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ABSTRACT

Decarboxylation and decarbonylation are important reactions in synthetic organic
chemistry, transforming readily available carboxylic acids and their derivatives into various
products through loss of carbon dioxide or carbon monoxide. In the past few decades, palladium-
catalyzed decarboxylative and decarbonylative reactions experienced tremendous growth due to
the excellent catalytic activity of palladium. Development of new reactions in this category for
fine and commodity chemical synthesis continues to draw attention from the chemistry
community.

The Stoltz laboratory has established a palladium-catalyzed enantioselective
decarboxylative allylic alkylation of -keto esters for the synthesis of a-quaternary ketones since
2005. Recently, we extended this chemistry to lactams due to the ubiquity and importance of
nitrogen-containing heterocycles. A wide variety of a-quaternary and tetrasubstituted a-tertiary
lactams were obtained in excellent yields and exceptional enantioselectivities using our
palladium-catalyzed decarboxylative allylic alkylation chemistry. Enantioenriched a-quaternary
carbonyl compounds are versatile building blocks that can be further elaborated to intercept
synthetic intermediates en route to many classical natural products. Thus our chemistry enables
catalytic asymmetric formal synthesis of these complex molecules.

In addition to fine chemicals, we became interested in commodity chemical synthesis
using renewable feedstocks. In collaboration with the Grubbs group, we developed a palladium-
catalyzed decarbonylative dehydration reaction that converts abundant and inexpensive fatty
acids into value-added linear alpha olefins. The chemistry proceeds under relatively mild
conditions, requires very low catalyst loading, tolerates a variety of functional groups, and is
easily performed on a large scale. An additional advantage of this chemistry is that it provides
access to expensive odd-numbered alpha olefins.

Finally, combining features of both projects, we applied a small-scale decarbonylative
dehydration reaction to the synthesis of a-vinyl carbonyl compounds. Direct a-vinylation is
challenging, and asymmetric vinylations are rare. Taking advantage of our decarbonylative
dehydration chemistry, we were able to transform enantioenriched 0-oxocarboxylic acids into
quaternary o-vinyl carbonyl compounds in good yields with complete retention of
stereochemistry. Our explorations culminated in the catalytic enantioselective total synthesis of
(-)-aspewentin B, a terpenoid natural product featuring a quaternary o-vinyl ketone. Both
decarboxylative and decarbonylative chemistries found application in the late stage of the total

synthesis.



vii

TABLE OF CONTENTS

ACKNOWIEAZEMENTS. ...t iii
ADSEFACE. ... e vi
Table Of CONENTS .....eoueiiiieiie et s vii
LiSt Of FIGUIES ... e e Xi
LiSt Of SCREMIES ... e Xix
LiSt Of TabIES ... XXi
List of ADDreviations ..........coiiiiiiiiii e XXiii
CHAPTER 1
Palladium-Catalyzed Decarboxylative and Decarbonylative Transformations: Past, Present,
AN FULUTE ..ottt et st 1
ToT INErOAUCTION . e s 1
1.2 Palladium-Catalyzed Decarboxylative Reactions............ccccevueiiiieniiiniiinienieenieeee. 2
1.3 Palladium-Catalyzed Decarbonylative Reactions ..........cc.ccceoeeiiieniiiniciniciieenieene. 6
1.4 Our Explorations in the Field of Palladium-Catalyzed Decarboxylative and
Decarbonylative REACHONS ........cocueiiiiiiiiiiiiiice e 9
1.4.1 Palladium-Catalyzed Enantioselective Decarboxylative Allylic Alkylation of
LACLAMS et 9
1.4.2 Formal Syntheses of Classical Natural Product Target Molecules via Palladium-
Catalyzed Enantioselective AlKylation ...........cccooiiiiiiiiiniiiiiccciccee 10
1.4.3 Palladium-Catalyzed Decarbonylative Dehydration of Fatty Acids for the
Synthesis of Linear Alpha Olefins ..ot 11
1.4.4 Palladium-Catalyzed Decarbonylative Dehydration for the Synthesis of a-Vinyl
Carbonyl Compounds and Total Synthesis of (-)-Aspewentin B...................... 12
1.5 Future DIreCtioNnS ........cooiiiiiiiiiiiiii i 15
1.6 Concluding REMArKS. .....cc.cooiiiiiiiiiieie e 16
1.7 Notes and References ............ocooiiiiiiiiiiii e 16
CHAPTER 2
Palladium-Catalyzed Enantioselective Decarboxylative Allylic Alkylation of Lactam Enolates
for the Construction of Quaternary N-HEeeroCycles .............ccccouverviiniiiniiiniicniicnieeneene 19
2.1 INFOAUCTION .t 19
2.2 Reaction Development and Optimization ............cocceevuieriiiniiiinieiiicnieerie e 21
2.3 Study Of REACHON SCOPE .....eeneiiiiiiiiiiiiee et 23
2.4 Large-Scale Alkylation REaCiON ..........ccciiiiiiiiiiiiiiiieee e 26
2.5 Derivatization of Alkylated Lactam Products ............ccoceeriiiiiiiniiiiiinicinicciceeee 26
2.6 Concluding RemMArKS. ........cocuiiiiiiiiiiii e 27
2.7 Experimental SECHON ......cccuiiiiiiiiiiiii e 27
2.7.1 Materials and Methods ............coooiiiiiiiiiiee e 27
2.7.2 Representative Procedures for the Preparation of Lactam Substrates................ 29
2.7.3 Characterization Data for Lactam Substrates Used in Table 2.1....................... 34
2.7.4 General Procedure for Allylic Alkylation Screening Reactions......................... 39
2.7.5 Results of Screening Various Reaction Parameters............c.occcocevienieincnen. 40
2.7.6 Characterization Data for Lactam Products in Table 2.1.............ccccociiiie. 41
2.7.7 General Procedure for Preparative Allylic Alkylation Reactions ...................... 46

2.7.8 Characterization Data for Lactam Products in Table 2.2 ...coveiviviieeeeeiiinn. 46



2.7.9 Procedures for the Derivatization of Lactam 3.........ccccccivviiiiniiniinieieeee. 59
2.7.10 Methods for the Determination of Enantiomeric Excess............ccccccceecienennee. 62
2.8 Notes and ReferenCes ...........covooiiiiiiiiiiicceec e 65
APPENDIX 1
Spectra Relevant to ChapLer 2............c.covuiiiiiiiiiiiteeieeeie ettt 68
CHAPTER 3
Formal Synthesis of Classical Natural Product Target Molecules via Palladium-Catalyzed
Enantioselective AIKYIQtION ..............cc.cociiiiiiiiiiiiiiit et 154
BT INTrOAUCHION et 154
3.2 TRUJOPSENE ...ttt ettt ettt ettt e e eas 155
3.3 QUINIC ACIA e e ettt e e et e e e et b e e e e et e e e e e enenees 158
3.4 DYSIIONIAE . 160
3.5 ASPIAOSPEIMIINE ...ttt ettt ettt et ettt enaneeas 162
3.6 RRAZINIAM oo 164
3.7 QUEDIAChAMINE. ..o e 166
3.8 ViINcadifformine ........cc.oiiiiiiiii e 167
3.9 CONCIUSIONS et 169
3.10 Experimental SECtION .......cooiiiiiiiiiiiieeiie e 171
3.10.1 Materials and Methods ..........cc.cooiiiiiiiiiiii e 171
3.10.2 Syntheses of Compounds Related to Thujopsene............ccccceciiviiieniannnnnn. 172
3.10.3 Syntheses of Compounds Related to Quinic ACid.......ccceeviiiniiiniiniieniens 178
3.10.4 Syntheses of Compounds Related to Dysidiolide..........c.ccccoceeniiiiiinnncn. 183
3.10.5 Syntheses of Compounds Related to Aspidospermine...........cccccceveeriienncne 185
3.10.6 Syntheses of Compounds Related to Rhazinilam .........ccccooiiiniiiniinn. 189
3.10.7 Syntheses of Compounds Related to Quebrachamine ..........c...cccccooiniii. 190
3.10.8 Syntheses of Compounds Related to Vincadifformine...........ccccccoceeniienicens 192
3.10.9 Methods for the Determination of Enantiomeric EXCess..........ccccccceeeeennennne. 196
3.11 Notes and References ............coooouiiiiiiiiiiiiiieeceeeee e 196
APPENDIX 2
Spectra Relevant to Chapter 3.........cocuiovii ittt 205
APPENDIX 3
X-Ray Crystallographic Data Relevant to Chapter 3 ..........cccccoceireuiiniiiiniieiiienieenieeeeee 248
APPENDIX 4
Catalytic Enantioselective Construction of Quaternary Stereocenters: Assembly of Key
Building Blocks for the Synthesis of Biologically Active Molecules ..................cc.c.ccccccuee.... 267
CONSPECTUS ..ttt sttt 267
A4T INTrOAUCHION ..o e e 269
A4.2 Enantioselective Syntheses of C(3) All Carbon Quaternary Centers on Oxindoles by
Alkylation of 3-BromooXindoles..............cooiiiiiiiiiiiiiiic e 272
A4.3 Palladium-Catalyzed Asymmetric Conjugate Addition of Arylboronic Acids to
Cyclic Enones to Furnish Benzylic Quaternary Centers...........cocceevveenieenecanieenne 276

