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The total syntheses of indolocarbazoles K252c, (+)-K252a, (+)-RK-286c¢,
(+)-MLR-52, (-)-TAN-1030a, and (+)-staurosporine are described. The
syntheses are focused around three main themes: 1) the utilization of rhodium
carbenoid chemistry for the formation of C-C bonds; 2) Lewis Acid mediated [1,2]
alkyl rearrangements; and, 3) general efficiency in the construction of complex
natural products.

A synthesis of the aglycon portion of the indolocarbazoles is described,
wherein Rh (II) mediated C-C bond formation precedes electrocyclization and
dehydration to form 4a-e from 73 and 132a-e in a single step. A novel rhodium
initiated Claisen-a-ketol rearrangement was developed as the key step in the
asymmetric synthesis of the K252a carbohydrate (i.e., 97). Finally, a highly
stereoselective (moderately regioselective) cyclofuranosylation protocol followed
by amide deprotection produced K252a (2).

For the preparation of the pyranosylated indolocarbazoles (i.e., 1 and 6-8)
a stereoselective ring expansion of aldehyde (+)-170 afforded ketone (+)-171
which served as the key intermediate for the synthesis of (+)-staurosporine (1)
and 6-8. An interesting oxidative ring contraction of (+)-171 to (+)-147 provides

an alternative synthesis of (+)-K252a.



THE TOTAL SYNTHESIS OF INDOLOCARBAZOLE NATURAL
PRODUCTS K252¢, (+)-K252a, (+)-RK-286¢, (+)-MLR-52,
(-)-TAN-1030a, AND (+)-STAUROSPORINE

A Dissertation
Presented to the Faculty of the Graduate School
of
Yale University
in Candidacy for the Degree of
Doctor of Philosophy

by
Brian Mark Stoltz

Dissertation Director: Professor John L. Wood

May 1997



© 1997 by Brian Mark Stoltz

All rights reserved.



To My Family



ACKNOWLEDGEMENT

First and foremost, | would like to thank my advisor John L. Wood for his
unwavering support, enthusiasm and general concern for my development as an
organic chemist. The excitement with which John approaches synthesis and his
dedication to the goal of producing “good science” are inspiring. John’s teaching
style, both in the classroom and the laboratory, motivated me to join the group,
and his willingness and openness to discussion are what kept me coming back.
It has been a privilege to work under his tutelage and an even greater pleasure to
be his first Ph. D.

The other members of my thesis committee, Professors Frederick E.
Ziegler and Martin Saunders deserve my gratitude for their support and general
comments over the years. | would especially like to thank Professor Ziegler for
asking me to “go to the board” during my visit to Yale which clinched my decision
to attend. In addition, | am indebted to Professor Harry H. Wasserman for being
an honorable unofficial member of my committee. | will always be grateful to him
for the Woodward stories over dinner, the tricarbonyl approach to K252a over
breakfast, and in general for the support he has given me.

| would like to thank my undergraduate advisor Professor John T. Wood.
It was Dr. Wood’s love for organic chemistry which inspired an unambitious
future M.B.A. candidate to change his direction, and consider a career in
chemistry. | am grateful as well for advice received from Dr. Wood upon entering
the BTU; now, “It is something that can never be taken away.”

During my graduate career | have had the privilege of working with a
number of interesting and exceptional people and | would like to take the
opportunity to thank them individually. The early days of the indolocarbazole
project were carried out in conjunction with Dr. Hans-Jurgen Dietrich and | am
indebted to him for his diligence and commitment to the project. Subsequent to
Jurgen’s departure | had the good fortune to work with three outstanding
undergraduates, Steven N. Goodman, Kenolisa Onwueme, and Elizabeth
Hawkins. Steve’s work ethic, his dedication to synthesis, and his ability to
function independently made him an extremely important asset to the project.
Likewise, Keno’s dedication and strength of character made working with him a
joy.

My first lab-mate Derek A. Pflum made the “No-Dice” lab’s first total
synthesis memorable by providing the 2 AM donuts and beer celebration.



Subsequent to our move to the former Danishefsky labs, my new lab partner
Dejah T. Petsch continued to provide a peaceful work atmosphere, and | am
indebted to her for her generosity with various reagents and starting materials.
Recently, | have had the pleasure of working with Alexandra A. Holubec on the
synthesis of the welwitindolinones. Aside from being a fun lab-mate, Alex has
also been a great friend, and | am thankful to her for that. In addition, | would like
to take the opportunity to thank Derek, Dejah, and Alex for proofreading
numerous drafts of this work, and for providing helpful comments and commas
which greatly improved the quality of this thesis.

Outside of the individual Wood Group members with whom I've worked
directly, | would like to collectively thank the group for creating a peaceful and
pleasurable work atmosphere. It certainly has been interesting to watch the
development of what at one time was a collection of individuals evolve into
something called the Wood Group. | am especially proud to have been
associated with them.

Aside from the Wood Group, | would like to thank the Ziegler and the
Wasserman Groups for their generosity with reagents and discussion. In
particular, Dr. Steve Coats deserves special recognition for providing helpful and
critical discussions, and for introducing the group to a panel of rhodium experts
including Dr. Martin Osterhaut and Professor David J. Austin. In addition, | would
like to acknowledge Dr.’s Ben Bangerter and Susan DeGala for their help in
obtaining NMR’s and X-Ray crystal structures, respectively.

Finally, | would like to take the opportunity to especially thank my mother
Doris, my father Vincent, my friend Bob, my brother Kurt, my sister Megan, and
my wife Erna for their collective love and unwavering support during these often
very difficult times. In addition, | would like to thank my family, which means to
me not only my relatives but also my friends. Without you, this thesis would not
have been possible.



TABLE OF CONTENTS

D 1Yo [Tz 1[0 o PR iii
ACKNOWIEAGEMENT ...t e e et e eeeaaans v
Table Of CONENES ... e e e eeeaaes Vi
List of Figures and SChemMES .........coooiiiiiiiii e Xi
List of AbDreviations ..........oooii i XXV
CHAPTER ONE et e e e e e e e e et e e e e e e e eeeanes 1
1.1 Background and Introduction ................eiiiiiiiiiiiiicc e 1
1.1.1 Isolation and Biological ACtiVity ...........cccooviiiiiiiiiiiicie e, 1
1.1.2 The Importance of Protein Kinase C Inhibitors.............c................ 5
1.1.2.1 Introduction: What is PKC and

How Does It Function?...........ooovviiiiiiiiiiice e, 5
1.1.2.2 The Indolocarbazoles...........cccoevvviveiiiciiiiiieeeeeeee e 7
1.2 Biosynthesis of Indolocarbazoles.............ccooooeiiiiiiiiiii 7
1.2.1 Biogenesis of the Indolocarbazole Nucleus.................cccoeevevennnnn. 7
1.2.2 Biosynthesis of Indolocarbazole Carbohydrates ........................... 9
1.2.3 Fredenhagen’s Proposed K252a Biosynthesis............ccccceveeenee. 10
1.3 Synthetic STUAIES ......oeeeeeeee s 12
1.3.1 Syntheses of the Indolo[2,3-a]carbazole Nucleus ....................... 12
1.3.1.1 Early Indolocarbazole Efforts ...........cccooeveiiiiiiiiiiie, 13
1.3.1.2 Winterfeld’s Approach to Staurosporinone....................... 13
1.3.1.3 Magnus’ Approach ...........cceeeeeiiiiiiiiiice e 14
1.3.1.4 The Weinreb Approach ..........ccccoeevvviiiiiiiiiiiiiiieiiieeeeeeeen, 15
1.3.1.5 The Kaneko/Clardy Approach ...........cccoooeviiiiiiiiiiicineeen. 16
1.3.1.6 Bergman’s First Approach..........ccccooceeiiiiiiiiiiiiiiieeeee, 17
1.3.1.7 The Bergman and Gribble Methods ..............ccoevvivinnnnnnn... 17
1.3.1.8 Raphael’'s Approach.........ccccooeuuieeiiiiiiieeiiice e, 18
1.3.1.9 The Moody AppProach .........cccccceeeeeeiiiiciiiie e 19

1.3.1.10 The Kirilovsky Modification of the
Weinreb Method...........cooiiiiiiii e, 20
1.3.1.11 The [4+2] Cycloaddition Approach ..........c.cccccuvvvvuieenn... 20
1.3.1.12 The Danishefsky Approach ...........ccccoooiiiiiiiiiiiiiiiienee, 21
1.3.1.13 McCombie’s Approach .........cccceeevvevieeieiiiieeeeeeiieeeeeeen, 22



1.3.1.14 The Prudhomme Degradation...............ccccceeevviiniiinennnnnn. 23

1.3.1.15 Recent Modifications...........ccccceiiiiiiiiiies 23
1.3.2 The Synthesis of Carbohydrates for
Indolocarbazole Synthesis ...........cccoeeeiiiiiiiiiiici e 25
1.3.2.1 Weinreb’s Preparation of the Staurosporine
Monosaccharide..........coooooiiiiiiiiii e 25
1.3.2.2 Danishefsky’s Staurosporine Glycal
PreCUISOr ... 26
1.3.2.3 The Bayer Synthesis of the K252a
Carbohydrate .........ccoooiiiiiiiice e 27
1.3.3 Methods Describing the Combination of
Carbohydrate and Indolocarbazole ................ccooovvviviceenee..n. 28
1.3.3.1 Synthesis of Indolocarbazoles Possessing
a Single Indole-N-glycosidic Linkage...........ccccccceeeeeeeen.. 28
1.3.3.1.1 The Kaneko/Clardy Synthesis of
RebeccamycCin..........oooiiiiiiii e, 28
1.3.3.1.2 The Danishefsky Synthesis of
RebeccamycCin..........oooiiiiiiii 29

1.3.3.1.3 The Bonjouklian/Moore Synthesis of
Tjipanazole E and Van Vranken'’s

Synthesis of (+)-Tjipanazole F2............ccccvviiiiiiieeeeeen, 30
1.3.3.2 Synthesis of Indolocarbazoles Possessing a
Double Indole-N-glycosidic Linkage .........cccocevvvviieeeeennnnnn. 31
1.3.3.2.1 Weinreb/McCombie
Glycosidation Studies..........cccooviiiiiiiiiiiiei 31
1.3.3.2.2 The Danishefsky Synthesis of
(+)- and (-)-Staurosporine ............couveeeeeeeeeeeeeeeee e 32
1.3.3.2.3 The Bayer Synthesis of (+)-K252a ........................ 33
1.4 Notes and RefErenCes ... 34
CHAPTER TWO o nnnnnnnnes 41
2.1 Background 41
2.1 INTrOdUCHION ... 41
2.1.2 K252a Retrosynthetic Analysis..........ccccoeviveiiiiiiiiiiieeeeeeee, 42
2.2 Synthesis of K252c and Aglycons 4b-e..............cccccooiiiiiiiiiiiiiiiiieeeeeee, 43



2.2.1 Synthesis of K252c (4a):

A First Generation Approach..........ccccooevvvviiiiiiiiiie e 43
2.2.2 Synthesis of K252c (4a):
Second Generation Approach.............ceeveeeevieiiiiiiiieee e 45
2.2.3 Further Successful Carbenoid Additions
to 2,2’-Biindole, Completion of db-e............coovviiiiiiiiiii, 46
2.3 The Synthesis of (£)-K252a.........cccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee 50
2.3.1 Preparation of the K252a
Carbohydrate (£)-13......cooo 50
2.3.2 Cyclofuranosylation of Aglycon 4¢ ................uuuuiiiiiiiiieiiiiiiiiiiinnns 51
2.3.3 Completion of the Synthesis of (£)-K252a.............ccccvvviiiiiiinnnnes 54
2.4 Asymmetric Synthesis of the K252a
Carbohydrate Precursor [(-)-152b] ... 55
2.4.1 The Rhodium (Il)-Mediated Tandem
Claisen-a-Ketol Rearrangement ..o, 55

2.4.2 Chemical Correlation of
Esters (+)-155and (-)-152b ... 57
2.4.3 Stereochemical Rationale for the

Tandem Claisen-a-Ketol Rearrangement ...............ccccvvviiiiiiiinnnns 60

2.5 Completion of (+)- and (-)-K252a ..........ccoeviiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeee 62
2.5.1 The Synthesis of (-)-K252a: Determination

of Absolute Stereochemistry of (+)-K252a ... 62

2.5.2 The Total Synthesis of (+)-K252a.............cccccuiiiiiiiiiiiiiiiiiiiiee 63

2.5.3 CONCIUSION ...t e et e e e e e e eeeeees 66

2.6 Experimental SECHON .......ccooiiiiieii e 67

2.6.1 Material and Methods............ccoooiiiiiiiiiiicc e 67

2.6.2 Preparative ProCedUresS..........cooveeeiiiiiiiiiiiiee et eeeeeeeees 69

2.7 Notes and ReferenCes .........oooouvuuiiiiiiiiiiiiecie e 112

APPENDIX ONE: Synthetic Summary for K252c (4a) and (+)-K252a (2)........ 120

APPENDIX TWO: Spectra Relevant To Chapter TWO ............covveiiiieieeeineennnns 122

APPENDIX THREE: X-Ray Chrystallography Reports
Relevant to Chapter TWO..........cooovviiiiiiiiieeee 207



CHAPTER THREE ..o 220
3.1 Background ... 220
3. 1.1 INtrodUCHION ... 220
3.1.2 Retrosynthetic Analysis: The Development
of a Ring Expansion Approach to the Pyranosylated

INdOlOCAarbazoles ......... oo 221
3.1.3 Regio- and Stereochemical Issues
of RINg EXpansion ..., 223
3.2 Ring Expansion-Model Studi€s ........ccccooeiiiiiiiiiiiiieeeeeeeeee e 225
3.2.1 Preparation of Desamido K252a (174)
and Diastereomer 178....... ..o 225
3.2.1.1 Synthesis of Indolo[2,3-a]carbazole ..................ccceees 225
3.2.1.2 Glycosidation Studies..........cccoeeeieiiiiiiiiiiiiiieeeee e, 226
3.2.2 Ring Expansion of Aldehyde (£)-180.............cccoeeeieeiiiiiiiiiinnn. 227
3.2.3 An Unexpected Oxidative Ring
Contraction of (£)-181 ........cooiiiiiiiiee e, 229
3.2.4 Ring Expansion of Dimethyl Acetal (£)-188...............ccoerrrnnnnnn... 230
3.2.5 Completion of the Model Investigation ..................ccoooiriininnn.n. 232
3.2.6 Mechanistic Considerations of Ring Expansion ........................ 233
3.3 The Total Synthesis of (+)-RK-286¢, (+)-MLR-52,
(+)-Staurosporine, and TAN-1030a.........ccccoeeeeeiiiiiiiiiiiice e, 236
3.3.1 Ring Expansion Studies in the Natural System......................... 236
3.3.2 Regioselective Monomethylation.
Completion of the Synthesis of RK-286¢c and MLR-52................. 237
3.3.3 The Synthesis of Staurosporine and TAN-1030a...................... 241
K @] o 11 ] T o 244
3.5 Experimental SECHON .........cooiiiiiiieee e 244
3.5.1 Material and Methods.............uuiiiiiiiiii 244
3.5.2 Preparative Procedures..........cccooovviiiiiiiiiiiiececeeeeee e 246
3.6 Notes and References ...........ooovvvvviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee 300

APPENDIX FOUR: Synthetic Summary for (+)-RK286¢, (+)-MLR-52
(+)-Staurosporine, and (-)-TAN-1030a...........cccccceeeeenen. 303

APPENDIX FIVE: Spectra Relevant to Chapter Three..........ccccccceeeeieiiiennnnnnn. 306



APPENDIX SIX: X-Ray Chrystallography Reports

Relevant to Chapter Three...........ooovviiieieiiiiiin 388
APPENDIX SEVEN: Notebook Cross-Reference .......ccoooveeeiieeeieeieeaeaeenn., 395
BIDlOGrapRy ... .o 401
[T =) TR 408
ADOUL the AUTNOT .. .. e, 411



LIST OF FIGURES AND SCHEMES

CHAPTER ONE
Figure 1.1.1 (F)-StauroSPOrINE .....ccceeeeeeeeeecee e 1
Figure 1.1.2 K252 COMPOUNGS ...eenieiieeeeeeeeee e 2
Figure 1.1.3 Pyranosylated Indolocarbazoles ............ccccccoeeieeiiiiiiiiicieeee. 3
Figure 1.1.4 Examples of Indolocarbazoles .............ooovviiiiiiiiiiiiiiiiceeeee 4
Figure 1.1.5 Mechanism of Protein Kinase C Inhibition..............cccccccce. 6
CHAPTER TWO
Figure 2.1.1 (F)-K252a... . ——————- 41
Figure 2.2.1 TH NMR Comparison of (+)-K252¢ (4a),
Synthetic vs. Natural ..., 47
Figure 2.4.1 TH NMR Comparison of bis-Mosher Esters 157.................... 58
Figure 2.4.2 TH NMR Comparison of bis-Mosher Esters 161.................... 59
Figure 2.5.1 TH NMR Comparison of K252a (2),
Synthetic vs. Natural ............ccooooiiiii 65
APPENDIX ONE
Figure A.1.1 The Synthesis of K252c (4a) and Aglycon 4c ..................... 121
Figure A.1.2  The Synthesis of (+)-K252a (2).......ccoovvmrveiiieiiieeiieee. 121
APPENDIX TWO
Figure A.2.1 TH NMR (500 MHz, acetone-dg) of compound 134............. 123
Figure A.2.2 Infrared Spectrum (thin film/NaCl) of compound 134 .......... 124
Figure A.2.3  13C NMR (125 MHz, DMSO-dg) of compound 134 ............. 124
Figure A2.4  'H NMR (500 MHz, DMSO-dg) of compound 139b............. 125
Figure A.2.5 Infrared Spectrum (thin film/NaCl) of compound 139b........ 126
Figure A2.6  13C NMR (125 MHz, DMSO-dg, 305K)
of compound 139b ... 126
Figure A.2.7 TH NMR (500 MHz, DMSO-dg) of compound 139c.............. 127
Figure A.2.8 Infrared Spectrum (thin film/NaCl) of compound 139c ........ 128

Xi



Figure A.2.9

Figure A.2.10
Figure A.2.11
Figure A.2.12
Figure A.2.13
Figure A.2.14
Figure A.2.15
Figure A.2.16
Figure A.2.17
Figure A.2.18
Figure A.2.19
Figure A.2.20
Figure A.2.21
Figure A.2.22
Figure A.2.23
Figure A.2.24
Figure A.2.25
Figure A.2.26
Figure A.2.27
Figure A.2.28
Figure A.2.29
Figure A.2.30
Figure A.2.31
Figure A.2.32
Figure A.2.33
Figure A.2.34
Figure A.2.35
Figure A.2.36
Figure A.2.37
Figure A.2.38
Figure A.2.39
Figure A.2.40
Figure A.2.41
Figure A.2.42
Figure A.2.43

13C NMR (125 MHz, DMSO-dg) of compound 139c............ 128

TH NMR (500 MHz, DMSO-dg) of compound 139d............. 128
Infrared Spectrum (thin film/NaCl) of compound 139d........ 130
13C NMR (125 MHz, DMSO-dg) of compound 139d............ 130
TH NMR (500 MHz, DMSO-dg) of compound 139e.............. 131
Infrared Spectrum (thin film/NaCl) of compound 139e........ 132
13C NMR (125 MHz, DMSO-dg) of compound 139%e............ 132
TH NMR (500 MHz, CDCI3) of compound 132b................... 133
Infrared Spectrum (thin film/NaCl) of compound 132b........ 134
13C NMR (125 MHz, CDCI3) of compound 132b ................ 134
TH NMR (500 MHz, CDCI3) of compound 132¢ .................. 135
Infrared Spectrum (CCls) of compound 132¢...................... 136
13C NMR (125 MHz, CDCI3) of compound 132¢ ................ 136
TH NMR (500 MHz, CDCI3) of compound 132d................... 137
Infrared Spectrum (CCls) of compound 132d...................... 138
13C NMR (125 MHz, CDCI3) of compound 132d ................ 138
TH NMR (500 MHz, CDCI3) of compound 132e .................. 139
Infrared Spectrum (CCls) of compound 132e....................... 140
13C NMR (125 MHz, CDCI3) of compound 132e ................ 140
TH NMR (500 MHz, DMSO-dg) of compound 4a................. 141
Infrared Spectrum (thin film/NaCl) of compound 4a............. 142
13C NMR (125 MHz, DMSO-dg) of compound 4a................ 142
TH NMR (500 MHz, DMSO-dg) of compound 4b................. 143
Infrared Spectrum (thin film/NaCl) of compound 4b............ 144
13C NMR (62.5 MHz, DMSO-dg) of compound 4b.............. 144
TH NMR (500 MHz, DMSO-dg) of compound 4c¢................. 145
Infrared Spectrum (thin film/NaCl) of compound 4c ............ 146
13C NMR (62.5 MHz, DMSO-dg) of compound 4¢............... 146
TH NMR (500 MHz, DMSO-dg) of compound 4d................. 147
Infrared Spectrum (thin film/NaCl) of compound 4d............ 148
13C NMR (62.5 MHz, DMSO-dg) of compound 4d............... 148
TH NMR (500 MHz, acetone-dg) of compound 140............. 149
Infrared Spectrum (thin film/NaCl) of compound 140 .......... 150
13C NMR (125 MHz, acetone-dg) of compound 140 ........... 150
TH NMR (500 MHz, CDCI3) of compound (¥)-143............... 151

Xii



Figure A.2.44

Figure A.2.45
Figure A.2.46

Figure A.2.47

Figure A.2.48
Figure A.2.49

Figure A.2.50

Figure A.2.51
Figure A.2.52

Figure A.2.53

Figure A.2.54
Figure A.2.55

Figure A.2.56

Figure A.2.57
Figure A.2.58

Figure A.2.59

Figure A.2.60
Figure A.2.61

Figure A.2.62

Figure A.2.63
Figure A.2.64

Figure A.2.65

Figure A.2.66

Figure A.2.67

Infrared Spectrum (thin film/NaCl)

of compound (£)-143 ..., 152
13C NMR (125 MHz, CDCI3) of compound ()-143.............. 152
TH NMR (500 MHz, CDCI3) of compound (+)-144a............. 153
Infrared Spectrum (thin film/NaCl)

of compound (£)-144a..............ccoeeiiiiiiiiiiieiee e, 154
13C NMR (125 MHz, CDCI3) of compound ()-144a........... 154
TH NMR (500 MHz, CDCI3) of compound (+)-144b ............ 155
Infrared Spectrum (thin film/NaCl)

of compound (£)-144b...............ccooiiiiiiiiiiiiee e, 156
13C NMR (125 MHz, CDCI3) of compound (+)-144b........... 156
TH NMR (500 MHz, CDCI3) of compound (+)-97a............... 157
Infrared Spectrum (thin film/NaCl)

of compound (£)-97a...........oeviiiiiiiiiie e, 158
13C NMR (125 MHz, CDCI3) of compound (%)-97a............. 158
TH NMR (500 MHz, CDCI3) of compound (+)-97b .............. 159
Infrared Spectrum (thin film/NaCl)

of compound (£)-97b...........oveiiiiiiii e, 160
13C NMR (125 MHz, CDCI3) of compound (%)-97b............. 160
TH NMR (500 MHz, DMSO-dg) of compound ()-147 ......... 161
Infrared Spectrum (thin film/NaCl)

of compound (£)-147 .........oovveiiiiiiiieeceeee e, 162
13C NMR (125 MHz, DMSO-dg) of compound (+)-147........ 162
TH NMR (500 MHz, DMSO-dg) of compound ()-148 ......... 163
Infrared Spectrum (thin film/NaCl)

of compound (£)-148 ............oviiiiiiiiieee e, 164
13C NMR (125 MHz, DMSO-dg) of compound (+)-148........ 164

TH NMR (500 MHz, CDCl3)

of compound (+)-149 diastereomeril............................... 165
Infrared Spectrum (thin film/NaCl)

of compound (+)-149 diastereomeril............................... 166
13C NMR (125 MHz, CDClI3)

of compound (+)-149 diastereomeril............................... 166
TH NMR (500 MHz, CDCl3)

of compound (+)-149 diastereomerill.............................. 167

Xiii



Figure A.2.68

Figure A.2.69

Figure A.2.70
Figure A.2.71

Figure A.2.72
Figure A.2.73

Figure A.2.74

Figure A.2.75
Figure A.2.76

Figure A.2.77
Figure A.2.78

Figure A.2.79
Figure A.2.80

Figure A.2.81
Figure A.2.82

Figure A.2.83

Figure A.2.84
Figure A.2.85

Figure A.2.86

Figure A.2.87
Figure A.2.88

Figure A.2.89

Figure A.2.90
Figure A.2.91

Figure A.2.92

Figure A.2.93
Figure A.2.94

Infrared Spectrum (thin film/NaCl)

of compound (+)-149 diastereomerill.............................. 168
13C NMR (125 MHz, CDCl3)

of compound (+)-149 diastereomerill.............................. 168
TH NMR (500 MHz, CDCI3) of compound (+)-145............... 169
Infrared Spectrum (thin film/NaCl)

of compound (£)-145...........oeeiiiiiiiee e, 170
13C NMR (125 MHz, CDCI3) of compound (%)-145............. 170
TH NMR (500 MHz, CDCI3) of compound (+)-146............... 171
Infrared Spectrum (thin film/NaCl)

of compound (£)-146 ..............ccooeeeiiiiiiiiceeee e, 172
13C NMR (125 MHz, CDCI3) of compound (%)-146.............. 172
TH NMR (500 MHz, DMSO-dg) of compound (%)-2.............. 173
Infrared Spectrum (thin film/NaCl) of compound (£)-2......... 174
13C NMR (125 MHz, DMSO-dg) of compound (£)-2 ........... 174
TH NMR (500 MHz, CDCI3) of compound (+)-155 .............. 175
Infrared Spectrum (thin film/NaCl)

of compound (#)-155........oomiiiiii e, 176
13C NMR (125 MHz, CDCI3) of compound (+)-155............. 176
TH NMR (500 MHz, CDCI3) of compound (-)-152b ............. 177
Infrared Spectrum (thin film/NaCl)

of compound (-)-152b..........coooriiiiiiii 178
13C NMR (125 MHz, CDCI3) of compound (-)-152b ........... 178
TH NMR (500 MHz, CDCI3) of compound (-)-159 ............... 179
Infrared Spectrum (thin film/NaCl)

of compound (-)-159 ..., 180
13C NMR (125 MHz, CDCI3) of compound (-)-159.............. 180
TH NMR (500 MHz, CDCI3) of compound (+)-97a .............. 181
Infrared Spectrum (thin film/NaCl)

of compound (+)-97a..........oovviiiiiiieiee e, 182
13C NMR (125 MHz, CDCI3) of compound (+)-97a............. 182
TH NMR (500 MHz, CDCI3) of compound (+)-97b .............. 183
Infrared Spectrum (thin film/NaCl)

of compound (+)-97b ..., 184
13C NMR (125 MHz, CDCI3) of compound (+)-97b............. 184
TH NMR (500 MHz, CDCI3) of compound (-)-166 ............... 185

Xiv



Figure A.2.95

Figure A.2.96
Figure A.2.97

Figure A.2.98

Figure A.2.99
Figure A.2.100

Figure A.2.101

Figure A.2.102
Figure A.2.103

Figure A.2.104
Figure A.2.105

Figure A.2.106
Figure A.2.107

Figure A.2.108
Figure A.2.109

Figure A.2.110

Figure A.2.111
Figure A.2.112

Figure A.2.113

Figure A.2.114
Figure A.2.115

Figure A.2.116

Figure A.2.117
Figure A.2.118

Figure A.2.119

Figure A.2.120
Figure A.2.121

Infrared Spectrum (thin film/NaCl)

of compound (-)-166..............coeiiiiiiiiiieeee e, 186
13C NMR (125 MHz, CDCI3) of compound (-)-166.............. 186
TH NMR (500 MHz, DMSO-dg) of compound (-)-147 .......... 187
Infrared Spectrum (thin film/NaCl)

of compound (-)-147 ........oommmiiieee e 188
13C NMR (125 MHz, DMSO-dg) of compound (-)-147 ........ 188
TH NMR (500 MHz, DMSO-dg) of compound (-)-148........... 189
Infrared Spectrum (thin film/NaCl)

of compound (-)-148.........ooomriiiiei e, 190
13C NMR (125 MHz, DMSO-dg) of compound (-)-148 ........ 190
TH NMR (500 MHz, DMSO-dg) of compound (-)-2.............. 191
Infrared Spectrum (thin film/NaCl) of compound (-)-2 ......... 192
13C NMR (125 MHz, DMSO-dg) of compound (-)-2............. 192
TH NMR (500 MHz, CDCI3) of compound (-)-168 ............... 193
Infrared Spectrum (thin film/NaCl)

of compound (-)-168............oeeiiiiiii e, 194
13C NMR (125 MHz, CDCI3) of compound (-)-168.............. 194
TH NMR (500 MHz, CDCI3) of compound (-)-97a ............... 195
Infrared Spectrum (thin film/NaCl)

of compound (-)-97a...........oeviiiiiieii e, 196
13C NMR (125 MHz, CDCI3) of compound (-)-97a.............. 196
TH NMR (500 MHz, CDCI3) of compound (-)-97b ............... 197
Infrared Spectrum (thin film/NaCl)

of compound (-)-97b...........ooeiiiiiii e, 198
13C NMR (125 MHz, CDCI3) of compound (-)-97b ............. 198
TH NMR (500 MHz, CDCI3) of compound (+)-166 .............. 199
Infrared Spectrum (thin film/NaCl)

of compound (#)-166..............cccoeeeiiiiiiiieee e, 200
13C NMR (125 MHz, CDCI3) of compound (+)-166............. 200

TH NMR (500 MHz, DMSO-dg) of compound (+)-147 ......... 201

Infrared Spectrum (thin film/NaCl)

of compound (#)-147 ..., 202
13C NMR (125 MHz, DMSO-dg) of compound (+)-147

TH NMR (500 MHz, DMSO-dg) of compound (+)-148......... 203

XV



Figure A.2.122

Infrared Spectrum (thin film/NaCl)

of compound (#)-148 ..., 204
Figure A.2.123 13C NMR (62.5 MHz, DMSO-dg) of compound (+)-148 ...... 204
Figure A.2.124 'H NMR (500 MHz, DMSO-dg) of compound (+)-2............. 205
Figure A.2.125 Infrared Spectrum (thin film/NaCl) of compound (+)-2 ........ 206
Figure A.2.126 13C NMR (125 MHz, DMSO-dg) of compound (+)-2 ........... 206
CHAPTER THREE
Figure 3.1.1 Indolocarbazole Target Molecules .............ccooeeiieiiiiieenenn, 221
Figure 3.3.1 TH NMR Comparison of (+)-Staurosporine (1),
Wood vs. Danishefsky Synthetic ................coooiiiiininnnn. 242
APPENDIX FOUR
Figure A.4.1 The Synthesis of (+)-RK286¢ (7) and (+)-MLR-52 (8)......... 304
Figure A.4.2  The Synthesis of (+)-Staurosporing (1) .........ccccoevvvvervnnnnnnn.. 305
Figure A.4.3  The Synthesis of (-)-TAN-1030a (6)..........cccceeeeeerrerirrrrnnnnnnn. 305
APPENDIX FIVE
Figure A.5.1 TH NMR (500 MHz, acetone-dg) of compound (+)-174 ....... 307
Figure A.5.2  Infrared Spectrum (thin film/NaCl)
of compound (£)-174 ...........oevniiiiiiiieeeeee e, 308
Figure A.5.3  13C NMR (125 MHz, CDClI3) of compound (+)-174............. 308
Figure A.5.4  'H NMR (500 MHz, CDCI3) of compound ()-177............... 309
Figure A.5.5 Infrared Spectrum (thin film/NaCl)
of compound (£)-177 .......ooormiiieee e 310
Figure A5.6  13C NMR (125 MHz, CDCl3) of compound (£)-177 ............. 310
Figure A.5.7  'H NMR (500 MHz, CDCI3) of compound ()-176............... 311
Figure A.5.8 Infrared Spectrum (thin film/NaCl)
of compound (£)-176 ............oeiieeiiiiiiiieceeee e, 312
Figure A.5.9  13C NMR (125 MHz, CDCl3) of compound (+)-176............. 312
Figure A.5.10 'H NMR (500 MHz, acetone-dg) of compound ()-178 ....... 313
Figure A.5.11 Infrared Spectrum (thin film/NaCl)

of compound (£)-178 ........oooveeiiiie e, 314

XVi



Figure A.5.12
Figure A.5.13

Figure A.5.14

Figure A.5.15
Figure A.5.16

Figure A.5.17

Figure A.5.18
Figure A.5.19

Figure A.5.20

Figure A.5.21
Figure A.5.22

Figure A.5.23

Figure A.5.24
Figure A.5.25

Figure A.5.26

Figure A.5.27
Figure A.5.28

Figure A.5.29

Figure A.5.30
Figure A.5.31

Figure A.5.32

Figure A.5.33
Figure A.5.34

Figure A.5.35

Figure A.5.36
Figure A.5.37

Figure A.5.38

13C NMR (125 MHz, CDCl3) of compound (%)-178............. 314
TH NMR (500 MHz, acetone-dg) of compound (+)-179 ....... 315

Infrared Spectrum (thin film/NaCl)

of compound (£)-179 .......oommmiiiiie e 316
13C NMR (125 MHz, CDCI3) of compound ()-179.............. 316
TH NMR (500 MHz, CDCI3) of compound (+)-180............... 317
Infrared Spectrum (thin film/NaCl)

of compound (£)-180 ..........ovvviiiiiiieiieeeee e 318
13C NMR (125 MHz, CDCI3) of compound (+)-180............. 318
TH NMR (500 MHz, CDCI3) of compound (+)-181............... 319
Infrared Spectrum (thin film/NaCl)

of compound (£)-181 .......ooommiiiiiiieieeeee e 320
13C NMR (125 MHz, CDCI3) of compound ()-181.............. 320
TH NMR (500 MHz, acetone-dg) of compound (+)-184 ....... 321

Infrared Spectrum (thin film/NaCl)

of compound (£)-184 ............oeeiiiiiiiiiiee e 322
13C NMR (125 MHz, DMSO-dg) of compound (+)-184........ 322
TH NMR (500 MHz, CDClI3) of compound (+)-182............... 323
Infrared Spectrum (thin film/NaCl)

of compound (£)-182........oooveeiiiie e, 324
13C NMR (125 MHz, CDCI3) of compound (#)-182............. 324
TH NMR (500 MHz, CDCI3) of compound (+)-185............... 325
Infrared Spectrum (thin film/NaCl)

of compound (£)-185 ..., 326
13C NMR (125 MHz, CDCI3) of compound ()-185............. 326
TH NMR (500 MHz, DMSO-dg) of compound ()-186 ......... 327
Infrared Spectrum (thin film/NaCl)

of compound (£)-186 .............eiiiiiiiiiiiiecce e, 328
13C NMR (125 MHz, DMSO-dg) of compound (+)-186........ 328
TH NMR (500 MHz, CDCI3) of compound (¥)-192............... 329
Infrared Spectrum (thin film/NaCl)

of compound (£)-192 ..o 330
13C NMR (125 MHz, CDCI3) of compound ()-192............. 330
TH NMR (500 MHz, CDCI3) of compound (¥)-190............... 331
Infrared Spectrum (thin film/NaCl)

of compound (£)-190 ..........oviiiiiiiieie e 332

Xvii



Figure A.5.39
Figure A.5.40

Figure A.5.41

Figure A.5.42
Figure A.5.43

Figure A.5.44

Figure A.5.45
Figure A.5.46

Figure A.5.47

Figure A.5.48
Figure A.5.49

Figure A.5.50

Figure A.5.51
Figure A.5.52

Figure A.5.53

Figure A.5.54

Figure A.5.55

Figure A.5.56

Figure A.5.57

Figure A.5.58
Figure A.5.59

Figure A.5.60
Figure A.5.61

13C NMR (125 MHz, CDClI3) of compound (+)-190............. 332

TH NMR (500 MHz, DMSO-dg) of compound ()-191 ......... 333
Infrared Spectrum (thin film/NaCl)

of compound (£)-191 ... 334
13C NMR (125 MHz, DMSO-dg) of compound (+)-191........ 334
TH NMR (500 MHz, CDCI3) of compound (¥)-193............... 335
Infrared Spectrum (thin film/NaCl)

of compound (£)-193 ... 336
13C NMR (125 MHz, CDCI3) of compound ()-193............. 336
TH NMR (500 MHz, CDCI3) of compound (¥)-200............... 337
Infrared Spectrum (thin film/NaCl)

of compound (£)-200 ............eeiiiiiiiiiiee e 338
13C NMR (125 MHz, CDCI3) of compound (%)-200............. 338
TH NMR (500 MHz, DMSO-dg, 315K)

of compound (£)-199 ..., 339
Infrared Spectrum (thin film/NaCl)

of compound (£)-199 ... 340

13C NMR (125 MHz, DMSO-dg) of compound (+)-199........ 340
TH NMR (500 MHz, CDCl3)

of compound (+)-201 diastereomeril............................... 341
Infrared Spectrum (thin film/NaCl)

of compound (+)-201 diastereomeril............................... 342
13C NMR (125 MHz, CDCl3)

of compound (+)-201 diastereomeril............................... 342
TH NMR (500 MHz, CDCl3)

of compound (+)-201 diastereomerill.............................. 343
Infrared Spectrum (thin film/NaCl)

of compound (+)-201 diastereomerlll.............................. 344
13C NMR (125 MHz, CDCl3)

of compound (+)-201 diastereomerill.............................. 344
TH NMR (500 MHz, DMSO-dg) of compound (#)-202.......... 345
Infrared Spectrum (thin film/NaCl)

of compound (£)-202..........ooeeiiiii e 346
13C NMR (125 MHz, DMSO-dg) of compound (+)-202........ 346
TH NMR (500 MHz, CDCI3) of compound (¥)-203............... 347

XViii



Figure A.5.62

Figure A.5.63
Figure A.5.64

Figure A.5.65

Figure A.5.66
Figure A.5.67

Figure A.5.68

Figure A.5.69
Figure A.5.70

Figure A.5.71

Figure A.5.72
Figure A.5.73

Figure A.5.74

Figure A.5.75

Figure A.5.76
Figure A.5.77

Figure A.5.78
Figure A.5.79

Figure A.5.80

Figure A.5.81
Figure A.5.82

Figure A.5.83

Figure A.5.84

Figure A.5.85

Infrared Spectrum (thin film/NaCl)

of compound (£)-203 ..., 348
13C NMR (125 MHz, CDCI3) of compound (+)-203............. 348
TH NMR (500 MHz, DMSO-dg) of compound (+)-204 ......... 349

