1) 962(1) 7765(1) 28(1) 1
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Table 3. Bond lengths [A] and angles [*].

cl e 1519¢4) o9 C10 1.558(2)
cl sl 150002) 10 cul 152502)
a8 1300) cl0 17 1507Q)
c:-C8 150102) cl<n 152702)
CL04 1570) CI3-Cl4 13210)
sl 13423017) Cl4 Cl$ 1517¢)
c 82 13465017) Cl5 C16 152802)
c4 s 15272) Cl6 €20 152302)
C5-C6 1.5350) C16C17 1.5390)
6-C7 1517Q) cl6-C21 1.54802)
5 9 1551Q) c17 Cls 1536(2)
c1c8 13330) Cls C19 1545(2)
c1cn 150302) C19 €0 1520)
C9-Cl4 15252) cN-01 121602)
C2-C1-81 10620014) ClO-CII-CI2 11097(014)
C1-C2-82 107.5904) c-cn-cil 111.08013)
C8 C3 C4 1108104) Cl3 Cl4 CI5 120.50(16)
C8 C3 81 10679012) CI13 Cl4 O 12498(15)
C4 C3 81 1125702) Cl5 Cl4 O 135504
8 C3 82 1113502) Cl4 CI5 Cl6 107.46(13)
C4-C3-82 1079512) CN-C16-C15 117.49(13)
510382 107330) €20 Cl6 €17 1013413)
C3 04 C5 11042014) C15 Cl6 C17 109.48(14)
C4 C5 C6 11232013) €20 C16 C2 10392(14)
C7 C5 CS 1107513) Cl5 C16 C2 11067(015)
C-C6-C9 111.0703) C11-Cl6-C21 13.7304)
C5-C6-C9 110.1603) CL0-C17-Cl8 1213313)
8 C7 C2 1204215) €10 C17 Cl6 1124813)
C8 C7 C6 12326015) Cl§ CI7 Cl6 10426(14)
C12-C7-C6 1163204) CII-CIE-C19 1022704)
C-Cs-C3 12450015) CN-C19-CIS 106.03(14)
Cl4-09-C6 1146313) 01-CN-C19 125.36(16)
Cl4 O CI0 109.13013) 01 C20 Cl6 12583(17)
C§ ©9 Cl0 1141002) C19 €0 CI6 10831014)
C11-C10-C17 112:4413) C1-51-3 97.3009)
CL1-CI0-C 1109203) Q80 9%230)
c1-C10-00 107.63012)

Table 4. Anisotropic displacement parameters [A2 103]. The anisotropic displacement
factor exponent takes the form: -2 s[hsa®sUm + « + 2 hka¥ b Ua ],

AMom o [ [ [ s =
a 510) () 33(1) -160) 310 -190)
Q 40 ) Q) -50) 40) -10)
o 150) 1) 1) 0 0 o)
ot 6) 2%() 150) ) 0) 1)
cs 1) 210) 200) 5) 0) 51)
o 160) 19() 180) 10) &) 10)
c 150) 20) 180) 10) 201) o)
s 200) 190) 20) ) A1) o)
o 150) 18) 160) 11) 30) o)
clo 160) ) 160) 101) ) o)
cu ) 20) 20) 50) 0) )
c 20) () 200) 50) 50) 0)
ci 250) 200) 480) 0 130) 40
clé 180) 20) 2() ) ) X
cls 180) 2() 28(1) 51) 1) 1)
cl 150) 1) 240) ) 41) 1)
o 160) 1) 150) ) A1) -10)
cls 210) 50 27(1) 51) 100) 10)
c1 ) 36(1) 3201) 30) 1001 -0)
cn 170) %) ) 0 A1) 10)
o 200) 10) 360) 1 0) o)
ol 160) 5 370) ) 30) 0
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2

20
20)

20
31

31) 170 120
330) 3(1) 120) 3(1)

Table 5. Hydrogen coordinates [» 104] and isotropic displacement parameters [A2  103].