A4.4 Palladium-Catalyzed Enantioselective Allylic Alkylation of Prochiral Enolates.....280



X

A4.5 Iridium-Catalyzed Allylic Alkylation for the Construction of Vicinal Quaternary and

Tertiary StEreOCENtErS .........evii it 290
A4.6 CONCIUSIONS.....niiiiiiiiieiie et 294
A4.7 Notes and REfEIrENCES.........cceeiuiiiiiiiiiiiiiieiic e 294
CHAPTER 4
Palladium-Catalyzed Decarbonylative Dehydration of Fatty Acids for the Synthesis of Linear
AIPRA OIBTINS ...ttt sttt 300
A1 INTOAUCTION .t 300
4.2 Optimization of Reaction Conditions...........cccueeviiiiiiiiiiniiiiciceeeeeeeee 303
4.3 Study Of REACHION SCOPE .....einiiiiiiiiiiieie et 305
4.4 Large Scale REACIONS .......couiiiiiiiiiiiiii e 308
4.5 Synthetic Utility of Alpha Olefin Products ..........cccooieiiiiniiiiiiiiiiiiceecee, 308
4.6 Concluding Remarks.........c.cooiiiiiiiiiiiee e 309
4.7 Experimental SECHON ......cccuiiiiiiiiiiiiie s 310
4.7.1 Materials and Methods .............cocoooiiiiiii e 310
4.7.2 General Procedure for Optimization Reactions (Route A).........c.cccceveennennee. 311
4.7.3 General Procedure for Optimization Reactions (Route B)..........c.ccecueevnenee. 312
4.7.4 General Procedure for Preparative Pd-Catalyzed Decarbonylative Dehydration .
....................................................................................................................... 313
4.7.5 Spectroscopic Data for Acid Substrates............ccccceerviieniiiniiiiiiniicniceceee, 314
4.7.6 Spectroscopic Data for Olefin Products...........ccoceeviieniiiniiiiinienicceceee, 315
4.7.7 General Procedure for Pheromone Synthesis by Ru-Catalyzed Cross Metathesis.
....................................................................................................................... 320
4.8 Notes and References ...........covooiiiiiiiiiiiiiicceece e 321
APPENDIX 5
Spectra Relevant to CRAPLEr 4.........couueivuiiiiiiiieiit ettt 325
CHAPTER 5
Palladium-Catalyzed Decarbonylative Dehydration for the Synthesis of a-Vinyl Carbonyl
Compounds and Total Synthesis of (—)-ASPEWENtin B.............ccccccovvieniiiiiiiniiiniecnieeee, 350
5.1 INErOAUCHION L. 350
5.2 Study Of REACHION SCOPE .....uviiiiiiiiiiiicieet e 353
5.3 Total Synthesis of (—)-Aspewentin B ..........cocciiiiiiiiiiiiiiieicee e 356
5.4 Concluding REMArKS. .......cc.oooiiiiiiiiiiic e 358
5.5 Experimental SECtON ........coouiiiiiiiiiiicicet e 359
5.5.1 Materials and Methods ...........cccooiiiiiiiiiii e 359
5.5.2 Preparation of Carboxylic Acid Substrates ..........c.cccoeeueeniiiiiiniiiniiiiceieee 360
5.5.3 Palladium-Catalyzed Decarbonylative Dehydration of Carboxylic Acids......373
5.5.4 Spectroscopic Data for Pd-Catalyzed Decarbonylative Dehydration Products ....
....................................................................................................................... 376
5.5.5 Total Synthesis of (-)-Aspewentin B and Related Compounds ....................... 380
5.5.6 Methods for the Determination of Enantiomeric Excess............ccccccceviennnnne. 395
5.6 Notes and REfEIrENCES ..........cc.oiiiiiiiiiiiiiei e 396
APPENDIX 6

Spectra Relevant to Chapter 5..........oo.coviiiiiiiiiiiiiiieec ettt 400



APPENDIX 7
Copper-Catalyzed Insertion of Carbenoids into Unactivated C(sp’)—H Bonds.................... 469
A7 T INTrOAUCHION ..o e e 469
A7.2 Results and DiSCUSSIONS. .....cc.eeouieiiiiiiieiieiieie ettt 470
A7.3 Concluding REMArKS ..........cccueiiiiiiiiiiiiiiieic e 476
A7.4 Experimental SECHON ........coiiiiiiiiiii e 477
A7.4.1 Materials and Methods...........cccoooiiiiiiiiii e 477
A7.4.2 Procedure for Screening Reactions............cocoevieiiiiiniinieniciieiceee e 477
A7.4.3 Procedure for Preparative Scale Reactions .........cc.ccceecueevieiiiiniecnicenncnnen. 478
A7.5 Notes and REfEIrENCES..........ccoevuiiiiiiiiiiiiiieie e 478
APPENDIX 8
NOteDOOK Cross-REfEIENCE .........ccuivuiiiiiiiiiiiiiieeee e 479
APPENDIX 9
Synthetic Route for (—)-ASPEWENTIN B .........cccccuiiiuiimiiiiiiiiiieieeeeeee et 493
Comprehensive Bibliography ..........c..ccoiiiiiiiiiiiiee e 495
INAEX e e 503



CHAPTER 2

X1

LIST OF FIGURES

Figure 2.1 Natural products and pharmaceuticals containing chiral N-heterocycles ...

APPENDIX 1

Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.
Figure AT.

O NOUT A W =

B W WWWWWWWWWNRNNRNNMNMNNNMNNNONMNNN=_S 2 A Ao a0 a 9
QOO NOUTD,WN OO NOODTUEAEWN—_OOONDULA WN—=O

................................................................................................................................. 20
'H NMR (500 MHz, CDCl;) of compound 1a........cccceeieeirreinieiiinne 69
Infrared spectrum (Thin Film, NaCl) of compound 1a. ..........c.cccccece 70
C NMR (126 MHz, CDCl;) of compound 1a........cccceveveieveeinieiiinne. 70
'H NMR (500 MHz, CDCl;) of compound 1b. .......cccovveeinieiieiinne. 71
Infrared spectrum (Thin Film, NaCl) of compound 1b. ..........c............. 72
"C NMR (126 MHz, CDCl;) of compound 1b........cccocveeieieinieiinne. 72
'H NMR (500 MHz, CDCl;) of compound 1€C......ccooveveiereieieiieiinne 73
Infrared spectrum (Thin Film, NaCl) of compound 1c. .........ccccceeenne 74
C NMR (126 MHz, CDCl;) of compound 1€C......ccoeveiereieieiieiiinee 74