Infrared Spectrum (thin film/NaCl)

of compound (+)-204.............oiiiiiiiie e, 350
13C NMR (125 MHz, DMSO-dg) of compound (+)-204 ....... 350
TH NMR (500 MHz, DMSO-dg) of compound (+)-170 ......... 351
Infrared Spectrum (thin film/NaCl)

of compound (#)-170.........ooomiiiiieiiieeee e, 352
13C NMR (125 MHz, DMSO-dg) of compound (+)-170 ....... 352

TH NMR (500 MHz, DMSO-dg, 310 K)

of compound (#)-171 ..., 353
Infrared Spectrum (thin film/NaCl)
of compound (#)-171 ..., 354

13C NMR (125 MHz, DMSO-dg) of compound (+)-171 ....... 354
TH NMR (500 MHz, DMSO-dg, 320 K)

of compound 169.............ooomiiiiiiiiie e, 355
Infrared Spectrum (thin film/NaCl)

of compound 169.............ooomiiiiiiiiie e, 356
13C NMR (125 MHz, DMSO-dg, 315 K)

of compound 169.............ooomiiiiiiiiiie e, 356

TH NMR (500 MHz, acetone-dg) of compound (+)-206....... 357

Infrared Spectrum (thin film/NaCl)

of compound (£)-206 ..............cooeeiieiiiiiieeee e, 358
13C NMR (125 MHz, acetone-dg) of compound (+)-206...... 358

TH NMR (500 MHz, acetone-dg) of compound (+)-207 ....... 359

Infrared Spectrum (thin film/NaCl)

of compound (+)-207 ..........ooemiiieeeeeeeee e 360
13C NMR (125 MHz, acetone-dg) of compound (+)-207 ..... 360
TH NMR (500 MHz, CDCI3) of compound (+)-208 .............. 361
Infrared Spectrum (thin film/NaCl)

of compound (+)-208.............oiiiiiiiiii e, 362
13C NMR (125 MHz, CDCl3, 315 K)

of compound (+)-208 .............eiiiiiiiiii e, 362
TH NMR (500 MHz, DMSO-dg) of compound (+)-7 ............. 363

Xix



Figure A.5.86

Figure A.5.87
Figure A.5.88

Figure A.5.89

Figure A.5.90
Figure A.5.91

Figure A.5.92

Figure A.5.93
Figure A.5.94

Figure A.5.95

Figure A.5.96
Figure A.5.97

Figure A.5.98

Figure A.5.99
Figure A.5.100

Figure A.5.101

Figure A.5.102
Figure A.5.103

Figure A.5.104

Figure A.5.105

Figure A.5.106

Figure A.5.107

Figure A.5.108

Infrared Spectrum (thin film/NaCl)

of compPoUNd (F)-7 ....ccooeiiiiiceee e 364
13C NMR (125 MHz, DMSO-dg) of compound (+)-7 ........... 364
TH NMR (500 MHz, DMSO-dg, 315 K)

of compound (+)-209..........ooeiiiiiiiiie e, 365
Infrared Spectrum (thin film/NaCl)

of compound (+)-209..........ooeiiiiiiiii e, 366
13C NMR (125 MHz, acetone-dg) of compound (+)-209 ..... 366
TH NMR (500 MHz, DMSO-dg)of compound (+)-210........... 367
Infrared Spectrum (thin film/NaCl)

of compound (#)-210.........ooeiiiiiiiiiie e, 368
13C NMR (125 MHz, DMSO-dg) of compound (+)-210 ....... 368
TH NMR (500 MHz, DMSO-dg)of compound (+)-8............... 369
Infrared Spectrum (thin film/NaCl)

of compound (#)-8.......cooirmimiiiie e, 370
13C NMR (125 MHz, DMSO-dg) of compound (+)-8 ........... 370
TH NMR (500 MHz, DMSO-dg)of compound (-)-211 ........... 371
Infrared Spectrum (thin film/NaCl)

of compound (-)-211 ..., 372
13C NMR (125 MHz, DMSO-dg) of compound (-)-211 ........ 372

TH NMR (500 MHz, DMSO-dg, 345 K)

of compound (-)-212.........oomiiiiee e, 373
Infrared Spectrum (thin film/NaCl)
of compound (-)-212.........oomiiiiee e 374

13C NMR (125 MHz, DMSO-dg) of compound (-)-212 ........ 374
TH NMR (500 MHz, CDCl3, 310 K)

of compound (+)-213@.........coeiiiiiiiiiiiee e, 375
Infrared Spectrum (thin film/NaCl)

of compound (+)-213@.........oeviiiiiiiiiiiee e, 376
13C NMR (125 MHz, CDCl3, 315 K)

of compound (+)-213a..........oiiiiiiiiiiiee e, 376
TH NMR (500 MHz, CDCl3, 320 K)

of compound (+)-213b.........ovviiiiiiii, 377
Infrared Spectrum (thin film/NaCl)

of compound (+)-213b.........ovviiiiiiii, 378
13C NMR (125 MHz, CDCI3) of compound (+)-213b........... 378

XX



Figure A.5.109
Figure A.5.110

Figure A.5.111
Figure A.5.112

Figure A.5.113

Figure A.5.114
Figure A.5.115

Figure A.5.116

Figure A.5.117
Figure A.5.118

Figure A.5.119

Figure A.5.120
Figure A.5.121

CHAPTER ONE

Scheme 1.2.1
Scheme 1.2.2
Scheme 1.2.3
Scheme 1.2.4
Scheme 1.3.1
Scheme 1.3.2
Scheme 1.3.3
Scheme 1.3.4
Scheme 1.3.5
Scheme 1.3.6
Scheme 1.3.7
Scheme 1.3.8
Scheme 1.3.9
Scheme 1.3.10
Scheme 1.3.11

TH NMR (500 MHz, CDCI3) of compound (+)-1 .................. 379
Infrared Spectrum (thin film/NaCl)
of compound (#)-1 ..o 380
13C NMR (125 MHz, CDCI3) of compound (+)-1................. 380
TH NMR (500 MHz, DMSO-dg) of compound (-)-214-.......... 381
Infrared Spectrum (thin film/NaCl)
of compound (-)-214 ..., 382
13C NMR (125 MHz, DMSO-dg) of compound (-)-214 ........ 382
TH NMR (500 MHz, CDCI3) of compound (-)-215 ............... 383
Infrared Spectrum (thin film/NaCl)
of compound (-)-215........oomiiiee s 384
13C NMR (125 MHz, CDCI3) of compound (-)-215.............. 384
TH NMR (500 MHz, CDCI3) of compound (-)-216 ............... 385
Infrared Spectrum (thin film/NaCl)
of compound (-)-216.........coooiiiiiiiiiie 386
13C NMR (125 MHz, CDCI3) of compound (-)-216.............. 386
TH NMR (500 MHz, DMSO-dg) of compound (-)-6............... 387
Biosynthesis of Aglycons4aand18c.............cccoeeveeveinnnnnnnn. 8
Steglich’s Biosynthetic Proposal...........ccccooeeiiiiiiiiiiiicceee. 9
Biosynthesis of Staurosporine...........ccccccvceeeeiiiieeieeeeii, 10
Fredenhagen’s Biosynthetic Pathway................c.....ooooees 11
Syntheses of the Indolo[2,3-a]carbazole Nucleus .............. 12
Early Indolocarbazole Efforts..........ccoooeevieiiiiiiiiiiieeees 13
Winterfeld’'s Approach to Staurosporinone..............c.cc......... 14
Magnus’ Synthesis of Indolocarbazoles 49 and 50 ............ 15
Weinreb’s Synthesis of Aglycon 4e ..............ccooovvivieeenen.n. 16
The Kaneko/Clardy Approach to Aglycon 18b.................... 16
Bergman’s Synthesis of Imide 21b.............ccccccceeiieii. 17
The Bergman and Gribble Synthesis of Imide 21............... 17
Gribble’s Two Step Synthesis of Imide 21.......................... 18
Raphael’s Approach to Staurosporinone (4a)..................... 19
Moody’s Synthesis of Staurosporinone (4a)....................... 20
Scheme 1.3.12 The Kirilovsky Synthesis of K252c (4a)............cccovvvvvneeen..n. 20

XXi



Scheme 1.3.13 The [4+2] Cycloaddition Approach to Imide 21 ..................... 21

Scheme 1.3.14 The Danishefsky Approach .........cccccoviiiiiiiiiiiiiiceee, 22
Scheme 1.3.15 McCombie’s Synthesis of Indolocarbazole 80....................... 22
Scheme 1.3.16 The Prudhomme Degradation............ccccooeeeiiiiiii, 23
Scheme 1.3.17 The Hill Synthesis of K252¢ (4a@).........cccoovveeeiiiiieiiie, 23
Scheme 1.3.18 The Lown Synthesis of Anhydride 72............ccoooeiiiiiiiiiiinnnn. 24
Scheme 1.3.19 The Lilly Synthesis of Maleimide 20a................cccceeeieeiieeenn. 24
Scheme 1.3.20 Sasaki and Sekimizu’s Approach to Imide 21e ..................... 24
Scheme 1.3.21 The Bayer Synthesis of Aglycon 4d ..., 25
Scheme 1.3.22 Weinreb’s Synthesis of Keto-acetal 91..............coooeeiiiii. 26
Scheme 1.3.23 Danishefsky’s Glycal Epoxide 94 ..., 27
Scheme 1.3.24 The Bayer Synthesis of Furanose (£)-97 ..., 27
Scheme 1.3.25 The Kaneko/Clardy Synthesis of Rebeccamycin................... 28
Scheme 1.3.26 The Danishefsky Synthesis of Rebeccamycin ...................... 29
Scheme 1.3.27 The Bonjouklian/Moore Synthesis of Tjipanazole E .............. 30
Scheme 1.3.28 Van Vranken’s Synthesis of (+)-Tjipanazole F2 .................... 30
Scheme 1.3.29 Weinreb/McCombie Glycosidation Studies ...............ccceeeee. 31
Scheme 1.3.30 McCombie’s Approach to Pyranosylated
Indolocarbazoles..............uuuuuiiiiiiiiiiiiiiiiiiiie 32
Scheme 1.3.31 Danishefsky’s Synthesis of (+)-Staurosporine....................... 33
Scheme 1.3.32 The Bayer Synthesis of (£)-K252a............ccccooeiiiiii. 34
CHAPTER TWO
Scheme 2.1.1 K252a Retrosynthesis ........ooooooiiiieiiieeeees 42
Scheme 2.2.1 Preparation of Carbazole (131) ..........cccoiiiiiiiiiiiiiiiiiiiiiiies 43
Scheme 2.2.2  Preparation of Diene 134.............ooorrmiiiiiiiiie e 44
Scheme 2.2.3  Synthesis of K252¢ (4@) ........ccoooveiiiiiiiiee 44
Scheme 2.2.4 Preparation of Biindole 73 .............ccoiiiiiiiiecieee e 45
Scheme 2.2.5  Optimized Synthesis of K252¢ (4a@) .........ccoooeeeeeeiiiieeeeeeen. 45
Scheme 2.2.6  Synthesis of Diazo Lactams 132a-e ..............cccoevvvivneeenn.n. 48
Scheme 2.2.7  Synthesis of Aglycons 4a-e ..o, 48
Scheme 2.2.8  Isolation of Hemiaminal 140 ..., 49
Scheme 2.3.1 K252a Carbohydrate Retrosynthesis............cccoeeeieiieeen. 50
Scheme 2.3.2  Preparation of Furanose (£)-97a,b ..o, 50
Scheme 2.3.3  Cyclofuranoslylation of Aglycon 4c...........ccoooeeeeeiiiiieieeeennn. 52

XXii



Scheme 2.3.4  Glycosidation of Carbazole (131) .......ccoooveeeeiiieiiii, 53
Scheme 2.3.5  Alternative Synthesis of

Indolocarbazoles 147 and 148 ................oeveviiiiiiiiiininnnns 54
Scheme 2.3.6  Preparation of (£)-K252a (2).......ccoooeeieiiiiii 54
Scheme 2.4.1 Proposed Synthesis of Ester 152a ..............cccccvviiiiiiiinnnnns 55
Scheme 2.4.2  Proposed Synthesis of Ester 152b ..., 56
Scheme 2.4.3  The Tandem Claisen-a-ketol Protocol...............cccooeiiiinnnns 57
Scheme 2.4.4  Degradation of Ester (+)-155........ccoooiiiiiiiiii, 57
Scheme 2.4.5  Degradation of Ester (+)-152b...........cccoooveiiiiiii. 59
Scheme 2.4.6  The Rhodium Induced Claisen Rearrangement ................. 60
Scheme 2.4.7  The a-Ketol Rearrangement...........coooooiiiiii, 61
Scheme 2.5.1 The Synthesis of (-)-K252a (2) .......ccovvvvviiiiiiiiiiiiiiiiiiiiieeee 63
Scheme 2.5.2  The Synthesis of (+)-K252a (2) .....coooeiieiiiie, 64

CHAPTER THREE

Scheme 3.1.1 Retrosynthesis of Indolocarbazoles 1 and 6-8.................. 222
Scheme 3.1.2  McCombie’s Skeletal Rearrangement..................cccceeeees 223
Scheme 3.1.3  Ring Expansion ISSUES ..., 224
Scheme 3.2.1 Synthesis of Indolocarbazole (£)-174 .....................ooo. 225
Scheme 3.2.2  Treatment of (£)-174 with Methanol ........................oooii. 226
Scheme 3.2.3  Synthesis of Indolocarbazole (£)-178 ............ccccociiiiinnnnns 227
Scheme 3.2.4  Preparation of Acyloin (£)-181 ........cccoiiiiiiiiiis 228
Scheme 3.2.5  Preparation of Diacetate (£)-182 ............cccooiiiiiiiiiiiiiiinns 228
Scheme 3.2.6  Preparation of and Ortep Drawing of (£)-185 ................... 229
Scheme 3.2.7  Attempted Methylation and Ring Contraction

of Ketone (£)-181 ... 230
Scheme 3.2.8  Ring Expansion of Dimethyl Acetal ()-188...................... 231
Scheme 3.2.9  The Synthesis of Analogs (£)-191-193 ... 232
Scheme 3.2.10 Retrosynthesis of RK-1409b (14) .........ccccooiiiiiiiiiiiies 233
Scheme 3.2.11 Ring Expansion of Deutero Aldehyde (£)-195 .................. 234
Scheme 3.2.12 Rearrangement of Aldehyde (£)-176............ccccoeiiiinnnnnns 234
Scheme 3.2.13 Mechanism for the Acetal Exchange of (¢)-176................ 235
Scheme 3.2.14 Rearrangement of Epoxide (£)-202...........ccccooiiiiiiiiiiiniiinnns 235
Scheme 3.3.1 Ring Expansion of Aldehyde (+)-170.............cccccciiiiinnnnes 236
Scheme 3.3.2  Failed Ring Expansion of Acetal 205...................cccceennnne 237

XXiii



Scheme 3.3.3
Scheme 3.3.4
Scheme 3.3.5
Scheme 3.3.6
Scheme 3.3.7
Scheme 3.3.8

Alternative K252a Synthesis........cccoooeeiiiiiiiiiiiiiieeeeeeeeee, 238
Selective Methylation of diol (£)-184 ..................ooovvnnnnnn... 238
Synthesis of (+)-RK-286C (7).......ccoovvrmmiiiiieieeeeeen 239
Synthesis of (+)-MLR-52 (8)........ccovvrimmiiiiieieeeeee 240
Synthesis of (+)-Staurosporine (1)........cccceeeeeeeiiiiiiiiiinnnn.. 241
Synthesis of (-)-TAN-1030a (6) ........ccovvvieeeeeeeeeieen. 243

XXiV



LIST OF ABBREVIATIONS

Ac Acetyl, acetate

AIBN 2,2’-Azobisisobutyronitrile
aq. Aqueous

app. Apparent

Bn Benzyl

BOC tert-Butyloxycarbonyl

BOM Benzyloxymethyl

bp Boiling point

br Broad

n-Bu n-Butyl

t-Bu tert-Butyl

calcd Calculated

cat. Catalytic amount

Cl Chemical ionization

CSA Camphorsulfonic acid

d doulet

dec. Decomposition

DAG Diacyl glycerol

DCC Dicyclohexylcarbodiimide
DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DIBAL Diisobutylaluminum hydride
DMAP 4-Dimethylaminopyridine
DMB 3,4-Dimethoxybenzyl
1,2-DME 1,2-Dimethoxyethane (glyme)
DMF N,N-Dimethylformamide
DMS Dimethyl sulfide

DMSO Dimethyl sulfoxide

ee Enantiomeric excess

El Electron impact

equiv Equivalent

Et Ethyl

FAB Fast atom bombardment

h hour

HMPA Hexamethylphosphoric triamide

XXV



HPLC

L-Selectride
m

m
m-CPBA
Me
min
mol
mp

Ms
NBS
NMO
NMR
[O]
p-BrBz
PDC
Ph
PhH
PIP2
PKC
PMB
PPA
ppm
PPSE
Py

TBAF
TBS
Tf
TFA
THF

High performance liquid chromatography
light

Hertz
D-myo-inositol-1,4,5-triphosphate
Infrared (spectrum)

Lithium tri-sec-butylborohydride
Multiplet or medium

Mass

m-Chloroperoxybenzoic acid
Methyl

minutes

Mole

Melting point

Mesyl (methanesulfonyl)
N-Bromosuccinimide
N-Methylmorpholine N-oxide
Nuclear magnetic resonance
Oxidation

p-Bromobenzoyl

Pyridinium dichromate

Phenyl

Benzene
L-a-Phosphatidyl-D-myo-inositol-4,5-biphosphate
Protein kinase C
p-Methoxybenzyl

Polyphosphoric acid

Parts per million

Polyphosphoric acid trimethylsilyl ester
Pyridine

Singlet or strong

Triplet

Tetrabutylammonium fluoride
tert-Butyldimethylsilyl
Trifluoromethanesulfonyl
Trifluoroacetic acid
Tetrahydrofuran

XXVi



THP
TLC
TMS
Ts
TsOH

Tetrahydropyranyl

Thin layer chromatography
Trimethylsilyl
p-Toluenesulfonyl (tosyl)
p-Toluenesulfonic acid
Weak

Charge

Heat at reflux

XXVii



CHAPTER ONE

The First Twenty Years of Indolocarbazole

Natural Products Chemistry

1.1 Background and Introduction.

1.1.1 Isolation and Biological Activity.

In 1977 O mura and co-workers reported that a novel alkaloid, isolated
from Streptomyces staurosporeus, possessed strong hypotensive properties as
well as broad spectrum antifungal activity." The structure of this alkaloid,
originally named AM-2282 (1), was elucidated by single crystal X-ray analysis,
and shown to possess an indolocarbazole subunit wherein the two indole
nitrogens are bridged by glycosyl linkages (see Figure 1.1.1).2 Following the
structure elucidation, AM-2282 was renamed staurosporine (1), and became the
first of over 50 compounds to be characterized in this new family of alkaloids,

possessing the novel indolo[2,3-a]carbazole subunit.>

Figure 1.1.1

MeO

(+)-Staurosporine (1)



In 1985 Sezaki reported the isolation and structure of the first example of
a furanosylated indolocarbazole, SF-2370 (2).* A year later Kase described the
isolation and complete structure elucidation of K252a (2), a compound identical
to that isolated by Sezaki, along with three structurally related compounds

K252b-d (3-5) as shown in Figure 1.1.2.°

Figure 1.1.2
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Kase found these compounds to be potent inhibitors of protein kinase C
(PKC), with K252a possessing the greatest inhibitory power (ICsg = 32nM). In
the same year Tamaoki reported that staurosporine also inhibits PKC but with a
slightly higher affinity (ICsg = 2.7nM).® Following the discovery of potent kinase
inhibitory activity, the indolocarbazoles rapidly became the focus of several
investigations that have revealed their potential as chemotherapeutics against
canc;er,7 Alzheimer’s disease,8 and other neurodegenerative disorders.®

Following the isolation of staurosporine and the K252 compounds, many
new indolocarbazoles have been discovered and found to possess a wide range
of structural features as well as biological profiles. In 1989, Tsubotani described
the isolation and structure determination of TAN-1030a (6), a compound having
macrophage activating properties.”® TAN-1030a, along with many interesting

minor metabolites, has been independently isolated by Fredenhagen, from the

staurosporine producing strain Streptomyces longisporoflavus.’
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Isono reported the discovery of the uM PKC inhibitor RK-286¢ (7), a minor
metabolite produced along with staurosporine by Streptomyces sp. RK-286 in
approximately a 1:4 ratio.”® In 1994 McAlpine reported the isolation and structure
of MLR-52 (8), a very minor metabolite co-produced with staurosporine by
Streptomyces sp. AB 1869R-359 (1:375) possessing immunosuppressive activity
(IC50=1.9 nM)."®

As illustrated in Figure 1.1.4, the indolocarbazoles isolated to date are a
structurally diverse family of natural products. The various types of aglycons can
be classified into four groups. These include: A) the parent indolo[2,3-
a]carbazole nucleus, such as that found in tjipanazole F2 (10); B) an imide, as in
rebeccamycin (9) and arcyriaflavin D (11); C) hydroxy lactams, as in the UNC
compounds (e.g., 12a,b); and, D) simple lactams, such as those found in 13 and
RK-1409B (14). In all of these aglycon types, substitution (i.e., halides, ethers,
phenols) at various positions on the aromatic heterocycle has been observed.
Another source of the diversity of these compounds is the manner in which the
aglycon is attached to the carbohydrate portion. Again this mode of attachment
can be classified into four sub-groups. These include: A) compounds
possessing no carbohydrate, such as 11; B) molecules having a single indole N-
glycosidic linkages as in 9 and 10; C) pyranosylated indolocarbazoles with two

indole N-glycosidic linkages (e.g., 12a,b and 14); and, D) furanosylated



indolocarbazoles with two indole N-glycosidic linkages (e.g., 13). The
synthetically most challenging sub-groups of indolocarbazoles are the
cyclofuranosylated  [e.g., K252a(2)] and cyclopyranosylated [e.g.,

staurosporine(1)] congeners.

Figure 1.1.4
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1.1.2 The Importance of Protein Kinase C Inhibitors.

1.1.2.1 Introduction: What is PKC and How Does It Function?



Protein kinase C (PKC) is a family comprised of at least eight
serine/threonine specific kinases that are approximately 77 kD in size. The
importance of PKC in regulating signal transduction pathways and ultimately
cellular response has been well-established.™ Activation of PKC occurs through
a series of events that begins with specific binding of an extracellular agonist to a
cell surface receptor. This binding event results in activation of phospholipase C
which then cleaves inositol triphosphate (IP3) from phosphatidylinositol-4-5-
biphosphate (PIP2) and leaves behind a molecule of 1,2-diacylglycerol (DAG) in
the membrane (see Figure 1.1.5). Binding of the liberated IP3 to intracellular
receptors in the endoplasmic reticulum initiates the release of Ca(ll) into the
cytosol. The released Ca(ll) in conjunction with DAG activates membrane
associated PKC which, in turn effects ATP-dependent catalytic phosphorylation
of serine/threonine residues on substrate proteins. Phosphorylation ultimately
results in various cellular responses by modifying the function of rate limiting

enzymes and regulatory proteins implicated in numerous metabolic pathways.



Figure 1.1.5

Agonist O O
N N Me

(hormone)

| o)\
MeO,C""
Z¥ OH Tumor

Cell surface PKC Promotor

ks rhtt
LUBAT UL 1

e

I
.

(@~

PIP; Kinase
\ C

‘ Phospholipase C \ ATP

P

Ca(ll)

[Endoplasmic Reticulum]

[Physiological Response]

o)
%%
Phospholipase C 0 T T T T
0 ——————> HO diacyl glycerol (DAG)
o _POgH" OH ,POsH"
‘0P yoHO O POSH 'OzaHgi?ﬂo‘o'PosH_
ST 0 oH
L-a-Phosphatidyl-D-myo-inositol-4,5-biphosphate (PIP,) D-myo-inositol-1,4,5-triphosphate (IPs)
H,oN HoN
.y e
7 7
-9 9 0 o N N/) PKC Q 9 o N N/)
o—e—o—e—o—e—ow ‘o—&o—e—o«(_\/’
0 O © . o 0 S
HO  OH HO  ©OH
ATP PROTEIN PROTEIN ADP
“0-P=0
-0



1.1.2.2 The Indolocarbazoles

The indolocarbazoles K252a and staurosporine, which are the most
powerful PKC inhibitors isolated to date, presumably act by occupying the ATP
binding site and thereby prevent protein phosphorylation. Unfortunately, this
mode of PKC binding results in the relatively non-selective inhibition of several
kinases. The preparation of indolocarbazole derivatives possessing selectivity
toward specific malfunctioning kinases associated with a disease state would be
a solution; thus, an efficient and general synthetic route to the indolocarbazoles

is desirable.

1.2 Biosynthesis of Indolocarbazoles.

1.2.1 Biogenesis of the Indolocarbazole Nucleus.

In 1988, Cordell and Pearce independently reported the first direct studies

of indolocarbazole biosynthesis."'®

These investigations focused on
staurosporine (1) and rebeccamycin (9), respectively.  Through feeding
experiments using L-[5-3H]tryptophan, L-[p-14C]tryptophan, and DL-[a-
13CJtryptophan, both groups independently concluded that the aglycon portions
of the natural products were derived from two intact tryptophan units with a slight
preference for incorporation of the L stereoisomer. Recent work by Cordell has
shown that in fact the tryptophan (16) utilized in the aglycon biosynthesis is
produced by Streptomyces staurosporeus from D-glucose (15), presumably via
the shikimic acid pathway."” Furthermore, through a feeding experiment with

(15NH4)2S04, the imide nitrogen in rebeccamycin was not obtained from



tryptophan. Pearce suggests the intermediacy of 3-indolepyruvic acid (17), since

the conversion of 16 to 17 is precedented (see Scheme 1.2.1).

Scheme 1.2.1
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As shown in Scheme 1.2.2, Steglich suggested an interesting biosynthetic
scheme for the Arcyria bis-indolylmaleimide fungal metabolites, a class of
alkaloids structurally related to the indolocarbazoles.’® Synthetic derivatives of
these natural products have been utilized as intermediates in numerous
indolocarbazole synthetic approaches (vide infra). The proposed biosynthesis
begins with the dihydroarcyriarubins (19), presumably derived from tryptophan,
which upon oxidation to the maleimide lead to the arcyriarubins (20a). As the
proposed common biosynthetic intermediate, oxidative cyclization of the
arcyriarubins (20a) would lead to 7-oxo-staurosporinone derivatives known as the
arcyriaflavins (21a) or to the arcyriacyanins (24). Alternative oxidative pathways
lead to the arcyriaverdins (i.e., 20a—23), arcyroxindoles (i.e., 20a—22), and the

arcyroxocins (i.e., 20a—25).

Scheme 1.2.2
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1.2.2 Biosynthesis of Indolocarbazole Carbohydrates

The carbohydrate precursor to rebeccamycin has been shown to be D-
glucose and the O-methyl group is derived from L-methionine. Likewise, the
staurosporine carbohydrate unit is derived from D-glucose and the N- and O-
methyl groups arise from L-methionine. Interestingly, the results from a feeding
experiment employing [U-2H7]-D-glucose (26) suggest a dehydration event
occurs at C-6 of glucose wherein a C-4 to C-6 (glucose) hydrogen transfer

affords the fully labeled 2’-CDg3 staurosporine (26—27—28—30, see Scheme
1.2.3).
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Hoehn reported the isolation of 29 from a blocked mutant (M14) of the
staurosporine producing strain Streptomyces longosporoflavus.'® By co-
fermentation and bioconversion studies it was found that O-methylation is the last
step in staurosporine biosynthesis, thus 29 is the direct precursor to

staurosporine.

1.2.3 Fredenhagen’s Proposed K252a Biosynthesis.

Over the past two years Fredenhagen has reported the isolation of a
number of interesting minor metabolites (e.g., 31, 32, and 13) along with the
major isolate, staurosporine, from Streptomyces longisporoflavus.?® In analyzing
these molecules a proposed biosynthetic scheme has been set forth, including
the biosynthesis of K252a (see Scheme 1.2.4). Central to Fredenhagen’s
postulate is the oxime TAN-1030a (6), which is presumably derived from
methoxy ketone 31. It is thought that oxidation of oxime 6 leads to nitro

derivative 32, while a series of events including ring contraction leads ultimately

10



to K252a (e.g., 6—533—2). The interesting ring contraction of oxime 6 to amine

33 has been demonstrated in the laboratory (conditions in parenthesis).?’

Scheme 1.2.4
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1.3 Synthetic Studies
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1.3.1 Syntheses of the Indolo[2,3-a]carbazole Nucleus.

A number of approaches to the synthesis of the indolo[2,3-a]carbazole
nucleus have been described and are summarized in Scheme 1.3.1 based on the
key bond formations, type of structure synthesized (aglycon), and research

group. In the following section each method is presented in greater detail.

Scheme 1.3.1
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1.3.1.1 Early Indolocarbazole Efforts.
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The synthesis of indolocarbazole 36, a derivative of the parent indolo[2,3-
aJcarbazole (38), was accomplished in 1956, long before the isolation of
staurosporine.? Tomlinson  reported that the condensation of
tetrahydrocarbazole 34 with acyloin 35 followed by dehydrogenation produced
the indolocarbazole 36, but that attempts to access the parent structure via an
analogous approach failed. Subsequent to this result, Bhide,>® Mann,?* and later
Moldenhauser® developed a double Fischer indolization of 37 or 35 to provide

upon oxidation indolocarbazole 38 directly.

Scheme 1.3.2
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1.3.1.2 Winterfeld’s Approach to Staurosporinone.?®.?’

Interest in the indolo[2,3-a]carbazoles waned until 1977 with the discovery
of Staurosporine (1). In 1983 Winterfeld disclosed pioneering work in the
revitalized indolocarbazole area by describing the first synthesis of K252¢ (4a,
Scheme 1.3.3). The preparation of lactam 40 was accomplished by
intramolecular aldol reaction of ketoamide 39 followed by titanium-mediated
deoxygenation. Photolysis of 40 resulted in an oxidative photocyclization that
forged the indolocarbazole 4a. This reaction has been subsequently utilized by

numerous groups for constructing the 2,2’-bis-indole bond. Winterfeld recently

13



reported a modified version of this approach which allows access to a

regioselectively modified staurosporinone (e.g., 41—42, Scheme 1.3.3).

Scheme 1. 3 3
H
N_o
1, ACQO DMAP hy
" 3T
2 Tich TiCl,
3. NaHCO4 (65% yield) N N
(29% vyield)

4a

1.3.1.3 Magnus’ Approach.?®

Shorly after Winterfeld’'s report, Magnus and Weinreb published two
approaches to selectively protected staurosporinones. Magnus described an
intramolecular Diels-Alder cycloaddition of indole-2,3-quinidomethane 46 as the
key step in his approach to staurosporinone (see Scheme 1.3.4). Acylation of
imine 45, readily prepared by condensation of tryptamine derivative 43 with 2-
aminostyrene (44), produced indole-2,3-quinidomethane 46 (in situ) and initiated
an efficent intramolecular Diels-Alder reaction. Oxidative work-up with DDQ then
furnished indolocarbazole 47. Removal of the phthalimide protecting group on
47 followed by acylation afforded bis-protected staurosporinone 48. Interestingly,
the indoles could be selectively deprotected (e.g., 48—49 or 48—50, Scheme
1.3.4) to potentially allow for the regioselective introduction of a carbohydrate

moiety.
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Scheme 1.3.4
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1.3.1.4 The Weinreb Approach.?

Weinreb utilized a protocol for the preparation of bis indolyl maleimides
developed by Steglich to provide maleimide 20b from indole-Grignard 51 and
imide 52a. Oxidative cyclization of 20b with DDQ gave N-benzyl imide 21b and
provides an alternative to Winterfeldt's photochemical cyclization. Finally,
desymmetrization of 21b was accomplished by Clemmensen reduction to afford

lactam 4e.

Scheme 1.3.5

15



DDQ, TsOH,
©\/§ THF/HMPA PhH
(54% yleld) (87% yield)

MgBr

Zn(Hg)
HCI/EtOH
71% yield

1.3.1.5 The Kaneko/Clardy Approach.*

In 1985 Kaneko and Clardy also utilized a variation of the Steglich
methodology to provide protected maleimide 54 (Scheme 1.3.6).
Photocyclization of 54 produced a selectively protected aglycon of rebeccamycin
(18b). In addition, they utilized a [4+2] cycloaddition of biindole 55 and imide 56a

to prepare the same compound.

Scheme 1.3.6
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1.3.1.6 Bergman'’s First Approach.*'

These early reports were followed by a flurry of others. Bergman
described an interesting biomimetic synthesis of indolocarbazole 21b, wherein an
iodine mediated trianion dimerization of indole acetic acid (57) to furnish diester
58 serves as the key feature (see Scheme 1.3.7). Subsequent oxidative

cyclization using the conditions of Weinreb provided 21b.

Scheme 1.3.7
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1.3.1.7 The Bergman and Gribble Methods.*

Bergman and Gribble, in a variant of the Bhide and Mann syntheses of
indolo[2,3-a]carbazole (38, see Scheme 1.3.2), independently developed an
approach to imides 21a,c which relies on the double Fischer-indolization of

osazone 60. As demonstrated by Bergman, this process allows facile

Scheme 1.3.8
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preparation of numerous analogues by alteration of the imide protecting group
and type of hydrazine used in osazone formation. Additionally, Gribble has
reported a short, albeit modest yielding, synthesis of 21a,c (R=H, Me) from
commercially available tetrahydrophthalimide 61a,b in only two steps (see

Scheme 1.3.9).

Scheme 1.3.9
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1.3.1.8 Raphael’s Approach.*

In 1990 Raphael and Moody reported two new staurosporinone
syntheses, both of which were based on Diels-Alder methodology and nitrene
insertion chemistry. Raphael utilized an intermolecular Diels-Alder reaction to
forge bonds a and b (Scheme 1.3.10). Reaction of numerous dienophiles with
diene 64 following dehydrogenation afforded triaryl products such as 65a and
65b. In an initial attempt, 65b was reduced and cyclized in good yield to afford
lactam 4e, a compound previously prepared by Weinreb and Bergman.
Importantly, Raphael described the frustration of having to devise a new strategy
because the benzyl protecting group was resistant to cleavage under all
conditions  attempted. Thus, 65a was prepared from dimethyl
acetylenedicarboxylate (63) by Diels-Alder reaction with diene 64 followed by
aromatization, anhydride formation, and aminolysis. A high yielding reduction
with NaBH4/Et3SiH produced lactam 66a which, unfortunately, formed an

inseparable complex of 4a and triphenylphosphine oxide upon nitrene cyclization.
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Thus, protection of lactam 66a followed by deoxygenation and hydrolysis
ultimately led to staurosporinone (4a).

Scheme 1.3.10
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1.3.1.9 The Moody Approach.*

The Moody synthesis centered on the utilization of pyranoindolone 70 to
control an intramolecular Diels-Alder reaction with subsequent aromatization to
carbazole 71 by loss of CO2 and air oxidation. Nitrene formation by
deoxygenation with triethylphosphite afforded K252c (4a). Interestingly,
intermediate 71 provides an opportunity to differentiate the indole nitrogens and,
as in the Magnus approach (see Section 1.3.1.3), again could allow for

regioselective introduction of a carbohydrate.
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Scheme 1.3.11
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1.3.1.10 The Kirilovsky Modification of the Weinreb Method.

Simple modification of Weinreb’s oxidative cyclization approach to
indolocarbazole 4e (see Section 1.3.1.4) via anhydride 72 followed by aminolysis

and reduction allowed for the preparation of K252c (4a, see Scheme 1.3.12).%

Scheme 1.3.12
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1.3.1.11 The [4+2] Cycloaddition Approach.

Since the pioneering work of Kaneko and Clardy, a number of groups
have investigated the [4+2] cycloaddition of biindoles (73) with various
dienophiles. Outlined in Scheme 1.3.13, this direct method has met with very
limited success (yields range between 0-30%). The highest yields to date have

been reported by Somei (e.g., 56d+73—21d), and are highly dependent on
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reaction conditions and substrates.®®* Wallace*” and Bergman®® have also
reported many difficulties associated with this approach, and even attempts to
lock the biindole substrate into an s-cis configuration by either a carbonyl or ethyl

bridge have met with modest success.

Scheme 1.3.13
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1.3.1.12 The Danishefsky Approach.*

The goal of the total synthesis of rebeccamycin and staurosporine guided
Danishefsky in his approach to the synthesis of the indolocarbazole nucleus. In
general, the approach relied on glycoslyation of bis-indolyl maleimide
intermediates, followed by a photocyclization similar to that employed by
Winterfeld (Section 1.3.1.2). Danishefsky also attempted to reduce maleimide
intermediates selectively to allow for stepwise, regioselective formation of the
indole-N-glycosidic linkages. Reasonable success was achieved using the indole
anion (e.g., 74b) as an electron donating substituent to relay information to the
imide portion of the molecule (see Scheme 1.3.14, 74a—75). However, the
ultimate utilization of this regioselective strategy (i.e., staurosporine synthesis)
was unsuccessful due to the susceptibility of lactams such as 75 and 77 to
oxidize under basic conditions coupled with problems of protecting group

incompatibility.

Scheme 1.3.14
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1.3.1.13 McCombie’s Approach.*

Influenced by the desire to prepare indolocarbazole analogs for biological
testing, McCombie developed a novel method for introducing the imide moiety
into the basic indolo[2,3]carbazole skeleton (Scheme 1.3.15). Two step
cyanation of furanosylated indolocarbazole 78 was followed by hydrolysis to
imide 80. This approach proved amenable to the preparation of numerous

structural analogs.

Scheme 1.3.15
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1.3.1.14 The Prudhomme Degradation.*’

Prudhomme has developed a simple degradation of rebeccamycin (9) to
staurosporinone (4a). Imide reduction followed by carbohydrate cleavage
afforded 81, which upon dechlorination in the presence of palladium gave rise to

K252c (4a, see Scheme 1.3.16).