A_tma x y z lJ= Sof
HIA 4120 290 5699 9 1
HIB 4483 764 5720 £ 1
HA 6594 n 6500 2 1
H2B 132 -521 7219 2 i
H4A 3812 91 6951 27 1
HiB 4593 2512 8081 27 1
HSA 1618 2025 7528 28 1
HSB 2166 3028 7782 28 1
H6 2894 m 9459 21 |
HS 4235 319 9130 24 1
HY 230 1823 $744 20 1
HI0 1076 2334 10822 21 1
HI1A 816 539 10038 26 1
HI1B 1232 792 11208 26 1
HI2A 3415 1433 10955 7 1
HI2B 3328 420 10555 27 1
HI3A 172 4468 8927 36 1
HI3B 1694 3930 £951 36 1
HISA 2056 M4 8557 7 1
HISB 1978 s 8953 7 1
H17 1444 1487 947 2 1
HISA -1043 1790 11877 31 1
HISB -1477 857 11295 31 1
HISA im 1319 10708 34 1
HI9B 347 1995 11650 34 1
HIA 1673 4070 10784 41 1
H1B =117 3617 10936 41 1
HIC -1256 3290 11599 41 1

Thermal ellipsoids drawn at the 35% probability level

270



X-ray data for (5.15)

Table 1. Crystal data and structure refinement details,

ldentification code 20085000127 (VF4946/85)

Expirical formsala Cai0S,

Farmula weight INss

Tamparature 120Q) K

Waslength 071073 4

Crystal systam Manoclinic

Space poup Pye

Unit call dimansicms a=10.0365(H)A
b=18.7175(6) A F=93336Q)°
e=101 A

Vokume 1909.23(10) &'

4 4

Dunsity (calculatod) 1303 Mg/m’

Absarptica coufSiciat 0287

Foog) 808

Crystal Shb; Colourless

Crystal size 042 % 0.2 % 0.04 o

Grangn for data collection 298-2153"

Indax ranges =B3EhL12, -4k M ~1381£12

Raflections collected 2075

Indopendant refections 4365 [Rey =0.0578]

Campletaness to §=27.50" 935%

Max and min. tmmission 0.9886 and 0.8791

Rsfinamant mathod Full-oatrix loast-squares on F*

Data / restraints / parameters 4365/0/228

Goodness-of-fit ca F* 0568

Final R indices [F* > 2o(F"] RI=00447, wR2=0.1030

R mdices (all data) RI=00664, wRh2=0.1138

Fxtncion cosfficiant 0.0121(15)

Largest diff poak and hols 0355and 04470 4

Table 2. Atomic coordinates [x w‘],eqmvalut:soh’opwdsplmtpanmms [A# x 109] and site occupancy factors. U is defined as

one third of the trace of the orthogonalized U¥

Mom : : [PR—TY;

Cl 2015(2) 1138(1) 4539(2) 270 1

Q 282(2) 1457(1) 5580(2) 270) 1

c3 86(02) 1210(1) 34300 190) 1

C4 5633(2) 785(1) 3384Q2) 20(1) 1

s 6308(2) 632(1) 8282) 18() !

6 584802) 845(1) 933(2) 190) 1

c1 244602) 1179(1) 8750) 20) 1

cs 21p) 1646(1) 207002) 200) 1

o 7633(2) 260(1) 2456Q) 2001) 1

cl0 £702(2) 741(1) 19052) 200) 1

cll £3240) 943(1) 476() 170) 1

cn 69290) 130801) mp) 1801) 1

o3 934702 1440(1) -3602) 180) 1

cl4 90300) 16441) -1539Q) 170) 1

c1s 766102) 2013(1) -16540) 20) 1

Clé 6638(2) 1496(1) -1128Q) 190) 1

cn 5145Q) 118001) -19772) 26(1) 1

cl1s 108222) 1224(1) -172) 2000) 1

19 11434%) 1780(1) 253) 25(1) 1

o 10265(2) 2071) ) 20) 1

a1 9085(2) 997(1) -2496Q) 210) 1

cn £7442) 1182(1) -3442) 2(1) 1

[ 10353(2) 2574(1) =25512) 20) 1

51 1 574(1) 3528(1) 240) 1

2 855(1) 1841(1) £140(1) 230) 1
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Table 3. Bond lengths [A] and angles [°].

cl1Q
Cl-51
C2-52
C3 Ct
Ga
C3 81
C3-52
C4-C5
(s e
C5 C§
C6 C7
C6-Ci2
c-C8
C9 Clo
Clo il