'"H NMR (500 MHz, CDCl;) of compound 1d. .......cooooiieiieiiiiennnes 75
Infrared spectrum (Thin Film, NaCl) of compound 1d. ....................... 76
C NMR (126 MHz, CDCl;) of compound Td........c.ccovvieviiereieiennnes 76
'"H NMR (500 MHz, CDCl;) of compound Te.........ccccovveveriereienennnnns 77
Infrared spectrum (Thin Film, NaCl) of compound Te. ....................... 78
C NMR (126 MHz, CDCl;) of compound Te........c.ccoovveiiereierennnnns 78
'"H NMR (500 MHz, CDCl;) of compound 1f. .......ccooveiieiieiiieiennnes 79
Infrared spectrum (Thin Film, NaCl) of compound 1f......................... 80
C NMR (126 MHz, CDCl;) of compound 1. ......ccooveiieiieiiiiennnes 80
'H NMR (500 MHz, CDCl5) of compound 1g.......ccccovvreueuininrenenn 81
Infrared spectrum (Thin Film, NaCl) of compound 1g. ....................... 82
C NMR (126 MHz, CDCl5) of compound 18.......cccoovvveeirinirenenn 82
'"H NMR (500 MHz, CDCl;) of compound Th. .......cccoovieiiiiiienne, 83
Infrared spectrum (Thin Film, NaCl) of compound 1h. ....................... 84
C NMR (126 MHz, CDCl;) of compound Th..........ccccovveiieiiiniennnn. 84
'"H NMR (500 MHz, CDCl;) of compound 24. ........c.cccovveiiereienennnnns 85
Infrared spectrum (Thin Film, NaCl) of compound 24. ....................... 86
C NMR (126 MHz, CDCl;) of compound 24..........cccovveriereienennnnns 86
'"H NMR (500 MHz, CDCl;) of compound 2a..........c.ccccoveueriereienennnnns 87
Infrared spectrum (Thin Film, NaCl) of compound 2a. ....................... 88
C NMR (126 MHz, CDCl;) of compound 2a.........c.ccovveeiereieiennnnns 88
'"H NMR (500 MHz, CDCl;) of compound 2b. .........ccccovveiieeieiennnnns 89
Infrared spectrum (Thin Film, NaCl) of compound 2b. ....................... 90
C NMR (126 MHz, CDCl;) of compound 2b............ccooveiviereienennnns 90
'"H NMR (500 MHz, CDCl;) of compound 2€.........cccevieeiereieiennnnes 91
Infrared spectrum (Thin Film, NaCl) of compound 2c. .............c........ 92
C NMR (126 MHz, CDCl;) of compound 2€. .......cccvevverriereieiennnes 92
'"H NMR (500 MHz, CDCl;) of compound 2d. .......c.ccoovierieeiiiennnes 93
Infrared spectrum (Thin Film, NaCl) of compound 2d. ...................... 94
C NMR (126 MHz, CDCl;) of compound 2d...........cccoeveriereieiennnns 94
'"H NMR (500 MHz, CDCl;) of compound 2€..........c.cccovveuriereienennnnns 95
Infrared spectrum (Thin Film, NaCl) of compound 2e. ...................... 96

Figure AT.

o~
—



Figure AT

Figure AT.
44

Figure AT

Figure AT.
46

Figure AT

Figure AT.
48

Figure AT

Figure AT.
.50
51
.52
.53

Figure AT
Figure AT
Figure AT
Figure AT

Figure AT.
.55

Figure AT

Figure AT.
.57

Figure AT

Figure AT.
.59
.60
.61
.62
.63
.64

Figure AT
Figure AT
Figure AT
Figure AT
Figure AT
Figure AT

Figure AT.
.66

Figure AT

Figure AT.
.68

Figure AT

Figure AT.
.70
71
72
73

Figure AT
Figure AT
Figure AT
Figure AT

Figure AT.
.75

Figure AT

Figure AT.
77

Figure AT

Figure AT.
.79

Figure AT

Figure AT.
.81
.82
.83
.84

Figure AT
Figure AT
Figure AT
Figure AT

Figure AT.
.86

Figure AT

Figure AT.
.88

Figure AT

Figure AT.

A2

43

45

47

49

54

56

58

65

67

69

74

76

78

80

85

87

89

Xii

C NMR (126 MHz, CDCl;) of compound 2€..........cccoeveriereienennnnns 96
'"H NMR (500 MHz, CDCl;) of compound 2f. .......ccooveiieiieieiiennnes 97
Infrared spectrum (Thin Film, NaCl) of compound 2f. ........................ 98
C NMR (126 MHz, CDCl;) of compound 2f. .......cccoeviieeriereieiennnes 98
'H NMR (500 MHz, CDCl5) of compound 2g.........cccooeeeirininnnenne 99
Infrared spectrum (Thin Film, NaCl) of compound 2g. ..................... 100
C NMR (126 MHz, CDCls) of compound 2g. .........ccccovvririeeennne. 100
'"H NMR (500 MHz, CDCl;) of compound 2h. ..........cccecvieiiennnnnnn 101
Infrared spectrum (Thin Film, NaCl) of compound 2h. .................... 102
C NMR (126 MHz, CDCl;) of compound 2h...........ccccoveiiennnnnns 102
'"H NMR (500 MHz, CDCl5) of compound 3. .......ccceevvieiirieriienennnes 103
Infrared spectrum (Thin Film, NaCl) of compound 3. ....................... 104
C NMR (126 MHz, CDCl5) of compound 3........ccccovvieiieiienennns 104
'"H NMR (500 MHz, CDCl;) of compound 4. ........ccccoovveirierienennns 105
Infrared spectrum (Thin Film, NaCl) of compound 4. ....................... 106
C NMR (126 MHz, CDCl5) of compound 4.........c.cccoeveuiieriennnnns 106
'"H NMR (500 MHz, CDCl5) of compound 5. .......ccceevrieiiieriienennnns 107
Infrared spectrum (Thin Film, NaCl) of compound 5. ...........cc.......... 108
C NMR (126 MHz, CDCl5) of compound 5........ccccovvieiiieriienennns 108
'"H NMR (500 MHz, CDCl;) of compound 6. ...........ccocoeiiereiennnnnnns 109
Infrared spectrum (Thin Film, NaCl) of compound 6. ....................... 110
C NMR (126 MHz, CDCl5) of compound 6.............cocoeeierriennnnnns 110
'"H NMR (500 MHz, CDCl5) of compound 7. .......ccccoevvieiiieniennnnnns 111
Infrared spectrum (Thin Film, NaCl) of compound 7. ....................... 112
C NMR (126 MHz, CDCl5) of compound 7........cccccovvieiieeienennnns 112
'"H NMR (500 MHz, CDCl;) of compound 8. ..........ccoovevivievrienennns 113
Infrared spectrum (Thin Film, NaCl) of compound 8. ....................... 114
C NMR (126 MHz, CDCl5) of compound 8...........ccooveviieviiennnnnns 114
'"H NMR (500 MHz, CDCl;) of compound 9. .......ccccovvieviieriiennnnns 115
Infrared spectrum (Thin Film, NaCl) of compound 9. ....................... 116
C NMR (126 MHz, CDCl5) of compound 9.........cccocovvvevirieeienennns 116
'"H NMR (500 MHz, CDCl;) of compound 10. .........ccocoeeierriennnnnns 117
Infrared spectrum (Thin Film, NaCl) of compound 10. ..................... 118
C NMR (126 MHz, CDCl5) of compound 10...........cocoecevevriennnnnns 118
'"H NMR (500 MHz, CDCl;) of compound 11. .....cocoeovieiiieiiiienes 119
Infrared spectrum (Thin Film, NaCl) of compound 11...................... 120
C NMR (126 MHz, CDCl5) of compound 11......cccoccoieviieiieiennns 120
'"H NMR (500 MHz, CDCl;) of compound 12. .......ccoooveiierrienennnns 121
Infrared spectrum (Thin Film, NaCl) of compound 12...................... 122
C NMR (126 MHz, CDCl5) of compound 12........cccooveviieiiennnnnns 122
'"H NMR (500 MHz, CDCl;) of compound 13. .....c.cocoovieviieriiinnnns 123
Infrared spectrum (Thin Film, NaCl) of compound 13...................... 124
C NMR (126 MHz, CDCl5) of compound 13........cccovveiieirienennnns 124
'"H NMR (500 MHz, CDCl;) of compound 14. .........ccooveiieriennnnnns 125
Infrared spectrum (Thin Film, NaCl) of compound 14. .................... 126
C NMR (126 MHz, CDCl;) of compound 14..........ccooveiieriienennnns 126
'"H NMR (500 MHz, CDCl;) of compound 15. .....ccccovvieiiieiiienennnns 127
Infrared spectrum (Thin Film, NaCl) of compound 15. ..................... 128