Scheme 1.3.16
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1.3.1.15 Recent Modifications.
Recently, a number of improved procedures and modified syntheses of

indolocarbazole 4a based on one or more of the above strategies have

appeared. Hill reported the palladium-mediated cyclization of maleimide 20a to

afford imide 21a, which was reduced using LiAlH4 followed by treatment with

Scheme 1. 3 17
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palladium to complete the synthesis of 4a (Scheme 1.3.17).*? Lown reported the
sequence shown in Scheme 1.3.18,*® which improves the Kirilovsky synthesis of
anhydride 72, and Lilly’s process division has improved the preparation of

maleimide 20a by employing dichloromaleimide (83, see Scheme 1.3.19).%*

Scheme 1.3.18

N
1. BnNH DCC, 0) 9]
B’  Br O () O 2. ho, I
82 N N (80% yield)

MgBr H 200 H
(59%yleld)

: ﬁ 3
72% yield)
MgBr
20a i

Scheme 1.3.19

51

In an alternative approach, Sasaki and Sekimizu reported the novel
coupling of 85 and 52d for the preparation 21e (Scheme 1.3.20).45 Biindole 85 is
prepared in three steps by reduction of indigo (84), making this approach

amenable to large-scale synthesis.

Scheme 1.3.20

1. PhMger GH(Me)Ph
) CHM Ph N
O 1. NH,NH,, NaOH, Ac OAc " ° ©
(L~ e MO O s )
52d
o Faldon¥ss
o 3. ZnCly, A0 3. DDQ, TsOH N N
84 (38% yield) (63% yield) H H
85 21e
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Finally a group at Bayer reported a modification of the Raphael approach

to afford 4d (Scheme 1.3.21).%

Scheme 1.3.21

M Me
N N
U 1. 120 °C 0 0
2. DDQ
R
O v O e () )
NO,  O,N

PMB

1. PPhg, collidine
2. KOH, EtOH, H20

O e )
(48% yield) O O 2. Zn(Hg), HCI O O

EtOH
(57% yield)

1.3.2 The Synthesis of Carbohydrates for Indolocarbazole Synthesis.

Prior to this investigation, only a limited number of approaches had been
developed for the synthesis of complex carbohydrate intermediates slated for use
in the total synthesis of K252a (2) or staurosporine (1). These approaches are

summarized below.

1.3.2.1 Weinreb’s Preparation of the Staurosporine Monosaccharide.29

In 1984 Weinreb reported the synthesis of the aminohexose portion of
staurosporine via an N-sulfinyl Diels-Alder [4+2] cycloaddition. As shown in
Scheme 1.3.22, cycloaddition of diene 86 and benzyl sulfinylcarbamate (87)
formed a mixture of diastereomeric sulfoxides which were oxidized to the sultam

(88) and then converted to acetal 89. Olefin 89 was diastereoselectively
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epoxidized with trifluoroperacetic acid to 90. Hydrolytic-reductive opening of
epoxide 90 followed by olefin cleavage afforded keto-acetal 91, a suitable

synthon for the staurosporine carbohydrate.

Scheme 1.3.22

o)
= s 1. PhH, 25 °C S0, 1. HOAc, H,0 S0,
N 2. m-CPBA N 2. PDC, CH,Cl, )
~CO,Bn > 7~ "COzBn > " "CO,Bn
82% yield : 3. (MeO)3CH, HCI :
87 ( oYl ) ( MeC))SH OMe
86 OTBS 88 OTBS 89
(65% yield) OMe
M
. ®Q 0. _oMme
CF3CO3H 280, 1. KH, Me,SO, Me
CH,CI 0 ! 2. LiOH, THF, H,O
2v12 N\ MeO
— ~>CO,Bn > e
KoHPO = 3. NaH, Me2804 _NH
20 °C OMe 4 RuO, StMe _
o/ vi aurosporine
(65% yield) g0 OMe monosaccharide

1.3.2.2 Danishefsky’s Staurosporine Glycal Precursor.3%

In the first total synthesis of staurosporine, Danishefsky utilized glycal
epoxide 94 as the glycosyl donor. Glycal 92, a derivative of L-glucal, was
converted to oxazoline 93 by a modified Schmidt reaction. Conversion to
oxazolidinone 76 proceeded under standard conditions, and finally treatment with

Murry’s reagent provided the glycal epoxide (94, Scheme 1.3.23).

Scheme 1.3.23

26



TIPSO 1 Nan TIPSO

| 1. TsOH, H,0
o) 2 Cl3CCN e 2 NaM
J/\J 3. BFyOEt, ]
3. NaH, BOMCI
HO 78% yleld O"N 4. TBAF
5. NaH, PMBCI
92 ClsC o3 (42% yield)
PMBO PMBO
0 O . O
J%J K}
o) o)
}_N CH,Cl,, 0 N
o BOM o BOM
94

1.3.2.3 The Bayer Synthesis of the K252a Carbohydrate.46

Subsequent to our publication of the total synthesis of K252a, a group at
Bayer reported their synthesis of the K252a carbohydrate. Rubottom oxidation of
acetoacetate 95 followed by reductive ozonolysis and acid mediated cyclization

produced the racemic dimethoxy furanose [(+)-97].

Scheme 1.3.24

o 0 1. TBSOTF, Et;N 0O o 1. O3, CHyClp, -78 °C
2. mCPBA 2. MeS,-78°C525°C MeQ o e
OMe 3 TBAF, THF 5 9 OMe 3. CSA, MeOH _ e
(53% yield) y (53% yield) MeO,C” iy
95 96 (+)-97
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1.3.3 Methods Describing the Combination of Carbohydrate and

Indolocarbazole.

1.3.3.1 Synthesis of Indolocarbazoles Possessing a Single Indole-N-

glycosidic Linkage.
1.3.3.1.1 The Kaneko/Clardy Synthesis of Rebeccamycin.30

The first example in the literature of a coupling reaction between an
indolocarbazole and a complex carbohydrate was carried out by Kaneko and
Clardy in their synthesis of the antitumor indolocarbazole glycoside rebeccamycin
(see Scheme 1.3.25). Koenigs-Knorr coupling of aglycon 18b with bromo

pyranose 98 occured in the presence of Ag20 to form rebeccamycin (9) in 30%

yield, upon deprotection of the imide and carbohydrate.

Scheme 1.3.25

oN_o OAc O
oo ) ()
O 98 " Aco “Br N N
> Gl o Cl
OH

2. Hy, Pd

cl Cl 3. NH3
18b (30% yield) HO
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1.3.3.1.2 The Danishefsky Synthesis of Rebeccamycin.3%
In 1993 Danishefsky reported the application of glycal epoxide chemistry
to the synthesis of indolocarbazoles by developing the method to include the

preparation of indole-N-glycosides and improving the synthesis of

Scheme 1.3.26

1. NaH, THF
2. 3 equiv BnO
100 Meé?]o%%
3. reflux, 8h ©
(48% yield)
CHZ0Bn ’
o=N_o0 o=N_o0
1. Pd(OH)y, H O
1. TBAF 2, M2
2. ho, cat. I O O O 2. NH THF O O
_—
N N 72% yield N N
(47%yield) o H 8 (72%yield) ' H o s
O/ oH OH
BnO HO
"Meo O8N MeO OH
102 9

rebeccamycin (9). It was found that indoles were stronger glycosyl acceptors
than indolocarbazoles. Thus, base induced coupling of selectively protected
maleimide 99 with epoxide 100 furnished glycoside 101 in 48% yield.
Deprotection of the SEM group, photocyclization, careful hydrogenolysis with
Pearlman’s catalyst, and finally ammonolysis (i.e., 101—->102—9, Scheme 1.3.26)

yielded rebeccamycin (9) in 34% yield.
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1.3.3.1.3 The Bonjouklian/Moore Synthesis of Tjipanazole E and Van

Vranken’s Synthesis of (+)-Tjipanazole F2.

Total synthesis of tjipanazole E (105) was accomplished by Bonjouklian
and Moore by base-mediated glycosidation of dichloroindolocarbazole 103 with

bromo pyranose 104.*

Scheme 1.3.27

1. NaH, CH3CN Cl cl
2. AcO O
cl cl Ai\oo&&1
O O 104 07 20 er NN
NN

3. NH3, MeOH 07 oH

H H

o) i
(1.5% yield) HO

103
Ho OH

105

Recently, Van Vranken developed an interesting and selective method for
dissymmetric tjipanizole synthesis (see Scheme 1.3.28).®  Acid-mediated
cyclization of bis-indole 106 provided the indoloindoline 107, which was
selectively brominated and glycosylated to afford glycoside 108 as a 1:1 mixture
of diastereomers. Oxidation of 108 with DDQ followed by halogen exchange
provided (+)-tjipanazole F2 (10).

Scheme 1.3.28
1. NBS, DMF
\ /TFA25C O O
(97% yield) N N 2. D-Xylose,
H MeOH, A
07 (82% yield)

O 0 PNy SVl
\
N N 2. CuCl, DMF N

H Q (83% yield) Q

108 10



1.3.3.2 Synthesis of Indolocarbazoles Possessing a Double Indole-N-

glycosidic Linkage.
1.3.3.2.1 Weinreb/McCombie Glycosidation Studies.29.40

The earliest preparation of an indolocarbazole possessing a double indole-
N-glycosidic linkage was reported by Weinreb in a model investigation. Furan

109 was coupled to aglycon 4e under acid catalysis. This

Scheme 1.3.29

|
I|3n N_o
N_o
MeO— O« OMe O
o BT O
———
N N
N N TsOH, CH,Cl, N,
H H H‘U"H
de 110
(410 W,
H H CSA, C,H,Cly O
38 A N g N
—_—
MeO o HiC'"
OMe 60% yield
HsC MeO,C
112
MeO,C 1:1 mixture

cycloglycosidation approach was more fully investigated by McCombie, who
discovered that improved vyields could be obtained by slow addition of the
carbohydrate to the indolocarbazole in dichloroethane at reflux. Importantly,
McCombie investigated the coupling of more fully functionalized carbohydrates
with indolocarbazoles. Although early reports suggested that the coupling
remained a high yielding process, carbohydrates such as 111 resulted in the

formation of a 1:1 mixture of diastereomers (112).
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For the pyranosylation of the indolocarbazole nucleus, a two step acid-
catalyzed procedure was also developed by McCombie, but resulted in only
moderate yields (e.g., 38+113—>114, Scheme 1.3.30).*° Finally, an attempt to
access this class of compounds by ring expansion of a furanosylated
indolocarbazole led to skeletal rearrangement rather than the desired pinacol

rearrangement (e.g., 115—116).%°

Scheme 1.3.30
1. TsOH, CH,Cl,

Criy =0 m

H H 2. BF3 OEt2
38 t-BuyPy
(20% yield)
BF3-OEt;
CHCI
90% yield)
O\C O O

116
115

1.3.3.2.2 The Danishefsky Synthesis of (+)- and (-)-Staurosporine.

As part of his pioneering effort in the development of glycal epoxide
chemistry, Danishefsky devised an approach to staurosporine.3% Specifically,
epoxidation of glycal (-)-76 and reaction with maleimide 117 formed one of the
indole N-glycosidic linkages. Cyclization of maleimide 118 and exo glycal
formation set the stage for the critical second glycosidation. Treatment of olefin
119 with iodine and t-BuOK followed by radical dehalogenation provided the
pyranosylated indolocarbazole 120 in 64% yield. Protecting group removal and
methylation were achieved as shown in Scheme 1.3.31 (i.e., 120—»121). Finally,

reduction of imide 121 provided a 1:1 mixture of 1 and 122.
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Scheme 1.3.31
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2 PMBO 0-0
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!
()76 BOM GH,Cl,, 0 °C
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(47% yield)
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: X O O 2. BuSnH, AIBN
> —_—

4. hv, I, air N N (64% yield)
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6. DBU, THF -

(28% yield)

1. Pd(OH),, Hy
then NaOMe, MeOH
2. BOC,0, DMAP

1. NaBH,
3. NaH, BOMCI

2. PhSeH, TsOH

4. Cs,CO3, MeOH (78% yield-
g. ’\é,adl?(,)l\|-/||)923H04 H3C\\‘ 1:1 mixture)
. 2, 12
then NaOMe, MeOH ~ MeO
7. TFA, CH,Cl, HN.
(40% yield) Me
121

Y

1.3.3.2.3 The Bayer Synthesis of (t)-K252a.46

Subsequent to publication of our synthesis, a group at Bayer reported an
identical approach to K252a. Cycloglycosidation of protected aglycon 4d and
furanose (+)-97 formed a 2:1 mixture of stereoselectively formed regioisomeric
indolocarbazoles (+)-124 and (+)-123. Deprotection of the major regioisomer by

treatment with TFA produced (+)-K252a (2).
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Scheme 1.3.32

PMB PMB
MeO OMe 1. separate
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(£)-97 HO ’COZMe MeOzC‘ OH
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CHAPTER TWO

The Design and Implementation of an Efficient Synthetic
Approach to Furanosylated Indolocarbazoles: The Total
Synthesis of (+)- and (-)-K252a.

2.1 Background.

2.1.1 Introduction.

In 1994, nearly 17 years after O mura’s discovery of staurosporine (1), we
embarked on a journey into the total synthesis of indolocarbazole natural
products. K252a was chosen as an initial target, owing to the interesting bis-N-
furanosyl attachment to the aglycon moiety, its potent biological activity, and its
relatively unexplored chemistry as compared to staurosporine. As described in
Chapter 1, K252a (2) was isolated in 1985 independently by Sezaki (originally
named SF-2370)" and a year later by Kase.? Kase described the complete

structure elucidation of K252a by single crystal X-ray analysis (Figure 2.1.1) as

well as the ability of 2 to inhibit PKC with nanomolar affinity (IC59 = 32nM).

Figure 2.1.1
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(+)-K252a (2)
(a.k.a. SF2370)

2.1.2 K252a Retrosynthetic Analysis.

In planning a synthesis of K252a, the single-step cycloglycosidation
developed by Weinreb and McCombie (Section 1.3.3.2.1)° was viewed as the
most efficient approach (i.e., 2=4+97, Scheme 2.1.1), especially if the regio- and
stereochemical issues associated with coupling a fully functionalized furanose
could be addressed. Thus, the synthetic design was based on this most
simplifying disconnection and the preparations of a selectively protected aglycon
(e.g., 4) and an appropriate furanose (e.g., 97) were considered. Although one
of the known approaches to 4 could possibly have been modified so as to deliver
protected derivatives, the development of a novel protocol was sought that would
be both efficient and amenable to installing a variety of protecting groups at the
lactam nitrogen. The latter was viewed as a particularly important design feature
given the likelihood of having to screen the suitability of several protecting

groups.*

Scheme 2.1.1
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2.2 Synthesis of K252c and Aglycons 4b-e.

2.2.1 Synthesis of K252c (4a): A First Generation Approach.

With several design features in mind, a first generation strategy toward
aglycon 4 emerged (Scheme 2.1.1). This approach called for late stage cyclo-
furanosylation (e.g., 4+97—2) and palladium mediated C-N bond formation in the
carbazole synthesis (e.g., 125—4). Diels-Alder cycloaddition of indole-
pyrrolidone 127 with acetylene 126 was envisioned to be the first critical step. As
a prelude to this approach, the carbazole forming reaction was investigated
rather extensively in a model system. In accord with Kosugi’s protocol, a tin
amide (R-NH-SnBus) was initially explored as the substrate;®> however, under
certain conditions ring closure occurred in the absence of tin.° Thus, carbazole
could be produced in up to 80% yield (e.g., 130’—131, Scheme 2.2.1) using
Pd(PPh3)4 (1.1 equiv), NaxCO3 in toluene at reflux for 4 hours. Reactions
employing catalytic amounts of Pd (5 mol%) resulted in the formation of

carbazole (ca. 60%) but only after prolonged reaction periods (5 d).
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Scheme 2.2.1
|
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Having established the feasibility of forming a carbazole using Kosugi's
reaction, efforts turned toward preparing the actual substrate (4) and
investigating an approach to diene 127 that called for coupling of stannyl indole
129° to a halopyrrolidone 128 (X = Br, 1).° Unable to effect the Stille coupling of
128 and 129, alternative strategies were considered. Particularly interesting was
a report from 1935 describing the preparation of ethyl 3-indoleacetate via

coupling of indole with ethyldiazoacetate in the presence of Cu metal."

In
investigating this as an approach to diene 127, known diazotetramic acid 132a'?
was found to undergo smooth conversion to the elusive diene 134 when exposed
to Rha(OAc)4 and indole (133) in benzene at reflux (65% yield, Scheme 2.2.2)."

Scheme 2.2.2

ZT

Rhy(OAG), - /0
;I (@ benzene, 80 °C HO
65% yield 4

132a 134 N

Difficulties encountered in advancing diene 134 to carbazole 125 by a
Diels-Alder strategy led to a re-evaluation of the approach. Eventually it was
recognized that a similar diazo addition reaction, using 2,2’-biindole as substrate,
might produce a product that, upon electrocyclization/dehydration, would furnish

K252c¢ directly (e.g., 132a+73—4a, Scheme 2.2.3)."

Scheme 2.2.3
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2.2.2 Synthesis of K252c (4a), Second Generation Approach.

In accord with the revised plan, 2,2’-biindole (73) was prepared from
oxaltoluidide 137 via a double Madelung cyclization, according to an excellent

procedure recently published by Bergman (Scheme 2.2.4).14f Initial attempts to

Scheme 2.2.4

2. NH4CI

0 1. KOtBu
N g NN
o M H H
137 73

80% yield

implement this revised approach by reacting diazo lactam 132a with biindole 73
under conditions identical to those used for the preparation of diene 134
produced trace amounts of a substance possessing 'H-NMR resonances in
accord with K252c. Given this glimmer of hope, considerable effort was
expended optimizing the reaction conditions. Guided by the observation of what
appeared to be benzene C-H insertion products and the fact that biindole 73

appeared only sparingly soluble in benzene, several non-reactive solvents
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Scheme 2.2.5

benzene, 80 °C 3% yield

pinacolone, 120 °C 25% yield
sealed tube
degassed with Ny

were screened. In the event, solvents typically employed in rhodium carbenoid
reactions (i.e., chloroform, methylene chloride, hexafluorobenzene, 1,2-
dichloroethane, xylenes, toluene and chlorobenzene) were ineffective at
dissolving the substrate. However, when less traditional solvents such as ethyl
acetate and acetone were employed, a striking increase in the amount of
substrate solubility was noticed along with an appreciable increase (3%<J15%) in
the production of aglycon 4a. Reasoning that the carbenoid may be interacting
unfavorably with the medium (e.g., carbonyl ylide formation), the use of more
sterically encumbered carbonyl containing solvents was explored . In addition,
the observation that exposure to air resulted in darkening of the reaction mixture
led to implementation of more rigorous deoxygenation methods. In the end,
changing the solvent to pinacolone and degassing with N2 prior to conducting the
reaction in a sealed tube at 120 °C had a profound effect on the yield of K252c

(now isolated in 25% yield, see Figure 2.2.1).

2.2.3 Further Successful Carbenoid Additions to 2,2’-Biindole, Completion
of 4b-e.

As shown in Scheme 2.2.6, a series of diazo compounds were prepared
by the procedure used to produce diazolactam 132a. Thus, N-substituted glycine

esters 138b-e'° were exposed to DCC/DMAP-promoted coupling with ethyl
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hydrogen malonate followed by Dieckmann cyclization (NaOEt/EtOH) to produce
lactams 139b-e. A single-pot decarboethoxylation/diazo-transfer reaction was
effected by heating ester 139b-e in wet acetonitrile and then treating the cooled
reaction mixture (0 °C) with MsN3 and triethylamine.'2  The overall process
involves a single purification step, can be conveniently carried out on a 20 g
scale, and results in an approximate 50% overall yield of diazo lactams 132b-e

from 138b-e.
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Scheme 2.2.6

With ample quantities of lactams 132b-e and biindole 73 readily available,
the optimized reaction conditions were applied. Delightfully, introduction of the
amide protecting group appeared to influence the yield favorably, particularly in
substrates possessing benzyl type protecting groups (Scheme 2.2.7).
optimized sequence is highlighted by preparation of the 3,4-dimethoxybenzyl
protected aglycon 4c¢, which was produced in 62% yield (50% overall yield for the

o 1. HO,CCH,CO,Et,
)J\/H DCC, DMAP
EO N5 2. NaOEt, EtOH

t

138aR = H 70-80% yield CO,Et
138b R =t-Bu
138¢c R = 3,4-DMB
138d R = PMB
138¢ R = Bn
1. CH4CN, H,0
2. MsN3 EtsN No

— LT
139a R=H
139b R =t-Bu
139¢c R = 3,4-DMB
139d R = PMB
139e R =Bn

3 steps from o-toluidine)!

Scheme 2.2.7
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N_o
R

N_ o

j f 73, Rhy(OAc), O O O
—_—

(¢} N, degassed Pinacolone N N

120 °C H H
132aR=H sealed tube 4a R = H (K252¢, 25% yield)
132b R ={-Bu 4b R = t-Bu (40% yield)
132c R = 3,4-DMB 4c R = 3,4-DMB (62% yield)
132d R = PMB 4d R = PMB (55% yield)
132e R=Bn 4e R = Bn (58% yield)

In the initial studies, reactions had been performed on approximately 100
mg of biindole 73 in a sealed tube at elevated temperature using 10 mol%
Rho(OAc)4 and 3-4 equiv of the diazo lactam (i.e., 132¢). For the purposes of
the K252a synthesis this scale was quite suitable; however, since extending this
effort to staurosporine was expected to require multigram quantities of aglycon
4c,'® optimization efforts were continued. To this end, the reaction was
attempted at atmospheric pressure and reduced stoichiometry of the Rh(ll)
catalyst and diazo substrate. In the event, reaction of biindole 73, diazo lactam
132¢ (1:1 mol equiv), and Rhy(OAc)s (1.0 mol%) in degassed pinacolone at
reflux for 8h produced a 36% vyield of protected aglycon and 50% unreacted
biindole (72% yield based on recovered starting material). Typically this reaction
was run on 4.0 g of biindole 73 and produced 2.9 g of indolocarbazole 4c. In the
course of developing this improved large-scale procedure, a second isolable
product was observed (ca. 5-10% vyield) which, upon either heating in xylenes at
reflux or exposure to CSA, undergoes quantitative conversion to 4c. Tentatively
assigned as hemiaminal 140 based on spectral evidence, this product likely
forms from the initial adduct (135¢) and supports the stepwise process outlined in

Scheme 2.2.3.

Scheme 2.2.8
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2.3 The Synthesis of (*)-K252a.
2.3.1 Preparation of the K252a Carbohydrate (*)-13.
Prior to this investigation, there were no reported syntheses of the K252a

carbohydrate. Viewing furanose (+)-97 in an open chain form reveals keto-

aldehyde 141 and clearly presents methyl acetoacetate as an exploitable

Scheme 2.3.1
MeQO 0. OMe o O
H3C
Y H OMe
W OAc
MeO
e0C oy g
97 141

intermediate. Thus, an initial approach to carbohydrate (+)-97 began with the

Pb(OAc)s-mediated oxidation of methyl acetoacetate (142)'" followed by

prenylation to produce olefin 143 (31% yield). Surprisingly, reductive ozonolysis
and acid-promoted ring closure produced only two of the expected four

diastereomeric furanose products. Single crystal X-ray analysis

Scheme 2.3.2

50



MeQ [o) OMe

o O 1. 03 DMS HaCmk” 2
M 1. Pb(OAC)4 OMe - 3 \ 5
OMe 5 NgH, J OAc 2. p-TSA, MeOH  p60,c" DA
142 Prenyl-Br 143 (75% vyield)
(31% yield) (¥)144a a-5-OMe
(£)-144b B-5'-OMe
MeQ OMe
KO MeQ o OMe MeQ o pMe e
= we% | ORTEP  ORTEP
MeOH MeO,C" MeOC™ Haq
(74% yield) MeO,C OH OAc
(+)-97a a-5'-OMe
(+)-97 b p-5-OMe
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unambiguously established the structures to be C(5’) epimers 144a and 144b.
Removal of the acetate provided the cycloglycosidation substrate (+)-97.
Although not useful in the asymmetric synthesis, this approach was amenable to

scale-up and allowed rapid access to gram quantities of the furanose mixture.

2.3.2 Cyclofuranosylation of Aglycon 4c.

With ample quantities of the K252a carbohydrate and protected aglycons
in hand, investigation of the key cycloglycosidation commenced. In an initial
attempt, the coupling reaction was performed with K252¢ and furanose (+)-97 in
the presence of CSA as catalyst. The result was formation of a complex mixture
comprised in-part of products derived from lactam alkylation, thus prompting the

exploration of the amide protected aglycon series (4b-e)."®

Given that strong
evidence in the literature suggested a simple benzyl group would be resistant to
cleavage, it was reasonable to proceed with the 3,4-dimethoxy benzyl protected
aglycon 4c. In the event, slow addition of carbohydrate (+)-97 (2 equiv, 24 h) to
a solution of indolocarbazole 4¢c and CSA (0.1 equiv) in 1,2-dichloroethane at
reflux rapidly produced a quaternary mixture [(£)-145 and (%)-146, vide infra]

which, quite remarkably, upon prolonged heating was reduced to a 2:1 binary
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mixture. Following isolation and characterization, the products were determined

to be the regioisomeric furanosylated indolocarbazoles (+)-147 and (+)-148; thus,

this reaction proceeds stereoselectively such that the C(3’) hydroxyl is oriented

syn to the indolocarbazole moiety." Furthermore, the major regioisomer

corresponded to the protected K252a derivative (+)-147.%

Scheme 2.3.3
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In an effort to understand the surprising and remarkable stereoselectivity

of this reaction, an attempt was made to isolate and characterize the components

of the initially formed quaternary mixture. Despite numerous crystallization and



chromatographic attempts, the mixture was only separable into two fractions.
Isolated in a 2:1 ratio, these fractions were each found to contain a 1:1 mixture of
what appeared spectroscopically to be open chain monoaminoacetal
diastereomers 145 and 146.2" To support this structural assignment, the
coupling of furanose (+)-97 with carbazole (131) was investigated. Under
identical conditions (CSA, C2H4Clo, 83 °C) this reaction was found to produce a
separable binary mixture wherein each component possesses spectral properties
consistent with an open chain monoaminoacetal diastereomer (i.e., 149, Scheme

2.3.4).%

Scheme 2.3.4
(6]

HSCM,OMe
97ab CSA,48h MeOxC OH
CHC,

Satisfied with the structures assigned to ketones 145 and 146, the
reactivity of the isolated major diastereomeric pair (i.e., 145) and the derived
product (+)-147 was explored. In the event, re-exposure of 145 to the
cycloglycosidation conditions produced a 5:1 ratio of furanosylated
indolocarbazoles 147 and 148, respectively (see Scheme 2.3.5), whereas (*)-
147 remained unchanged under similar conditions; thus, the regioselectivity
observed in the initial cycloglycosidation does not necessarily reflect the
thermodynamic stability of regioisomeric monoaminoacetal diastereomers 145
and 146. With regard to stereochemical outcome, the intermediacy of open
chain ketones 145 and 146 indicates that the observed selectivity is not

determined in the initial step and must be the result of either a kinetic preference
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in the formation of the furanose oxocarbenium ion or the stability of the possible

products to the reaction conditions.?

Scheme 2.3.5

DMB MeQ o OMe DMB DMB

N (o) Hac_:pf N (0] 0
OO0 e O O
N N N N +

H P CSA, 36 h o N\ of
H3Cﬁ OMe 2Y C 2}‘_| 4C|2 HSC\\“v HSC\‘“
MeO,C OH (80% yield, overall) MeOzC\JOH MeOZC“%H
e 147 (147:148 = 5:1) (#)-148

2.3.3 Completion of The Synthesis of ()-K252a.

At this stage, removal of the amide protecting group was all that remained
for the completion of the synthesis.?* Given that the glycosidic linkages had
proven quite stable to acid, conditions originally refined by Steglich for the
removal of 2,4-DMB groups from peptides were explored.?®?* Thus, exposure of
(+)-147 to TFA and thioanisole (cation scavenger)®’-?® in CH2Cl, at 25 °C for a
period of 6 h resulted in the clean production of (x)-2. The latter compound

proved spectroscopically identical to a sample of the natural material.?®

Scheme 2.3.6
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2.4 Asymmetric Synthesis of the K252a Carbohydrate Precursor
[(-)-152b].

2.41 The Rhodium (ll)-Mediated Tandem Claisen-o.-Ketol Rearrangement.

Having established furanose 97 to be a suitable synthetic intermediate,
attention was turned toward completing an asymmetric synthesis. Although
recent work by Enders indicated that a chiral auxiliary controlled version of the
synthesis of olefin 143 would likely be an effective solution to the difficult task of
producing the requisite enantio-enriched tertiary alcohol,*® a different course was
chosen wherein a similar intermediate (i.e., 152a) was envisioned to arise via
[2,3]-rearrangement of a chiral carbenoid-derived allyloxonium ion (e.g.,
150+151—>152a, Scheme 2.4.1).31323 Unfortunately, investigations with benzyl

ether 151 and diazoester 150 produced intractable mixtures.

Scheme 2.4.1
o o Q 0O o 0
Rhy(OAc) v 2,3
)J\“)J\OMe o heieied NOMe 23] O\Me
N OBn (> +O- BnO "X —
2 N OB 152a
150 151

Undaunted, alternatives were considered and soon a revised plan was

developed wherein carbenoid-mediated O-H insertion of a chiral allylic alcohol
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served as the primary event. In this scenario, ketone 152b was envisioned to
arise from the insertion product, an a-allyloxy ketone (e.g., 154), via a tandem

[3,3])/[1,2]-rearrangement protocol. From the work of Koreeda, deprotonation of

Scheme 2.4.2

(0] (0] (e}
o O OH
A OMe HO XY™ “OM
OMe 153 0 Base |J( e
N, Rhy(OAC Y Lo
150 2A0AC)s \/'\
O-H Insertion 154

uny

o O
[3,3] [1,2]
OMe
HO ’/\/
Claisen a-Ketol 152b

Rearrangement| 155 Rearrangement

154 was expected to induce [3,3]-rearrangement and produce a-keto ester 155,34
a compound that appeared well suited for subsequent Lewis acid promoted [1,2]-
allylic migration.®>  While the bond construction was reasonably well-
precedented, the issue of stereoselectivity remained speculative. However,
given the plethora of rearrangement conditions and Lewis acids, there appeared
ample opportunity to influence the stereochemical outcome.

In anticipation of isolating a-allyloxy ether 154, diazoketoester 150 was
subjected to rhodium-catalyzed decomposition in the presence of S-(+)-1-buten-
3-ol (153).*° In the event, complete consumption of diazoester 150 was
observed after only 20 minutes at reflux in benzene. Proton NMR analysis of the
crude reaction indicated the clean formation of a product similar to ketoester 154;
however, the characteristic methyl ketone singlet appeared at 1.5 ppm instead of
the expected 2.2 ppm. Clearly the allyloxy or allyloxonium ylide intermediate had

undergone [3,3]-sigmatropic rearrangement to alcohol (+)-155 (66% yield).
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Completion of the tandem rearrangement protocol was achieved by exposing
ketone (+)-155 to BF3°EtoO which promoted a clean [1,2]-allyl migration to
furnish alcohol (-)-152b in 74% vyield. In subsequent studies, improved yields
were obtained by conducting the tandem rearrangement in one pot. Thus,

introducing an equivalent of BF3*EtoO into the cooled [3,3] reaction allows

isolation of (-)-152b in an overall yield of 75%.%"

Scheme 2.4.3
3,3 Y% 1,2
0 0 OH (3.3] [1.2] o o
\)\ Rhy(OAc), HQ 0 BF3+Et,0

oMe + Xx > > 7 “OMe
N PhH, 2, OMe Berlzene, HO *\_

1520 S-(+)-153 20 min o) 25°C, 2h 1526

(66% yield) (+)-155 (74% yield)

one-pot method
75% vyield overall

2.4.2 Chemical Correlation of Esters (+)-155 and (-)-152b.

With an approach firmly established, a chemical correlation study was
initiated to confirm both the sense and degree of asymmetric induction for the
tandem rearrangement. Analysis of the purified products from both the [3,3] (i.e.,
(+)-155) and [1,2] (i.e., (-)-152b) rearrangements via 'H-NMR in the presence of
Eu(hfc)s gave the first indication that each step was proceeding with a high
degree of stereoselectivity.®® Conversion of ketoester (+)-155 to triol 156°° as

outlined in Scheme 2.4.4, followed by comparison of the derived

Scheme 2.4.4
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bis Mosher ester (157) to samples prepared from S-(+)- and R-(-)-citramalic acid

(158) established that S-(+)-1-buten-3-ol (153, 98% ee) had furnished ketoester

R-(+)-155 (95% ee, see Figure 2.4.1).

Figure 2.4.1

TH NMR (500 MHz, benzene-dg) comparison
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of bis-Mosher esters 157 derived from:
top; R-(-)-citramalic acid (158)
middle; R-(+)-155 [ S-(+)-1-buten-3-ol (153)
bottom; S-(+)-citramalic acid (158)

Stereoselectivity in the [1,2]-shift was established by degradation of
alcohol (-)-152b to diester R-(-)-160*° followed by DIBAL reduction and 'H-NMR
analysis of the corresponding bis Mosher ester (161). While the Mosher ester
analysis established an ee of 92% (see Figure 2.4.2), the observation of R-(-)-

160 in the degradation proved the absolute stereochemistry in alcohol (-)-152b

as S.
Scheme 2.4.5
o Q 1. Ethyl Vinyl Ether, H* e
)S{U\OMe 2. NaBHj, /%LOMe 03, NaOH
HO > HO =
| 3. CS,, Mel | eg/eOHm
4. BuzSnH, ? (68% yield)
+
S-(-)}-152b 5.H', MeOH R-(-)159
(44% yield)
o 0
1. DIBAL, CH,CI Ph
N Howe T T
<~ ~OMe =, <
o' 2. DMAP, 25 °C HO < 0 F3C OMe
S 0 L
OMe A X" F3C OMe
R-(-)-160 2\FeC OMe 161
(79% yield)
Figure 2.4.2
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2.4.3 Stereochemical Rationale for the Tandem Claisen-a-Ketol

Rearrangement.

In the absence of rhodium, the sense of asymmetric induction observed in
the Claisen rearrangement would normally be attributed to the intermediacy of a
chair transition state possessing a Z-enol and an equatorial methyl (i.e., 163).
Thus, for the purposes of predicting the stereochemical outcome of the Rh (ll)-
mediated Claisen rearrangement, the predominating pathway shown in Scheme
2.4.6 can be viewed as a functioning mnemonic. However, unpublished results
of Derek A. Pflum in these laboratories suggest the apparent involvement of

rhodium, hence this rationalization may eventually require refinement.

Scheme 2.4.6
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The stereochemical outcome of the the a-ketol rearrangement suggests a
syn-periplanar relationship between the hydroxyl and carbonyl oxygens in the
reactive conformer (i.e., 165, Scheme 2.4.7). Since BF3*Et20 is unable to form a
chelate, its role, if any, in enforcing this transition structure is not obvious. One
possibility is that complexation to the hydroxyl makes the alcohol proton more
available for intramolecular transfer to the carbonyl, confining the transition state

to a chelation-like conformation (see Scheme 2.4.7).

Scheme 2.4.7
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2.5 Completion of (+)- and (-)-K252a.

251 The Synthesis of (-)-K252a: Determination of Absolute
Stereochemistry of (+)-K252a.

Having established the sense and degree of asymmetric induction in the
preparation of alcohol (-)-152b, the asymmetric synthesis of furanose 97
proceeded. In contrast to olefin 143, reductive ozonolysis of (-)-152b followed by
acetal formation provided a ternary mixture. Characterization of the purified

products indicated the reaction had produced methyl ketone (-)-166 in addition to
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the expected furanoses (+)-97a and (+)-97b (Scheme 2.5.1). The additional
component proved to be of no consequence as exposure of aglycon 4c to the
ternary mixture (i.e., (+)-97a,b, and (-)-166) wunder the standard
cycloglycosidation conditions produced the expected regioisomeric mixture of
furanosylated indolocarbazoles (-)-147 and (-)-148 in yields comparable to that
observed in the racemic series. Removal of the 3,4-DMB group in lactam

(-)-147 produced (-)-K252a, the enantiomer of the natural product. This
observation, in conjunction with the stereochemical assignments made in the
course of the degradation study (vide supra), allowed the absolute configuration

of natural K252a to be established as depicted in (+)-2 (see Figure 2.1.1).

Scheme 2.5.1
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2.5.2 The Total Synthesis of (+)-K252a.

alcohol in the carbohydrate synthesis was altered .

168 in 77% yield (see Scheme 2.5.2).

To access (+)-K252a (2) the absolute stereochemistry of the starting allylic

allylic alcohol and early intermediates was facilitated by employing the less

volatile R-(-)-1-nonene-3-ol (167)33 as an initial substrate. Thus, exposure of R-(-
)-167 to diazoester 150 and catalytic Rho(OAc)4 (PhH, 80 °C, 20 min), followed

by introduction of BF3°Et20O to the cooled reaction mixture furnished alcohol (+)-

acid-mediated cyclization produced the expected carbohydrate mixture (i.e., (-)-
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97a,b/(+)-166) in 80% vyield.*' Cycloglycosidation of indolocarbazole 4c¢ with (-)-
97a,b/(+)-166 produced regioisomers (+)-147 and (+)-148, which upon
chromatographic separation and deprotection produced (+)-2, a compound

identical in all respects to the natural material (see Figure 2.5.1).

Scheme 2.5.2
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2.5.3 Conclusion.

The total synthesis of K252a (2) was completed by developing new
rhodium carbenoid chemistry in the preparation of aglycon 4 and furanose 97.
The total synthesis required only twelve steps from commercially available

materials, with a longest linear sequence of seven steps and an overall yield of
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21% from ethyl glycinate. The remarkable stereo- and regioselective
cycloglycosidation served as the cornerstone of the approach and its efficiency
prompted the pursuit of staurosporine (1) and other pyranosylated

indolocarbazoles.16

2.6 Experimental Section.

2.6.1 Material and Methods.

Unless stated otherwise, reactions were performed in flame dried

glassware under a nitrogen atmosphere, using freshly distilled solvents. Diethyl
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ether (EtoO) and  tetrahydrofuran (THF)  were  distilled from
sodium/benzophenone ketyl. Methylene chloride (CH2Cls), benzene, and
triethylamine (Et;N) were distilled from calcium hydride. Methyl sulfoxide
(DMSO), 1,2-dichloroethane, and BF3*OEty were purchased from the Aldrich
Chemical Co. in Sure/Seall] containers and used without further purification. All
other commercially obtained reagents were used as received.