CCl sl
caas
C4-C3-C8
C4-C3-S1
C8 C3 81
C4C 02
C8 C3 82
51-C3-82
C5-C+C3
C4C5 09
C4C5C6
C9 C5 C6§
C5 C§ C7
C5-C6-Cl2
C7 Cs C12
C8 C7 C§
aaa
C5-09-Clo
C11-Clo-C9
C13-Cl1-C10
€13 Cl1 C12
Cl0 c11 C12
Cl6 C12 C§

Table 4. Anisotropic displacement parameters [A* 105]. The anisotropic displacement

factor exponent takes the form: -2 2[h*a¥* UM 4+ « + 2 hka* b* U ],

cl ci
cu<cn
C12-C16
Cl13 C18
Cl3 C4
Cl4 C
Cl4-C15
Cl4-C21
C15 C16
Cl6 C17
Cl8 C19
Cl-CN
C-01
1 ca

Clé cu2 cul
C6 Cl2 cll
Cl1-C13-Ci8
Cl1-C13-Cl4
C18 C13 Cl4
C20 C14 CI5
C20 Cl4 C13
Cl5-C14-C13
C20-C14-C21
ClsCl4c
Cl3 Cl4
Cl6 C15 Cl4
C17 C16 CI5
C17-C16-Ci2
C15 C16 C12
C13 C18 C19
C20 C19 C18
01-C20-C14
01-C20-C19
Cl4-C0-C19
Cc2 C21 C4
c1s1a
asa

Atom o= = 1] L) L) [
a 10) 20) 0) 1) 0} 0
Q 5() 320) 20) 1) %() 20)
o 180) 210) 180) o0) (1) o)
o () uq) 180) 1) 10 10)
cs 2() 160) 180) 20) -10) -10)
c 150) 2q) 180) ) ) 10)
a 160) Q) 180) o) 1) 20)
o () 20) 180) 20) o) 0
o 2() uq) 190) 30) o) 30)
c10 190) 210) 190) 30) -30) 30)
cu 180) 160) 160) o) 10) 10)
cn 190) 170) 170) 1) ) 20)
ci 190) 160) 170) 1) ) o
C14 10) 180) 110) ) 0] 10)
a1 B() 20) 180) 1) 1) 30)
ci 190) 20) 160) ) o) 50)
o 190) 40) 170) 10) 1) o)
cis 180) 20) 20) 1) ) o
c 210) () 1() 50) ) )
0 250) 2q) 190) -11) -201) -11)
1 190) 20) 210) -4(1) o) -11)
o () 40) 180) -41) o) -3(1)
ol 20) Q) Q) 140) &0) 50)
51 3() 20) 10) o) ) 0
2 ) 10) 190) 30) 20) 1)
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Table 5. Hydrogen coordinates [ 104] and isotropic displacement parameters [A2 \ 109].

Atom x y z Uy Sof
HIA 1572 1520 4002 32 1
HIB 1321 854 4954 32 1
HA 1314 1081 6202 33 1
HB 2532 180 6082 33 1
H4 79 615 215 24 1
H6 5177 394 408 23 1
HIA 4223 1473 67 26 1
HB im ™3 819 26 1
HA 3304 1854 1979 24 1
HEB 4863 2045 2112 24 1
HOA 7583 197 1965 24 1
HYB 7869 153 3393 24 1
HI0A £300 1181 2444 24 1
HI08 9570 489 1954 24 1
Hil 289 454 -60 20 1
HI2 690 1767 24 21 1
HI13 9302 1895 25 21 1
HISA 7684 2460 1135 25 1
HISB ™13 281 -2584 25 1
HITA 5713 12717 -2844 31 1
HITB 514 857 1581 3 1
HISA 10939 732 348 24 1
HISB nm»? 1258 84 24 1
HISA 11878 2166 400 30 1
HISB 12099 1552 1471 30 1
HIA 9997 ™1 -2416 25 1
H1B 460 626 -219 25 1
HNA ™ 1308 4061 43 1
HIB 8925 767 4495 43 1
e 9289 1586 4202 43 1

Thermal ellipsoids drawn at the 50% probability level
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