Xiii

Figure A1.90 "C NMR (126 MHz, CDCl;) of compound 15........ccccvovivnecinininnnnes 128
Figure A1.91 "H NMR (500 MHz, CDCl;) of compound 16. .........ccccooveueinininnnnes 129
Figure A1.92 Infrared spectrum (Thin Film, NaCl) of compound 16. ..................... 130
Figure A1.93 C NMR (126 MHz, CDCl;) of compound 16...........ccceveueenirinnne. 130
Figure A1.94 "H NMR (500 MHz, CDCl;) of compound 17. .......cccovoinnncinininnnnes 131
Figure A1.95 Infrared spectrum (Thin Film, NaCl) of compound 17...................... 132
Figure A1.96 "C NMR (126 MHz, CDCl;) of compound 17........ccccoovvinecinininnnnes 132
Figure A1.97 "H NMR (500 MHz, CDCl;) of compound 18. ........ccccoovvrerinininnnes 133
Figure A1.98 Infrared spectrum (Thin Film, NaCl) of compound 18. ..................... 134
Figure A1.99 C NMR (126 MHz, CDCl;) of compound 18.........cccccovrerinininnnes 134
Figure A1.100 'H NMR (500 MHz, CDCl5) of compound 19. .......ccccoererinininnnes 135
Figure A1.101 Infrared spectrum (Thin Film, NaCl) of compound 19. ................... 136
Figure A1.102 "C NMR (126 MHz, CDCl5) of compound 19........ccccooverinirinnnes 136
Figure A1.103 'H NMR (500 MHz, CDCl5) of compound 20. ..........ccccoceueinirinnnes 137
Figure A1.104 Infrared spectrum (Thin Film, NaCl) of compound 20. ................... 138
Figure A1.105 "C NMR (126 MHz, CDCl;) of compound 20............cccoceeenirinnnes 138
Figure A1.106 'H NMR (500 MHz, CDCl5) of compound 21. ......cccocoovreiinininnns 139
Figure A1.107 Infrared spectrum (Thin Film, NaCl) of compound 21. .................. 140
Figure A1.108 "C NMR (126 MHz, CDCl5) of compound 21........ccccoevveurinininnes 140
Figure A1.109 'H NMR (500 MHz, CDCl5) of compound 22. ........cccccoerinininnnes 141
Figure A1.110 Infrared spectrum (Thin Film, NaCl) of compound 22. ................... 142
Figure A1.111 C NMR (126 MHz, CDCl;) of compound 22...........ccccoeiinininnnes 142
Figure A1.112 "H NMR (500 MHz, CDCl5) of compound 23. ........cccooveeinininnnes 143
Figure A1.113 Infrared spectrum (Thin Film, NaCl) of compound 23. .................. 144
Figure A1.114 C NMR (126 MHz, CDCl;) of compound 23.........ccccveeinininnnes 144
Figure A1.115 'H NMR (300 MHz, CDCl5) of compound 25. ........cccooveiinininnnes 145
Figure A1.116 'H NMR (500 MHz, CDCl5) of compound 26. ..........ccccoceeenirennnse. 146
Figure A1.117 Infrared spectrum (Thin Film, NaCl) of compound 26. ................... 147
Figure A1.118 "C NMR (126 MHz, CDCl;) of compound 26............c.cccccvuvrrennnse. 147
Figure A1.119 'H NMR (300 MHz, CDCl5) of compound 28. ..........cccoceienirinnnes 148
Figure A1.120 Infrared spectrum (Thin Film, NaCl) of compound 28. ................... 149
Figure A1.121 "C NMR (75 MHz, CDCl;) of compound 28...........cccooveeenininnnns 149
Figure A1.122 "H NMR (300 MHz, CDCl5) of compound 29. ........ccccoeurinininnnes 150
Figure A1.123 Infrared spectrum (Thin Film, NaCl) of compound 29. ................... 151
Figure A1.124 "C NMR (75 MHz, CDCl;) of compound 29.........cccccevrervnininnnnes 151
Figure A1.125 'H NMR (300 MHz, CDCl5) of compound 30. ..........cccoeeenininnnnes 152
Figure A1.126 Infrared spectrum (Thin Film, NaCl) of compound 30. ................... 153
Figure A1.127 "C NMR (75 MHz, CDCl;) of compound 30..........ccccoererenininnnes 153
CHAPTER 3
Figure 3.1 Selected natural products from Thujopsis dolabrata.................c..cc........ 156
Figure 3.2 Two generations of building blocks .............cc.cocoiiiiiii, 170
Figure 3.3 Crystal structure of 88 (ellipsoids, 50% probability level)...................... 194
Figure 3.4 Crystal structure of (+)-84 (ellipsoids, 50% probability level) ................ 195
APPENDIX 2
Figure A2.1 "H NMR (300 MHz, CDCl;) of compound 44. ..........cccoovrnerenininnnes 206

Figure A2.2 Infrared spectrum (Thin Film, NaCl) of compound 44. ...................... 207



Figure A2.3

Figure A2.4

Figure A2.5

Figure A2.6

Figure A2.7

Figure A2.8

Figure A2.9

Figure A2.10
Figure A2.11
Figure A2.12
Figure A2.13
Figure A2.14
Figure A2.15
Figure A2.16
Figure A2.17
Figure A2.18
Figure A2.19
Figure A2.20
Figure A2.21
Figure A2.22
Figure A2.23
Figure A2.24
Figure A2.25
Figure A2.26
Figure A2.27
Figure A2.28
Figure A2.29
Figure A2.30
Figure A2.31
Figure A2.32
Figure A2.33
Figure A2.34
Figure A2.35
Figure A2.36
Figure A2.37
Figure A2.38
Figure A2.39
Figure A2.40
Figure A2.14
Figure A2.42
Figure A2.43
Figure A2.44
Figure A2.45
Figure A2.46
Figure A2.47
Figure A2.48
Figure A2.49
Figure A2.50

Xiv

C NMR (75 MHz, CDCl,) of compound 44...........c.ccccooveenieenianennnns 207
'"H NMR (300 MHz, CDCl;) of compound 45. .......c.ccocvvveirieriaienns 208
Infrared spectrum (Thin Film, NaCl) of compound 45. ....................... 209
C NMR (75 MHz, CDCl;) of compound 45..........cccoovvveenieerieennnnns 209
'"H NMR (300 MHz, CDCl;) of compound 46A and 46B.................... 210
Infrared spectrum (Thin Film, NaCl) of compound 46A and 46B........ 211
"C NMR (75 MHz, CDCl,) of compound 46A and 46B. .................... 211
'"H NMR (300 MHz, CDCl;) of compound 47. ........ccooveiieriennnnnns 212
Infrared spectrum (Thin Film, NaCl) of compound 47. ..................... 213
C NMR (75 MHz, CDCl;) of compound 47........ccccovvveiiersiennnnnnns 213
'"H NMR (300 MHz, CDCl;) of compound 42. .........ccocoevieriennnnnns 214
Infrared spectrum (Thin Film, NaCl) of compound 42. ..................... 215
C NMR (75 MHz, CDCl;) of compound 42.........c.cccooveiieriiennnnnns 215
'"H NMR (300 MHz, CDCl;) of compound 89. ..........cccoeceievriennnnnnns 216
Infrared spectrum (Thin Film, NaCl) of compound 89. ..................... 217
C NMR (75 MHz, CDCl;) of compound 89............ccovveviieriienennnns 217
'"H NMR (300 MHz, CDCl;) of compound 53. .....c.ccovvveviieriieiennnns 218
Infrared spectrum (Thin Film, NaCl) of compound 53. ..................... 219
C NMR (75 MHz, CDCl;) of compound 53.......ccccevvieriieriienennnes 219
'"H NMR (300 MHz, CDCl;) of compound 54. ........ccooveiierriennnnnns 220
Infrared spectrum (Thin Film, NaCl) of compound 54. ..................... 221
C NMR (75 MHz, CDCl;) of compound 54.........c.cccovveiiereienennns 221
'"H NMR (300 MHz, CDCl;) of compound 55. ......c.cccovveiiieriienennes 222
Infrared spectrum (Thin Film, NaCl) of compound 55. ..................... 223
C NMR (75 MHz, CDCl;) of compound 55.......ccccoeevieiiieriieiennns 223
'"H NMR (300 MHz, CDCl;) of compound 50. .........ccocoevieiienennnns 224
Infrared spectrum (Thin Film, NaCl) of compound 50. ..................... 225
C NMR (75 MHz, CDCl;) of compound 50............ccooveuiierriennnnnns 225
'"H NMR (300 MHz, CDCl;) of compound 61. ..........cocoevievriennnnnns 226
Infrared spectrum (Thin Film, NaCl) of compound 61. ..................... 227
C NMR (75 MHz, CDCl;) of compound 61............ccoceeveievriennnnnns 227
'"H NMR (300 MHz, CDCl;) of compound 62. ..........c.c.ccovverriennnnnnn 228
Infrared spectrum (Thin Film, NaCl) of compound 62. ..................... 229
C NMR (75 MHz, CDCl;) of compound 62.............cccoeeeerrienennnns 229
'"H NMR (300 MHz, CDCl;) of compound 59. .......cccooveiieeienennnns 230
Infrared spectrum (Thin Film, NaCl) of compound 59. ..................... 231
C NMR (75 MHz, CDCl;) of compound 59........ccceevvieriiereienennns 231
'"H NMR (300 MHz, CDCl;) of compound 69. ..........c.cccoevevriennnnnnn 232
Infrared spectrum (Thin Film, NaCl) of compound 69. ..................... 233
C NMR (75 MHz, CDCl;) of compound 69.............cccoecvierriennnnnns 233
'"H NMR (300 MHz, CDCl;) of compound 70. .........ccocoeiierriennnnnes 234
Infrared spectrum (Thin Film, NaCl) of compound 70. ..................... 235
C NMR (75 MHz, CDCl;) of compound 70.........c.c.ccoeveveierriennnnnns 235
'"H NMR (300 MHz, CDCl;) of compound 65. ..........ccccccovvevriennnnnnn 236
Infrared spectrum (Thin Film, NaCl) of compound 65. ..................... 237
C NMR (75 MHz, CDCl;) of compound 65............ccoceeeievriennnnnns 237
'"H NMR (500 MHz, CDCl;) of compound 80. ..........c.c.ccoovevriennnnnnn 238
Infrared spectrum (Thin Film, NaCl) of compound 80. ..................... 239