Unless stated otherwise all reactions were magnetically stirred and
monitored by thin-layer chromatography (TLC) using E. Merck silica gel 60 F254
pre-coated plates (0.25-mm). Preparative TLC was also performed using E.
Merck silica gel 60 F254 pre-coated plates (0.25-mm). Column or flash
chromatography (silica) was performed with the indicated solvents using silica gel
(particle size 0.032-0.063 mm) purchased from Fisher Scientific. In general, the
chromatography guidelines reported by Still were followed.*?

All melting points were obtained on a Haacke-Buchler variable
temperature melting point apparatus (model: MFB 595 8020) and are
uncorrected. Infrared spectra were recorded on a Midac M-1200 FTIR. 'H and
13C NMR spectra were recorded on Bruker AM-500 or Bruker WM-250
spectrometers. Chemical shifts are reported relative to internal Me4Si ('H and
13C, & 0.00 ppm) or chloroform ('H, & 7.27 ppm, 13C, § 77.0 ppm). High
resolution mass spectra were performed at The University of lllinois Mass
Spectrometry Center. Microanalyses were performed by Atlantic Microlab
(Norcross, GA). Single-crystal X-ray analyses were performed by Dr. Susan
DeGala of Yale University. High performance liquid chromatography (HPLC) was
performed on a Waters model 510 system using a Rainin Microsorb 80-199-C5
column, or a Rainen Dynamax SD-200 system with a Rainen Microsorb 80-120-

C5 column. Optical rotations were measured on a Perkin-Elmer 241 polarimeter.
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The determination of enantiomeric excess by Mosher ester derivatization

involved esterification of the corresponding alcohols with R-(+)-MTPA (DCC,

CH2Clp) followed by purification and 500 MHz TH NMR analysis in benzene-dg.
Where possible an identical analysis was performed employing a racemic mixture

of alcohols.

2.6.2 Preparative Procedures:

Preparation of Carbazole (131).
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Carbazole (131). A mixture of iodide 130 (0.10 g, 0.34 mmol, 1.0 equiv),
Pd(PPh3)4 (0.43 g, 0.37 mmol, 1.1 equiv) and Na2CO3 (40 mg, 0.38 mmol, 1.1

equiv) in toluene (1.7 mL) was heated to reflux for 2 h. The reaction mixture was

then cooled and evaporated to a residue. Flash chromatography (20:80:1

acetone:hexanes:Et3N eluent) provided carbazole 131 (44 mg, 80% yield) as a

white solid.*

Preparation of Indolepyrollidone 134.

ZT

HO

=N
w A
Q IZ

Indolepyrollidone 134. A mixture of indole (133) (1.40 g, 12.0 mmol, 3.0
equiv), diazo lactam 132a (0.5 g, 4.0 mmol, 1.0 equiv) and Rh2(OAc)s (35 mg,
0.08 mmol, 0.02 equiv) in benzene (50 mL) was heated to reflux for 18 h. The
reaction mixture was cooled to room temperature and concentrated in vacuo to a
brown residue which was dissolved in EtOAc (100 mL) and extracted with 1N
NaOH solution (150 mL). The aqueous layer was then acidified to pH 1 with 1 N

HCI and extracted with EtOAc (3 x 100 mL). The combined organic layers were
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washed with H>O (150 mL), brine solution (150 mL), dried over MgSO4 and
concentrated in vacuo to provide a crude solid which was recrystallized from
EtOAc/heptane to afford diene 134 (549 mg, 65% yield) as a white powder: mp
220-225 °C (dec.); IR (thin film/NaCl) 3405.3 (br m), 2957.0 (m), 2928.3 (s),
2857.7 (m), 1656.6 (s), 1541.3 (w), 1457.1 (m), 1382.8 (s), 1320.9 (m), 1241.6
(w), 1095.5 (w), 746.3 (m) cm~1; TH NMR (500 MHz, acetone-dg) & 10.23 (br s,
1H), 8.09 (d, J = 8.2 Hz, 1H), 7.76 (d, J = 2.1 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H),
7.05 (app.t, J = 7.8 Hz, 1H), 6.97 (app.t, J = 7.4 Hz, 1H), 6.42 (br s, 1H), 4.00 (s,
2H); 13C NMR (62.5 MHz, DMSO-dg) 6 174.3, 164.2, 135.6, 126.0, 123.6, 121.8,

120.4, 117.8, 110.8, 106.0, 101.2, 45.0; high resolution mass spectrum (Cl) m/z
215.0805 [calcd for C12H11N202 (M+H) 215.0821].

Preparation of tetramic acids 139b-e.
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General method for the preparation of tetramic acids 139b-e. To a

stirred solution of ester 138 (47.4 mmol, 1.0 equiv) in CH2Cl2 (95 mL) at 0 °C
was added a solution of ethyl hydrogen malonate (6.26 g, 47.4 mmol, 1.0 equiv)
in CH2Cl2 (38 mL), followed by a solution of 1,3-dicyclohexylcarbodiimide (9.9 g,
48.0 mmol, 1.01 equiv) and DMAP (290 mg, 2.37 mmol, 0.05 equiv) in CH2Cl2
(20 mL). The mixture was stirred at 0 °C for 15 min and allowed to warm to

ambient temperature while stirring for an additional 2 h. After this time the solid

urea by-product was removed by filtration. The filtrate was washed with H2O (80
mL), dried over MgSQy, filtered, and evaporated to a yellow semi-solid. To this
was added acetone (30 mL) and the insoluble precipitate again removed via
filtration. The filtrate was concentrated in vacuo to a yellow oil and used in the
next step without further purification.

To a solution of NaOEY/EtOH prepared from sodium metal (1.09 g, 47.4
mmol) and absolute EtOH (31 mL) was added a solution of the crude diester in
benzene (200 mL) over 5 min. The resulting mixture was brought to reflux for 6.5

h. The reaction mixture was allowed to cool to room temperature and then

diluted with H2O (100 mL). The layers were separated and the benzene layer

further extracted with H2O (2 x 80 mL). The aqueous layers were combined and
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residual EtOH was removed in vacuo, followed by careful acidification to pH 1

with conc. HCl at 0 °C. The resultant white precipitate was filtered and dried with

a slow stream of N2 gas to give lactams 139b-e as white powders.

139b. The above procedure was followed using ester 138b (7.54 g) to
afford lactam 139b (7.53 g, 70% yield): mp 155-157 °C (dec., EtOH/CH2Cl2); IR
(thin film/NaCl) 2973.8 (br m), 2933.0 (m), 2526.6 (br m), 1707.4 (s), 1590.3 (s),
1429.7 (s), 1388.7 (m), 1222.3 (m), 1179.3 (w), 1052.1 (m) cm~1; TH NMR (500
MHz, DMSO-dg, 315 K) 6 4.12 (q, J = 7.1 Hz, 2H), 3.98 (s, 2H), 1.33 (s, 9H), 1.20
(t, J=7.1 Hz, 3H); 13C NMR (125 MHz, DMSO-dg, 305 K) 6 177.8, 167.6, 162.5,
98.3, 58.9, 52.9, 47.9, 27.5, 14.2; high resolution mass spectrum (El) m/z
227.1155 [calcd for C11H17NOg4 (M*) 227.1158]; Anal. Calcd for C11H17NOg4: C,

58.14; H, 7.54; N, 6.16; found: C, 58.08; H, 7.50; N, 6.23.

139c. The above procedure was followed using ester 138c (12.00 g) to
afford lactam 139c¢ (12.6 g, 83% yield): mp 154-156 °C (EtOH/CH2CI2); IR (thin
film/NaCl) 2937.5 (br m), 2839.5 (w), 2612.4 (br w), 1704.0 (s), 1611.8 (s),
1514.9 (s), 1418.9 (s), 1254.7 (m), 1141.9 (m) cm~1; 1TH NMR (500 MHz, DMSO-
de) 8 6.89 (d, J = 8.2 Hz, 1H), 6.79 (d, J = 1.6 Hz, 1H), 6.70 (dd, J = 1.5, 8.1 Hz,
1H), 4.37 (s, 2H), 4.13 (q, J = 7.1 Hz, 2H), 3.80 (s, 2H), 3.72 (s, 3H), 3.71 (s, 3H),
1.20 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, DMSO-dg) & 178.8, 167.3, 162.0,
148.8, 148.0, 130.0, 119.8, 111.9, 111.5, 97.8, 59.0, 55.5, 55.4, 49.0, 44.1, 14.3;
high resolution mass spectrum (El) m/z 321.1209 [calcd for C1gH1gNOg (M)
321.1212]; Anal. Calcd for C1gH19NOg: C, 59.81; H, 5.96; N, 4.46; found: C,

59.93; H, 5.92; N, 4.36.
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139d. The above procedure was followed using ester 138d (10.6 g) to
afford lactam 139d (11.1 g, 80% yield): mp 198-200 °C (dec., EtOH/CH2Cl»); IR
(thin film/NaCl) 2982.1 (m), 2925.0 (m), 2841.1 (w), 2593.8 (br w), 1703.9 (s),
1609.7 (s), 1512.0 (m), 1447.1 (s), 1247.0 (s), 1038.6 (m) cm-1; TH NMR (500
MHz, DMSO-dg) 6 7.12 (d, J = 8.2 Hz, 2H), 6.88 (d, J = 8.2 Hz, 2H), 4.37 (s, 2H),
413 (q, J = 6.8 Hz, 2H), 3.79 (s, 2H), 3.72 (s, 3H), 1.20 (t, J = 6.9 Hz, 3H); 13C
NMR (125 MHz, DMSO-dg) 6 178.7, 167.3, 162.0, 158.4, 129.6, 128.9, 114.0,
97.8, 59.0, 55.0, 48.9, 43.7, 14.3; high resolution mass spectrum (El) m/z
291.1107 [calcd for C15H47NO5 (M%) 291.1107]; Anal. Calcd for C15H17NOs5: C,

61.85; H, 5.88; N, 4.81; found: C, 61.70; H, 5.86; N, 4.73.

139e.75P The above procedure was followed using ester 138e (9.15 g) to
afford lactam 139e (8.79 g, 71% yield): mp 152-154 °C (dec., EtOH/CH2Cl»); IR
(thin film/NaCl) 2980.0 (m), 2929.8 (m), 1707.3 (s), 1447.1 (s), 1255.0 (m),
1139.4 (m), 1045.4 (m), 933.6 (w), 797.0 (m), 703.0 (m) cm~1; 1H NMR (500
MHz, DMSO-dg) & 7.18-7.33 (comp m, 5H), 4.45 (s, 2H), 4.12 (q, J = 7.0 Hz, 2H),
3.81 (s, 2H), 1.20 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, DMSO-dg) 5 179.4,
167.7, 162.1, 137.8, 128.6, 127.1, 97.4, 58.9, 49.4, 44.3; high resolution mass
spectrum (El) m/z 261.0997 [calcd for C14H15NO4 (M%) 261.1101]; Anal. Calcd
for C14H15NO4: C, 64.36; H, 5.79; N, 5.36; found: C, 64.18; H, 5.75; N, 5.44.

Preparation of Diazo lactams 132b-e.

74



t-Bu PMB
]
N_ o N_oO
o N o N
132b 132d
DMB B
;leo N_oO
o N O Ny
132c 132e

Diazo lactams 132b-e. A solution of ester 139 (33.5 mmol, 1.0 equiv)

and H2O (1mL) was heated to reflux in CH3CN (1.5 L) for 2 h. The volume of
CH3CN was reduced to approximately 35% the original volume (ca. 560 mL) in
vacuo. The solution was cooled to 0 °C and treated sequentially with MsN3 (8.12
g, 67.0 mmol, 2.0 equiv) in CH3CN (168 mL) via addition funnel followed by Et3N
(9.34 mL, 67.0 mmol, 2.0 equiv) in CH3CN (96 mL). After 15 min the ice bath
was removed and the dark orange solution was allowed to warm to 25 °C, stirred
for an additional 2 h, and concentrated in vacuo. The dark orange residue was
dissolved in a minimum of EtOAc and filtered through a pad of silica gel (EtOAc
eluent). The filtrate was washed once with 1N NaOH solution, dried over

MgSOQOyqy, filtered and concentrated to give 132b-e as yellow solids, which were

recrystallized from acetone/hexanes.

132b. The above procedure was followed using ester 139b (7.60 g) to
afford diazo lactam 132b (4.85 g, 80% yield): mp 83-85 °C (dec.); IR (CCly)

2980.8 (s), 2123.4 (s), 1718.8 (m), 1689.4 (s), 1441.6 (m), 1390.5 (s), 1347.9
(m), 1262.6 (w), 1224.3 (s), 1177.3 (m) cm~1; 1H NMR (500 MHz, CDCl3) & 3.88
(s, 2H), 1.47 (s, 9H); 13C NMR (125 MHz, CDCl3) § 185.7, 161.7, 66.7, 55.7,
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53.3, 28.0; high resolution mass spectrum (Cl) m/z 182.0929 [calcd for
CgH12N302 (M+H) 182.0930]; Anal. Calcd for CgH11N302: C, 53.03; H, 6.12; N,

23.19; found: C, 53.06; H, 6.15; N, 23.17.

132c. The above procedure was followed using ester 139¢ (10.75 g) to
afford diazo lactam 132c¢ (8.29 g, 90% yield): mp 145-147 °C (EtOAc); IR (CCly)
2960.7 (br w), 2925.8 (br w), 2126.1 (s), 1695.2 (s), 1515.1 (m), 1451.2 (w),
1401.1 (m), 1355.5 (m), 1227.8 (m), 1186.6 (w), 1159.4 (w), 1024.5 (w) cm~1; 1H
NMR (500 MHz, CDCI3) 6 6.83 (d, J = 7.8 Hz, 1H), 6.81 (d, J = 8.6 Hz, 1H), 6.79
(s, 1H), 4.53 (s, 2H), 3.88 (s, 6H), 3.71 (s, 2H); 13C NMR (125 MHz, CDCI3) &
185.7, 161.7, 149.5, 149.0, 127.7, 120.8, 111.3, 111.2, 66.0, 56.0, 55.9, 53.9,
46.5; high resolution mass spectrum (Cl) m/z 276.0981 [calcd for C13H14N304
(M+H) 276.0984]; Anal. Calcd for C13H13N304: C, 56.72; H, 4.76; N, 15.27;

found: C, 56.81; H, 4.81; N, 15.36.

132d. The above procedure was followed using ester 139d (9.75 g) to
afford diazo lactam 132d (7.22 g, 88% yield): mp 91-93 °C (EtOAc); IR (CCly)

2926.3 (br w), 2841.5 (w), 2129.8 (s), 1693.9 (s), 1613.3 (w), 1511.7 (m), 1458.8
(m), 1401.9 (s), 1361.2 (m), 1243.4 (m), 1223.0 (m), 1174.1 (m), 1040.0 (w) cm"
1: 1H NMR (500 MHz, CDCl3) § 7.16 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H),
4.51 (s, 2H), 3.77 (s, 3H), 3.66 (s, 2H); 13C NMR (125 MHz, CDCl3) & 185.7,

161.6, 159.4, 129.6, 127.2, 114.3, 65.9, 55.2, 53.8, 46.0; high resolution mass
spectrum (Cl) m/z 246.0885 [calcd for C12H12N303 (M+H) 246.0879].

132e. The above procedure was followed using ester 139e (8.74 g) to

afford diazo lactam 132e (6.54 g, 86% yield): mp 87-88 °C (EtOAc); IR (CCly)
3072.1 (w), 3033.8 (m), 2922.9 (m), 2867.6 (w), 2124.0 (s), 1695.7 (s), 1447.8
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(s), 1405.1 (s), 1358.2 (s), 1230.3 (s), 1187.6 (m) cm~1; 1TH NMR (500 MHz,
CDCl3) & 7.37-7.25 (comp m, 5H), 4.60 (s, 2H), 3.70 (s, 2H); 13C NMR (125
MHz, CDCI3) 6 185.5, 161.7, 135.1, 128.9, 128.1, 128.1, 65.8, 53.8, 46.5; high
resolution mass spectrum (Cl) m/z 219.0779 [calcd for C11H1gN3O2 (M+H)
216.0773]; Anal. Calcd for C11HgN302: C, 61.39; H, 4.21; N, 19.53; found: C,

61.47; H, 4.27; N, 19.53.

Preparation of Indolocarbazoles 4a-e.

Indolocarbazoles 4a-e. Method A. A mixture of 2,2’-biindole (73) (200
mg, 0.86 mmol, 1.0 equiv), diazo tetramic acid 132a-e (2.2 mmol, 2.5 equiv),
Rh2(OAc)4 (38 mg, 0.086 mmol, 0.1 equiv) and pinacolone (8.6 mL) in a
pressure tube fitted with a rubber septum was degassed with a stream of N2 for 1

h. The septum was removed and the tube was flushed with N2, sealed, and

placed into a pre-heated sand bath (120 °C). After 6 h the tube was removed
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from the sand bath, allowed to cool to room temperature, and carefully opened.
After removing the solvent in vacuo, the residue was dissolved in EtOAc (15 mL),
washed with 1N NaOH (15 mL) solution, and dried over MgSQOg4. Filtration and
removal of the solvent was followed by flash chromatography (1:1

EtOAc:hexanes eluent) to provide 4a-e as pale yellow solids.

4a. The above procedure was followed using diazo lactam 132a (275 mg)
to afford indolocarbazole 4a (67 mg, 25% vyield): mp >330 °C (dec.,
EtOAc/hexanes); IR (thin film/NaCl) 3343.7 (m), 3306.5 (w), 1645.7 (s), 1454.1
(s), 1389.3 (m), 1348.5 (m), 1329.9 (m), 1316.6 (w), 1277.0 (m), 1260.7 (w),
1050.7 (m) cm~1; TH NMR (500 MHz, DMSO-dg) & 11.40 (br s, 1H), 11.20 (br s,
1H), 9.23 (d, J = 7.9 Hz, 1H), 8.35 (br s, 1H), 8.03 (d, J = 7.7 Hz, 1H), 7.77 (d, J
= 8.1 Hz, 1H), 7.70 (d, J = 8.1 Hz, 1H), 7.47 (app.t, J = 7.6 Hz, 1H), 7.42 (app.t, J
= 7.4 Hz, 1H), 7.30 (app.t, J = 7.4 Hz, 1H), 7.22 (app.t, J = 7.5 Hz, 1H), 4.95 (s,
2H); 13C NMR (125 MHz, DMSO-dg) & 172.4, 139.2, 139.1, 132.9, 127.8, 125.4,
125.2, 125.0, 125.0, 122.8, 122.6, 121.1, 119.9, 118.9, 118.9, 115.6, 1141,

111.9, 111.3, 45.3; high resolution mass spectrum (El) m/z 311.1061 [calcd for
CooH13N30 (M) 311.1059].

nat-K252a (4a):2 mp >300 °C; 'H NMR (400 MHz, DMSO-dg) & 11.56 (br
s, 1H), 11.38 (br s, 1H), 9.24 (d, J = 7.9 Hz, 1H), 8.49 (br s, 1H), 8.05 (d, J = 7.8
Hz, 1H), 7.79 (d, J = 8.1 Hz, 1H), 7.73 (d, J = 8.1 Hz, 1H), 7.48 (br t, 1H), 7.44

(br t, 1H), 7.31 (br t, 1H), 7.24 (br t, 1H), 4.98 (s, 2H); 13C NMR (100 MHz,
DMSO-dg) & 172.6, 139.3, 139.2, 133.0, 128.0, 125.4, 125.2, 125.1, 125.1,

123.0, 122.7,121.2, 120.0, 120.0, 119.0, 115.7, 114.2, 112.0, 111.4, 45.4.
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4b. The above procedure was followed using diazo lactam 132b (400 mg)
to afford indolocarbazole 4b (126 mg, 40% vyield): mp >300 °C (dec.,
EtOAc/hexanes); IR (thin film/NaCl) 3485.3 (br m), 3456.0 (br m), 3343.1 (br s),
3249.7 (br m), 2979.7 (m), 1654.4 (w), 1600.5 (s), 1578.2 (s), 1465.8 (w), 1446.5
(m), 1385.0 (s), 1364.0 (m), 1335.9 (w), 1225.3 (s) cm~1; 1TH NMR (500 MHz,
DMSO-dg) & 11.45 (br s, 1H), 11.29 (br s, 1H), 9.24 (d, J = 7.9 Hz, 1H), 8.09 (d, J
= 7.8 Hz, 1H), 7.77 (d, J = 8.2 Hz, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.47 (app.t, J =
7.5 Hz, 1H), 7.41 (app.t, J = 7.5 Hz, 1H), 7.30 (app.t, J = 7.5 Hz, 1H), 7.21 (app.t,
J = 7.5 Hz, 1H), 5.13 (s, 2H), 1.65 (s, 9H); 13C NMR (62.5 MHz, DMSO-dg) &
169.9, 139.2, 139.0, 129.9, 127.6, 125.4, 125.3, 124.9, 122.7, 122.4, 122.0,
121.2, 119.7, 118.8, 115.1, 113.6, 111.8, 111.2, 101.9, 53.6, 48.1, 27.8; high
resolution mass spectrum (FAB) m/z 368.1764 [calcd for Co4H2ooN304 (M+H)

368.1763].

4c. The above procedure was followed using diazo lactam 132c (605 mg)
to afford indolocarbazole 4¢ (257 mg, 62% yield): mp >202 °C (dec., EtOAc); IR
(thin film/NaCl) 3487.5 (br s), 3352.0 (br s), 3232.0 (br s), 3022.3 (m), 1579.1 (s),
1571.2 (s), 1517.7 (s), 1462.9 (s), 1399.3 (m), 1262.7 (m), 1237.6 (s), 1142.0
(w), 1016.8 (w), 741.3 (s) cm1; TH NMR (500 MHz, DMSO-dg) & 11.50 (br s,
1H), 11.35 (br s, 1H), 9.28 (d, J=7.9 Hz, 1H), 7.97 (d, J=7.8 Hz, 1H), 7.77 (d, J
= 8.1 Hz, 1H), 7.73 (d, J = 8.1 Hz, 1H), 7.45 (app.t, J = 6.9 Hz, 1H), 7.44 (app.t, J
= 7.1 Hz, 1H), 7.26 (app.t, J = 7.1 Hz, 1H), 7.25 (app.t, J = 7.1 Hz, 1H), 7.02 (s,
1H), 6.92 (s, 2H), 4.94 (s, 2H), 4.82 (s, 2H), 3.74 (s, 3H), 3.71 (s, 3H); 13C NMR
(62.5 MHz, DMSO-dg) & 169.2, 148.9, 148.1, 139.1, 139.0, 130.6, 130.0, 127.7,
125.3, 124.9, 124.9, 124.8, 122.6, 122.3, 120.7, 119.9, 119.7, 118.8, 118.2,

115.4, 113.8, 112.3, 112.1, 111.7, 111.1, 55.5, 49.3, 45.4; high resolution mass
spectrum (FAB) m/z 462.1813 [calcd for CogH24N303 (M+H) 462.1818].
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4d. The above procedure was followed using diazo lactam 132d (539 mg)
to afford indolocarbazole 4d (204 mg, 55% vyield): mp 190-200 °C (dec.,
acetone); IR (thin film/NaCl) 3429.3 (br s), 3351.3 (br s), 2912.4 (m), 1609.7 (s),
1580.3 (s), 1512.0 (s), 1465.5 (s), 1402.1 (w), 1250.6 (s), 1238.4 (s), 1177.3 (m),
1030.8 (w), 748.9 (s) cm™1; TH NMR (500 MHz, DMSO-dg) 6 11.53 (br s, 1H),
11.37 (br's, 1H), 9.28 (d, J = 7.8 Hz, 1H), 7.99 (d, J = 7.7 Hz, 1H), 7.78 (d, J =
8.1 Hz, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.47 (app.t, J = 7.0 Hz, 1H), 7.45 (app.t, J =
7.1 Hz, 1H), 7.36 (d, J = 8.4 Hz, 2H), 7.28 (app.t, J = 7.9 Hz, 1H), 7.26 (app.t, J =
7.8 Hz, 1H), 6.94 (d, J = 8.5 Hz, 2H), 4.94 (s, 2H), 4.83 (s, 2H), 3.72 (s, 3H); 13C
NMR (62.5 MHz, DMSO-dg) & 169.2, 158.4, 139.1, 139.0, 130.0, 129.9, 128.9,
127.7, 125.3, 124.9, 124.8, 122.6, 122.2, 120.7, 119.7, 118.8, 118.2, 1154,

113.9, 113.8, 111.7, 111.1, 54.9, 49.2, 45.0; high resolution mass spectrum
(FAB) m/z 432.1699 [calcd for CogH2oN302 (M+H) 432.1712].

4e. The above procedure was followed using diazo lactam 132e (473 mg)
to afford indolocarbazole 4e (200 mg, 58% yield). This material was identical to

that prepared by Moody.**

Preparation of Indolocarbazole 4c and 140.
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Indolocarbazole 4c and isolation of 140. Method B. A mixture of
biindole 73 (4.0 g, 17.2 mmol, 1.0 equiv), diazo lactam 132c (4.74 g, 17.2 mmol,
1.0 equiv), Rha(OAc)4 (76 mg, 0.17 mmol, 0.01 equiv) and pinacolone (210 mL),
in a 3-neck round bottom flask fitted with a reflux condenser was degassed with a
stream of N2 for 2 h. The reaction mixture was then heated to reflux for 8 h. The
mixture was allowed to cool to room temperature and the solvent was evaporated
in vacuo. Flash chromatography (1:1 EtOAc:hexanes eluent) afforded unreacted
73 (2.0 g, 50% vyield) as a pale yellow powder and indolocarbazole 4¢c (2.9 g,
36% vyield; 72% yield based on recovered 73) as a white solid.

When heating was prematurely discontinued (3 h) and the reaction
mixture was worked up in the fashion described above, 73 (1.92 g) and 4¢ (1.15
g) were isolated, along with hemiaminal 140 (644 mg) as a yellow foam: IR (thin
film/NaCl) 3323.5 (br m), 2935.8 (w), 2829.1 (w), 1676.6 (s), 1514.6 (s), 1439.5
(m), 1327.1 (m), 1260.9 (s), 1236.1 (m), 1023.7 (m), 745.3 (s) cm-1; TH NMR
(500 MHz, acetone-dg) 6 10.87 (br s, 1H), 8.27 (d, J = 8.0 Hz, 1H), 7.96 (d, J =
8.0 Hz, 1H), 7.52 (d, J = 7.6 Hz, 1H), 7.40 (d, J = 8.1 Hz, 1H), 7.16 (id, J = 1.0,
7.4 Hz, 1H), 7.03-7.12 (comp m, 3H), 6.87 (s, 1H), 6.69 (s, 2H), 6.65 (s, 1H),
6.58 (s, 1H), 4.59 (d, J = 14.9 Hz, 1H), 4.43 (s, 1H), 4.32 (d, J = 14.8 Hz, 1H),
3.97 (d, J = 10.1 Hz, 1H), 3.65 (s, 3H), 3.39 (d, J = 10.2 Hz, 1H), 3.24 (s, 3H);
13C NMR (125 MHz, acetone-dg) & 171.3, 150.0, 149.1, 138.6, 137.2, 130.5,
129.2, 127.2, 127.1, 123.3, 122.6, 121.9, 121.0, 121.0, 120.4, 120.3, 113.6,
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112.0, 111.5, 111.4, 110.9, 103.8, 97.5, 87.6, 57.8, 55.5, 54.9, 53.2, 45.5; high
resolution mass spectrum (ElI) m/z 479.1845 [calcd for CpgHz5N304 (M)

479.1845].

Preparation of Acetoacetate 143.

OMe
OAc

/ 143

Acetoacetate 143. A suspension of sodium hydride (5.55 g 60%
dispersion in mineral oil, 139 mmol, 1.01 equiv) in dioxane (135 mL) was treated
dropwise with a solution of methyl 2-methylcarbonyloxy-3-oxobutanoate!” (24.1
g, 138 mmol, 1.0 equiv) in dioxane (27 mL) over a period of 45 minutes. The
mixture was stirred (overhead stirrer) for an additional 45 minutes at 20 °C.
Prenylbromide (15.95 mL, 138 mmol, 1.0 equiv) was added over 25 minutes, and
the mixture warmed to reflux for 20 minutes. After cooling to room temperature,
the mixture was poured into 1.1 L H>O containing acetic acid (7.9 mL, 138 mmaol,
1.0 equiv). This mixture was extracted with ether (1 x 600 mL; 3 x 300 mL). The
organic layer was washed with HoO (500 mL), saturated NaCl solution (500 mL),
and dried over MgSO4. The solvent was evaporated and the reaction mixture
distilled (bp 80-85 °C, 0.2 mm Hg) to provide olefin 143 as a colorless oil (28.53
g, 85% yield): IR (thin film/NaCl) 2997.1 (w), 2955.7 (m), 2929.3 (m), 2917.9 (m),
2859.7 (w), 1747.6 (s), 1436.7 (m), 1370.9 (m), 1255.6 (s), 1229.9 (s), 1176.1
(m), 1072.3 (m), 1016.3 (m), 926.0 (w), 809.0 (w), 769.4 (w) cm-1; TH NMR (500
MHz, CDCI3) 6 4.99 (t, J = 7.4 Hz, 1H), 3.75 (s, 3H), 2.88 (app.t, J = 6.3 Hz, 2H),
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2.32 (s, 3H), 2.17 (s, 3H), 1.70 (s, 3H), 1.60 (s, 3H); 13C NMR (125 MHz, CDCl3)

5 200.5, 169.3, 167.5, 136.7, 115.2, 87.3, 52.5, 32.5, 26.6, 25.6, 20.3, 17.5; high
resolution mass spectrum (Cl) m/z 243.1233 [calcd for C412H1905 (M+H)

243.1232].

Preparation of Acetates (*)-144a,b.

MeQ o OMe
H3C - 5"

MeOzC OAc

(+)144a o-5-OMe
(+)-144b p-5'-OMe

Acetates (*)-144a,b. A solution of olefin 143 (2.91 g, 12.0 mmol, 1.0
equiv) and a trace of sudan red 7B dye in a mixture of THF (65 mL) and MeOH
(13 mL) was cooled to -78 °C and treated with O3 until the dye was completely
discolored (about 6 minutes). The mixture was purged with argon for 10 minutes
at -78 °C and dimethylsulfide (40 mL) was added at that temperature. The
reaction was brought to 0 °C with an ice bath which was allowed to thaw (0-20
°C) over a period of 3 h. The solvent was removed and the crude product
dissoved in MeOH (20 mL). After addition of trimethylorthoformate (6.6 mL, 60.0
mmol, 5.0 equiv) and p-toluenesulfonic acid (22.8 mg, 0.12 mmol, 0.01 equiv) the
mixture was heated to reflux for 1 hour. After cooling to room temperature, the
solvent was evaporated in vacuo. Flash chromatography (20% EtOAc/hexanes
eluent) provided a mixture of diastereomeric acetates 144a,b (2.36 g, 75% yield)

as a colorless oil. The diastereomers could be separated using HPLC (4:4:1
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hexanes:CHoCl2:EtOAc eluent). Crystals suitable for X-ray analysis were

obtained by crystallization from EtOAc/hexanes.

144a: mp 106-107 °C; IR (thin film/NaCl) 2996.6 (w), 2953.1 (m), 2917.3
(m), 2837.2 (w), 1759.8 (s), 1741.3 (s), 1463.1 (m), 1378.4 (m), 1348.0 (w),
1311.3 (m), 1278.8 (s), 1251.9 (s), 1224.5 (m), 1192.1 (m), 1169.9 (s), 1132.0
(s), 1101.1 (s), 1070.5 (m), 1022.0 (s), 980.9 (m), 918.6 (m), 889.0 (w), 863.4
(W), 829.6 (w), 808.9 (w), 753.7 (w), 739.6 (w), 673.5 (w) cm™1; TH NMR (500
MHz, CDCl3) & 5.11 (app.t, J = 5.7 Hz, 1H), 3.74 (s, 3H), 3.47 (s, 3H), 3.27 (s,
3H), 3.15 (dd, J = 5.3, 15.3 Hz, 1H), 2.57 (dd, J = 6.2, 15.3 Hz, 1H), 2.10 (s, 3H),
1.51 (s, 3H); 13C NMR (125 MHz, CDCl3) & 169.5, 167.3, 108.8, 104.9, 88.4,

56.4, 52.5, 48.6, 39.2, 20.8, 15.0; high resolution mass spectrum (Cl) m/z
231.0866 [calcd for C19H1506 (M-CH30H+H) 231.0869].

144b: mp 58-59 °C; IR (thin film/NaCl) 2998.2 (m), 2952.9 (s), 2977.7
(m), 2838.7 (m), 1760.0 (s), 1739.9 (s), 1434.2 (s), 1376.6 (s), 1315.4 (m),
1274.9 (s), 1254.2 (s), 1230.8 (s), 1190.3 (s), 1164.1 (s), 1129.0 (s), 1108.3 (s),
1084.9 (s), 1071.4 (s), 1045.3 (m), 1022.8 (s), 976.9 (m), 957.2 (s), 937.9 (m),
910.7 (m), 858.0 (w), 825.8 (w), 811.9 (w), 785.4 (w), 741.3 (), 686.3 (W), 656.7
(w) cm™1; TH NMR (500 MHz, CDCl3) & 5.08 (dd, J = 1.9, 6.5 Hz, 1H), 3.73 (s,
3H), 3.40 (s, 3H), 3.33 (dd, J = 6.5, 15.2 Hz, 1H), 3.25 (s, 3H), 2.19 (dd, J = 1.9,
15.2 Hz, 1H), 2.11 (s, 3H), 1.57 (s, 3H); 13C NMR (125 MHz, CDCl3) & 169.7,

167.7, 109.0, 104.1, 86.4, 55.9, 52.5, 48.6, 39.1, 20.9, 15.8; high resolution mass
spectrum (CIl) m/z 231.0870 [calcd for C1gH150¢ (M-CH30H+H) 231.0869].

Preparation of Esters (*)-97a,b.
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MeQ o OMe
H3C_'. 5
MeO,C" OH

(x)-97a o-5'-OMe
(£)97b p-5-OMe

Esters (*)-97a,b. A solution of acetates 144a,b (1.31 g, 5.00 mmol) in
MeOH (50 mL) was treated with KoCO3 (1.04 g, 7.52 mmol, 1.5 equiv). The

mixture was stirred for 2 hours at 20 °C. After evaporation of solvent in vacuo
the residue was dissolved in Et2O and filtered through silica gel (EtoO eluent) to
afford a mixture of hydroxyfuranoses (+)-97a,b (814 mg, 74% vyield) as a

colorless oil. The mixture of diastereomers could be separated by HPLC (2:2:1

hexanes:CH2Clo:EtOAc eluent).

(¥)-97a: mp 63-64°; IR (thin film/NaCl) 3487.0 (m), 2994.8 (w), 2953.8
(m), 2834.5 (w), 1749.3 (s), 1728.9 (s), 1442.6 (m), 1379.1 (m), 1361.4 (w),
1347.5 (w), 1332.6 (w), 1269.1 (m), 1238.6 (m), 1201.7 (s), 1181.8 (m), 1156.8
(m), 1125.4 (s), 1096.1 (s), 1081.2 (s), 1044.0 (s), 1018.5 (m), 976.5 (m), 947.1
(m), 928.5 (m), 896.3 (M), 866.8 (), 834.3 (m), 802.5 (M), 754.1 (m), 684.5 (w)
cm-1; TH NMR (500 MHz, CDCl3) § 5.21 (app.t, J = 5.7 Hz, 1H), 3.79 (s, 3H),
3.48 (s, 3H), 3.27 (s, 3H), 3.18 (d, J = 2.0 Hz, 1H), 2.85 (ddd, J = 2.0, 5.3, 14.3
Hz, 1H), 2.34 (dd, J = 6.2, 14.3 Hz, 1H), 1.42 (s, 3H); 13C NMR (125 MHz,
CDCl3) 6 172.2, 109.9, 105.5, 84.5, 56.5, 53.0, 49.1, 40.5, 14.5; high resolution

mass spectrum (Cl) m/z 189.0758 [calcd for CgH1305 (M-CH30H+H) 189.0763].

(£)-97b: mp 81-82° IR (thin film/NaCl) 3484.5 (m), 2994.3 (w), 2951.4
(m), 2833.9 (w), 1748.1 (m), 1729.6 (s), 1443.7 (m), 1378.9 (m), 1347.9 (w),
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1283.8 (m), 1270.1 (m), 1239.5 (m), 1200.9 (m), 1182.0 (m), 1164.5 (m), 1126.6
(s), 1095.4 (m), 1082.3 (m), 1046.6 (m), 1020.4 (m), 978.9 (m), 959.2 (m), 948.3
(m), 926.7 (m), 901.5 (m), 868.9 (w), 838.5 (w), 802.4 (w), 756.0 (m), 684.4 (w),
672.8 (w) cm-1; TH NMR (500 MHz, CDCl3) & 5.07 (dd, J = 0.9, 5.7 Hz, 1H), 3.79

(s, 3H), 3.42 (s, 3H), 3.36 (s, 1H), 3.25 (s, 3H), 3.03 (dd, J = 5.7, 14.1 Hz, 1H),
2.06 (dd, J = 0.7, 14.1 Hz, 1H), 1.55 (s, 3H); 13C NMR (125 MHz, CDCl3) &

170.5, 110.6, 103.9, 83.2, 55.6, 52.6, 49.3, 40.6, 15.8; high resolution mass
spectrum (FAB) m/z 189.0767 [calcd for CgH4305 (M-CH30H+H) 189.0763].

Preparation of Indolocarbazoles (+)-147 and (t)-148.

0] 0]
HSC‘“U H3C\w\g
MeOzC OH MeOzC OH
(£)-147 (£)-148

Indolocarbazoles (*)-147 and (*)-148. A stirred solution of aglycon 4c
(1.00 g, 2.17 mmol, 1.0 equiv) and camphorsulfonic acid (50 mg, 0.22 mmol, 0.1
equiv) in 1,2-dichloroethane (72 mL) was heated to reflux and treated over 24 h
with a solution of furanoses (+)-97a,b (0.95 g, 4.32 mmol, 2.0 equiv) in 1,2-
dichloroethane (50 mL). After an additional 24 h, the reaction mixture was

allowed to cool to room temperature, diluted with CH2Clo (50 mL), and washed

with 10% NaHCOz3 solution (60 mL). The organic layer was dried with NapSOy4
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and evaporated in vacuo. Flash chromatography (1:1 EtOAc/hexanes eluent)
provided a 2:1 mixture of indolocarbazoles (+)-147 and (+)-148 (1.07 g, 80%

yield). Separation of the regioisomers (+)-147 and (+)-148 was achieved with

either preparative TLC (60:1 70% CH2Clo/hexanes:MeOH, 3 elutions) or by
HPLC (190:10:1 CH2Clo:EtOAc:MeOH eluent).

(£)-147: mp >250° (dec.); IR (thin film/NaCl) 3279.7 (br m), 3012.1 (m),
2952.1 (m), 2930.1 (m), 2850.1 (w), 1732.2 (m), 1646.2 (s), 1590.4 (m), 1513.7
(s), 1460.2 (s), 1260.3 (s), 1139.5 (s), 1028.1 (m), 744.5 (s) cm-1; TH NMR (500
MHz, DMSO-dg) 6 9.26 (d, J = 7.9 Hz, 1H), 7.99 (d, J = 7.7 Hz, 1H), 7.92 (app.t,
J = 8.0 Hz, 2H), 7.49 (app.t, J = 7.7 Hz, 1H), 7.47 (app.t, J = 7.8 Hz, 1H), 7.32
(app.t, J = 7.9 Hz, 1H), 7.30 (app.t, J = 8.1 Hz, 1H), 7.15 (dd, J = 5.2, 6.9 Hz,
1H), 7.02 (s, 1H), 6.94 (d, J = 9.0 Hz, 1H), 6.92 (d, J = 9.0 Hz, 1H), 6.35 (s, 1H),
5.02 (d, J = 17.8 Hz, 1H), 4.97 (d, J = 17.8 Hz, 1H), 4.86 (d, J = 15.5 Hz, 1H),
4.82 (d, J = 15.5 Hz, 1H), 3.92 (s, 3H), 3.74 (s, 3H), 3.71 (s, 3H), 3.39 (dd, J =
7.3, 14.0 Hz, 1H), 2.13 (s, 3H), 2.00 (dd, J = 4.7, 14.0 Hz, 1H); 13C NMR (125
MHz, DMSO-dg) 6 172.6, 168.6, 148.9, 148.2, 139.8, 136.7, 130.4, 130.0, 128.2,
125.3, 125.3, 124.8, 123.9, 123.8, 122.4, 120.9, 120.2, 119.8, 119.3, 118.9,
115.6, 114.6, 114.2, 112.3, 112.1, 108.8, 99.3, 84.8, 55.5, 52.4, 49.5, 454, 42 4,
22.6; high resolution mass spectrum (FAB) m/z 618.2240 [calcd for C3gH3oN307

(M+H) 618.2240].

(+)-148: mp 260-270° (dec.); IR (thin film/NaCl) 3462.3 (br m), 3014.0
(m), 2952.3 (m), 2925.1 (m), 2849.7 (m), 1730.8 (s), 1645.0 (m), 1514.7 (m),

1455.6 (s), 1403.9 (m), 1348.5 (m), 1312.6 (m), 1257.2 (s), 1235.0 (s), 1138.1
(s), 1068.8 (m), 1027.3 (m), 750.3 (s) cm-T; TH NMR (500 MHz, DMSO-dg) & 9.54

(d, J = 7.9 Hz, 1H), 8.01 (d, J = 7.9 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.89 (d, J =
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8.5 Hz, 1H), 7.50 (app.t, J = 7.5 Hz, 1H), 7.45 (app.t, J = 7.5 Hz, 1H), 7.30 (app.t,
J = 7.5 Hz, 1H), 7.29 (app.t, J = 7.6 Hz, 1H), 7.14 (dd, J = 5.0, 7.2 Hz, 1H), 7.01
(d, J = .71 Hz, 1H), 6.92 (app.t, J = 8.2 Hz, 1H), 6.92 (dd, J = 1.1, 8.4 Hz, 1H),
6.34 (br's, 1H), 4.98 (d, J = 17.9 Hz, 1H), 4.95 (d, J = 17.9 Hz, 1H), 4.84 (d, J =
15.1 Hz, 1H), 4.80 (d, J = 15.1 Hz, 1H), 3.92 (s, 3H), 3.74 (s, 3H), 3.71 (s, 3H),
3.40 (dd, J = 7.5, 14.0 Hz, 1H), 2.14 (s, 3H), 2.05 (dd, J = 4.8, 14.0 Hz, 1H); 13C
NMR (125 MHz, DMSO-dg) & 172.6, 168.9, 149.0, 148.2, 139.7, 136.8, 130.4,
126.2, 126.1, 125.4, 125.1, 124.9, 124.3, 122.0, 121.3, 120.2, 119.8, 119.2,
118.7, 116.3, 113.9, 113.8, 112.3, 112.1, 109.4, 99.3, 84.9, 84.8, 55.5, 52.4,

49.0, 45.4, 42.5, 22.8; high resolution mass spectrum (FAB) m/z 618.2240 [calcd
for C3gH32N307 (M+H) 618.2240].

Preparation of Ketone (1)-149.

0

H3CJSG,OME
MeO,C OH |
(£)

-149

Ketone (*)-149. To a solution of furanoses (+)-97a,b (230 mg, 1.00
mmol, 1.0 equiv) and carbazole (131) (167 mg, 1.00 mmol, 1.0 equiv) in 10 mL
1,2-dichloroethane was added camphorsulfonic acid (23.0 mg, 0.10 mmol, 0.10
equiv) and the mixture was heated to reflux for 10 hours. Removal of solvent
followed by flash chromatography (20% EtOAc/hexanes eluent) afforded a
mixture (1:1) of diastereomeric ketones (+)-149 (274 mg, 77% yield). The first
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compound to elute was Diastereomer I: IR (thin film/NaCl) 3451.2 (m), 3057.5
(w), 3046.5 (w), 2997.5 (w), 2950.2 (m), 2828.5 (w), 1746.5 (s), 1722.2 (s),
1627.3 (w), 1600.2 (m), 1483.6 (s), 1453.7 (s), 1356.2 (m), 1320.9 (s), 1274.8
(m), 1239.6 (s), 1226.0 (s), 1198.9 (m), 1174.5 (m), 1155.5 (m), 1139.3 (s),
1112.1 (m), 1068.7 (m), 1036.2 (m), 1003.7 (m), 979.2 (m), 935.9 (w), 900.6 (m),
843.7 (m), 797.5 (w), 754.3 (s), 727.2 (s) cm™1; TH NMR (500 MHz, CDCI3) &
8.06 (d, J=7.7 Hz, 2H), 7.43 (t, J = 7.4 Hz, 4H), 7.24 (t, J = 7.5 Hz, 2H), 5.92
(dd, J = 4.4, 8.8 Hz, 1H), 4.68 (s, 1H), 3.40 (s, 3H), 3.25 (dd, J = 8.8, 14.8 Hz,
1H), 3.12 (s, 3H), 2.64 (dd, J = 4.4, 14.8 Hz, 1H), 2.41 (s, 3H); 13C NMR (125
MHz, CDCI3) & 203.7, 170.1, 139.1, 125.8, 123.7, 120.2, 119.8, 110.5, 83.4,
81.9, 565.7, 53.0, 38.7, 24.5; high resolution mass spectrum (FAB) m/z 355.1411
[calcd for CooH21NO5 (M*) 355.1420].

The second compound to elute was Diastereomer Il: IR (thin film/NaCl)
3466.3 (w), 3058.7 (w), 2996.6 (w), 2950.7 (w), 2930.0 (w), 2847.2 (w), 2828.3
(w), 1723.7 (s), 1624.3 (w), 1598.7 (m), 1486.6 (m), 1451.0 (s), 1361.8 (m),
1323.5 (m), 1272.6 (m), 1239.4 (m), 1224.1 (s), 1196.1 (m), 1183.3 (m), 1157.8
(m), 1142.5 (m), 1101.7 (m), 1061.0 (m), 1030.4 (w), 1004.9 (w), 933.5 (w),
902.9 (w), 844.3 (w), 823.9 (w), 801.0 (w), 755.1 (s), 724.5 (s) cm™1; TH NMR
(500 MHz, CDCI3) 6 8.07 (d, J= 7.7 Hz, 2H), 7.44 (t, J= 7.4 Hz, 4H), 7.25 (1, J =
7.3 Hz, 2H), 5.97 (dd, J = 4.1, 9.1 Hz, 1H), 4.54 (s, 1H), 3.89 (s, 3H), 3.36 (dd, J
= 9.1, 14.5 Hz, 1H), 3.17 (s, 3H), 2.33 (dd, J = 4.1, 14.5 Hz, 1H), 2.09 (s, 3H);
13C NMR (125 MHz, CDCI3) & 203.4, 171.4, 139.6, 125.9, 123.7, 120.3, 119.8,

110.6, 83.5, 81.8, 56.1, 53.5, 38.7, 24.2; high resolution mass spectrum (FAB)
m/z 355.1411 [calcd for CooH21NO5 (M+) 355.1420].

Preparation of Ketones (*)-145 and (+)-146.
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Ketones (*)-145 and (*)-146. A stirred solution of aglycon 4¢ (250 mg,
0.54 mmol, 1.0 equiv) and camphorsulfonic acid (12.5 mg, 0.054 mmol, 0.1
equiv) was heated to reflux in 1,2-dichloroethane (18 mL) and treated over 30
min with a solution of furanoses (+)-97a,b (0.24 g, 1.1 mmol, 2.0 equiv) in
dichloroethane (12 mL). After an additional 45 min at reflux the reaction mixture

was allowed to cool to room temperature, diluted with CH2Cly (25 mL), and
washed with 10% NaHCOg3 solution (20 mL). The organic layer was dried with
NaxSO4 and evaporated in vacuo. Flash chromatography (1:1 EtOAc:hexanes
eluent) provided a 2:1 mixture of indolocarbazoles (+)-145 and (+)-146 (260 mg,

74% vyield). Separation of the regioisomers (+)-145 and (+)-146 was achieved

using either preparative TLC (1:20:20 MeOH:CH>Clo:hexanes, 3 elutions) or
HPLC (190:10:1 CH2Cl2:EtOAc:MeOH eluent).

The first diastereomeric mixture to elute was minor regioisomer (+)-146:
IR (thin film/NaCl) 3388.2 (br m), 2928.3 (s), 1731.6 (s), 1668.6 (s), 1592.9 (m),
1514.7 (m), 1454.4 (s), 1121.4 (m), 1025.5 (m), 753.1 (s) cm~1; 1TH NMR (500
MHz, CDCI3) 6 10.08 (br s, 1H), 9.98 (br s, 1H), 9.58 (app.t, J = 8.0 Hz, 2H), 7.89
(d, J=7.7 Hz, 2H), 7.70 (d, J = 4.7 Hz, 1H), 7.68 (d, J = 4.8 Hz, 1H), 7.50-7.62
(comp m, 6H), 7.41 (app.t, J = 7.6 Hz, 2H), 7.35 (app.t, J = 7.4 Hz, 2H), 6.99 (m,
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4H), 6.89 (s, 1H), 6.87 (s, 1H), 6.28 (dd, J = 3.8, 9.8 Hz, 1H), 6.22 (dd, J = 4.6,
8.9 Hz, 1H), 4.97 (s, 4H), 4.90 (app.t, J = 17.1 Hz, 4H), 4.59 (s, 1H), 4.50 (s, 1H),
4.07 (s, 3H), 3.89 (s, 6H), 3.86 (s, 6H), 3.49 (dd, J = 9.9, 14.5 Hz, 1H), 3.45 (s,
3H), 3.45 (s, 3H), 3.39 (s, 3H), 3.33 (dd, J = 8.9, 14.8 Hz, 1H), 2.45 (s, 3H), 2.42
(dd, J = 4.5, 14.8 Hz, 1H), 2.13 (dd, J = 4.0, 14.6 Hz, 1H), 2.10 (s, 3H); 13C NMR
(125 MHz, CDCl3) & 204.4, 202.9, 171.5, 170.2, 170.0, 149.4, 148.5, 139.9,
139.6, 139.5, 139.5, 130.4, 129.6, 129.6, 126.8, 126.7, 126.4, 126.4, 126.0,
125.9, 125.7, 125.6, 125.4, 123.3, 123.3, 123.2, 121.3, 121.2, 121.1, 120.8,
120.4, 120.2, 120.1, 118.4, 118.4, 116.3, 116.3, 111.2, 111.2, 110.9, 110.7,
110.6, 109.5, 109.3, 83.6, 83.6, 82.0, 81.8, 56.8, 56.6, 56.0, 55.9, 53.9, 53.6,

49.6, 46.4, 40.5, 24.9, 23.9; high resolution mass spectrum (El) m/z 649.2422
[calcd for C37H35N308 (M) 649.2424].

The second diastereomeric mixture to elute was major regioisomer ()-
145: IR (thin film/NaCl) 3381.1 (br m), 3009.5 (w), 2942.3 (m), 2841.8 (w),
1725.6 (s), 1668.7 (s), 1513.6 (s), 1454.9 (s), 1409.8 (m), 1248.9 (m), 1144.3
(m), 1027.5 (m), 752.6 (s) cm=1; TH NMR (500 MHz, CDCI3) & 10.25 (br s, 1H),
10.15 (br s, 1H), 9.68 (d, J = 8.0 Hz, 2H), 7.93 (d, J = 3.8 Hz, 1H), 7.92 (d, J =
3.8 Hz, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.72 (d, J = 8.2 Hz, 1H), 7.51-7.58 (comp
m, 4H), 7.41 (app.t, J = 7.7 Hz, 2H), 7.34 (app.t, J = 7.3 Hz, 2H), 6.99 (m, 4H),
6.87 (d, J = 8.1 Hz, 2H), 6.30 (dd, J = 3.8, 10.0 Hz, 1H), 6.26 (dd, J = 4.6, 8.9 Hz,
1H), 4.98 (d, J = 14.9 Hz, 1H), 4.98 (d, J = 14.9 Hz, 1H), 4.93 (d, J = 15.0 Hz,
1H), 4.92 (d, J = 15.0 Hz, 1H), 4.89 (s, 4H), 4.61 (s, 1H), 4.51 (s, 1H), 4.06 (s,
3H), 3.89 (s, 6H), 3.89 (s, 6H), 3.47 (s, 3H), 3.46 (s, 3H), 3.43-3.45 (m, 1H), 3.41
(s, 3H), 3.28 (dd, J = 9.0, 14.8 Hz, 1H), 2.44 (s, 3H), 2.38 (dd, J = 4.7, 14.7 Hz,
1H), 2.12 (s, 3H), 2.09 (dd, J = 3.8, 12.0 Hz, 1H); 13C NMR (125 MHz, CDCI3) 6
205.0, 203.0, 171.7, 170.4, 170.1, 149.3, 148.5, 139.7, 139.5, 139.4, 139.4,
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131.5, 130.4, 127.9, 127.7, 126.8, 126.8, 126.2, 125.9, 125.9, 125.6, 125.5,
125.0, 124.6, 124.4, 123.8, 123.7, 122.8, 122.8, 121.0, 121.0, 120.8, 120.7,
120.4, 120.4, 119.2, 1191, 115.7, 115.7, 111.8, 111.6, 111.2, 111.1, 110.9,
108.5, 108.3, 107.3, 83.4, 83.4, 82.1, 81.9, 56.7, 56.4, 56.0, 55.9, 53.7, 53.7,

495, 464, 404, 404, 25.0, 23.9; high resolution mass spectrum (El) m/z
649.2415 [calcd for C37H35N308 (M) 649.2424].

Preparation of ()-K252a (2).

(¥)-K252a (2). To a stirred solution of indolocarbazole (+)-147 (17.0 mg,
0.028 mmol, 1 equiv) in CH2Cl> (1.4 mL) at 25 °C was added thioanisole (0.16
mL, 1.36 mmol, 50 equiv) followed by 2,2,2-trifluoroacetic acid (1.4 mL). The
solution was stirred for 6 h, followed by dropwise addition of 2.0 mL saturated

NaHCO3 solution to neutralize the reaction mixture. The organic layer was

separated, evaporated, and purified via preparative TLC (1:20:20
MeOH:CH2Cl2:hexanes, 3 elutions) to afford (+)-K252a [2, 10.8 mg, 83% yield]

as a pale yellow solid: mp 264-267° (dec.); IR (thin film/NaCl) 3309.6 (br m),
3053.5 (m), 2952.6 (m), 2851.9 (m), 1735.8 (s), 1675.4 (s), 1590.0 (m), 1458.6
(s), 1396.4 (m), 1313.7 (s), 1258.8 (m), 1138.8 (m), 877.3 (w) cm-1; TH NMR
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(500 MHz, DMSO-dg) § 9.20 (d, J = 7.9 Hz, 1H), 8.63 (s, 1H), 8.05 (d, J = 7.7 Hz,
1H), 7.93 (d, J = 8.5 Hz, 1H), 7.89 (d, J = 8.3 Hz, 1H), 7.47 (comp m, 2H), 7.35
(app.t, J = 7.4 Hz, 1H), 7.28 (app.t, J = 7.4 Hz, 1H), 7.14 (dd, J = 5.0, 7.2 Hz,
1H), 6.34 (s, 1H), 5.02 (d, J = 17.6 Hz, 1H), 4.97 (d, J = 17.6 Hz, 1H), 3.92 (s,
3H), 3.38 (dd, J = 7.5, 14.0 Hz, 1H), 2.14 (s, 3H), 2.01 (dd, J = 4.9, 14.0 Hz, 1H);
13C NMR (125 MHz, DMSO-dg) & 172.9, 171.8, 139.9, 136.8, 133.0, 128.3,
125.6, 125.4, 125.1, 124.2, 123.9, 122.6, 121.3, 120.4, 119.6, 119.5, 115.8,

114.8, 114.6, 109.1, 99.4, 85.0, 85.0, 52.7, 45.5, 42.5, 22.8; high resolution mass
spectrum (FAB) m/z 468.1561 [calcd for Co7H2oN305 (M+H) 468.1559].

Preparation of Ketone (+)-155.

OMe

(+)-155

Ketone (+)-155. A stirred solution of methyl 2-diazo-3-oxobutanoate (150)
(2.13 g, 15.0 mmol, 1.0 equiv), alcohol (S)-(+)-15336 (1.3 mL, 15.0 mmol, 1.0
equiv) Rho(OAc)4 (66.3 mg, 0.15 mmol, 0.01 equiv) in benzene (75 mL) was
immersed into a preheated (100-110 °C) oil bath. The mixture was heated under
reflux for 20 minutes. After cooling the mixture to room temperature, the solvent
was carefully evaporated (0 °C) in vacuo. Flash chromatography (20%
EtOAc/hexanes eluent) afforded ketone (+)-155 (1.84 g, 66% yield) as a
colorless oil: bp 65-67 °C (0.35 mm Hg); [a]20p +14.65° (¢ 1.08, CHCI3); IR (thin
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film/NaCl) 3521.0 (m), 3028.5 (w), 2981.5 (m), 2957.1 (m), 2937.9 (m), 2919.9
(m), 2857.4 (w), 1742.6 (s), 1726.1 (s), 1452.3 (m), 1437.5 (m), 1376.0 (w),
1361.2 (w), 1289.1 (m), 1250.1 (m), 1192.6 (w), 1145.8 (w), 1116.3 (w), 1081.5
(w), 1060.1 (w), 1032.1 (s), 971.9 (m), 920.3 (w), 861.6 (w), 844.7 (w), 814.4 (w),
722.7 (w), 663.1 (w) cm=1; TH NMR (500 MHz, CDCI3) & 5.57 (m, 1H), 5.35 (m,
1H), 3.88 (s, 3H), 3.28 (br s, 1H), 2.68 (dd, J = 7.0, 14.0 Hz, 1H), 2.42 (dd, J =
7.7, 14.0 Hz, 1H), 1.66 (d, J = 6.42 Hz, 3H), 1.47 (s, 3H); 13C NMR (125 MHz,
CDCI3) & 198.5, 162.7, 130.9, 123.5, 78.3, 52.5, 42.2, 24.1, 17.8; high resolution
mass spectrum (Cl) m/z 187.0966 [calcd for CgH1504 (M+H) 187.0970].

Preparation of Ketone (-)-152b.

o O

/u>{lLOMe

HO "\ —
(-)-152b

Ketone (-)-152b. A solution of ketone (+)-155 (3.35 g, 18.0 mmol, 1.0
equiv) in benzene (180 mL) was treated with BF3*OEts (2.21 mL, 18.0 mmol, 1.0
equiv), stirred for 2 hours at 25 °C, and the solvent was carefully evaporated (0
°C) in vacuo. Flash chromatography (20% EtOAc/hexanes eluent) provided
ketone (-)-152b (2.49 g, 74% yield) as a colorless oil: [a]20p -32.13° (c 1.08,
CHCI3); IR (thin film/NaCl) 3476.1 (m), 3031.2 (w), 3009.6 (w), 2956.2 (m),
2921.4 (w), 2857.5 (w), 1746.9 (s), 1721.9 (s), 1437.4 (m), 1357.9 (m), 1271.0
(m), 1224.2 (m), 1195.9 (m), 1183.2 (m), 1141.0 (m), 1108.5 (m), 1076.9 (w),
1052.8 (w), 994.6 (w), 972.4 (m), 861.8 (w), 816.7 (w), 798.3 (w) cm~1; TH NMR
(500 MHz, CDCI3) 4 5.60 (m, 1H), 5.32 (m, 1H), 4.17 (s, 1H), 3.80 (s, 3H), 2.77
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(dd, J = 6.6, 14.3 Hz, 1H), 2.63 (dd, J = 7.6, 14.3 Hz, 1H), 2.28 (s, 3H), 1.65 (d, J
= 6.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) & 204.2, 170.8, 130.5, 122.9, 83.8,

53.1, 38.5, 24.7, 17.9; high resolution mass spectrum (Cl) m/z 187.0969 [calcd
for CgH1504 (M+H) 187.0970].

Preparation of Ketone (-)-152b. Single-pot method.

o O

/u>{lLOMe

HO "\ —
(-)-152b

Ketone (-)-152b. Single-pot method. A stirred solution of methyl 2-

diazo-3-oxobutanoate (150) (427 mg, 3.00 mmol, 1.0 equiv), alcohol (S)-(+)-
15336 (0.286 mL, 3.3 mmol, 1.1 equiv) Rho(OAc)4 (13 mg, 0.03 mmol, 0.01

equiv) in benzene (15 mL) was immersed into a preheated (100-110 °C) oil bath.

The mixture was heated to reflux for 20 minutes, cooled to room temperature,

treated with BF3°OEty (0.46 mL, 3.74 mmol, 1.25 equiv), and stirred for 2 hours

at 25 °C. The entire reaction mixture was poured onto a silica column and

chromatographed (20% pentane/EtoO eluent) to provide ketone (-)-152b (418

mg, 75% yield) as a colorless oil.

Preparation of Triol 156.
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Triol 156.3° To a cooled (0 °C) solution of ketone (+)-155 (1.56 g, 8.38
mmol, 1.0 equiv) in CH2Cl2 (84 mL) was added DIBAL-H (6.72 mL, 37.69 mmol,
4.5 equiv) in a dropwise fashion over a period of 8 minutes. After stirring for 10
minutes at 0 °C the ice bath was removed, the mixture warmed to 25 °C, and
stirred for 30 minutes. The reaction was quenched with EtOAc (10 mL) followed
by MeOH (5 mL). A saturated solution of sodium potassium tartrate (80 mL) was
added and the mixture was stirred vigorously for 1.5 hours. The phases were
separated and the aqueous layer was extracted with EtOAc. The combined
organic layers were washed with saturated NaCl solution and dried over MgSOg4.
After removal of the solvent, a crude oil (845 mg) was obtained and used in the
next step without further purification.

To a cooled solution (0 °C) of the above oil (845 mg) in THF (74 mL) was
added a solution of H510g (1.20 g, 5.26 mmol) in H20 (1.5 mL). After 20 minutes

at 0 °C, the reaction mixture was allowed to warm to 25 °C and stirred for 40

minutes. An excess of NaBH4 (250 mg, 6.6 mmol, 5.0 equiv) was added

followed by 1M HCI (3 mL). After the vigorous reaction had ceased, the reaction

mixture was extracted with EtOAc and the organic layers dried with MgSOg4.

Evaporation of the filtrate produced a colorless oil which was filtered through

silica gel (5% MeOH/CH2Cl2 eluent) to afford an oil (349 mg) which was used in

the subsequent reaction without further purification.

A solution of the derived oil (349 mg) in a cooled (-78 °C) mixture of

CH2Cl2 (15 mL) and MeOH (3 mL) was treated with O3 until the solution turned a
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pale blue (5-6 minutes). The mixture was purged with argon before an excess of

NaBH4 (250 mg, 6.6 mmol, 5.0 equiv) was added at -78 °C. After warming to

ambient temperature the mixture was concentrated in vacuo. Flash

chromatography (10% MeOH/CH2Cly eluent) provided triol (R)-156 (245 mg,

25% yield over 3 steps).

Preparation of Ester (-)-159.

0

N

HO "X
(-)-159

Ester (-)-159. To a solution of alcohol (-)-152b (382 mg, 2.05 mmol, 1.0
equiv) in ethylvinylether (1.4 mL) at 0 °C was added 2,2,2-trifluoroacetic acid (8.7
uL).  The mixture was warmed to reflux for 24 hours. During that time

ethylvinylether (1.4 mL) was added twice to replace evaporated solvent. The

reaction mixture was cooled to 25 °C and quenched by adding Et3N (45 uL). The
mixture was partitioned between EtoO (4 mL) and H20 (0.4 mL). The organic
layer was separated and washed with H2O (0.5 mL), saturated NaCl solution (0.5
mL), dried over MgSQOy4, and concentrated to afford an oil (538 mg) which was
used in the next step without further purification.

To a cooled solution (0 °C) of the derived oil (638 mg) in MeOH (10 mL)

was added NaBH4 (58 mg, 6.1 mmol). The reaction mixture was stirred for 2
hours at 0 °C, quenched by addition of HoO (136 ulL) and then partitioned
between H2O (3 mL) and EtoO (30 mL). The organic layer was dried over
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MgSO4 and concentrated to provide an oil (490 mg) which was used without

further purification.

To a cooled solution (-78 °C) of the derived oil (490 mg) in THF (17.8 mL)
was added KN(SiMe3)2 (9.4 mL, 0.4 M in toluene, 3.8 mmol). The mixture was

stirred for 5 minutes and treated with CS» (1.2 mL, 20.0 mmol) followed by
iodomethane (1.2 mL, 20.0 mmol). After 10 minutes at -78 °C the reaction was
warmed to 0 °C, quenched with saturated NH4ClI solution (15 mL), and diluted
with CH2Cl2 (120 mL). The organic layer was washed with HoO (30 mL),
saturated NaCl solution (30 mL), dried over MgSQ4, and concentrated in vacuo
to afford an oil (659 mg) that was used without further purification.

A solution of n-BuzSnH (1.53 mL, 5.69 mmol) and AIBN (62 mg, 0.39
mmol) in benzene (22.3 mL) was heated to reflux and treated dropwise with a
solution of the crude oil obtained above (659 mg) in benzene (3.7 mL) over 10
min. The reflux was continued for an additional hour, then allowed to cool to
room temperature. The solvent was evaporated and the residue filtered through
silica gel (095% EtOAc/hexanes gradient eluent) to provide an oil (469 mg).

A solution of the derived oil (469 mg) in THF (20 mL) was treated with 1N

HCI (2 mL). The mixture was stirred at 25 °C for 15 minutes, the solvent was

evaporated, and the residue partitioned between CH2Cl> (133 mL) and H2O (67
mL). The aqueous layer was further extracted with CH2Cl (3 x 67 mL). The
combined organic layers were dried over MgSO4 and concentrated in vacuo to
provide a vyellow oil which was purified by flash chromatography (5%
EtOAc/hexanes eluent) to provide ester (-)-159 as a pale yellow oil (153 mg, 44%
yield over 5 steps):. [a]20; -8.53° (¢ 1.06, CHCI3); IR (thin film/NaCl) 3530.1 (w),
3028.8 (w), 2962.2 (m), 2955.8 (m), 2936.6 (m), 2922.8 (m), 2880.7 (w), 2855.8
(w), 1733.9 (s), 1459.2 (m), 1378.4 (w), 1339.5 (w), 1293.4 (w), 1243.1 (s),
1211.6 (s), 1152.5 (s), 1068.7 (m), 1019.8 (m), 970.7 (m), 871.4 (w), 805.1 (w),
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749.2 (w) cm-1; TH NMR (500 MHz, CDCI3) 6 4.83 (m, 1H), 5.37 (m, 1H), 3.76 (s,
3H), 3.12 (s, 1H), 2.40 (dd, J = 7.3, 13.8 Hz, 1H), 2.31 (dd, J = 7.1, 13.8 Hz, 1H),
1.78 (m, 1H), 1.67 (m, 1H), 1.65 (d, J = 6.3 Hz, 3H), 0.86 (t, J = 7.4 Hz, 3H); 13C
NMR (125 MHz, CDCI3) 6 176.6, 129.6, 124.7, 78.0, 52.4, 42.4, 31.6, 18.0, 7.8;
high resolution mass spectrum (Cl) m/z 173.1177 [calcd for CgH1703 (M+H)
173.1178].

Preparation of Diester (-)-160.

0]

/%LOMe

HO /7

o OMe
R-(-)-160

Diester (-)-160.40 A cooled solution (-78 °C) of olefin (-)-159 (153 mg) in
CH2Cl2 (4.3 mL) and 2.5 N NaOH (1.2 mL) in MeOH, was treated with O3 until

the solution turned pale blue. Diethylether (14 mL) and H20 (14 mL) were added

and the reaction mixture was allowed to warm to 25 °C followed by extraction

with EtoO (3 x 60 mL). After evaporation of the solvent the crude product was

filtered through a pad of silica gel (20% EtOAc/hexanes) to afford diester (-)-160
as a colorless oil (74 mg, 44% vyield, [a]205 -13.88°(c 1.03, CHCI3).

Preparation of Esters (+)-97a,b and Ketone (-)-166.
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Esters (+)-97a,b and Ketone (-)-166. A solution of olefin (-)-152b (1.31
g, 7.0 mmol, 1.0 equiv) and a trace of sudan red 7B dye in MeOH (45 mL) was
cooled to -78 °C and treated with O3 until the dye was completely discolored
(about 3 minutes). The mixture was purged with argon for 10 minutes at -78 °C
and dimethylsulfide (20 mL) was added at that temperature. The dry-ice cold
bath was replaced with an ice bath which was allowed to thaw (0-20 °C) over a
period of 3 hours. The solvent was removed in vacuo and the crude product
dissoved in benzene (45 mL). After addition of p-toluenesulfonic acid (20 mg,
0.11 mmol, 0.015 equiv) and MeOH (12 mL) the mixture was stirred at 25 °C for
17 hours followed by evaporation of the solvent in vacuo. Flash chromatography
(20% EtOAc/hexanes eluent) afforded a mixture of diastereomeric furanoses (+)-
97a,b and ketone (-)-166 (1.23 g, 80% yield). The diastereomers could be
separated using HPLC. In a first run (2:2:1 hexanes:CH2Clo:EtOAc eluent) a
mixture of alcohols (+)-97b and (-)-166 was eluted first followed by furanose (+)-
97a which was isolated in its pure form as a colorless oil. The two component
mixture was separated using a different system (10% i-propanol/hexanes eluent).
The first compound to elute was furanose (+)-97b, followed by ketone (-)-166,

both as colorless oils.

(+)-97a:  mp 63-64°; [0]20, + 9.66° (¢ 1.03, CHCI3); IR (thin film/NaCl)

3480.7 (m), 2995.0 (w), 2953.3 (m), 2914.2 (w), 2835.1 (w), 1726.7 (s), 1443.2
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(m), 1377.9 (m), 1348.2 (w), 1278.2 (s), 1239.0 (m), 1228.0 (m), 1200.4 (m),
1181.6 (w), 1165.1 (s), 1127.6 (s), 1114.3 (s), 1092.2 (m), 1084.5 (m), 979.6 (m),
957.5 (m), 948.7 (m), 927.8 (m), 901.5 (m), 871.9 (w), 840.9 (w), 802.9 (w),
755.5 (m), 673.0 (w) cm-1; TH NMR (500 MHz, CDCl3) & 5.21 (app.t, J = 5.7 Hz,
3H), 3.79 (s, 3H), 3.47 (s, 3H), 3.36 (d, J = 1.6 Hz, 1H), 3.27 (s, 3H), 2.84 (ddd, J
= 1.6, 5.2, 14.3 Hz, 1H), 2.34 (dd, J = 6.2, 14.3 Hz, 1H), 1.43 (s, 3H); 13C NMR
(125 MHz, CDCl3) & 172.1, 109.8, 105.3, 84.4, 56.3, 52.8, 49.0, 40.4, 14.5; high

resolution mass spectrum (Cl) m/z 189.0764 [calcd for CgH1305 (M-CH30OH+H)

189.0763].

(+)-97b: mp 81-82°; [0]20p + 112.13° (¢ 1.06, CHCl3); IR (thin film/NaCl)
3495.1 (m), 2995.3 (m), 2953.2 (s), 2917.2 (s), 2848.3 (m), 1747.1 (s), 1463.7
(m), 1439.3 (m), 1379.1 (m), 1355.2 (w), 1263.5 (s), 1200.0 (s), 1182.1 (m),
1156.1 (m), 1121.8 (s), 1086.1 (s), 1043.7 (m), 1019.3 (m), 973.6 (m), 949.3 (m),
929.7 (m), 892.2 (m), 864.6 (w), 833.7 (m), 802.7 (m), 750.6 (m), 685.5 (m) cm-1;
1H NMR (500 MHz, CDCl3) § 5.07 (dd, J = 0.6, 5.8 Hz, 1H), 3.79 (s, 3H), 3.42 (s,

3H), 3.38 (br s, 1H), 3.25 (s, 3H), 3.03 (dd, J = 5.8, 14.2 Hz, 1H), 2.06 (d, J =
14.2 Hz, 1H), 1.54 (s, 3H); 13C NMR (125 MHz, CDCl3) § 170.5, 110.5, 103.8,

83.1, 55.5, 52.6, 49.2, 40.5, 15.2; high resolution mass spectrum (Cl) m/z
189.0771 [calcd for CgH1305 (M-CH30H+H) 189.0764].

(-)-166: [0]205 - 20.25° (¢ 0.97, CHCl3); IR (thin film/NaCl) 3450.0 (m),

2988.3 (m), 2953.5 (s), 2915.0 (s), 2849.2 (s), 1746.0 (s), 1722.3 (s), 1457.5 (m),
1436.4 (m), 1386.7 (m), 1275.0 (m), 1245.2 (m), 1198.0 (m), 1178.1 (m), 1142.1

(s), 1121.0 (s), 1063.3 (s), 1014.2 (w), 998.1 (w), 974.4 (w), 907.4 (w), 830.6 (W),
755.1 (w) cm-1; TH NMR (500 MHz, CDCl3) & 4.50 (s, 1H), 4.50 (dd, J = 4.8, 6.7

Hz, 1H), 3.78 (s, 3H), 3.34 (s, 3H), 3.29 (s, 3H), 2.43 (dd, J = 4.8, 14.5 Hz, 1H),
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2.39 (dd, J = 6.7, 14.5 Hz, 1H), 2.28 (s, 3H); 13C NMR (125 MHz, CDCl3) §

204.0, 170.8, 102.0, 81.8, 54.9, 53.8, 53.2, 38.4, 24.5; high resolution mass
spectrum (FAB) m/z 189.0777 [calcd for CgH41305 (M-CH3OH+H) 189.0776].

Preparation of Indolocarbazoles (-)-147 and (-)-148.

DVB DVB
N _o o=N
N o N N o N
H3C"S ] H3C"S ]
MSOZC bH MeOzC bH
(-)-147 (-)-148

Indolocarbazoles (-)-147 and (-)-148. A stirred solution of aglycon 4c
(1.00 g, 2.17 mmol, 1.0 equiv) and camphorsulfonic acid (50 mg, 0.22 mmol, 0.1
equiv) in 1,2-dichloroethane (72 mL) was heated to reflux and treated over 24 h
with a solution of alcohols (+)-97a,b and (-)-166 (0.95 g, 4.32 mmol, 2.0 equiv) in

1,2-dichloroethane (50 mL). After an additional 24 h, the reaction mixture was

allowed to cool to room temperature, diluted with CH2Clo (50 mL), and washed
with 10% NaHCOg3 solution (50 mL). The organic layer was dried with NapSOy4
and evaporated in vacuo. Flash chromatography (1:1 EtOAc/hexanes eluent)
provided a 2:1 mixture of indolocarbazoles (-)-147 and (-)-148 (1.07 g, 80%

yield). Separation of the regioisomers (-)-147 and (-)-148 was achieved with

either preparative TLC (60:1 70% CH2Clo/hexanes:MeOH, 3 elutions) or by
HPLC (190:10:1 CH2Cl2:EtOAc:MeOH eluent).
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(-)-147: mp >250° (dec.); [a]205 -17° (¢ 0.1, MeOH); IR (thin film/NaCl)
3279.7 (br m), 3012.1 (m), 2952.1 (m), 2930.1 (m), 2850.1 (w), 1732.2 (m),
1646.2 (s), 1590.4 (m), 1513.7 (s), 1460.2 (s), 1139.5 (s), 1028.1 (m), 744.5 (s)
cm-1; TH NMR (500 MHz, DMSO-dg) § 9.26 (d, J = 7.9 Hz, 1H), 7.99 (d, J = 7.7
Hz, 1H), 7.92 (app.t, J = 8.0 Hz, 2H), 7.49 (app.t, J = 7.7 Hz, 1H), 7.47 (app.t, J =
7.8 Hz, 1H), 7.32 (app.t, J = 7.9 Hz, 1H), 7.30 (app.t, J = 8.1 Hz, 1H), 7.15 (dd, J
=5.2,6.9 Hz, 1H), 7.02 (s, 1H), 6.94 (d, J = 9.0 Hz, 1H), 6.92 (d, J = 9.0 Hz, 1H),
6.35 (s, 1H), 5.02 (d, J = 17.8 Hz, 1H), 4.97 (d, J = 17.8 Hz, 1H), 4.86 (d, J =
15.5 Hz, 1H), 4.82 (d, J = 15.5 Hz, 1H), 3.92 (s, 3H), 3.74 (s, 3H), 3.71 (s, 3H),
3.39 (dd, J = 7.3, 14.0 Hz, 1H), 2.13 (s, 3H), 2.00 (dd, J = 4.7, 14.0 Hz, 1H); 13C
NMR (125 MHz, DMSO-dg) & 172.6, 168.6, 148.9, 148.2, 139.8, 136.7, 130.4,
130.0, 128.2, 125.3, 125.3, 124.8, 123.9, 123.8, 122.4, 120.9, 120.2, 119.8,
119.3, 118.9, 115.6, 114.6, 114.2, 112.3, 112.1, 108.8, 99.3, 84.8, 55.5, 52.4,

49.5,45.4, 42 .4, 22.6; high resolution mass spectrum (FAB) m/z 618.2240 [calcd
for C3gH32N307 (M+H) 618.2240].