Figure A2.51
Figure A2.52
Figure A2.53
Figure A2.54
Figure A2.55
Figure A2.56
Figure A2.57
Figure A2.58
Figure A2.59
Figure A2.60
Figure A2.61
Figure A2.62
Figure A2.63

APPENDIX 4

Figure A4.1
Figure A4.2
Figure A4.3

APPENDIX 5

Figure A5.1
Figure A5.2
Figure A5.3
Figure A5.4
Figure A5.5
Figure A5.6
Figure A5.7
Figure A5.8
Figure A5.9
Figure A5.10
Figure A5.11
Figure A5.12
Figure A5.13
Figure A5.14
Figure A5.15
Figure A5.16
Figure A5.17
Figure A5.18
Figure A5.19
Figure A5.20
Figure A5.21
Figure A5.22
Figure A5.23
Figure A5.24
Figure A5.25
Figure A5.26
Figure A5.27

XV

C NMR (126 MHz, CDCl;) of compound 80...............ccocvevriennnnnnn 239
'"H NMR (500 MHz, CDCl5) of compound 77. .....c.ccccovveiieriennnnnns 240
Infrared spectrum (Thin Film, NaCl) of compound 77. ..................... 241
C NMR (126 MHz, CDCl5) of compound 77........c.ccoeveiierienennnns 241
'"H NMR (500 MHz, CDCl;) of compound 87. .........ccooveiierrierennnns 242
Infrared spectrum (Thin Film, NaCl) of compound 87. .................... 243
C NMR (126 MHz, CDCl;) of compound 87..........ccocveeievriennnnnnns 243
'"H NMR (500 MHz, CDCl;) of compound 88. ..........c.ccccoovevriennnnnns 244
Infrared spectrum (Thin Film, NaCl) of compound 88. ..................... 245
C NMR (126 MHz, CDCl;) of compound 88.............cccooveriennnnnnn 245
'"H NMR (500 MHz, CDCl;) of compound 84. ..........cccccovveuriennnnnnns 246
Infrared spectrum (Thin Film, NaCl) of compound 84. ..................... 247
C NMR (126 MHz, CDCl;) of compound 84...........c.cccovveuriennnnnnn 247
Drug molecules containing quaternary stereocenters ...............c........ 271
Substrate possibilities for the enantioselective alkylation reaction ......285

Enantioenriched building blocks accessible by our synthetic methods

........................................................................................................... 294
'"H NMR (500 MHz, CDCl;) of compound 128h. ............ccooveiiennnnnnn 326
Infrared spectrum (Thin Film, NaCl) of compound 128h. ................... 327
C NMR (126 MHz, CDCl;) of compound 128h.............ccocevviennnnnnn. 327
'"H NMR (500 MHz, CDCl;) of compound 1280. ........c.ccovvvereienennnnn 328
Infrared spectrum (Thin Film, NaCl) of compound 128o0. ................... 329
C NMR (126 MHz, CDCl;) of compound 1280.............ccoeveurienennnnn 329
'"H NMR (500 MHz, CDCl;) of compound 129a..........c.cccovvevrienennnnn 330
'"H NMR (500 MHz, CDCl;) of compound 129b. ........c.ccccovveiienennnns 331
'"H NMR (500 MHz, CDCl;) of compound 129¢€.........ccocevvieerienennnnns 332
'"H NMR (500 MHz, CDCl;) of compound 129d. ...........cccoevienrnnnnn 333
'"H NMR (500 MHz, CDCl;) of compound 129e............ccocoevvenrninnen 334
'"H NMR (500 MHz, CDCl;) of compound 129f. ..........ccoovevriennnnnns 335
'H NMR (500 MHz, CDCls) of compound 129g...........cccoovreeuenenne. 336
'"H NMR (500 MHz, CDCl;) of compound 129h. ...........cccocovvennnnnnn 337
Infrared spectrum (Thin Film, NaCl) of compound 129h. ................. 338
C NMR (126 MHz, CDCl;) of compound 129h............cccocovvenninnen 338
'"H NMR (500 MHz, CDCl;) of compound 129i. .......c.cccovveviiennnnnnn 339
'"H NMR (500 MHz, CDCl;) of compound 129j. .......cccccevierriennnnnnns 340
'"H NMR (500 MHz, CDCl;) of compound 129K.............cccoevvieunnnnnn 341
'"H NMR (500 MHz, CDCl;) of compound 1291 .........c.ccooveriennnnnnn 342
'"H NMR (500 MHz, CDCl;) of compound 129m. ..........cccocovvennnnnnn 343
'"H NMR (500 MHz, DMSO-d;, 130 °C) of compound 129n............ 344
'"H NMR (500 MHz, DMSO-d;, 130 °C) of compound 130n............ 345
'"H NMR (500 MHz, CDCl;) of compound 1290. ...........ccceovrennnnnnn 346
'"H NMR (500 MHz, CDCl;) of compound 130p. .......c.coccovevrienennnns 347
'"H NMR (500 MHz, CDCl;) of compound 131a........coccccvievriennnnnnn 348
'"H NMR (500 MHz, CDCl;) of compound 131b. ......cccoeoeieiriennnnnns 349