(-)-148: mp 260-270° (dec.); []205 -13° (¢ 0.1, MeOH); IR (thin film/NaCl)
3462.3 (br m), 3014.0 (m), 2952.3 (m), 2925.1 (m), 2849.7 (m), 1730.8 (s),
1645.0 (m), 1514.7 (m), 1455.6 (s), 1403.9 (m), 1348.5 (m), 1312.6 (m), 1257.2
(s), 1235.0 (s), 1138.1 (s), 1068.8 (m), 1027.3 (m), 750.3 (s) cm-T; TH NMR (500
MHz, DMSO-dg) § 9.54 (d, J = 7.9 Hz, 1H), 8.01 (d, J = 7.9 Hz, 1H), 7.94 (d, J =
8.2 Hz, 1H), 7.89 (d, J = 8.5 Hz, 1H), 7.50 (app.t, J = 7.5 Hz, 1H), 7.45 (app.t, J =
7.5 Hz, 1H), 7.30 (app.t, J = 7.5 Hz, 1H), 7.29 (app.t, J = 7.6 Hz, 1H), 7.14 (dd, J
=5.0, 7.2 Hz, 1H), 7.01 (d, J = .71 Hz, 1H), 6.92 (app.t, J = 8.2 Hz, 1H), 6.92 (dd,
J=1.1,8.4 Hz, 1H), 6.34 (br s, 1H), 4.98 (d, J = 17.9 Hz, 1H), 4.95 (d, J = 17.9
Hz, 1H), 4.84 (d, J = 15.1 Hz, 1H), 4.80 (d, J = 15.1 Hz, 1H), 3.92 (s, 3H), 3.74
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(s, 3H), 3.71 (s, 3H), 3.40 (dd, J = 7.5, 14.0 Hz, 1H), 2.14 (s, 3H), 2.05 (dd, J =
4.8, 14.0 Hz, 1H); 13C NMR (125 MHz, DMSO-dg) & 172.6, 168.9, 149.0, 148.2,
139.7, 136.8, 130.4, 126.2, 126.1, 125.4, 125.1, 124.9, 124.3, 122.0, 121.3,
120.2, 119.8, 119.2, 118.7, 116.3, 113.9, 113.8, 112.3, 112.1, 109.4, 99.3, 84.9,

84.8, 55.5,52.4,49.0,45.4, 42.5, 22.8; high resolution mass spectrum (FAB) m/z
618.2240 [calcd for C3gH35N307 (M+H) 618.2240].

Preparation of (-)-K252a (2).

(-)-K252a (2). To a stirred solution of indolocarbazole (-)-147 (17.0 mg,
0.028 mmol, 1 equiv) in CH2Cl> (1.4 mL) at 25 °C was added thioanisole (0.16
mL, 1.36 mmol, 50 equiv) followed by 2,2,2-trifluoroacetic acid (1.4 mL). The
solution was stirred for 6 h, followed by dropwise addition of 2.0 mL saturated
NaHCO3 solution to neutralize the reaction mixture. The organic layer was
separated, evaporated, and purified via preparative TLC (1:20:20
MeOH:CH2Cl2:hexanes, 3 elutions) to afford (-)-K252a [2, 10.3 mg, 82% yield] as
a pale yellow solid: mp 263-265° (dec.); [a]20p -39°; ¢ 0.1, MeOH; IR (thin
film/NaCl) 3309.4 (br m), 3055.3 (m), 2952.6 (m), 2851.9 (m), 1735.8 (s), 1675.4
(s), 1458.6 (s), 1396.4 (m), 1313.7 (s), 1258.8 (m), 1138.8 (m), 877.3 (w) cm-1;
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TH NMR (500 MHz, DMSO-dg) § 9.20 (d, J = 7.9 Hz, 1H), 8.63 (s, 1H), 8.05 (d, J
= 7.7 Hz, 1H), 7.93 (d, J = 8.5 Hz, 1H), 7.89 (d, J = 8.3 Hz, 1H), 7.47 (comp m,
2H), 7.35 (app-t, J = 7.4 Hz, 1H), 7.28 (app.t, J = 7.4 Hz, 1H), 7.14 (dd, J = 5.0,
7.2 Hz, 1H), 6.34 (s, 1H), 5.02 (d, J = 17.6 Hz, 1H), 4.97 (d, J = 17.6 Hz, 1H),
3.92 (s, 3H), 3.38 (dd, J = 7.5, 14.0 Hz, 1H), 2.14 (s, 3H), 2.01 (dd, J = 4.9, 14.0
Hz, 1H); 13C NMR (125 MHz, DMSO-dg) & 172.9, 171.8, 139.9, 136.8, 133.0,
128.3, 125.6, 125.4, 125.1, 124.2, 123.9, 122.6, 121.3, 120.4, 119.6, 119.5,
115.8, 114.8, 114.6, 109.1, 99.4, 85.0, 85.0, 52.7, 45.5, 42.5, 22.8; high
resolution mass spectrum (FAB) m/z 468.1561 [calcd for Cy7HooN3O05 (M+H)

468.1559].

Preparation of Ketone (+)-168.

o O

HO N\ CgHs

(+)-168

Ketone (+)-168. A stirred solution of methyl 2-diazo-3-oxobutanoate
[(150) 10 g, 70.4 mmol, 1.0 equiv], (R)-(-)-nonen-3-0l33 [(167) 10.8 g, 75.9 mmol,
1.1 equiv], and Rha(OAc)s (19 mg, 0.04 mmol, 0.0006 equiv) in benzene (235
mL) was immersed into a preheated (100-110 °C) oil bath. The mixture was
heated at reflux for 20 min, cooled to room temperature, treated with BF3*OEt>
(10.8 mL, 85.2 mmol, 1.21 equiv), and stirred for 2 hours at 25 °C. The entire
reaction mixture was poured onto a flash column and chromatographed (10%

EtOAc/hexanes eluent) to provide ketone (+)-168 (13.9 g, 77% yield) as a
colorless oil:  [a]205 +19.41° (¢ 1.03, CHCI3); IR (thin film/NaCl) 3788.3 (m),
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2954.9 (s), 2926.7 (s), 2871.3 (m), 2855.5 (s), 1746.6 (s), 1723.2 (s), 1456.5 (m),
1436.1 (m), 1378.2 (m), 1356.0 (m), 1272.5 (m), 1226.5 (s), 1194.1 (m), 1143.0
(m), 1114.0 (m), 972.6 (m), 797.1 (w), 725.5 (w) cm™1; TH NMR (500 MHz,
CDCI3) & 5.57 (m, 1H), 5.30 (m, 1H), 4.20 (s, 1H), 3.79 (s, 3H), 2.78 (dd, J = 6.7,
14.3 Hz, 1H), 2.64 (dd, J = 7.6, 14.3 Hz, 1H), 2.28 (s, 3H), 1.97 (q, J = 7 Hz, 2H),
1.31-1.23 (m, 8H), 0.88 (t, J = 7 Hz, 3H); 13C NMR (125 MHz, CDCI3) & 204.2,
170.8, 136.2, 121.6, 83.9, 53.1, 38.6, 32.4, 31.5, 29.0, 28.6, 24.7, 22.4, 13.9;
high resolution mass spectrum (Cl) m/z 257.1745 [calcd for C14H2504 (M+H)

257.1753].

Preparation of Esters (-)-97a,b and Ketone (+)-166.

Z ONS
HsC_@ + 7 OMe
O HO M

(-)97a p-5-OMe

(-}-97b a-5-OMe (+)-166

Esters (-)-97a,b and Ketone (+)-166. A solution of ketone (+)-168 (10.6
g, 41.4 mmol) and a trace of sudan red 7B dye in MeOH (450 mL) was cooled to
-78 °C and treated with O3 until the dye was completely discolored (about 30
minutes). The mixture was purged with argon for 10 minutes at -78 °C and
dimethylsulfide (200 mL) was added at that temperature. The dry-ice cold bath
was replaced with an ice bath which was allowed to thaw (0-20 °C) over a period
of 3 hours. The solvent was removed in vacuo and the crude product dissoved in
benzene (450 mL). After addition of p-toluenesulfonic acid (200 mg, 1.1 mmol,

0.015 equiv) and MeOH (120 mL) the mixture was stirred at 25 °C for 17 hours
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followed by evaporation of the solvent in vacuo. Flash chromatography (20%
EtOAc/hexanes eluent) afforded a mixture of diastereomeric furanoses (-)-97a,b
and ketone (+)-166 (7.3 g, 80% yield). The diastereomers could be separated
using HPLC. In a first run (2:2:1 hexanes:CH2Cl2:EtOAc eluent) a mixture of
alcohols (-)-97b and (+)-166 was eluted first followed by furanose (-)-97a which
was isolated in its pure form as a colorless oil. The two component mixture was
separated using a different system (10% i-propanol/hexanes eluent). The first
compound to elute was furanose (-)-97b, followed by ketone (+)-166, both as

colorless oils.

(-)-97a: mp 63-64 °C (EtOAc); [a]20p -9.00° (¢ 1.16, CHCI3); IR (thin
film/NaCl) 3486.7 (m), 2994.8 (m), 2954.8 (m), 2918.0 (m), 2836.2 (m), 1732.7
(s), 1442.6 (m), 1378.3 (m), 1346.6 (w), 1276.5 (s), 1243.0 (m), 1229.7 (m),
1199.7 (m), 1183.0 (m), 1165.4 (s), 1126.7 (s), 1115.6 (s), 1086.6 (s), 1049.2 (s),
1020.2 (s), 980.1 (m), 956.6 (m), 626.1 (m), 902.6 (m), 870.2 (w), 840.2 (w),
803.0 (w), 754.6 (m), 673.3 (m) cm™1; TH NMR (500 MHz, CDCI3) 6 5.21 (app.t, J
= 5.7 Hz, 1H), 3.79 (s, 3H), 3.47 (s, 3H), 3.36 (br s, 1H), 3.27 (s, 3H), 2.84 (dd, J
= 5.3, 14.3 Hz, 1H), 2.34 (dd, J = 6.2, 14.3 Hz, 1H), 1.43 (s, 3H); 13C NMR (125
MHz, CDCI3) & 172.1, 109.9, 105.4, 84.5, 56.4, 52.8, 49.0, 40.5, 14.5; high
resolution mass spectrum (Cl) m/z 189.0773 [calcd for CgH1305 (M-CH30H+H)

189.0763].

(-)-97b: mp 81-82 °C (EtOAc); [0]20p -122.55° (¢ 1.10, CHCI3); IR (thin
film/NaCl) 3496.4 (m), 2998.9 (m), 2953.3 (m), 2915.1 (m), 2836.9 (m), 1748.9
(s), 1732.9 (s), 1440.3 (m), 1379.3 (m), 1334.7 (w), 1261.7 (s), 1200.7 (s),
1182.7 (m), 1156.9 (s), 1122.5 (s), 1098.5 (s), 1086.5 (s), 1044.3 (m), 1021.1
(m), 975.9 (s), 948.6 (m), 930.7 (m), 893.9 (M), 865.4 (m), 834.9 (m), 802.2 (m),
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750.9 (m), 685.7 (m) cm~1; TH NMR (500 MHz, CDCl3) 5 5.07 (d, J = 5.8 Hz, 1H),
3.78 (s, 3H), 3.42 (s, 3H), 3.25 (s, 3H), 3.03 (dd, J = 5.8, 14.1 Hz, 1H), 2.05 (d, J
= 14.1 Hz, 1H), 1.54 (s, 3H): 13C NMR (125 MHz, CDCl3) § 170.4, 110.5, 103.8,

83.1, 55.5, 52.5, 49.2, 40.5, 15.7; high resolution mass spectrum (Cl) m/z
189.0778 [calcd for CgH1305 (M-CH30H+H) 189.0763].

(+)-166: [a]20p +19.55° (c 1.12, CHCI3); IR (thin film/NaCl) 3452.5 (m),
2993.2 (m), 2954.6 (m), 2934.2 (m), 2917.5 (m), 2848.4 (m), 2838.2 (m), 1748.7
(s), 1723.1 (s), 1437.8 (m), 1359.7 (m), 1275.8 (m), 1245.7 (m), 1198.5 (m),
1178.2 (m), 1144.7 (s), 1124.4 (s), 1065.4 (s), 1015.7 (m), 997.3 (m), 905.2 (m),
829.6 (w), 802.0 (w), 756.0 (w) cm-1; TH NMR (500 MHz, CDCIl3) & 4.51 (br s,
1H), 4.50 (dd, J = 4.9, 6.6 Hz, 1H), 3.78 (s, 3H), 3.34 (s, 3H), 3.29 (s, 3H), 2.43
(dd, J =4.9, 14.6 Hz, 1H), 2.38 (dd, J = 6.6, 14.6 Hz, 1H), 2.28 (s, 3H); 13C NMR
(125 MHz, CDCI3) & 204.0, 170.8, 102.0, 81.8, 54.9, 53.8, 53.2, 38.4, 24.5; high
resolution mass spectrum (FAB) m/z 189.0775 [calcd for CgH430s5 (M-
CH30OH+H) 189.0763].

Preparation of Indolocarbazoles (+)-147 and (+)-148.
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o o
Hscw‘ij H3C\\~.\i_7/
MeOzC OH MeOZC OH

(+)-147 (+)-148

Indolocarbazoles (+)-147 and (+)-148. A stirred solution of aglycon 4c
(1.00 g, 2.17 mmol, 1.0 equiv) and camphorsulfonic acid (50 mg, 0.22 mmol, 0.1
equiv) in 1,2-dichloroethane (72 mL) was heated to reflux and treated over 24 h
with a solution of alcohols (-)-97a,b and (+)-166 (0.95 g, 4.32 mmol, 2.0 equiv) in

1,2-dichloroethane (50 mL). After an additional 24 h, the reaction mixture was

allowed to cool to room temperature, diluted with CH2Clo (50 mL), and washed

with 10% NaHCOz3 solution (50 mL). The organic layer was dried with NapSOy4
and evaporated in vacuo. Flash chromatography (1:1 EtOAc/hexanes eluent)
provided a 2:1 mixture of indolocarbazoles (+)-147 and (+)-148 (1.07 g, 80%

yield). Separation of the regioisomers (+)-147 and (+)-148 was achieved with

either preparative TLC (60:1 70% CH2Clo/hexanes:MeOH, 3 elutions) or by
HPLC (190:10:1 CH2Clo:EtOAc:MeOH eluent).

(+)-147: mp >250 °C (dec., MeOH/CH2Clo); [a]20p +15° (¢ 0.1, MeOH);
IR (thin film/NaCl) 3279.7 (br m), 3012.1 (m), 2952.1 (m), 2930.1 (m), 2850.1 (w),

1732.2 (m), 1646.2 (s), 1590.4 (m), 1513.7 (s), 1460.2 (s), 1260.3 (s), 1139.5 (s),
1028.1 (m), 744.5 (s) cm~1; 1H NMR (500 MHz, DMSO-dg) 5 9.26 (d, J = 7.9 Hz,

1H), 7.99 (d, J = 7.7 Hz, 1H), 7.92 (app.t, J = 8.0 Hz, 2H), 7.49 (app.t, J = 7.7 Hz,
1H), 7.47 (app.t, J = 7.8 Hz, 1H), 7.32 (app.t, J = 7.9 Hz, 1H), 7.30 (app.t, J = 8.1
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Hz, 1H), 7.15 (dd, J = 5.2, 6.9 Hz, 1H), 7.02 (s, 1H), 6.94 (d, J = 9.0 Hz, 1H),
6.92 (d, J = 9.0 Hz, 1H), 6.35 (s, 1H), 5.02 (d, J = 17.8 Hz, 1H), 4.97 (d, J = 17.8
Hz, 1H), 4.86 (d, J = 15.5 Hz, 1H), 4.82 (d, J = 15.5 Hz, 1H), 3.92 (s, 3H), 3.74
(s, 3H), 3.71 (s, 3H), 3.39 (dd, J = 7.3, 14.0 Hz, 1H), 2.13 (s, 3H), 2.00 (dd, J =
4.7, 14.0 Hz, 1H); 13C NMR (125 MHz, DMSO-dg) 5 172.6, 168.6, 148.9, 148.2,
139.8, 136.7, 130.4, 130.0, 128.2, 125.3, 125.3, 124.8, 123.9, 123.8, 122.4,
120.9, 120.2, 119.8, 119.3, 118.9, 115.6, 114.6, 114.2, 112.3, 112.1, 108.8, 99.3,

84.8, 55.5,52.4,49.5,45.4, 42 .4, 22.6; high resolution mass spectrum (FAB) m/z
618.2240 [calcd for C36H32N307 (M+H) 618.2240].

(+)-148: mp 260-270 °C (dec., MeOH/CH2Clo); [a]20, +13° (¢ 0.1,
MeOH); IR (thin film/NaCl) 3462.3 (br m), 3014.0 (m), 2952.3 (m), 2925.1 (m),
2849.7 (m), 1730.8 (s), 1645.0 (m), 1514.7 (m), 1455.6 (s), 1403.9 (m), 1348.5
(m), 1312.6 (m), 1257.2 (s), 1235.0 (s), 1138.1 (s), 1068.8 (m), 1027.3 (m), 750.3
(s) cm™1; TH NMR (500 MHz, DMSO-dg) & 9.54 (d, J = 7.9 Hz, 1H), 8.01 (d, J =
7.9 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.89 (d, J = 8.5 Hz, 1H), 7.50 (app.t, J = 7.5
Hz, 1H), 7.45 (app.t, J = 7.5 Hz, 1H), 7.30 (app.t, J = 7.5 Hz, 1H), 7.29 (app.t, J =
7.6 Hz, 1H), 7.14 (dd, J = 5.0, 7.2 Hz, 1H), 7.01 (s, 1H), 6.92 (app.t, J = 8.2 Hz,
1H), 6.92 (dd, J = 1.1, 8.4 Hz, 1H), 6.34 (br s, 1H), 4.98 (d, J = 17.9 Hz, 1H),
4.95 (d, J = 17.9 Hz, 1H), 4.84 (d, J = 15.1 Hz, 1H), 4.80 (d, J = 15.1 Hz, 1H),
3.92 (s, 3H), 3.74 (s, 3H), 3.71 (s, 3H), 3.40 (dd, J = 7.5, 14.0 Hz, 1H), 2.14 (s,
3H), 2.05 (dd, J = 4.8, 14.0 Hz, 1H); 13C NMR (62.5 MHz, DMSO-dg) & 172.6,
168.9, 149.0, 148.2, 139.7, 136.8, 130.4, 126.2, 126.1, 125.4, 125.1, 124.9,
124.3, 122.0, 121.3, 120.2, 119.8, 119.2, 118.7, 116.3, 113.9, 113.8, 112.3,

112.1, 109.4, 99.3, 84.9, 84.8, 55.5, 52.4, 49.0, 45.4, 42.5, 22.8; high resolution
mass spectrum (FAB) m/z 618.2240 [calcd for C36H32N307 (M+H) 618.2240].
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Preparation of (+)-K252a (2).

(+)-K252a (2). To a stirred solution of indolocarbazole (+)-147 (17.0 mg,
0.028 mmol, 1 equiv) in CH2Cl> (1.4 mL) at 25 °C was added thioanisole (0.16
mL, 1.36 mmol, 50 equiv) followed by 2,2,2-trifluoroacetic acid (1.4 mL). The
solution was stirred for 6 h, followed by dropwise addition of 2.0 mL saturated
NaHCO3 solution to neutralize the reaction mixture. The organic layer was
separated, evaporated, and purified via preparative TLC (1:20:20
MeOH:CH2Cl2:hexanes, 3 elutions) to afford (+)-K252a [2, 10.8 mg, 84% yield]
as a pale yellow solid: mp 264-267 °C (dec., acetone); [a]20, +40° (c 0.1,
MeOH); IR (thin film/NaCl) 3309.6 (br m), 3053.5 (m), 2952.6 (m), 2851.9 (m),
1735.8 (s), 1675.4 (s), 1590.0 (m), 1458.6 (s), 1396.4 (m), 1313.7 (s), 1258.8
(m), 1138.8 (m), 877.3 (w) cm~1; TH NMR (500 MHz, DMSO-dg) 6 9.20 (d, J=7.9
Hz, 1H), 8.63 (s, 1H), 8.05 (d, J = 7.7 Hz, 1H), 7.93 (d, J = 8.5 Hz, 1H), 7.89 (d, J
= 8.3 Hz, 1H), 7.47 (comp m, 2H), 7.35 (app.t, J = 7.4 Hz, 1H), 7.28 (app.t, J =
7.4 Hz, 1H), 7.14 (dd, J = 5.0, 7.2 Hz, 1H), 6.34 (s, 1H), 5.02 (d, J = 17.6 Hz,
1H), 4.97 (d, J = 17.6 Hz, 1H), 3.92 (s, 3H), 3.38 (dd, J = 7.5, 14.0 Hz, 1H), 2.14
(s, 3H), 2.01 (dd, J = 4.9, 14.0 Hz, 1H); 13C NMR (125 MHz, DMSO-dg) 8 172.9,
171.8, 139.9, 136.8, 133.0, 128.3, 125.6, 125.4, 125.1, 124.2, 123.9, 122.6,
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121.3, 120.4, 119.6, 119.5, 115.8, 114.8, 114.6, 109.1, 99.4, 85.0, 85.0, 52.7,
455, 42.5, 22.8; high resolution mass spectrum (FAB) m/z 468.1561 [calcd for
Co7H22oN305 (M+H) 468.1559].

(+)-nat-K252a (2):2 mp 262-273 °C (dec.); [a]20p +52° (¢ 0.1, MeOH); 'H
NMR (400 MHz, DMSO-dg) & 9.24 (d, J = 7.9 Hz, 1H), 8.64 (br s, 1H), 8.05 (d,
7.8H), 7.95 (d, J=8.5 Hz, 1H), 7.90 (d, J = 8.3 Hz, 1H), 7.49 (br t, 1H), 7.49 (br t,
1H), 7.36 (br t, 1H), 7.29 (br t, 1H), 7.15 (dd, J = 4.9, 7.4 Hz, 1H), 5.04 (d, J =
17.3 Hz, 1H), 5.00 (d, J = 17.3 Hz, 1H), 3.94 (s, 3H), 3.41 (dd, J = 7.4, 14.0 Hz,
1H), 2.16 (s, 3H), 2.04 (dd, J = 4.9, 14.0 Hz, 1H); 13C NMR (100 MHz, DMSO-dg)
5 172.8, 171.7, 139.8, 136.8, 132.9, 128.3, 125.6, 125.4, 125.0, 124.1, 123.9,
122.6, 121.2, 120.4, 119.5, 119.4, 115.8, 114.7, 114.6, 109.0, 99.3, 85.0, 84.9,
52.6,45.4,42.5, 22.8.
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H.; Okamoto, K. T.; Clardy, J. Tetrahedron Lett. 1985, 26, 4015. b)
Somei, M.; Kodama, A. Heterocycles 1992, 34, 1285. c) Pindur, U.; Kim,
Y.-S.; Schollmeyer, D. Heterocycles 1994, 38, 2267. d) Pindur, U.; Kim,
Y.-S.; Schollmeyer, D. J. Heterocycl. Chem. 1994, 31, 377. e) Barry, J. F.;
Wallace, T. W.; Walshe, N. D. A. Tetrahedron Lett. 1993, 34, 5329. f)
Bergman, J.; Koch, E.; Pelcman, B. Tetrahedron 1995, 51, 5631. Q)
Barry, J. F.; Wallace, T. W.; Walshe, N. D. A. Tetrahedron 1995, 51,
12797.

Protected glycine esters 138b-e were prepared according to known
literature procedures, see: a) Mannich, C.; Kuphal, R. Chem. Ber. 1912,
45, 314. b) Lee, V. J.; Branfman, A. R.; Herrin, T. R.; Rinehart, K. L., Jr. J.
Am. Chem. Soc. 1978, 100, 4225.

For the synthesis of (+)-staurosporine, see Chapter 3.

a) Green N.; LaForge, F. B. J. Am. Chem. Soc. 1948, 70, 2812. b)
Dimroth, O.; Schweizer, R. Chem. Ber. 1923, 56, 1375.

In the actual course of events, these studies paralleled our efforts to

optimize the preparation of aglycons 4a-e.
The stereochemical assignment was initially based on the chemical shift

similarities of the methyl ester singlet. McCombie has reported a 0.5 ppm

chemical shift difference in the TH-NMR between o and B ester signals in
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ester 112; however, no such difference was observed in indolocarbazoles

147 and 148.

Ultimately, the regio- and stereochemical outcome of the
cycloglycosidation was deduced from the fact that the major isomer

produces the natural product.

The regioisomeric nature of intermediates (+)-145 and (+)-146 was
determined based on the characteristic free N-H chemical shift difference

in the TH-NMR.

Initially, attempts to cycloglycosidate aglycon 4c with acetates (+)-144a,b
failed. This result was clarified upon isolation of furan i in 53% yield

following reaction of carbazole 131 with acetates (+)-144a,b.

Of particular importance to this issue is the stability of the unobserved
diastereomer (i.e., ii) to the reaction conditions. Unfortunately, the
stereoselectivity observed in this reaction made this question impossible
to address. However, in a closely related model system the
corresponding diastereomer proved stable to these conditions (see

Chapter 3).
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Aglycons 4b,4d, and 4e could be cycloglycosidated with similar results,

however only the products arising from 4d were successfully deprotected.

Weygand, F.; Steglich, W.; Bjarnason, J.; Akhtar, R.; Khan, N. M.
Tetrahedron Lett. 1966, 29, 3483.

More recently, substituted benzyl amides have been utilized in the
tirandamycin area and the 3,4-DMB group was successfully used in a
synthesis of the tetrapyrrole pigment precursor porphobilinogen, see: a)
Schlessinger, R. H.; Bebernitz, G. R.; Lin, P. J. Am. Chem. Soc. 1985,
107, 1777. b) DeShong, P.; Ramesh, S.; Elango, V.; Perez, J. J. J. Am.
Chem. Soc. 1985, 107, 5219. c) Jones, M. |.; Froussios, C.; Evans, D. A.
J. Chem. Soc., Chem. Comm. 1976, 472.

The well known tendency of indolocarbazoles to undergo Friedel-Crafts
reactions necessitated using a large excess of scavenger. For examples
of this Friedel-Crafts reactivity, see: a) Nakanishi, S.; Yamada, K,

Iwahashi, K.; Kuroda, K.; Kase, H. Mol. Pharmacol. 1990, 37, 482. b)
Yamada, R.; Sasaki, K.; O mura, S. Chem. Abstr. 1991, 115, 92688.
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In the absence of a cation scavenger an appreciable amount of

indolocarbazole iii is formed along with (+)-K252a (2).

DMB
N_o
) \ 4 @ Do
N o N L ©
HaCM €
A\
MeOZC OH

We graciously thank the Bayer Corporation for a sample of nat-(+)-K252a.

For a recent example describing the use of RAMP and SAMP hydrazones
in the alkylation of B-ketoesters, see: Enders, D.; Zamponi, A.; Schafer,
T.; NUbling, C.; Eichenauer, H.; Demir, A. S.; Raabe, G. Chem. Ber. 1994,
127, 1707.

Several excellent reviews have appeared, see: a) Padwa, A.; Hornbuckle,
S. F. Chem. Rev. 1991, 91, 263. b) Ye, T.; McKervey, M. A. Chem. Rev.
1994, 94, 1091.

For a recent review of the [2,3]-Wittig rearrangement, see: Nakai, T.;

Mikami, K. Organic Reactions 1994, 46, 105.

The Sharpless kinetic resolution protocol provides a convenient means of
accessing a variety of allylic alcohols of very high optical purity, see: Gao,
Y.; Hanson, R. M.; Klunder, J. M.; Ko, S. Y.; Masamune, H.; Sharpless, K.
B. J. Am. Chem. Soc. 1987, 109, 5765.
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a) Koreeda, M.; Luengo, J. J. Am. Chem. Soc. 1985, 107, 5572. b)
Examples of both [2,3]- and [3,3]-rearrangement of a-allyloxy ketones
have been reported, see: Ziegler, F. E. Chem. Rev. 1988, 88, 1423 and

references therein.

For a leading reference to the Lewis acid catalyzed «a-ketol
rearrangement, see: Crout, D. H. G.; Rathbone, D. L. J. Chem. Soc.,

Chem. Commun. 1987, 290.

This material was prepared from S-(-)-ethyl lactate, see: Klingler, F. D.;
Psiorz, M. German Patent DE-4219510-C1, 1993. Mosher ester analysis
(500 MHz '"H NMR) of derived allylic alcohol establish an optical purity of
98% ee.

The dramatic increase in yield over the two step procedure is attributed to
the difficulties of isolating the somewhat volatile intermediate ketone (+)-
155.

These studies were performed simultaneously in the racemic series.

Triol 156 has been prepared previously from citramalic acid and is of

known absolute configuration, see: Gill, M.; Smrdel, A. F. Tetrahedron

Asymmetry 1990, 1, 453.
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Diester 160 has been prepared previously and is of known absolute
stereochemistry, see: Spencer, H. K.; Khatri, H. N.; Hill. R. K. Bioorganic

Chem. 1976, 5, 177.

Upon large scale preparation of (-)-97 a third furanose diastereomer (iv)
was detected as a minor by-product. The structure of iv was

unambiguously assigned by X-ray analysis.

MeO o) OMe MeO 0 OMe
vl = ERKY
MeQ,C"’ MeQ,C*’
OH OH

iv

Still, W. C.; Kahn, M.; Nitra, A. J. Org. Chem. 1978, 43, 2923.

The material obtained proved identical to a sample purchased from Aldrich

chemical company.

Moody, C. J.; Rahimtoola, K. F.; Porter, B.; Ross, B. C. J. Org. Chem.
1992, 57, 2105.
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APPENDIX ONE: SYNTHETIC SUMMARY
FOR K252c (4a) AND (+)-K252a (2)
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Figure A.1.1 The Synthesis of K252c (4a) and Aglycon 4c.

R
Q| 1. HO,CCH,CO4Et, N _o 1. CHsCN, H,0 ﬁ 0
)J\/N DCC, DMAP 2. MsN3, EtzN
EtO \R —_—> — >
138aR=H 2. NaOEt, EtOH HO CO.Et  80-90% yield ¢ N,
138¢ R = 3,4-DMB 139aR=H 132aR=H

70-80%yield  439¢ R = 34.DMB 132¢ R = 3.4-DMB

40 1. KOtBu Rhy(OAC),
§ 300 °C O N\__/ O degassed Pinacolone
H > N N 120 °C

[e) 2. NH4CI H H sealed tube
137 80% yield 73 Y
R
N_ o
i N N i
H H
4a R = H (K252¢, 25% yield)
4c R = 3,4-DMB (62% yield)

Figure A.1.2 The Synthesis of (+)-K252a (2).

1. Rhy(OAc)s, PhH o O

OH o 0
W . )H)L oMe 2 BFELO A ome
5 N2 (77% yield) HO \
R-(-)-167 150 R_(+)_;>+\)5

0 o
1. 03, DMS MeQ o PMe
2. MeOH, pTSA HsC . < “OMe
(80% yield) MeO,C HO OMe
2~ OH
OMe
(-)}97a,b (+)-166
H
N_o
1.4c, CSA, 48 h

CoH4Cly
(80% yield) O O O
2. separate 2:1 N N
mixture of 1o
regioisomers HaC™'
3. TFA, CHxCl, =
thioanisole, 6 h MeO,C OH
(83% vyield) (+)-K252a (2)
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APPENDIX TWO: SPECTRA RELEVANT
TO CHAPTER TWO
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Figure A.2.2 Infrared Spectrum (thin film/NaCl) of compound 134.

Figure A.2.3 13C NMR (62.5 MHz, DMSO-dg) of compound 134.
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Figure A.2.5 Infrared Spectrum (thin film/NaCl) of compound 139b.

Figure A.2.6 13C NMR (125 MHz, DMSO-dg, 305 K) of compound 139b.
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Figure A.2.8 Infrared Spectrum (thin film/NaCl) of compound 139c.

Figure A.2.9 13C NMR (125 MHz, DMSO-dg) of compound 139c.
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Figure A.2.11 Infrared Spectrum (thin film/NaCl) of compound 139d.

Figure A.2.12 13C NMR (125 MHz, DMSO-dg) of compound 139d.
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Figure A.2.14 Infrared Spectrum (thin film/NaCl) of compound 139e.

Figure A.2.15 13C NMR (125 MHz, DMSO-dg) of compound 139e.
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Figure A.2.17 Infrared Spectrum (CCls) of compound 132b.

Figure A.2.18 13C NMR (125 MHz, CDCI3) of compound 132b.
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Figure A.2.20 Infrared Spectrum (CClys) of compound 132c.

Figure A.2.21 13C NMR (125 MHz, CDCI3) of compound 132c.

136



2z2'z’'v einbiH

137



Figure A.2.23 Infrared Spectrum (CCls) of compound 132d.

Figure A.2.24 13C NMR (125 MHz, CDCI3) of compound 132d.
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Figure A.2.26 Infrared Spectrum (CCls) of compound 132e.

Figure A.2.27 13C NMR (125 MHz, CDCI3) of compound 132e.
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Figure A.2.29 Infrared Spectrum (thin film/NaCl) of compound 4a.

Figure A.2.30 13C NMR (125 MHz, DMSO-dg) of compound 4a.
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Figure A.2.31 Infrared Spectrum (thin film/NaCl) of compound 4b.

Figure A.2.33 13C NMR (62.5 MHz, DMSO-dg) of compound 4b.
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Figure A.2.35 Infrared Spectrum (thin film/NaCl) of compound 4c.

Figure A.2.36 13C NMR (62.5 MHz, DMSO-dg) of compound 4c.
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Figure A.2.38 Infrared Spectrum (thin film/NaCl) of compound 4d.

Figure A.2.39 13C NMR (62.5 MHz, DMSO-dg) of compound 4d.
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Figure A.2.41 Infrared Spectrum (thin film/NaCl) of compound 140.

Figure A.2.42 13C NMR (125 MHz, acetone-dg) of compound 140.
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Figure A.2.44 Infrared Spectrum (thin film/NaCl) of compound (+)-143.

Figure A.2.45 13C NMR (125 MHz, CDCI3) of compound (+)-143.
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Figure A.2.47 Infrared Spectrum (thin film/NaCl) of compound (1)-144a.

Figure A.2.48 13C NMR (125 MHz, CDCI3) of compound (+)-144a.
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Figure A.2.50 Infrared Spectrum (thin film/NaCl) of compound (1)-144b.

Figure A.2.51 13C NMR (125 MHz, CDCI3) of compound (+)-144b.
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Figure A.2.53 Infrared Spectrum (thin film/NaCl) of compound (+)-97a.

Figure A.2.54 13C NMR (125 MHz, CDCI3) of compound ()-97a.
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Figure A.2.56 Infrared Spectrum (thin film/NaCl) of compound (+)-97b.

Figure A.2.57 13C NMR (125 MHz, CDCI3) of compound (+)-97b.
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Figure A.2.59 Infrared Spectrum (thin film/NaCl) of compound (+)-147.

Figure A.2.60 13C NMR (125 MHz, DMSO-dg) of compound (+)-147.
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Figure A.2.62 Infrared Spectrum (thin film/NaCl) of compound (+)-148.

Figure A.2.63 13C NMR (125 MHz, DMSO-dg) of compound (+)-148.
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Figure A.2.65 Infrared Spectrum (thin film/NaCl) of compound (1)-149.

Figure A.2.66 13C NMR (125 MHz, CDCI3) of compound (+)-149.
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Figure A.2.68 Infrared Spectrum (thin film/NaCl) of compound (+)-149.

Figure A.2.69 13C NMR (125 MHz, CDCI3) of compound (+)-149.
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Figure A.2.71 Infrared Spectrum (thin film/NaCl) of compound (+)-145.

Figure A.2.72 13C NMR (125 MHz, CDCI3) of compound (+)-145.
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Figure A.2.74 Infrared Spectrum (thin film/NaCl) of compound (+)-146.

Figure A.2.75 13C NMR (125 MHz, CDCI3) of compound (+)-146.
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Figure A.2.77 Infrared Spectrum (thin film/NaCl) of compound (£)-2.

Figure A.2.78 13C NMR (125 MHz, DMSO-dg) of compound (+)-2.
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Figure A.2.80 Infrared Spectrum (thin film/NaCl) of compound (+)-155.

Figure A.2.81 13C NMR (125 MHz, CDCI3) of compound (+)-155.
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Figure A.2.83 Infrared Spectrum (thin film/NaCl) of compound (-)-152b.

Figure A.2.84 13C NMR (125 MHz, CDCI3) of compound (-)-152b.
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Figure A.2.86 Infrared Spectrum (thin film/NaCl) of compound (-)-159.

Figure A.2.87 13C NMR (125 MHz, CDCI3) of compound (-)-159.
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Figure A.2.89 Infrared Spectrum (thin film/NaCl) of compound (+)-97a.

Figure A.2.90 13C NMR (125 MHz, CDCI3) of compound (+)-97a.
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Figure A.2.92 Infrared Spectrum (thin film/NaCl) of compound (+)-97b.

Figure A.2.93 13C NMR (125 MHz, CDCI3) of compound (+)-97b.
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Figure A.2.95 Infrared Spectrum (thin film/NaCl) of compound (-)-166.

Figure A.2.96 13C NMR (125 MHz, CDCI3) of compound (-)-166.
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Figure A.2.98 Infrared Spectrum (thin film/NaCl) of compound (-)-147.

Figure A.2.99 13C NMR (125 MHz, DMSO-dg) of compound (-)-147.
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Figure A.2.101 Infrared Spectrum (thin film/NaCl) of compound (-)-148.

Figure A.2.102 13C NMR (125 MHz, DMSO-dg) of compound (-)-148.
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Figure A.2.104 Infrared Spectrum (thin film/NaCl) of compound (-)-2.

Figure A.2.105 13C NMR (125 MHz, DMSO-dg) of compound (-)-2.
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Figure A.2.107 Infrared Spectrum (thin film/NaCl) of compound (+)-168.

Figure A.2.108 13C NMR (125 MHz, CDClI3) of compound (+)-168.
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Figure A.2.110 Infrared Spectrum (thin film/NaCl) of compound (-)-97a.

Figure A.2.111 13C NMR (125 MHz, CDClI3) of compound (-)-97a.
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Figure A.2.113 Infrared Spectrum (thin film/NaCl) of compound (-)-97b.

Figure A.2.114 13C NMR (125 MHz, CDClI3) of compound (-)-97b.
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Figure A.2.116 Infrared Spectrum (thin film/NaCl) of compound (+)-166.

Figure A.2.117 13C NMR (125 MHz, CDClI3) of compound (+)-166.

200



8112’y 8inbi

201




Figure A.2.119 Infrared Spectrum (thin film/NaCl) of compound (+)-147.

Figure A.2.120 13C NMR (125 MHz, DMSO-dg) of compound (+)-147.
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Figure A.2.122 Infrared Spectrum (thin film/NaCl) of compound (+)-148.

Figure A.2.123 13C NMR (62.5 MHz, DMSO-dg) of compound (+)-148.
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Figure A.2.125 Infrared Spectrum (thin film/NaCl) of compound (+)-2.

Figure A.2.126 13C NMR (125 MHz, DMSO-dg) of compound (+)-2.
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APPENDIX THREE: X-RAY CHRYSTALLOGRAPHY REPORTS
RELEVANT TO CHAPTER TWO
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X-RAY CHRYSTALLOGRAPHY REPORT FOR FURANOSE (+)-144a

6 02 o1 o7

MeQ 0 ‘_\OMe

H3%—'<1_7'4 B —
MBeOZCS;c\OAc
03 (£)-144a
(X-ray Numbering)

A. Crystal Data
Empirical Formula............oooooiiiiiii C11H1807
Formula Weight ... e 262.26
Crystal Color/Habit ..........ccoooiiiiice e colorless plate
Crystal Dimensions (MM) ........oooviiiiieeeieeeeeece e 0.10 X 0.18 X 0.22
Crystal SYStemM ... monoclinic
No. Reflections Used for Unit
Cell Determination (2_ range)......ccccoveeeeiiiieiiiiiii e 25(15.4 - 20.7°)
Omega Scan Peak Width
at Half-height ... e 0.21
Lattice Parameters:

B et et e et e e anaee e 7.752 (5)A

D e 21.447 (4)A

C ettt ettt e et e e nte e e abe e e e anreeeanree e 8.243 (3)A

L e 104.88 (4)°

A ettt ettt 1325 (1)A3
SPACE GIOUP ..ttt P21/a (#14)
ZVAIUB ... 4



DCAIC ..o 1.315 g/cm3

MIMOKOL) e 1.03 cm-1

B. Intensity Measurements

Diffractometer.........ooo o Rigaku AFC5S
Radiation ... MoKa. (A= 0.71069 A)
=T 0] 2= =L (U S 23 °C
AeNUAtOrS . ..., Zr foil (factors: 2.3, 5.3, 11.7)
TaKe-Off ANGIE ... 6.0°
Detector Aperture .........ooooeveeiiiee e 6.0 mm hor./6.0 mm vert.
Crystal to Detector DiStancCe..............uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeees 285 mm
SCAN TY P ittt ®-26
SCAN RAE.....uuiiiiiiiiiiii 6.0°/min in ® (2 rescans)
Scan Width .......eeeeiiii e (1.57 + 0.30 tan6)®
2OIMI@X e 50.0°

No. of Reflections Measured:

Total & s 2599
UNIQUE: ... 2417 (Rint = .046)
(07 0] 4 (=Tox (o] 13RS Lorentz-polarization

Decay ( -7.60% decline)

C. Structure Solution and Refinement

SErUCLUIE SOIULION ... Direct Methods
Refinement ... Full-matrix least-squares
Function Minimized............iiiiiiiiiiiiiiiiiiiiieeeeeeeeeeee > w ([Foll - DFCD)2
Least-squares Weights...........cooviviiiiiiiiiiiiiiiiiieeeeeeeeee 4F02/32(F02)
O 7= T3 o T PP 0.03
Anomalous Dispersion...........cccceeiiii, All non-hydrogen atoms



No. Observations (I>3.00S(1)) ...cceeeeeiiieiieieee e 884

NO. VariabIes ........cooiiiiiiiii 163
Reflection/Parameter Ratio. ... 5.42
Residuals: R; Rw 0.042; 0.046
Goodness oOf Fit INAICAtOr .............uuiiiiiiiiii e 1.38
Max Shift/Error in Final CyCle ..........oooeviiiiiiieece e, 0.00
Maximum Peak in Final Diff. Map ..........coeeiiiiiiiiceeeee e 0.16 e-/A3
Minimum Peak in Final Diff. Map .........ccoeoeiiiiiiiicee e, -0.16 e-/A3

Positional parameters and B(eq) for furanose (+)-144a

atom X y z B(eq)
O1 0.1039(4) 0.0971(1) 0.1315(4) 3.7(1)
02 0.3557(4) 0.0683(1) 0.0421(4) 4.1(2)
O3 0.3498(4) 0.1393(2) 0.4305(4) 3.6(1)
04 0.5196(5) 0.2250(2) 0.4962(4) 5.5(2)
05 0.6482(4) 0.1639(2) 0.1791(4) 5.1(2)
06 0.6719(4) 0.1021(2) 0.4028(4) 4.2(2)
o7 0.0336(4) 0.1724(2) -0.0825(4) 4.9(2)
C1 0.2843(6) 0.0780(2) 0.1818(6) 3.5(2)
C2 0.3819(6) 0.1380(2) 0.2645(5) 3.0(2)
C3 0.2792(6) 0.1884(2) 0.1527(6) 4.0(2)
C4 0.0924(6) 0.1625(2) 0.0902(6) 3.6(2)
C5 0.2976(7) 0.0211(2) 0.2917(6) 4.8(3)
C6 0.2607(8) 0.0251(3) -0.0811(7) 6.2(3)
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c7 0.4271(7)
c8 0.3765(7)
c9 0.5822(6)
C10  0.8639(6)
C11  -0.1523(8)

H1 0.2780
H2 0.3300
H3 0.0145
H4 0.2582
H5 0.2248
H6 0.4181
H7 0.1411
H8 0.3167
H9 0.2614
H10 0.4296
H11 0.2504
H12 0.4174
H13 0.9167
H14 0.8891
H15 0.9115
H16 -0.2195
H17 -0.1857
H18 -0.1753

0.1864
0.1817
0.1373
0.1001
0.1593
0.2258
0.1965
0.1827
0.0312
-0.0112
0.0074
0.0389
0.0227
-0.0149
0.2150
0.1840
0.1431
0.0739
0.0842
0.1410
0.1867
0.1651
0.1174

211

~ o~ o~ o~ o~

3
3
2
3
3

S N N SN SN

0.5341(6)
0.6978(7)
0.2758(6)
0.4247(7)
-0.1459(7)
0.2144
0.0615
0.1455
0.3885
0.2309
0.3248
-0.1229
-0.1708
-0.0313
0.7692
0.6776
0.7502
0.5169
0.3257
0.4459
-0.0954
-0.2642
-0.1204



X-RAY CHRYSTALLOGRAPHY REPORT FOR FURANOSE (+)-144b

5 02 . 07
S
6 ) =
Ve Ohe (£)-144b
(X-ray Numbering)

A. Crystal Data
Empirical Formula............oooooiiiiiii C11H1807
Formula Weight ... e 262.26
Crystal Color/Habit ...........ccooeiiiiiiiie e, colorless cut block
Crystal Dimensions (MM) ........coovviiiiieeieeeeeeee e 0.38 X0.40 X 0.45
Crystal SYStemM ... monoclinic
No. Reflections Used for Unit
Cell Determination (2_ range).......cceeeiieeiiiieiiiiee e 8(16.7 - 21.8°)
Omega Scan Peak Width
at Half-height ... e 0.20
Lattice Parameters:

B et et e et e e anaee e 8.625 (3)A

D e 22.44 (1)A

C ettt ettt e et e e nte e e abe e e e anreeeanree e 8.157 (2)A

L e 118.87 (2)°

A ettt ettt 1382 (2)A3
SPACE GIOUP ..ttt P21/a (#14)
ZVAIUB ... 4
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DICAIC ..ot 1.260 g/cm3

MIMOKOL) e 0.99 cm-1

B. Intensity Measurements

Diffractometer.........ooo o Rigaku AFC5S
Radiation ... MoKa (L = 0.71069 A)
=T 0] 2= =L (U S 23 °C
AeNUAtOrS ... Zr foil (factors: 2.3, 5.3, 11.7)
TaKe-Off ANGIE ... 6.0°
Detector Aperture .........oooovveeiiiee e 6.0 mm hor./6.0 mm vert.
Crystal to Detector DiStance..............uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiieeeieeeees 285 mm
SCAN TY P ittt ®-26
SCAN RAE.....uiiiiiiiiiiiiii 8.0°/min in ® (2 rescans)
Scan Width ... (1.68 + 0.30 tan®)®
2OIMI@X w1 49.8°

Total s 4006
UNIQUE: ... 1914 (Rint = .060)
(07 0] 4 (=Tox (o] 13RSI Lorentz-polarization

Decay (-55.00% decline)

C. Structure Solution and Refinement

SErUCLUIE SOIULION ... Direct Methods
Refinement ... Full-matrix least-squares
Function Minimized............ccvviiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeee > w ([JFol] -DFCD)2
Least-squares Weights...........coviiiiiiiiiiiiiiiiiiiiiiieeeeeeeee 4F02/02(F02)
O 7= T3 o T P 0.03
Anomalous Dispersion...........ccccceiiii, All non-hydrogen atoms



No. Observations (I>3.00S(1)) ....coeeeeriieiieeee e 1136

NO. VariabIes ........cooiiiiiiiii 163
Reflection/Parameter Ratio. ... 6.97
RESIAUAIS: ... R; Rw 0.055; 0.065
Goodness oOf Fit INAICAtOr .............uuiiiiiiiiie e 2.36
Max Shift/Error in Final CyCle ..........oooomiiiiiiiieeece e, 0.00
Maximum Peak in Final Diff. Map .........cooeiiiiiiiiiceee e, 0.40 e-/A3
Minimum Peak in Final Diff. Map .........ccoeoeiiiiiiiicee e, -0.28 e-/A3

Positional parameters and B(eq) for furanose (+)-144b

atom

01
02
03
04
05
06
o7
C1
Cc2
C3
C4
C5
Cé

0.1799(3)
0.4497(4)
0.3938(3)
0.5464(5)
0.7139(4)
0.7313(4)
0.0270(4)
0.3606(5)
0.4416(5)
0.3411(6)
0.1643(5)
0.3740(7)
0.3716(6)

)
)
)
)
)
)
)
)
0.6238(2)
0.5735(2)
0.5702(2)
0.5531(2)
)

0.6785(2
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-0.0760(4)
0.1627(3)
-0.1812(4)
-0.3393(5)
0.0072(5)
0.0910(4)
-0.3940(4)
0.0424(5)
-0.0935(5)
-0.2282(5)
-0.2242(6)
0.2766(6)
0.1480(6)



c7
c8
c9
C10
C11
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16
H17
H18

0.4575(6)
0.4014(8)
0.6452(6)
0.9274(7)
-0.1452(7)
0.3213
0.4043
0.1422
0.3736
0.2560
0.4426
0.4923
0.3165
0.3129
0.4461
0.4467
0.2758
0.9642
0.9561
0.9861
-0.1584
-0.2333
-0.1578

0.6972(2)
0.7593(3)
0.6134(2)
0.6539(3)
0.5760(3)
0.5824
0.5371
0.5304
0.5847
0.5400
0.5210
0.6881
0.7101
0.6728
0.7865
0.7692
0.7615
0.6224
0.6443
0.6896
0.5929
0.5917
0.5339
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-0.3007(6)
-0.3736(7)
0.0049(6)
0.1758(8)
-0.4187(7)
-0.3507
-0.1871
-0.2012
0.3539
0.1979
0.3529
0.2289
0.0615
0.2199
-0.2717
-0.4556
-0.4396
0.2646
0.0802
0.2364
-0.3194
-0.5347
-0.4184



X-RAY CHRYSTALLOGRAPHY REPORT FOR FURANOSE (-)-iv.
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5 02 . 07
Hsl\é'e'? 10 40Iv|1e1
6 =
MSeOQ%\ 83 Ac N
(X-ray Numbering)
EXPERIMENTAL DETAILS
A. Crystal Data
Empirical Formula............oooooiiiiiiiiiiee CgOgH16
Formula Weight ... e 220.22
Crystal Color/Habit ... colorless cut block
Crystal Dimensions (MM) ........oooviiiiiiieieeeeeece e 0.34 X0.44 X0.48
Crystal SYStEM ... ——— triclinic
No. Reflections Used for Unit
Cell Determination (20 range)........ccccoevvvveeiiiiiiiiieeeeeeeeece e 25(17.3 - 33.8°)
Omega Scan Peak Width at Half-height ............ccooooiiiiii e, 0.22
Lattice Parameters:
B e e et e et e et e e anree e 7.619 (8)A
D s 9.66 (1)A
C ettt e et e et e e e n et e e abe e e e anreeeanaee e 7.595 (8)A
Ol 1ttt ettt ettt et n et n bt e ettt e e nt e e e anne e e e naeeeaneeas 91.3 (1)°
B et 98.6 (1)°
USRS 99.24 (9)°
N ettt ettt 545 (2)A3
SPACE GIOUP ..ttt P.1 (#2)



DCaIC ... e 1.342 g/cm3
FOOO .ottt e e e e e e e e e e e e e et e e e e e e e e e rraaaaaean 236
MIMOKOL) .o 1.06 cm-1

B. Intensity Measurements

DiffractomMeEter...... oo Rigaku AFC5S
= EETo =Y (1o o IR MoKa. (A = 0.71069 A)
TEMPEIALUIE .. ..o e e e e 23 °C
AENUALOIS ..o Zr foil (factors: 2.3, 5.3, 11.7)
TaKE-Off ANGIE ... 6.0°
Detector Aperture ...........cooiveiiiiiiiceee e 6.0 mm hor./6.0 mm vert.
Crystal to Detector DiStancCe.............cceeeeiiiiiiiieceee e, 285 mm
S To= 1 I I8/ o = ®-26
SCAN RAE.....euiiiiiiiiiiiii 8.0°/min in ® (2 rescans)
Scan Width ........eeeiei e (1.68 + 0.30 tan6)°
2OIMIBIX ¢ 50.0°

No. of Reflections Measured

LI ] €= | P 2069
UNIQUE: ... 1912 (Rint = .036)
(070] 4 (=Tox (o] 13U PRPRPPRPRINt Lorentz-polarization

Decay (-15.00% decline)

C. Structure Solution and Refinement

Structure SOIUtION .........ueiiiii Direct Methods
Refinement .........coooeiiiiii e, Full-matrix least-squares
Function Minimized.............ccoooiiiiiiiiee e > w (LFol] —DFCD)2
Least-squares Weights...........ooooiiiiiiiii e 4F02/c52(Fo2)
PTACHON .. 0.02
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Anomalous DiSpersion..........cccceveeveiiiiiieeeiiieeeeeee e, All non-hydrogen atoms

No. Observations (I>3.00S(1)) ....coeeeeriieiieeee e 1377
NO. VariabIes ........cooiiiiiiiii 200
Reflection/Parameter Ratio. ... 6.89
RESIAUAIS: ... R; Rw 0.038; 0.043
Goodness oOf Fit INAICAtOr .............uuiiiiiiiiie e 2.01
Max Shift/Error in Final CyCle ..........oooomiiiiiiiieeece e, 0.00
Maximum Peak in Final Diff. Map .........cooeiiiiiiiiiceee e, 0.18 e-/A3
Minimum Peak in Final Diff. Map .........ccoeoeiiiiiiiicee e, -0.18 e-/A3

Positional parameters and B(eq) for furanose (-)-iv

atom

o1
02
03
04
05
06
C1
C2
C3
C4
C5
C6

0.8948(3
1.0833(3
1.0350(3
0.8369(3
0.6925(4

)
)
)
)
)
)
)
)
)
)
)
0.8694(4)
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0.2591(2
0.2391(2
0.2951(2
0.2443(2
0.0928(2
0.5486(2
0.1882(3
0.2951(3
0.4778(3)
0.4472(3)
0.1801(5)
-0.0111(3)

)
)
)
)
)
)
)
)



C7
C8
C9
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16

1.1541(3)
1.3270(5)
0.5627(5)
1.114(3)
1.055(3)
0.807(3)
0.679(4)
0.596(4)
0.676(4)
0.960(3)
0.894(3)
0.745(3)
1.166(4)
1.219(4)
1.409(5)
1.391(6)
0.512(5)
0.497(5)
0.555(5)

0.6786(2)
0.6127(4)
0.7261(5)
0.698(2)
0.845(2)
0.599(2)
1.009(3)
0.909(3)
1.052(4)
0.853(2)
0.691(3)
0.797(2)
0.984(3)
0.557(3)
0.660(4)
0.564(5)
0.786(4)
0.707(4)
0.633(4)
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0.2101(3)

-0.0001(5)

0.5454(5)
0.539(3)
0.555(3)
0.473(3)
0.068(5)
0.191(4)
0.256(4)

-0.060(3)
-0.047(3)
-0.060(3)

0.332(4)

-0.071(4)
-0.079(5)

0.086(6)
0.618(5)
0.429(6)
0.583(5)



CHAPTER THREE

The Design and Implementation of an Efficient Synthetic
Approach to Pyranosylated Indolocarbazoles: The Total
Synthesis of (+)-RK286¢, (+)-MLR-52, (+)-Staurosporine, and (-)-
TAN-1030a.

3.1 Background.

3.1.1 Introduction.

Having achieved the total synthesis of (+)-K252a (2) with remarkable
efficiency (see Chapter 2), it was reasonable to consider extending the effort to
the pyranosylated congeners illustrated in Figure 3.1.1 (i.e., 1 and 6-8). The first
and perhaps most notable pyranosylated indolocarbazole, staurosporine (1), was
isolated from streptomyces sp. AM-2282 and subsequently found to affect a wide
variety of biological functions." Because of its challenging structure and the
sheer notoriety of the molecule, 1 became the main focus; however, a number of
other pyranosylated congeners were targeted with the hope of developing a
general strategy for the synthesis of these alkaloids. Isolated In 1990, (+)-
RK286¢ (7) was found to be a weak inhibitor of protein kinase C as compared to
staurosporine (1) but comparable in its platelet aggregation inhibitory activity.?
One year prior to this, TAN-1030a (6) was identified and shown to activate
macrophage functions in mice.> Finally, in 1994 researchers at Abbott disclosed

the isolation of the uM PKC inhibitor (+)-MLR-52 (8) and reported that it
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possessed potent in vitro immunosuppressive activity (ICsg = 1.920.2 nM) similar
to FK-506 (ICs0 = 0.39%0.12 nM), cyclosporine (IC59 = 2.5£0.8 nM) and

staurosporine (ICsg = 1.3+0.2 nM).*

(&. |
N o N N o N N o
H3C‘ HyC™ i_\/ J/\;
W
MeO 3 MeO,C OH MeO ]
HN. (+)-K252a (2) Ho N
(+)- Staurosporme 1) TAN-1030a (6)

0 0
HaC H3CU N
MeO MeO "OH H

Figure 3.1.1

?

O

0]

()
)

R

N
N
H

OH OH R =H, Staurosporinone
(a.k.a. K252c, 4a)
4c R=3,4-DMB

(+)-RK286¢ (7) (+)-MLR-52 (8)
3.1.2 Retrosynthetic Analysis: The Development of a Ring Expansion

Approach to the Pyranosylated Indolocarbazoles.

The notion of extending the K252a synthesis to staurosporine first arose
upon discovering that the absolute stereochemistry at C(2') and C(5’) in K252a
was identical to that found in staurosporine’s C(2') and C(6’). Given that
cycloglycosidations akin to that employed in the synthesis of K252a (2) had failed
in the pyranosylated series® and guided (or perhaps misguided) by the possible
biosynthetic implications of converting a K252a congener to staurosporine,

approaches were considered that involved the ring expansion of
Scheme 3.1.1

221



N
A H
H3C" N
o R o)
o 0 N o
H3C"™ / HzC™"
MeO D’Y'B MeO

P4

Qs
z
33
33
AN
~N o
Pl
nn
oI
<
@

HN. N _0 HO
(+)-Staurosporine (1) O (+)-RK286¢ (7)
N o)
HzC
4-5
H MeO T H
O (0]
169 A

()
e
AN
O
X
&)

TAN-1030a (6) (+)-MLR-52 (8)

a furanosylated intermediate. Noting the striking structural homology of
pyranosylated indolocarbazoles 1 and 6-8, a strategy was envisioned that would
allow access to these congeners via a common intermediate. Specifically, a-
methoxy ketone 169 was viewed as an ideal intermediate wherein the
stereogenic centers common among 1 and 6-8 are in place and flexibility for
stereocontrolled functionalization at C(4’) and C(5’) is maintained (Scheme
3.1.1). Thus, reduction of ketone 169 at C(4') from the convex face would
provide RK286¢ (7), reductive amination would produce staurosporine (1), and B-
elimination of either a C(4')-amine (via Cope elimination) or -hydroxyl (via
Martin’s sulfurane or Burgess dehydration) followed by dihydroxylation would
produce MLR-52 (8). Furthermore, conversion of ketone 169 to the

corresponding oxime would lead to TAN-1030a (6). Critical to the development
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of this approach was the recognition that ketone 169 might be accessed from
aldehyde 170 via a Tiffaneu-Demyanov like ring expansion (Scheme 3.1.1).
Aldehyde 170 was in turn envisioned to be readily available via reduction of ester

(+)-147, the penultimate intermediate in the synthesis of K252a.
3.1.3 Regio- and Stereochemical Issues of Ring Expansion.

In designing this ring expansion approach, issues of regio- and
stereochemical outcome were considered as well as the known propensity of
similar systems to undergo skeletal rearrangement (i.e., 1155116, Scheme

3.1.2).> As shown in Scheme 3.1.3, the planned ring expansion could occur

Scheme 3.1.2

m 1S
N o N CHClI5 N N
\ (90% vield) d g
o 116

115

with migration of either bond a or bond b of aldehyde 170 to produce
regioisomeric hydroxy ketones 171 or 172, respectively. Reasoning that bond a,
being the more substituted linkage, would have a higher migratory aptitude,
production of ketone 171 was anticipated. In addition, it was postulated that the
stereochemical outcome, that is migration of bond a to either the re or si face of
the aldehyde, would be in accord with that observed in the a-ketol rearrangement
of ketoalcohol 155 wherein a syn-periplanar orientation of the hydroxyl and
carbonyl oxygens was shown to be operative (e.g., 155—5165—->152b). Thus,

bond a was expected to migrate to the si face of the aldehyde producing a
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product (171) which possesses both the regio- and stereochemistry needed for

further advancement to staurosporine.

Scheme 3.1.3

N (0]
VAR "
N
a \ (0]

OH
= m =
FsB. /7
(of}
\2 (0] (0]
[1,2]
BF3.e120 CHg - OMe
= \O OMe HO X
(74% yield)
ChHy (H152b
- 165 -

3.2 Ring Expansion-Model Studies.

3.2.1 Preparation of Desamido K252a (174) and Diastereomer 178.

3.2.1.1 Synthesis of Indolo[2,3-a]carbazole.
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Given that the optimization of the production of protected aglycon 4c was
still in progress, ring expansion efforts were initiated in a model system wherein
indolo[2,3-a]carbazole (38) replaced 4c. This indolocarbazole core was readily
prepared by slight modification of the known procedures (Scheme 3.2.1) which

allowed easy preparation on large scale (10 g of 38 produced in a single run).®

Scheme 3.2.1
H4C
veon ¥ O OMe
e 1. PhNHNH, e o
cl AcOH, NaOAc O MeOC L\, ()97
sk iining o
2. HCI, A N N CoH4Cly
3. PdIC, hexene H H CSA, AL
37 38
(62% vyield) (85% vyield)

3.2.1.2 Glycosidation Studies.

Importantly, bis-cycloglycosidative coupling of aglycon 38 to furanose ()-

97 (CSA,C2H4Clo, 86 °C)’ proved highly stereoselective, producing furanosylated

indolocarbazole (+)-174 as the only isolable product in 85% yield. As in previous

studies using aglycon 4c as substrate, the reaction proceeded through an

225



inseparable mixture of diastereomeric mono-aminoacetals (173), and the product
(174) proved stable upon reexposure to glycosylation conditions wherein MeOH

is added in place of furanose (+)-97.

Scheme 3.2.2

\O —_— No Reaction
Hsc\\" 02H4C|2
. CSA, A

MeOZC OH
(£)-174

Although the irreversibility of this reaction suggested that the observed
stereoselectivity results from a kinetic preference, definitive proof of this required
independent preparation of the unobserved diastereomer [(£)-178]. The latter
was readily accessed with aid from the McCombie group at Schering-Plough who
provided a sample of diol (x)-175, a precursor to this product. Exposure of (+)-
175 to Moffatt oxidation® produced aldehyde (+)-176 and the corresponding
MTM-ether (x)-177. The former was converted to ester (+)-178 via chlorite
oxidation and methylation (CH2N2).® As with (+)-174, isomeric ester (+)-178
proved stable to the conditions of glycosidation in the presence of added
furanose [(x)-97] or MeOH; thus, if an appreciable amount of isomer 178 had
been formed in the coupling of aglycon 38 with carbohydrate 97, it would have
been observed.

Scheme 3.2.3
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(L1020
ch"v
HO"\ (4)475

) e
HO
Moffatt [O]
(50% yield)
‘ N N ‘ ! N N ‘
3 © + X°
HaC" HaC
HO Mes” o"
o/ H o7/ H
(£)176 ()77
1. NaClO,
2. CHoNy
(85% yield)
N o N MeOH, CSA N o N
ch““\g """""" > Hzo
R CoH4Clo, A "
\} \
HO" B0, Me MeOC" Y,
(£)178 (£)-174

NO REACTION OBSERVED

3.2.2 Ring Expansion of Aldehyde (+)-180.

Having explored the preparation of indolocarbazole (+)-174 in some detail,

the stage was set for ring expansion by conversion of ester (+)-174 to aldehyde

(x)-180 via a two-step protocol involving LiBH4 reduction and Moffatt oxidation
(63% vyield, two steps). Upon exposure to BF3*OEty in EtoO, the derived
aldehyde [(£)-180] underwent slow conversion to a single new product that was
found to be spectroscopically accordant with ketone (+)-181. Further structural

proof was obtained by the TH-NMR chemical shift difference of the

Scheme 3.2.4
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HoCr v LiBH, \_7/ Moffatt [0] _
MeO,C" HO\ ( 63% Y'e'd)
OH OH two steps
£)179

£)174
HaC p/ BFyELO_
Y
E,0,8 h HsC
\g OH (60% yield) HO

o}
(£)-180 (£)-181

C(3’) and C(4’) acetate methyl groups in diacetate (+)-182, obtained from ketone
(x)-181 by reduction with NaBH4 followed by treatment with Ac,O and DMAP.
The dramatic shielding of the C(4’) acetate is analogous to that observed by
Tsubotani for acetamide 183,32 and is consistent with a chair conformation
wherein the C(4’) substituent resides in the axial position and is proximal to the

aromatic heterocycle (see Scheme 3.2.5).

Scheme 3.2.5
H
Cu Q o Q ¢ C g
; : )
o 1. NaBHy o O
HaC™ HaC™"
N 2. Ac,0 3 N ol
DMAP  AcO HSC\Q
(72% yield) OAc
() 181 PG MeO HN
7
CHs
CHz ="~ 0.51 ppm 0.81 ppm 7
N J o/go 183

Eventually, the structure was unambiguously secured by single crystal X-

ray analysis of indolocarbazole (+)-185, the product of bis-p-bromo benzoylation
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of diol (£)-184. Importantly, this X-ray structure, coupled with information
obtained from the TH-NMR of ketone (+)-181, established that ring expansion
furnishes the regio- and stereochemistry needed for the preparation of
pyranosylated natural products 1 and 6-8 and reduction reactions en route to

these compounds could be expected to occur from the exposed convex face.

Scheme 3.2.6

5

s ® ssYs O

RS NaBH, Ao —_—
HsC — HsC DMAP
HO (95% yield) HO EtzN

OH (77% yield)
(+)-184

9s¥s0
ORTEP
~ o -

p-BrBzO
(£)-185

(+)-185

3.2.3 An Unexpected Oxidative Ring Contraction of (*)-181.

To complete the model investigation, attempts were made to access the
key intermediate (186) by methylating the C(3’) hydroxyl in pyranose (+)-181.
Surprisingly, under numerous methylation conditions, this seemingly simple
transformation failed.’ However, in the course of these efforts CuCl in MeOH
was inadvertently found to promote a very facile and stereoselective oxidative
ring contraction of ketone (+)-181 to ester (+)-174 (95% vyield). In an attempt to
discern the mechanism it was found that aldehyde (+)-180 remains unchanged

upon exposure to the CuCl reaction conditions; thus, this reaction likely proceeds
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by oxidation of keto-alcohol (+)-181 to diketone 187 followed by stereoselective

benzylic acid rearrangement to furanose (+)-174 (Scheme 3.2.7)."

Scheme 3.2.7

o Numerous
o Methods

e -
(¢}

CuCl, MeOH,
CH,Cly, 2
(95% vyield)

0 N o N O S Noy'
HaC™ HsC' § /
“
o MeO,C OH
(0] (£)174
187 (not isolated)

MeOH H\“\ OH ---- Indicates No
Reaction

3.2.4 Ring Expansion of Dimethyl Acetal (*)-188.

To circumvent the troublesome alkylation, an alternative method was
developed wherein the methyl group is installed prior to a ring expansion. This
transformation was envisioned as proceeding through oxocarbenium ion 189
(Scheme 3.2.8). To orchestrate this event, aldehyde (+)-180 was converted to
the corresponding dimethyl acetal 188 with CH(OMe)3z and montmorillonite clay
K-10. Removal of the clay by filtration followed by solvent exchange with EtoO

and exposure of the crude product'to BF3+OEt> led to the slow formation of new

compound.™ After 24 h at ambient temperature, the product was isolated and
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found to be spectroscopically accordant with the elusive a-methoxy ketone ()-
186. To provide unambiguous proof of structure, a chemical correlation to the X-
ray structure obtained on diester (+)-185 was implemented. As shown in
Scheme 3.2.8, reduction of ketone (+)-186 with NaBH4 followed by methylation
produced diether (£)-190. An identical sample was independently prepared

prepared by methylation of diol (+)-184, the benzoylation substrate for (+)-185.

Scheme 3.2.8

oy Yel yYe®

montmorillonite K-10

o 0
Hsc‘“w HC(OMe)s, CHCl3 Hsc“xj
He” MeO—sy"

—\ OH —\ OH
O (+)1180 MeO (+)-188
\ § )
BF3Et,0 N | N
B0 )\ - O
Et,0, 72 h o) ‘O/—H HzC
50% yield Me < MeO
two steps H \(ID + o
L Me (£)186
189 1. NaBH,
2. Mel, KOH
(90% yield)
N o N o
(£)185 (  HiC™ Mel, KOH = Hgo
X-RAY =
HO (95% yield) MeO
OH OMe
(£)-184 (£)-190

3.2.5 Completion of the Model Investigation.

Having accessed common intermediate 186, a synthesis of the desamido
analogs of staurosporine (1) and congeners 6-8 was at hand. Thus, desamido
TAN-1030a [(x)-191] and RK286¢ [(£)-192] were prepared by reaction of ketone

(x)-186 with hydroxylamine hydrochloride in the presence of NaOAc and

reduction with NaBHg4, respectively (Scheme 3.2.9). Attempts to prepare
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desamido staurosporine [(£)-193] by direct reductive amination of ketone (+)-186
failed; however, a three step protocol beginning with oxime formation followed by
reduction and monomethylation proved quite effective in delivering amine (x)-193

(59% vyield, three steps).

Scheme 3.2.9

000 onls®

N N o
o HoNOH-<HCI _H,C
NaOAc, EtOH, HZO MeO I
o (85% yield) HO
(+)-186 (+)-191
1. PtOy, Hy,
. AcOH, H;0
NaBH,, ~.‘Reduct|ve (80% yield)
MeOH " Amination 2. o0 o
95 % yield “
( oY .\.\ HJLOJL Me
. BH3+DMS, THF
Y A\ (87 % vyield)
i N N ‘ ‘ N N ‘
o) o)
HsC™ HsC
MeO MeO
OH
_NH
(£)192 Me
(+)193

3.2.6 Mechanistic Considerations of Ring Expansion.

In the final stages of the model investigation, efforts were directed toward
RK-1409b (14), the C(3’) isomer of RK286c.'* Based on previous experiences in
the synthesis of ketones (+)-181 and (+)-186, it was reasonable that 14 would be
available from aldehyde 194, the C(3') epimer of (+)-170, via ring expansion

through a transition state possessing a syn-periplanar relationship between the
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hydroxyl and carbonyl moieties (i.e., 198, Scheme 3.2.12).

Scheme 3.2.10

H R
N _o o
OO0 — O3 C
N g N N o N
H3C‘“ﬂ' N HaC
MeO" HOY
HO g7 H
(+)-RK-1409Db (14) 194

Recognizing that this hypothesis was based on the assumption that the product
in the model ring expansion [(£)-181] was not a thermodynamic trap but had
been produced directly from aldehyde (+)-180, the rearrangement chemistry of
the latter compound was probed by employing deuterated aldehyde 195 as the
substrate. Thus, reduction of ester (£)-174 with NaBD4 followed by Moffatt
oxidation afforded aldehyde (+)-195 (92% deuterium incorporation) which, when
exposed to the standard ring expansion conditions, formed ketone (+)-196 with
over 90% D-incorporation at C(3’). This observation provided evidence that
ketone (+)-196 is the direct product from ring expansion and does not arise via
epimerization of C(3') or tautomerization of the corresponding regioisomeric
hydroxyketone 197 (Scheme 3.2.11).

Scheme 3.2.11
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Turning to the synthesis of desamido RK-1409b, aldehyde ()-176 (vide

supra) was exposed to BF3*OEty and surprisingly resulted in the formation of two
products (3:1 mixture), wherein the minor component was identified as the
desired hydroxy ketone (+)-200. The major component possessed spectral

properties in accord with ketone (+)-199, the product of an acetal exchange

Scheme 3.2.12

O340 r m m
N NAY
N g N }N H
HsC! BF 3°Et,O o \a H3O
HO" Et;0,7 h Me: N ] Hac\"
OH

HO
H  85% yield O-, BFs J
(+)176 L 198 - (+)-199 3:1 (+)-200
N'g N 2. Mel, KOH
H™" "H 90% vyield
H3
OHOMe
(2)-201

(Scheme 3.2.13). As a further proof of structure, ketone (+)-199 was methylated
and reduced to provide a 2.7:1 mixture of diastereomeric alcohols [(+)-201],

wherein the presence of two 3H doublets (1.01 and 0.97 ppm respectively)
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clearly indicated the reduction product of a methyl ketone (i.e., 199). A plausible
mechanism for acetal exchange is shown in Scheme 3.2.13 and is reminiscent of
McCombie’s attempted ring expansion of epoxide 115 (Scheme 3.1.2). In these

laboratories epoxide (+)-202, prepared from diol (£)-179, was found to undergo

analogous conversion to ketone (+)-203 when exposed to BF3*OEty (Scheme

3.2.14).
Scheme 3.2.13
th ) th m
@} fo\ L
HaC O/BF?’ ~BF; FaB W OH
H3C

(£)-199

Scheme 3.2.14
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3.3 The Total Synthesis of (+)-RK-286c, (+)-MLR-52, (+)-
Staurosporine, and TAN-1030a.

3.3.1 Ring Expansion Studies in the Natural System.
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With the rather extensive preliminary investigation complete, the effort
advanced to the synthesis of pyranosylated indolocarbazoles 1 and 6-8. Thus,
multigram quantities of indolocarbazole (+)-147 were prepered via the previously
developed 11 step sequence.”™ To set the stage for ring expansion, ester (+)-
147 was subjected to the LiBH4 reduction/Moffatt oxidation protocol developed in
the model study. In the event, ring expansion substrate (+)-170 was produced in
good yield (Scheme 3.3.1). In accord with previous studies, ring expansion was
attempted on both aldehyde (+)-170 and the corresponding dimethyl acetal 205;
the latter was prepared by treatment of (+)-170 with CH(OMe)3 in the presence

of montmorillonite clay K-10.

Scheme 3.3.1
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L,BH4 c Moffatt [0] CN o N
W H.C™ H.C™
H3C . - (63% yieId) y w
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— R — DMB
0 N._o

seion, | () oaYa®
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(85% yield) Hie ([ =H HaC
HO

H \»OJr
BF3_

Y

Delightfully, exposure of an ether suspension of aldehyde (+)-170 to BF3*OEty'®
followed by filtration provided ketone (+)-171 as a pure white powder in 85%
isolated yield! In contrast, ring expansion of dimethyl acetal 205 was much
slower and, after one week, produced only a trace amount (5% yield) of a

compound spectroscopically consistent with methoxy ketone 169.""
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Scheme 3.3.2
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3.3.2 Regioselective Monomethylation. Completion of the Synthesis of RK-
286¢ and MLR-52.

The inability to effectively advance acetal 205 resulted in a study to re-
address the C(3’) methylation that had proved problematic in the original model
investigation. Unfortunately, the reactivity of ketone (+)-171 toward methylation
was found to be identical in all respects to the model a-hydroxy ketone [(+)-181],
including the interesting oxidation/ring contraction reactivity that, in this particular
system, marks an alternative approach to K252a [e.g., (+)-171—>(+)-147]. Forced
into advancing (+)-171, the model system was again utilized, this time to explore

other methods for functionalizing ketone (+)-181.