CHAPTER 5

APPENDIX 6

XVvi

Figure 5.1 Natural products with ethylene substituents............c.ccccceoeiiieiiiiinnen. 351
Figure A6.1 "H NMR (500 MHz, CDCl;) of compound 140a............cccceceueuererinnnes 401
Figure A6.2 Infrared spectrum (Thin Film, NaCl) of compound 140a. ................... 402
Figure A6.3 "C NMR (126 MHz, CDCl;) of compound 140a............cccoceeerrrennnes 402
Figure A6.4 "H NMR (500 MHz, CDCl;) of compound 152. .......ccccvoivinecenrninnnnes 403
Figure A6.5 Infrared spectrum (Thin Film, NaCl) of compound 152. ..................... 404
Figure A6.6 "C NMR (126 MHz, CDCl;) of compound 152........ccccoovrireureneninnnnes 404
Figure A6.7 'H NMR (500 MHz, CDCl;) of compound 140b. ...........cccoceeenirinnse. 405
Figure A6.8 Infrared spectrum (Thin Film, NaCl) of compound 140b. ................... 406
Figure A6.9 "C NMR (126 MHz, CDCl;) of compound 140b............ccoceernrrinnnes 406
Figure A6.10 "H NMR (500 MHz, CDCl;) of compound 140C............ccceoeueerinnes 407
Figure A6.11 Infrared spectrum (Thin Film, NaCl) of compound 140c. ................. 408
Figure A6.12 C NMR (126 MHz, CDCl;) of compound 140C............ccccoevnerinnes 408
Figure A6.13 "H NMR (500 MHz, CDCl;) of compound 140d. .............cccccoovenene. 409
Figure A6.14 Infrared spectrum (Thin Film, NaCl) of compound 140d. ................. 410
Figure A6.15 C NMR (126 MHz, CDCl;) of compound 140d..............cccccvrvennese. 410
Figure A6.16 "H NMR (500 MHz, CDCl;) of compound 156. .........cccceeurenerinnnnes 411
Figure A6.17 Infrared spectrum (Thin Film, NaCl) of compound 156. ................... 412
Figure A6.18 "C NMR (126 MHz, CDCl;) of compound 156...........ccccoceueeririnnnes 412
Figure A6.19 "H NMR (500 MHz, CDCl;) of compound 157. .....cccovvvireiinininnes 413
Figure A6.20 Infrared spectrum (Thin Film, NaCl) of compound 157. ................... 414
Figure A6.21 C NMR (126 MHz, CDCl;) of compound 157........ccccovvrerinininnnnes 414
Figure A6.22 "H NMR (500 MHz, CDCl;) of compound 140e.............c.ccccovnerennese. 415
Figure A6.23 Infrared spectrum (Thin Film, NaCl) of compound 140e. ................. 416
Figure A6.24 C NMR (126 MHz, CDCl;) of compound 140e..............ccccovreenese. 416
Figure A6.25 "H NMR (500 MHz, CDCl;) of compound 140f. ............c.ccceovnvrinese. 417
Figure A6.26 Infrared spectrum (Thin Film, NaCl) of compound 140f................... 418
Figure A6.27 C NMR (126 MHz, CDCl;) of compound 140f. ...........c.ccceovnerinne. 418
Figure A6.28 "H NMR (500 MHz, CDCl;) of compound 140g.............ccccevnerinnese. 419
Figure A6.29 Infrared spectrum (Thin Film, NaCl) of compound 140g. ................. 420
Figure A6.30 C NMR (126 MHz, CDCl;) of compound 140g............c.ccccovrvrunenes 420
Figure A6.31 "H NMR (500 MHz, CDCl;) of compound 140h. .............cccccoovrennene. 421
Figure A6.32 Infrared spectrum (Thin Film, NaCl) of compound 140h................... 422
Figure A6.33 C NMR (126 MHz, CDCl;) of compound 140h..............cccccoovenee. 422
Figure A6.34 "H NMR (500 MHz, CDCl;) of compound 140i. ..........cccoceoceerennses 423
Figure A6.35 Infrared spectrum (Thin Film, NaCl) of compound 140i. .................. 424
Figure A6.36 >C NMR (126 MHz, CDCl;) of compound 140i...........ccccceeenerennse. 424
Figure A6.37 "H NMR (500 MHz, CDCl;) of compound 141a........cccooveueenrninnnes 425
Figure A6.38 Infrared spectrum (Thin Film, NaCl) of compound 141a. ................. 426
Figure A6.39 C NMR (126 MHz, CDCl;) of compound 141a.......ccccceeureneninnes 426
Figure A6.40 "H NMR (500 MHz, CDCl;) of compound 142. ........cccoveiinininnnes 427
Figure A6.41 Infrared spectrum (Thin Film, NaCl) of compound 142. ................... 428
Figure A6.42 C NMR (126 MHz, CDCl;) of compound 142.........cccceveeinininnnes 428
Figure A6.43 "H NMR (500 MHz, CDCl;) of compound 139. ......cccocovvrerinrrinnnes 429
Figure A6.44 Infrared spectrum (Thin Film, NaCl) of compound 139. ................... 430



Figure A6.45
Figure A6.46
Figure A6.47
Figure A6.48
Figure A6.49
Figure A6.50
Figure A6.51
Figure A6.52
Figure A6.53
Figure A6.54
Figure A6.55
Figure A6.56
Figure A6.57
Figure A6.58
Figure A6.59
Figure A6.60
Figure A6.61
Figure A6.62
Figure A6.63
Figure A6.64
Figure A6.65
Figure A6.66
Figure A6.67
Figure A6.68
Figure A6.69
Figure A6.70
Figure A6.71
Figure A6.72
Figure A6.73
Figure A6.74
Figure A6.75
Figure A6.76
Figure A6.77
Figure A6.78
Figure A6.79
Figure A6.80
Figure A6.81
Figure A6.82
Figure A6.83
Figure A6.84
Figure A6.85
Figure A6.86
Figure A6.87
Figure A6.88
Figure A6.89
Figure A6.90
Figure A6.91
Figure A6.92

C NMR (126 MHz, CDCl;) of compound 139.........ccecovieviiennnnnnn 430
'"H NMR (500 MHz, CDCl;) of compound 141C.......ccccoecvieuriennnnnns 431
Infrared spectrum (Thin Film, NaCl) of compound 141c. ................. 432
C NMR (126 MHz, CDCl;) of compound 141C.......cococcvievriennnnnnn 432
'"H NMR (500 MHz, CDCl;) of compound 141d. ..........ccocoevriennnnnnn 433
Infrared spectrum (Thin Film, NaCl) of compound 141d. ................. 434
C NMR (126 MHz, CDCl;) of compound 141d............cocoevviennnnnen 434
'"H NMR (500 MHz, CDCl;) of compound 141e..........c.ccoeveuriennnnnnn 435
Infrared spectrum (Thin Film, NaCl) of compound 141e. ................. 436
C NMR (126 MHz, CDCl;) of compound 141e..........cccocoeriennnnnnnn 436
'"H NMR (500 MHz, CDCl;) of compound 141f. .......c.cccovveiiennnnnns 437
Infrared spectrum (Thin Film, NaCl) of compound 141f. ................. 438
C NMR (126 MHz, CDCl;) of compound 141f. ......c.cccoovevriennnnnns 438
'H NMR (500 MHz, CDCls) of compound 141g.........cccccvvvrrernnnnn. 439
Infrared spectrum (Thin Film, NaCl) of compound 141g. ................. 440
C NMR (126 MHz, CDCls) of compound 141g.........ccccovvrreennnn. 440
'"H NMR (500 MHz, CDCl;) of compound 141h. ...........cocoeiiennnnnnn 441
Infrared spectrum (Thin Film, NaCl) of compound 141h. ................. 442
C NMR (126 MHz, CDCl;) of compound 141h............cccoeviennnnnnn 442
'"H NMR (500 MHz, CDCl;) of compound 141i. ......ccooveiievriennnnnns 443
Infrared spectrum (Thin Film, NaCl) of compound 141i. .................. 444
C NMR (126 MHz, CDCl;) of compound 14Ti........cccccovveviiennnnnns 444
'"H NMR (500 MHz, CDCl;) of compound 162. ............ccoovevriennnnnns 445
Infrared spectrum (Thin Film, NaCl) of compound 162. ................... 446
C NMR (126 MHz, CDCl;) of compound 162.............ccoovevrienennnnn 446
'"H NMR (500 MHz, CDCl;) of compound 147. ........coccovvieriennnnnns 447
Infrared spectrum (Thin Film, NaCl) of compound 147. ................... 448
C NMR (126 MHz, CDCl;) of compound 147.........ccccovvveiiennnnnnns 448
'"H NMR (500 MHz, CDCl;) of compound 145. ........cocccevieriienennnns 449
Infrared spectrum (Thin Film, NaCl) of compound 145. ................... 450
C NMR (126 MHz, CDCl;) of compound 145...........coccovverienennnnn 450
'"H NMR (500 MHz, CDCl;) of compound 148. ...........ccooveriennnnnnn 451
Infrared spectrum (Thin Film, NaCl) of compound 148. ................... 452
C NMR (126 MHz, CDCl;) of compound 148.............ccooveriennnnnnn 452
'"H NMR (500 MHz, CDCl;) of compound 144. ........c.cccooveuriennnnnnns 453
Infrared spectrum (Thin Film, NaCl) of compound 144. ................... 454
C NMR (126 MHz, CDCl;) of compound 144...........c.ccooveriennnnnnn 454
'"H NMR (500 MHz, CDCl;) of compound 143. ........coccoeierriennnnns 455
Infrared spectrum (Thin Film, NaCl) of compound 143. ................... 456
C NMR (126 MHz, CDCl;) of compound 143.........c.ccoovievriennnnnn 456
'"H NMR (500 MHz, CDCl;) of compound 149. ........c.cccooveviienennnnn 457
Infrared spectrum (Thin Film, NaCl) of compound 149. ................... 458
C NMR (126 MHz, CDCl;) of compound 149.........c.cccooveiiennnnnnn 458
'"H NMR (500 MHz, CDCl;) of compound 133. .......ccooveiieriieinnnnns 459
Infrared spectrum (Thin Film, NaCl) of compound 133. .................. 460
C NMR (126 MHz, CDCl;) of compound 133........ccccoeeiieriienennnns 460
'"H NMR (500 MHz, CDCl;) of compound 133A.........c.ccooveriennnnnn 461

Infrared spectrum (Thin Film, NaCl) of compound 133A.................. 462



XVviii

Figure A6.93 "C NMR (126 MHz, CDCl;) of compound 133A. .......cocooeiinininnes 462
Figure A6.94 "H NMR (500 MHz, CDCl;) of compound 163. ..........cccoceeenerinnnes 463
Figure A6.95 Infrared spectrum (Thin Film, NaCl) of compound 163. ................... 464
Figure A6.96 "C NMR (126 MHz, CDCl;) of compound 163............cccoceeeririnnes 464
Figure A6.97 "H NMR (500 MHz, CDCl;) of compound 164. ...........c.ccccoeeinenne. 465
Figure A6.98 Infrared spectrum (Thin Film, NaCl) of compound 164. ................... 466
Figure A6.99 C NMR (126 MHz, CDCl;) of compound 164..............cccccevnerennse. 466
Figure A6.100 'H NMR (500 MHz, CDCl5) of compound 165. .........c.ccccocenvrinnnnes 467
Figure A6.101 Infrared spectrum (Thin Film, NaCl) of compound 165. ................. 468
Figure A6.102 "C NMR (126 MHz, CDCl;) of compound 165............ccccoevirinnnse. 468
APPENDIX 7
Figure A7.1 Additives/ligands with (MeCN),CU'PFg....c.coviiiiririiiieeeeeeccee 474

Figure A7.2 Additives/ligands with Cu'(OTf)etoluene ..........cccooveeerenincccnnes 474



CHAPTER 1
Scheme 1.
Scheme 1.
Scheme 1.
Scheme 1.
Scheme 1.
Scheme 1.
Scheme 1.

NOoO U W=

Scheme 1.8
Scheme 1.9
Scheme 1.10
Scheme 1.11

Scheme 1.12

Scheme 1.13

Scheme 1.14

Scheme 1.15

Scheme 1.16

CHAPTER 2
Scheme 2.1
Scheme 2.2

CHAPTER 3
Scheme 3.1
Scheme 3.2
Scheme 3.3
Scheme 3.4
Scheme 3.5
Scheme 3.6
Scheme 3.7
Scheme 3.8
Scheme 3.9
Scheme 3.10
Scheme 3.11
Scheme 3.12
Scheme 3.13
Scheme 3.14
Scheme 3.15

XiX

LIST OF SCHEMES
Decarboxylation/decarbonylation and subsequent transformations ....... 2
Palladium-catalyzed decarboxylative allylic alkylation reactions........... 3
Decarboxylative reactions of other activated carboxylic acids............... 3
Decarboxylative Heck-type olefination of aromatic carboxylic acids.....4
Palladium-catalyzed decarboxylative cross-coupling reactions.............. 5
Proposed reaction mechanism for decarboxylative cross-coupling ........ 5
Palladium-catalyzed decarboxylative allylic alkylation and benzylation
of alkynyl carboxylic acids.........cccueiviiriiiniiiiiii 6
Palladium-catalyzed decarbonylation of aliphatic acyl chlorides........... 7
Palladium-catalyzed decarbonylative Heck olefinations........................ 8
Palladium-catalyzed decarbonylation of aldehydes ..............cc.c.cceee.. 8
Palladium-catalyzed enantioselective decarboxylative allylic alkylation
OF JACTAMS .. 10
Formal synthesis of classical natural products via palladium-catalyzed
enantioselective alkylation chemistry...........ccocooviiiiiiniiniiniin, 11
Palladium-catalyzed decarbonylative dehydration of fatty acids for the
synthesis of linear alpha olefins...........ccoccoiviiiiiiii, 12
Palladium-catalyzed decarbonylative dehydration for the synthesis of
a-vinyl carbonyl compounds.........coccooiiiiiiiiiini, 14
Total synthesis of (-)-aspewentin B: union of palladium-catalyzed
allylic alkylation and decarbonylative dehydration reactions............. 15
Challenges and opportunities in palladium-catalyzed decarboxylative
and decarbonylative reactions ............coceeeveeriiiiniiinicnice 16
Gram-scale alkylation reactions .........c.ccccecueeriiiniiiiiiniincccecen 26
Synthetic utility of [actam products .........c.cccooovieiiiiiiniinie, 27
Three classes of Pd-catalyzed enantioselective allylic alkyations ....... 155
Srikrishna and Anebouselvy’s approach to thujopsene....................... 157
Formal total synthesis of (-)-thujopsene............cccccooiiiiiiiiiiinnns 158
Renaud’s formal total synthesis of quinic acid.......c...ccoceeviiiniennnnn 159
Formal total synthesis of (—)-quinic acid ..........ccocceevviiniiiincinicnn 160
Danishefsky’s approach to (x)-dysidiolide .........ccccoceeniininninnnn 161
Formal total synthesis of (—)-dysidiolide............cccccooviiniiiniinnnnn 162
Meyers’ approach to unnatural (+)-aspidospermine ............cccceeeueenee. 163
Formal total synthesis of (—)-aspidospermine.........c.ccccoceevicinicnnenne 164
Magnus’ approach to rhazinilam..............cooooi 165
Formal total synthesis of (+)-rhazinilam..........c.cccocceniiiniiininnnn 166
Amat’s approach to quebrachamine.........c.c.ccocooviiiiiniinincnn. 167
Formal total synthesis of (+)-quebrachamine...........cccccooceiiiinine 167
Pandey’s approach to (+)-vincadifformine...........ccccooeiniiniinnnn 168

Formal total synthesis of (-)-vincadifformine...........cccccooceiniinninne 169



XX

APPENDIX 4
Scheme A4.1 Alkylations of 3-halooxindoles..............cooieiiiiiiniiiniiiiee 274
Scheme A4.2 Alkylations of 3-halooxindoles via reactive prochiral indolone 100 ......
......................................................................................................... 276
Scheme A4.3 Large-scale conjugate additions............ccccoceiiiiiiiiiiiiiiine, 279
Scheme A4.4 Mechanistic rationale for the asymmetric conjugate addition.......... 280
Scheme A4.5 General mechanism of Pd-catalyzed Asymmetric Allylic Alkylation......
......................................................................................................... 281
Scheme A4.6 Challenges in alkylation of nonsymmetrical ketones........................ 282
Scheme A4.7 The Tsuji allylic alkylation ... 283
Scheme A4.8 Discovery of an enantioselective catalyst system for the asymmetric
Tsuji allylic alkylation ..., 284

Scheme A4.9 Proposed mechanism for palladium-catalyzed allylic alkylation......288
Scheme A4.10 Generation of palladium enolate intermediates from other starting

MALETALS ..o 289
Scheme A4.11 Asymmetric enolate alkylation cascade with different electrophiles ....
....................................................................................................... 289

Scheme A4.12 Ir-catalyzed allylic alkylation of cyclic a-substituted B-ketoesters..291

CHAPTER 4

Scheme 4.1 Palladium-catalyzed decarbonylative dehydration. (A) High temperature
processes (Miller, Kraus). (B) Low temperature processes (Goofsen,

Scott). (C) This research.........cccociiiiiiiiiiiiee 302
Scheme 4.2 Large-scale decarbonylative dehydration of stearic acid and 10-
acetoXydecanoiC acCid ........c.ceeviiiriiiiiiiiicie e 308
CHAPTER 5
Scheme 5.1 Decarboxylative approach to vinylation........c...cceceeviiniinniiniencns 352
Scheme 5.2 Decarbonylative dehydration of d-oxocarboxylic acid 140a.............. 353
Scheme 5.3 Retrosynthetic analysis of (—)-aspewentin B........c...ccocceiiiiniiniennens 356
Scheme 5.4 Total synthesis of (—)-aspewentin B...........cccceviiiiiiniiiniiiiciceee 358
APPENDIX 7
Scheme A7.1 Copper-tris(pyrazolyl)borate-catalyzed carbenoid C-H insertions ...470
Scheme A7.2 Slow-addition eXperiments ..........cccccceeveeiieiriieniiiniceeeeeeee e 476

Scheme A7.3 Methylcyclohexane as substrate ............cccceeviiiiiiniiiniciiiciicee 476



XX1

LIST OF TABLES
CHAPTER 2
Table 2.1 Solvent, protecting group, and ligand screen ............c.ccccoeoeiiiiiiiinnnnnn. 23
Table 2.2 Palladium-catalyzed decarboxylative alkylation of lactams: reaction scope
................................................................................................................ 25
Table 2.3 Influences of solvent, protecting group, and ligand.............c...c.ccccceeeie. 40
Table 2.4 Influence of temperature and concentration ...........cccccceceeriieniieniieennene 40
Table 2.5 Analytical HPLC and SFC assays and retention times............ccccccevveenuene 62
CHAPTER 3
Table 3.1 Analytical GC and HPLC assays and retention times ............ccccceveeenee. 196
APPENDIX 3
Table A3.1 Crystal data and structure refinement for 88. ............ccocceviiiniincnnn. 250

Table A3.2 Atomic coordinates (x 10°) and equivalent isotropic displacement
parameters (A’x 10") for 88. U(eq) is defined as one third of the trace of

the orthogonalized U’ tensor. ...........c.ccovvrvoeeeeeeeeeeseeeeeeeee e, 251
Table A3.3 Bond lengths [A] and angles [°] fOr 88............ccccoevrvererrieerreeierrenn. 252

Table A3.4 Anisotropic displacement parameters (A’x 10") for 88. The anisotropic
displacement factor exponent takes the form: -2p2[ h*a*’U" + ... +2h

K a¥ D¥ U L 255
Table A3.5 Hydrogen coordinates ( x 10" and isotropic displacement parameters A’
O T 256
Table A3.6 Hydrogen bonds for 88 [A and °]. ..........cccccocevririereriereeeeeeeees 257
Table A3.7 Crystal data and structure refinement for (£)-84.........ccccccocveeriienncnnee. 258

Table A3.8 Atomic coordinates (x 10°) and equivalent isotropic displacement
parameters (A’x 10" for (+)-84. U(eq) is defined as one third of the trace

of the orthogonalized U’ tensor. .............ccooveveveeeeeeeeeeeeeeeeeeeses 260
Table A3.9 Bond lengths [A] and angles [°] fOr (£)-84. ..........ccocovveverrrrrerreerrrrann. 260

Table A3.10 Anisotropic displacement parameters (A’x 10") for ()-84. The

. . . 2 2
anisotropic displacement factor exponent takes the form: -2p [ h

AU 4+ 2hKa* B U ] s 264
Table A3.11 Hydrogen coordinates ( x 10" and isotropic displacement parameters
(AX 10°) FOT (2)-B..vvvvoeee e 265
Table A3.12 Hydrogen bonds for (£)-84 [A and °].......cc.coceviiiiiiiiiiiiiieee 266
APPENDIX 4
Table A4.1 Enantioselective alkylation of 3-halooxindoles..........c...ccccceniininne. 275
Table A4.2 Asymmetric addition of arylboronic acids to 3-substituted cyclic enones..
............................................................................................................ 278
Table A4.3 Increased yields under new reaction conditions...........cceccevueenncnnnee. 279
Table A4.4 Enantioselective allylic alkylation of cyclic ketone enolates................ 286

Table A4.5 Enantioselective allylic alkylation of cyclobutanone and lactam enolates .



Table A4.6 Selected substrates of Ir-catalyzed allylic alkylation of cyclic a-

substituted B-KEtOESIErS. ......ccoiviiiieiciiie e

Table A4.7 Selected examples of Ir-catalyzed allylic alkylation of acyclic a-

substituted B-KEtOESIErS. ......cccuviiiieieiiie e

Table A4.8 Sequential allylic alkylation catalyzed by iridium and palladium

CHAPTER 4
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5

CHAPTER 5
Table 5.1
Table 5.2
Table 5.3

APPENDIX 7
Table A7.1

COMPIEXES ..ttt

Effects of catalyst, ligand, and additive.............cccooiniiiinni,
Portionwise addition of acetic anhydride............ccccoiiiiniiiniiininnn
Substrate SCOPE StUAY .......covuiiriiiiiiiiiiieeeeeeee e
Synthesis of pheromones 131a and 131b from olefin 129f...................
Additional ligand Screen ..o

Decarbonylative dehydration of 8-oxocarboxylic acids ..........c...cc........
Comparison of Synthetic and Natural Aspewentin B.............ccoceeniinnen.
Analytical HPLC and SFC assays and retention times............ccccccevveenee.

Screen of metal salts and ligands ...

Table A7.2 Screen of ligands with Cu(OTf),.....ccviiiiiiiiiiiiiicee
Table A7.3 Screen of other metal salts..............cccooiiiiiii
Table A7.4 Top results from the additive/ligand screen with Cu' sources...............

APPENDIX 8
Table A8.1
Table A8.2
Table A8.3

Compounds from Chapter 2 .........ccoceeiiiiiiiiiiiniieiceeceeeeeeeen
Compounds from Chapter 3 .........ccociiiiiiiiiiiienicceeeeceen
Compounds from Chapter 4 ..........ccceeiiiiiiiiiiinieeceeceeeecee

Table A8.4 Compounds from Chapter 5 .........cccceoviiiiiiniiiniiiicicccceceen



APCI
app

aq

Ar

atm
BBN
BINAP
Bn

Boc

°C
calc’d
cat
Cbz
CCDC
CI

LIST OF ABBREVIATIONS

Angstrom

specific rotation at wavelength of sodium D line
acetyl

atmospheric pressure chemical ionization
apparent

aqueous

aryl

atmosphere

borabicyclononane
2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
benzyl

tert-butyloxycarbonyl

broad

butyl

iso-butyl

tert-Butyl

benzoyl

concentration for specific rotation measurements
degrees Celsius

calculated

catalytic

carbobenzyloxy

Cambridge Crystallographic Data Centre
chemical ionization

cyclohexyl

doublet

XXiil



dba
DBU
DIBAL
DMAP
DMF
DMSO
dppb
dppf
dr

ee

EI

e.g.
equiv
ESI

Et
FAB

Fmoc

GC

HPLC
HRMS
Hz

ie.

IR

deuterium

dibenzylideneacetone
1,8-diazabicyclo[5.4.0]Jundec-7-ene
diisobutylaluminium hydride
4-dimethylaminopyridine
N,N-dimethylformamide

dimethyl sulfoxide

1 4-bis(diphenylphosphino)butane
1,1'-bis(diphenylphosphino)ferrocene
diastereomeric ratio

enantiomeric excess

electron impact

for example (Latin “exempli gratia”™)
equivalent

electrospray ionization

ethyl

fast atom bombardment
fluorenylmethyloxycarbonyl
gram(s)

gas chromatography

hour(s)

high-performance liquid chromatography
high-resolution mass spectroscopy
hertz

that is (Latin “id est™)

infrared (spectroscopy)

coupling constant

XXiv



LDA
LiHMDS

lit.

min
MM

mol

wavelength

liter

lithium diisopropylamide
lithium hexamethyldisilazide
literature value

multiplet; milli

meta

mass to charge ratio

metal; molar; molecular ion
methyl

megahertz

micro

minute(s)

mixed method

mole(s)

melting point

molecular sieves

methyl tert-butyl ether
normal

norbornadiene
N-methylpyrrolidone
nuclear magnetic resonance
oxidation

ortho

para

phenyl

hydrogen ion concentration in aqueous solution

XXV



PHOX

pmdba
ppm
i-Pr
Py

ref

sat.

SFC

TBAF
TBAT
TBS
TEMPO
TFA
THF
TLC
TMS
TOF
Tol
TON

Ts

XXVi

phosphinooxazoline

pK for association of an acid
bis(4-methoxybenzylidene)acetone
parts per million

isopropyl

pyridine

quartet

reference

retention factor

singlet or strong or selectivity factor
saturated

supercritical fluid chromatography
triplet

tetrabutylammonium fluoride
tetrabutylammonium difluorotriphenylsilicate
tert-butyldimethylsilyl
2,2,6,6-Tetramethylpiperidin-1-yloxy
trifluoroacetic acid

tetrahydrofuran

thin-layer chromatography
trimethylsilyl

time-of-flight

tolyl

turnover number

retention time

p-toluenesulfonyl (tosyl)