Scheme 3.3.3
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Initially, methods for the selective alkylation of diol (+)-184 were
investigated. This effort led to the discovery of complementary methylation

reactions that are promoted by either NaH/Mel, which produced the desired C(3’)
ether [(£)-192], or [Bu2Sn(OMe)2]/Mel, which furnished the C(4’) ether [(+)-206]

via the corresponding stannylene.

Scheme 3.3.4
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As illustrated in Scheme 3.3.5, application of the reduction/selective

alkylation sequence also proved effective in the natural series to furnish ether
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(+)-208 from hydroxyketone (+)-171. Cleavage of the DMB protecting group by
treatment of ether (+)-208 with TFA in anisole afforded synthetic (+)-RK286¢ (7)
in 75% yield.

Scheme 3.3.5
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OH (75% vyield) OH
(+)-208 (+)-RK-286¢ (7)

Dehydration of alcohol (+)-208 with Martin’s sulfurane cleanly furnished

olefin (+)-209, which was stereoselectively dihydroxylated in the presence of
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OsO4/NMO to give glycol (+)-210. Deprotection of diol (+)-210 produced (+)-
MLR-52 (8) in 77% yield.

Scheme 3.3.6
DMB DMB
N_o
Martin's
O O Sulfurane O
N N CDCly 0s0y, NMO
\ O > N
HyC™ (88% yield) Hao 0 (84% yleld)
MeO MeO >
OH (+)-209
(+)-208
DB m
N_o N_o

0 TFA o
\ “
HSC U Amsole UI
9 (77% yield) MeO i OH
(+)-210 (+)-MLR-52 (8)

3.3.3 The Synthesis of Staurosporine and TAN-1030a.
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Attempts to access the staurosporine and TAN-1030a systems via
approaches that involved oxidation of alcohol (+)-208 failed and prompted the
return to ketone (+)-171. Thus, treatment of (+)-171 with hydroxylamine
hydrochloride produced oxime (-)-211 in 95% vyield. In contrast to ketone (+)-171

bis-methylation of oxime (-)-211 under phase transfer conditions (Mel, KOH, and

BusNBr in THF) occurred cleanly to afford bis-ether (-)-212 and set the stage for
a stereoselective reduction (H2/PtO2) that furnished amine (+)-213a.3 Mono-
methylation and deprotection then afforded (+)-staurosporine (1) in 67% yield
(two steps) which proved identical in all respects to a sample of 1 prepared in the

Danishefsky laboratories (see Figure 3.3.1).

Scheme 3.3.7
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The final target, TAN-1030a (6), required the introduction of a selectively
protected oxime ether due to the instability of the free oxime to strong acid."®

Thus treatment of ketone (+)-171 with O-benzyl hydroxylamine hydrochloride

followed by Mel, KOH, and BugNBr produced ether (-)-215. Removal of the DMB
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group from (-)-215 (TFA/anisole) followed by treatment of the derived amide (-)-
216 with iodotrimethylsilane afforded synthetic TAN-1030a (6) in 24% yield.

Scheme 3.3.8
DMB DMB DMB
o BNONHyHCI \ o N~ ~"Mel, KOH N o N
H3O o > HaCO"
n-BugNBr
HO NaOAc HO 8O/U4 Id MeO
5 (85% yield) |N o yiel
AT BnO~ BnO
(+)- (-)-214 -)-215
H
N_o
A O O TMSI, CDCI O i O
amsole> N o N , 3 N o N
—— _—
(25% yield) o (24% yield) ch\
MeO |
BnO/N
(-)-216 TAN 1030a (6

3.4 Conclusion.

In summary, a ring expansion protocol was developed which allows the
transformation of a furanosylated indolocarbazole to a pyranosylated derivative
suited for advancement to numerous natural products. Specifically, ring

expansion of aldehyde (+)-170 proceeds in a stereo- and regioselective manner
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to ketone (+)-171 in 85% yield. Ketone (+)-171 is a common intermediate in the
synthesis of TAN-1030a (6, 18 steps from ethyl glycinate), (+)-RK286¢ (7, 17
steps), (+)-MLR-52 (8, 19 steps), and (+)-staurosporine (1, 19 steps). In addition,
the unique oxidative benzylic acid rearrangement of ketone (+)-171 to ester (+)-

147 may have important biosynthetic implications.

3.5 Experimental Section.

3.5.1 Material and Methods.

Unless stated otherwise, reactions were performed in flame dried

glassware under a nitrogen atmosphere, using freshly distilled solvents. Diethyl

ether (EtoO) and  tetrahydrofuran  (THF) were  distiled  from
sodium/benzophenone ketyl. Methylene chloride (CH2Cls), benzene, and
triethylamine (Et;N) were distilled from calcium hydride. Methyl sulfoxide
(DMSO), 1,2-dichloroethane, and BF3*OEty were purchased from the Aldrich
Chemical Co. in Sure/Seal’] containers and used without further purification. All
other commercially obtained reagents were used as received.

Unless stated otherwise all reactions were magnetically stirred and
monitored by thin-layer chromatography (TLC) using E. Merck silica gel 60 F254
pre-coated plates (0.25-mm). Preparative TLC was also performed using E.
Merck silica gel 60 F254 pre-coated plates (0.25-mm). Column or flash
chromatography (silica) was performed with the indicated solvents using silica gel
(particle size 0.032-0.063 mm) purchased from Fisher Scientific. In general, the

chromatography guidelines reported by Still were followed.'®
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All melting points were obtained on a Haacke-Buchler variable
temperature melting point apparatus (model: MFB 595 8020) and are
uncorrected. Infrared spectra were recorded on a Midac M-1200 FTIR. 'H and
13C NMR spectra were recorded on Bruker AM-500 or Bruker WM-250
spectrometers. Chemical shifts are reported relative to internal Me4Si ('H and
13C, 5 0.00 ppm) or chloroform (H, & 7.27 ppm, 13C, & 77.0 ppm). High
resolution mass spectra were performed at The University of lllinois Mass
Spectrometry Center. Microanalyses were performed by Atlantic Microlab
(Norcross, GA). Single-crystal X-ray analyses were performed by Dr. Susan
DeGala of Yale University. High performance liquid chromatography (HPLC) was
performed on a Waters model 510 system using a Rainin Microsorb 80-199-C5
column, or a Rainen Dynamax SD-200 system with a Rainen Microsorb 80-120-

C5 column. Optical rotations were measured on a Perkin-Elmer 241 polarimeter.

3.5.2 Preparative Procedures.

Preparation of Ester (+)-174.
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Ester (+)-174, Method A. To a suspension of indolo[2,3-a]carbazole® (38)
(1.0 g, 3.9 mmol, 1.0 equiv) in 1,2-dichloroethane (130 mL) was added furanose
(£)-977 (1.8 g, 8.2 mmol, 2.1 equiv) and CSA (100 mg, 0.43 mmol, 0.11 equiv).

After heating at reflux for 48 h, the reaction mixture was cooled to room
temperature, diluted with CH2Clo (100mL), and washed with 10% NaHCO3

solution. The organic layer was dried over NaxSO4 and chromatographed on
silica gel (3:1 hexanes:EtOAc eluent) to afford indolocarbazole (+)-174 (1.37 g,
85% vyield) as a yellow solid: mp 235-236 °C; IR (thin film/NaCl) 3501.3 (br m),
3047.5 (m), 3006.7 (m), 2950.6 (m), 1729.4 (s), 1640.2 (m), 1568.1 (m), 1441.1
(s), 1305.9 (s), 1230.3 (s), 1128.1 (s), 740.0 (s) cm-1; TH NMR (500 MHz,
acetone-dg) 6 8.18 (app.t, J = 6.6 Hz, 1H), 8.18 (app.t, J = 5.4 Hz, 1H), 8.00 (m,
2H), 7.89 (d, J = 8.5 Hz, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.44 (id, J = 0.9, 7.6 Hz,
1H), 7.38 (td, J = 1.0, 7.9 Hz, 1H), 7.26 (app.t, J = 6.9 Hz, 1H), 7.25 (app.t, J =
7.1 Hz, 1H), 7.10 (dd, J = 4.9, 7.3 Hz, 1H), 5.18 (s, 1H), 3.99 (s, 3H), 3.44 (dd, J
=7.5,14.0 Hz, 1H), 2.21 (s, 3H), 2.19 (dd, J = 4.9, 14.0 Hz, 1H); 13C NMR (125
MHz, acetone-dg) & 174.1, 140.8, 138.1, 127.7, 127.0, 125.6, 125.6, 125.5,
125.4, 121.6, 121.5, 121.2, 120.5, 120.4, 120.3, 115.0, 113.1, 112.8, 109.6, 99.9,

86.1, 86.0, 53.3, 43.2, 23.3; high resolution mass spectrum (El) m/z 412.1419
[calcd for Co5HooN204 (M) 412.1423].
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Ester (*)-174, Method B. To a solution of ketone (+)-181 (100 mg, 0.26
mmol) in 1:1 MeOH/CH2Cl> (14 mL) was added copper (l) chloride (700 mg, 7.1

mmol, 27 equiv) and the mixture warmed to reflux for 6 h. Solvent was removed
in vacuo and the resulting residue subjected to silica gel chromatography (2:1,
hexane:EtOAc) to afford ester (£)-174 (102 mg, 95% yield) as a colorless solid
(mp 235-239 °C).

Preparation of Thioether (*)-177 and Aldehyde (*)-176.

0| | CLs
HaC™ HaC"
Hjéaj \é,j
OH 0]
i

Thioether (%)-177 and Aldehyde (*)-176. To a stirred solution of diol (£)-

175 (100 mg, 0.26 mmol, 1.0 equiv) in 1:1 benzene:DMSO (1.8 mL) was added
pyridinium trifluoroacetate (50 mg, 0.26 mmol, 1.0 equiv) followed by 1,3-
dicyclohexylcarbodiimide (161 mg, 0.78 mmol, 3.0 equiv). The flask was quickly
sealed with a septum, evacuated, and flushed with N2 (3 x). The heterogeneous
mixture was stirred for 7 h until reaction was complete as indicated by TLC.

Benzene (4 mL) was added to the mixture and the 1,3-dicyclohexylurea (DCU)

precipitate was filtered. The filtrate was washed with H2O (3 x 10 mL), and the
combined aqueous layers were back extracted with CH2Cl2 (3 x 15 mL). All
organic layers were combined, dried over NapSOy4, and evaporated to an oily

residue. A minimum amount of acetone (1 mL) was added to precipitate the
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remaining DCU. Filtration and evaporation gave a yellow oil. Flash
chromatography (3:1 hexanes/EtOAc eluent) afforded two products. The first
compound to elute was thioether (£)-177 (15 mg, 13% yield) as a yellow foam:
IR (thin film/NaCl) 3050.3 (w), 2922.7 (m), 2848.1 (w), 1725.3 (m), 1641.9 (m),
1570.4 (m), 1446.9 (s), 1302.6 (m), 1227.0 (m), 1009.4 (m), 745.1 (s) cm™1; 1H
NMR (500 MHz, CDCI3) 6 9.34 (s, 1H), 8.16 (app.t, J = 8.5 Hz, 2H), 7.98 (d, J =
8.1 Hz, 1H), 7.94 (d, J = 8.3 Hz, 1H), 7.46-7.50 (comp m, 3H), 7.40 (app.t, J =
8.3 Hz, 1H), 7.29-7.33 (m, 2H), 7.04 (dd, J = 4.4, 7.2 Hz, 1H), 4.87 (d, J = 11.8
Hz, 1H), 4.70 (d, J = 11.9 Hz, 1H), 3.23 (dd, J = 7.3, 15.5 Hz, 1H), 2.80 (dd, J =
4.4, 15.6 Hz, 1H), 2.44 (s, 3H), 2.37 (s, 3H); 13C NMR (125 MHz, CDCI3) &
195.6, 137.7, 136.9, 126.5, 126.4, 125.3, 125.1, 124.7, 124.5, 121.4, 1211,
120.8, 120.6, 120.4, 119.8, 113.1, 112.4, 112.2, 108.1, 102.3, 93.6, 86.3, 70.9,

35.4, 22.9, 14.6; high resolution mass spectrum (El) m/z 442.1350 [calcd for
CogH2oN203S (M*) 442.1351].

The second compound to elute was aldehyde (+)-176 (54 mg, 50% yield)
as a white solid: mp 153-155 °C; IR (thin film/NaCl) 3426.4 (br m), 3049.7 (w),
2925.4 (m), 2853.1 (m), 1715.6 (m), 1640.0 (m), 1446.7 (s), 1302.8 (s), 1133.8
(s), 744.5 (s) cm~1; TH NMR (500 MHz, CDCI3) 6 8.95 (s, 1H), 8.16 (app.t, J = 8.2
Hz, 2H), 7.96 (d, J = 8.4 Hz, 1H), 7.93 (d, J = 8.1 Hz, 1H), 7.24-7.49 (m, 6H),
7.08 (app.t, J = 5.8 Hz, 1H), 4.31 (br s, 1H), 2.71 (m, 2H), 2.24 (s, 3H); 13C NMR
(125 MHz, CDCI3) & 199.3, 137.2, 136.9, 126.5, 126.4, 125.4, 125.2, 124.5,
124.2, 121.5, 120.9, 120.8, 120.6, 120.5, 119.9, 113.2, 112.2, 111.9, 108.1,

102.2, 88.0, 86.6, 42.6, 22.0; high resolution mass spectrum (El) m/z 382.1313
[calcd for Co4H18N203 (M) 382.1317].
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Preparation of Ester (*)-178.

Ester (£)-178. A solution of aldehyde (+)-176 (100 mg, 0.263 mmol, 1.0

equiv) in DMSO (10 mL) was treated sequentially with a saturated solution of

NaH2PO4 that had been acidified to pH 2 with 1 N HCI (2.0 mL) and a solution of
NaClO2 (200 mg, 2.21 mmol, 8.4 equiv). The mixture was stirred for 10 min and
then treated with CH2N2 in EtoO until a yellow color persisted. The reaction
mixture was diluted with H2O (5 mL), extracted with EtoO (3 x 10 mL), and the
combined organic extracts dried over NaSO4. Flash chromatography (1:1
EtOAc:hexanes eluent) provided ester (+)-178 (92 mg, 85% yield) as a yellow
foam: IR (thin film/NaCl) 3492.7 (br m), 3011.6 (m), 2951.6 (m), 2926.5 (m),
2851.6 (w), 1726.5 (s), 1640.2 (w), 1569.0 (w), 1440.8 (s), 1306.6 (s), 1230.9
(m), 1138.6 (s), 1093.4 (m), 743.4 (s) cm™1; TH NMR (500 MHz, acetone-dg) &
8.20 (app.t, J = 7.3 Hz, 2H), 8.01 (d, J = 8.2 Hz, 1H), 7.99 (d, J = 8.3 Hz, 1H),
7.75 (d, J = 8.2 Hz, 1H), 7.59 (d, J = 8.5 Hz, 1H), 7.45 (app.t, J = 7.5 Hz, 1H),
7.39 (app.t, J = 8.4 Hz, 1H), 7.26 (app.t, J = 7.4 Hz, 2H), 7.23 (dd, J = 4.5, 7.5
Hz, 1H), 5.54 (s, 1H), 3.04 (dd, J = 7.5, 14.9 Hz, 1H), 2.96 (s, 3H), 2.81 (dd, J =
4.7, 14.7 Hz, 1H), 2.46 (s, 3H); 13C NMR (125 MHz, CDCl3) & 172.2, 138.0,
137.0, 127.0, 126.2, 125.0, 124.9, 124.8, 124.5, 121.4, 120.8, 120.7, 120.3,
119.9, 119.7, 112.7, 112.1, 111.6, 108.2, 102.0, 85.9, 83.7, 53.4, 42.8, 21.9; high
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resolution mass spectrum (Cl) m/z 413.1498 [calcd for CosH21N2O4 (M+H)
413.1501].

Preparation of Diol ()-179.

Diol (¥)-179. To a stirred room temperature solution of ester (+)-174 (1.0
g, 2.43 mmol, 1.0 equiv) in THF (24 mL) was added LiBH4 (106 mg, 4.87 mmol,
2.0 equiv). After 20 min, the solvent was removed in vacuo to provide a white

solid which was cooled to 0 °C and treated with 1.0 N HCI (50 mL). The

suspension was stirred for 15 min and then extracted with CH2Cl (3 x 50 mL).
The combined organic phases were dried over Na>SO4. Flash chromatography
(1:1 hexanes:EtOAc eluent) afforded diol (x)-179 (815 mg, 87% yield) as a white
solid: mp >190 °C (dec.); IR (thin film/NaCl) 3416.8 (br s), 3052.9 (m), 3010.5
(m), 2955.4 (w), 1732.7 (w), 1640.9 (m), 1568.5 (m), 1492.6 (m), 1459.0 (s),
1441.4 (s), 1309.0 (s), 1233.1 (s), 1031.9 (s), 741.0 (s) cm™1; TH NMR (500 MHz,
acetone-dg) 6 8.18 (d, J = 7.6 Hz, 1H), 8.15 (d, J = 7.8 Hz, 1H), 7.96 (s, 2H), 7.89
(d, J = 8.5 Hz, 1H), 7.65 (d, J = 8.1 Hz, 1H), 7.42 (app.t, J = 7.6 Hz, 1H), 7.36
(app.t, J = 8.2 Hz, 1H), 7.25 (app.t, J = 7.6 Hz, 1H), 7.23 (app.t, J = 7.4 Hz, 1H),
6.91 (dd, J=5.2, 7.4 Hz, 1H), 4.57 (s, 1H), 4.18 (app.t, J = 5.9 Hz, 1H), 4.06 (dd,
J=54,11.1Hz, 1H), 3.90 (dd, J = 7.1, 11.1 Hz, 1H), 3.30 (dd, J = 7.6, 13.8 Hz,
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1H), 2.23 (dd, J = 5.1, 13.8 Hz, 1H), 2.22 (s, 3H); 13C NMR (125 MHz, acetone-
dg) 5 140.2, 137.4, 127.6, 126.3, 125.4, 125.0, 124.6, 124.6, 120.7, 120.6, 119.9,

119.5, 114.6, 112.2, 112.0, 108.8, 100.1, 84.2, 83.8, 65.5, 40.6, 21.5; high
resolution mass spectrum (El) m/z 384.1472 [calcd for Cp4Hp9N2O3 (M)

384.1474].

Preparation of Aldehyde (*)-180.

Aldehyde (*)-180. To a stirred solution of diol (£)-179 (500 mg, 1.3 mmol,
1.0 equiv) in 1:1 benzene:DMSO (8.7 mL) was added pyridinium trifluoroacetate
(250 mg, 1.3 mmol, 1.0 equiv) followed by 1,3-dicyclohexylcarbodiimide (810 mg,
3.9 mmol, 3.0 equiv). The flask was quickly sealed with a septum, evacuated,
and flushed with N2 (3 x). The heterogeneous mixture was stirred for 7 h until
reaction was complete as indicated by TLC. Benzene (15 mL) was added to the

mixture and the 1,3-dicyclohexylurea (DCU) precipitate was filtered. The filtrate

was washed with H20 (3 x 20 mL), and the combined aqueous layers were back
extracted with CH2Cl2 (3 x 30 mL). All organic layers were combined, dried over
Na2SOy4, and evaporated to an oily residue. A minimum amount of acetone (2
mL) was added to precipitate the remaining DCU. Filtration and evaporation

gave a yellow oil, which was purified by flash chromatography (3:1
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hexanes:EtOAc eluent) to afford aldehyde (+)-180 (373 mg, 73% yield, 63% vyield
2 steps) as a yellow powder: mp >225 °C (dec.); IR (thin film/NaCl) 3486.7 (br
m), 3054.6 (m), 3007.7 (m), 2945.3 (m), 2843.4 (w), 1723.9 (m), 1641.8 (m),
1568.6 (m), 1458.7 (m), 1441.1 (s), 1309.2 (s), 1232.5 (s), 1128.8 (m), 1004.2
(m), 741.7 (s) cm=1; TH NMR (500 MHz, CDCI3) & 9.70 (s, 1H), 7.99 (app.t, J =
7.3 Hz, 2H), 7.78 (s, 2H), 8.02 (d, J = 8.4 Hz, 1H), 7.29 (app.t, J = 7.4 Hz, 1H),
7.24 (app.t, J=7.2Hz, 1H), 7.22 (d, J = 8.4 Hz, 1H), 7.17 (app.t, J = 7.9 Hz, 1H),
7.15 (app.t, J=7.2 Hz, 1H), 6.59 (dd, J = 5.0, 7.4 Hz, 1H), 3.08 (s, 1H), 2.76 (dd,
J =176, 14.6 Hz, 1H), 1.99 (s, 3H), 1.83 (dd, J = 5.0, 14.7 Hz, 1H); 13C NMR
(125 MHz, CDCI3) & 199.4, 139.3, 136.9, 126.3, 126.3, 125.1, 124.7, 124.1,
121.2, 121.1, 120.8, 120.3, 120.3, 119.9, 113.1, 112.9, 112.2, 108.0, 97.7, 87.7,
84.0, 39.7, 23.0; high resolution mass spectrum (El) m/z 382.1319 [calcd for
C24H18N203 (M%) 382.1317].

Preparation of Hydroxy ketone (%)-181.
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Hydroxy ketone (*)-181. A suspension of aldehyde (+)-180 (75 mg,
0.196 mmol, 1.0 equiv) in Et2O (5.0 mL) was treated with BF3*OEty (27 uL, 0.220

mmol, 1.1 equiv),and stirred vigorously for 6 h. After addition of CH2Cl> (25 mL)
to solubilize the suspension, the resulting solution was evaporated onto SiO»
(100 mg) and chromatographed (2:1 hexanes:EtOAc eluent) to provide ketone
(x)-181 (45 mg, 60% yield) as a white powder: mp 235-239 °C (dec.); IR (thin
film/NaCl) 3328.6 (br m), 3048.0 (w), 2923.7 (m), 2852.1 (w), 1731.4 (s), 1637.4
(m), 1441.5 (s), 1395.3 (m), 1312.0 (s), 1130.1 (m), 740.8 (s) cm~1; TH NMR (500
MHz, CDCI3) 6 8.15 (d, J = 7.7 Hz, 1H), 8.10 (d, J = 7.7 Hz, 1H), 7.97 (d, J = 8.5
Hz, 1H), 7.92 (d, J = 8.2 Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.43 (app.t, J = 7.7 Hz,
1H), 7.39 (app.t, J = 7.8 Hz, 1H), 7.32 (app.t, J = 7.4 Hz, 1H), 7.28 (app.t, J= 7.5
Hz, 1H), 7.25 (d, J = 8.1 Hz, 1H), 7.06 (d, J = 7.3 Hz, 1H), 4.89 (d, J = 6.0 Hz,
1H), 3.55 (dd, J = 7.5, 14.3 Hz, 1H), 3.49 (d, J = 6.5 Hz, 1H), 2.99 (d, J = 14.4
Hz, 1H), 2.54 (s, 3H); 13C NMR (125 MHz, CDCI3) & 199.8, 140.2, 136.3, 126.4,
125.7, 125.4, 1251, 124.8, 124.6, 121.4, 120.8, 120.4, 120.2, 119.8, 115.2,

112.7, 112.4, 112.1, 107.9, 100.3, 84.0, 81.6, 44.7, 29.5; high resolution mass
spectrum (El) m/z 382.1315 [calcd for Co4H1gN203 (MT) 382.1317].

Preparation of Diol (+)-184.
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O N
Ha O™
HO
OH
(+)-184

Diol (*¥)-184. To a stirred room temperature solution of ketone (+)-181
(100 mg, 0.26 mmol, 1.0 equiv) in 1:1 MeOH: CH2ClI2 (10 mL) was added NaBH4
(27 mg, 0.70 mmol, 2.7 equiv). After 5 min solvent was removed under reduced
pressure to afford a white solid which was cooled to 0 °C and then treated with

1.0 N HCI (10 mL). After 5 min at 0 °C, the mixture was warmed to room

temperature, stirred for 15 min at 25 °C, and extracted with CH2ClI2 (3 x 10 mL).
The combined organic layers were dried with Na>SO4 and chromatographed (2:1
hexanes:EtOAc eluent) to afford diol (+)-184 (95 mg, 95% yield) as a white solid:
mp 235-238 °C (dec.); IR (thin film/NaCl) 3529.6 (br m), 3043.9 (m), 2930.2 (w),
1642.5 (m), 1564.1 (m), 1445.1 (s), 1314.4 (s), 1230.1 (m), 1129.9 (m), 1073.3
(m), 739.3 (s), 694.3 (m) cm~1; TH NMR (500 MHz, acetone-dg) & 8.16 (d, J = 7.6
Hz, 1H), 8.11 (d, J = 7.9 Hz, 1H), 8.00 (d, J = 8.5 Hz, 1H), 7.88 (d, J = 8.3 Hz,
1H), 7.85 (d, J = 8.3 Hz, 1H), 7.49 (d, J = 8.1 Hz, 1H), 7.40 (app.t, J = 7.6 Hz,
1H), 7.31 (ddd, J = 1.3, 7.0, 11.4 Hz, 1H), 7.24 (app.t, J = 7.3 Hz, 1H), 7.17
(app.t, J =7.2 Hz, 1H), 6.71 (dd, J = 1.0, 5.8 Hz, 1H), 4.21 (m, 1H), 3.99 (dd, J =
3.3, 9.1 Hz, 1H), 3.59 (br s, 1H), 2.80 (d, J = 13.6 Hz, 1H), 2.74 (ddd, J = 3.0,
5.7, 14.9 Hz, 1H), 2.63 (ddd, J = 1.0, 3.3, 15.0 Hz, 1H), 2.32 (s, 3H); 13C NMR
(125 MHz, DMSO-dg) & 139.4, 136.1, 127.5, 126.6, 125.2, 124.2, 123.8, 123.7,
119.9, 119.1, 118.8, 118.5, 118.3, 115.1, 111.3, 110.5, 108.7, 92.2, 79.5, 73.3,
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64.0, 34.4, 29.5; high resolution mass spectrum (El) m/z 384.1469 [calcd for
Co4H20N203 (Mt) 384.1474].

Preparation of Bis-Acetate (+)-182.

O N
H3C™
AcO
OAc
(£)-182

Bis-Acetate (%)-182. A solution of diol (+)-184 (25 mg, 0.07 mmol, 1.0
equiv) in CH2Cl2 (0.7 mL) was treated with EtaN (0.03 mL, 0.22 mmol, 3.0 equiv)

followed by AcoO (0.012 mL, 0.13 mmol, 2.0 equiv) and DMAP (1 mg, 0.007
mmol, 0.1 equiv), and stirred for 15 min. The solution was diluted with HoO (1.0
mL) and extracted with CH2Cl2 (3 x 2 mL). Organic layers were combined, dried
over NazSO4, and evaporated to a residue which was purified by flash
chromatography to provide bis-acetate (+)-182 (25 mg, 76% yield) as a white
solid: mp 147-150°; IR (thin film/NaCl) 3049.5 (br w), 3016.3 (br w), 2937.3 (w),
1747.0 (s), 1641.9 (w), 1443.8 (m), 1311.9 (m), 1230.9 (s), 1214.7 (s), 1069.0
(m), 741.6 (s) cm-1; TH NMR (500 MHz, CDCl3) & 8.16 (app.t, J = 7.0 Hz, 2H),
7.93 (d, J=13.7 Hz, 1H), 7.90 (d, J = 13.7 Hz, 1H), 7.62 (d, J = 8.5 Hz, 1H), 7.44
(app.t, J = 7.6 Hz, 1H), 7.25-7.37 (comp m, 4H), 6.70 (d, J = 5.4 Hz, 1H), 5.43 (d,
J = 3.0 Hz, 1H), 5.34 (dd, J = 3.2, 6.4 Hz, 1H), 2.71 (ddd, J = 3.2, 5.5, 15.2 Hz,

1H), 2.59 (dd, J = 3.8, 15.2 Hz, 1H), 2.37 (s, 3H), 1.94 (s, 3H), 0.51 (s, 3H); 13C
NMR (125 MHz, CDCl3) § 170.0, 169.6, 139.1, 136.1, 127.5, 126.5, 126.0, 124.8,
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124.7, 1241, 120.5, 120.3, 119.9, 119.7, 119.6, 119.4, 113.6, 112.1, 111.1,

107.8, 90.2, 79.6, 73.1, 63.2, 32.0, 30.0, 20.7, 19.1; high resolution mass
spectrum (El) m/z 468.1684 [calcd for CogHo4N2O5 (M*) 468.1685].

Preparation of Bis p-bromobenzoate (+)-185.

o N
HzC™
p-BrBzO
Op-BrBz
(+)-185

Bis p-bromobenzoate (*)-185. Diol (+)-184 (30 mg, 0.078 mmol, 1.0
equiv), p-bromobenzoyl chloride (36 mg, 0.164 mmol, 2.1 equiv), EtsN (23 uL,
0.164 mmol, 2.1 equiv), and 4-dimethylaminopyridine (2 mg, 0.016 mmol, 0.1
equiv) were heated to reflux in CH2Clo (1.0 mL) for 10 min. The reaction mixture
was adsorbed onto SiO2 and chromatographed (2:1 hexanes:EtOAc eluent) to
afford diester (x)-185 (45 mg, 77% yield) as a white solid which when crystallized
from CHCI3/MeOH provided crystals suitable for X-ray analysis: mp 198-200 °C;
IR (thin film/NaCl) 3044.9 (w), 2928.5 (w), 1725.4 (s), 1642.6 (w), 1589.4 (s),
1398.4 (m), 1258.6 (s), 1230.5 (m), 1091.8 (br s), 1009.9 (s), 844.4 (w), 739.5 (s)
cm-1; TH NMR (500 MHz, CDCl3) 4 8.15 (d, J = 8.5 Hz, 1H), 8.13 (d, J = 9.3 Hz,
1H), 8.00 (d, J = 8.2 Hz, 1H), 7.98 (d, J = 8.2 Hz, 1H), 7.44 (app.t, J = 8.4 Hz,
1H), 7.42 (app.t, J = 7.5 Hz, 1H), 7.30 (s, 4H), 7.27 (m, 1H), 7.26 (app.t, J = 8.2
Hz, 1H), 7.21 (app.t, J = 7.4 Hz, 1H), 7.10 (ddd, J = 1.2, 7.2, 8.4 Hz, 1H), 7.00 (d,
J=8.4 Hz, 2H), 6.76 (d, J = 5.5 Hz, 1H), 6.08 (d, J = 8.3 Hz, 2H), 5.85 (m, 1H),
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5.84 (s, 1H), 2.94 (ddd, J = 3.6, 5.7, 15.4 Hz, 1H), 2.78 (dd, J = 2.8, 15.5 Hz,
1H), 2.39 (s, 3H); 13C NMR (125 MHz, CDCIl3) & 164.9, 164.8, 138.6, 136.3,
131.8, 131.6, 131.1, 130.5, 129.0, 127.8, 127.1, 127.0, 126.8, 126.0, 125.0,
124.6, 124.5, 121.0, 120.7, 120.2, 120.0, 119.8, 119.8, 114.1, 112.5, 111.5,

107.7, 90.0, 79.6, 73.3, 63.7, 32.4, 30.2; high resolution mass spectrum (El) m/z
748.0214 [calcd for C3gHogN205Bre (M*) 748.0208].

Preparation of Methoxy ketone (%)-186.

Methoxy ketone (%)-186. Montmorillonite clay K-10 (1.2 g) was mixed
with trimethylorthoformate (1.78 mL, 16.3 mmol, 14.8 equiv) and immediately
rinsed (3 mL CHCI3) into a stirred solution of aldehyde (+)-180 (414 mg, 1.1
mmol, 1.0 equiv) in CHCI3 (11 mL). After approximately 0.5 h formation of the
dimethyl acetal 188 was complete as indicated by TLC (3:1 hexanes:EtOAc).
The reaction mixture was filtered and the filtrate evaporated in vacuo. The

residue was dissolved in diethyl ether (110 mL) under N2 and treated with
BF3+OEty (2.85 mL, 23.1 mmol, 21.0 equiv). The resultant mixture was stirred
for 4 days at 25 °C. After this time, Et3N (6.1 mL) and CH2Cl> (100 mL) were
added and the product was adsorbed onto silica gel in vacuo. Flash

chromatography (2:1 hexanes:EtOAc eluent) provided methoxy ketone (+)-186
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(214 mg, 50% yield) as a yellow solid: mp 275-280 °C (dec.); IR (thin film/NaCl)
3046.6 (br m), 3003.8 (br w), 2927.9 (m), 2835.6 (m), 1736.6 (s), 1640.5 (m),
1565.8 (m), 1492.7 (m), 1442.9 (s), 1311.5 (s), 1144.3 (m), 1126.1 (s), 740.2 (s)
cm-1; TH NMR (500 MHz, DMSO-dg) & 8.21 (d, J = 7.7 Hz, 1H), 8.16 (d, J=7.8
Hz, 1H), 7.97 (d, J = 8.2 Hz, 1H), 7.95 (d, J = 8.2 Hz, 1H), 7.88 (d, J = 8.6 Hz,
1H), 7.68 (d, J = 8.1 Hz, 1H), 7.46 (td, J=1.0, 7.4 Hz, 1H), 7.37 (td, J=1.1, 7.7
Hz, 1H), 7.36 (d, J = 7.2 Hz, 1H), 7.30 (app.t, J = 7.6 Hz, 1H), 7.23 (app.t, J=7.4
Hz, 1H), 5.02 (s, 1H), 3.94 (dd, J = 7.2, 13.7 Hz, 1H), 3.39 (s, 3H), 2.62 (d, J =
13.9 Hz, 1H), 2.52 (s, 3H); 13C NMR (125 MHz, DMSO-dg) 5 199.8, 139.4, 135.7,
125.0, 124.8, 124.5, 124.1, 124.0, 120.0, 119.8, 119.4, 119.2, 114.9, 1121,

111.3, 109.2, 99.0, 88.2, 84.4, 58.9, 45.4, 29.2; high resolution mass spectrum
(El) m/z 396.1474 [calcd for Co5HooN203 (M) 396.1474].

Preparation of Alcohol (1)-192.

O N
HsC'™
MeO
OH
(£)-192

Alcohol (+)-192. Method A. To a stirred solution of ketone (+)-186 (12
mg, 0.03 mmol, 1.0 equiv) in 1:1 MeOH: CH2Cl> (1.0 mL) was added NaBH4 (3

mg, 0.08 mmol, 2.7 equiv) at room temperature. After 5 min the solvent was
removed in vacuo to afford a white solid which was cooled to 0 °C and treated

with 1.0 N HCI (1 mL). After 5 min at 0 °C, the mixture was warmed to room
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temperature, stirred for 15 min at 25 °C, and extracted with CH2Clo (3 x 1 mL).
The combined organic layers were dried with Na>SO4 and chromatographed (2:1
hexanes:EtOAc eluent) to afford alcohol (£)-192 (12 mg, 95% yield) as a white
solid: mp 340-344 °C (dec.); IR (thin film/NaCl) 3528.3 (br m), 3048.1 (m),
3000.2 (m), 2928.4 (m), 1643.7 (m), 1564.8 (m), 1493.3 (m), 1445.1 (s), 1344.4
(m), 1311.6 (s), 1231.2 (s), 1109.5 (br s) cm~1; TH NMR (500 MHz, CDCI3) & 8.14
(d,J=7.7 Hz, 1H), 8.11 (d, J = 7.7 Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.85 (d, J =
8.2 Hz, 1H), 7.81 (d, J = 8.5 Hz, 1H), 7.39 (td, J = 1.0, 8.1 Hz, 1H), 7.35 (ddd, J =
0.14, 7.1, 8.4 Hz, 1H), 7.25 (m, 3H), 6.54 (d, J = 5.6 Hz, 1H), 4.34 (m, 1H), 3.66
(d, J = 3.0 Hz, 1H), 3.53 (s, 3H), 2.71 (dd, J = 3.5, 14.9 Hz, 1H), 2.45 (m, 1H),
2.30 (s, 3H), 1.66 (br s, 1H); 13C NMR (125 MHz, CDCI3) 6 139.6, 136.6, 128.3,
127.2, 126.5, 126.2, 124.8, 124.4, 123.9, 120.5, 120.3, 119.6, 119.3, 114.9,

112.1, 110.9, 107.6, 90.6, 83.1, 79.7, 60.5, 57.4, 33.7, 29.9; high resolution mass
spectrum (El) m/z 398.1633 [calcd for CosH2oN203 (MT) 398.1630].

Alcohol (*)-192. Method B. To a stirred suspension of NaH (6.1 mg of a
60% dispersion in mineral oil, 0.15 mmol, 1.1 equiv) in THF (1.0 mL) was added
a solution of alcohol (+)-184 (55 mg, 0.143 mmol, 1.0 equiv) in THF (5 mL). The
resulting mixture was stirred for 10 min with the visible evolution of gas and for
an additional 15 min thereafter. Addition of Mel (9.0 uL, 0.15 mmol, 1.1 equiv)
produced a single product as evidenced by TLC (5:1 hexanes:acetone). After

approximately 50 min the reaction was quenched by the sequential addition of

1.0 N HCI (1.0 mL) and H20 (2.0 mL). Extraction of the solution with CH2Cl> (3 x

10 mL), drying over NazSO4, evaporation to a residue in vacuo, and

chromatography (5:1 hexanes:acetone eluent) provided methyl ether (+)-192 (42
mg, 70% yield) as a yellow foam.

Preparation of Bis Methyl ether (*)-190.
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Bis Methyl ether (*)-190, Method A. A stirred room temperature solution
of alcohol (£)-192 (19 mg) in DMSO (3 mL) was treated with excess Mel (5-10

equiv) and KOH (5-10 equiv) for 5 min. After this time, the reaction was diluted

with H2O (5 mL) and extracted with CH2Cl2 (3 x 10 mL). The combined organic
layers were dried over NaxSO4, and evaporated. Purification by flash
chromatography (1:1 hexanes:EtOAc eluent) provided bis-methyl ether (+)-190
(20 mg, 95% yield) as a yellow solid: mp 218-224 °C (dec.); IR (thin film/NaCl)
3048.0 (m), 3003.5 (m), 2930.1 (m), 2829.9 (m), 1642.3 (m), 1565.2 (m), 1492.8
(w), 1460.9 (s), 1444.8 (s), 1396.0 (s), 1314.4 (s), 1230.2 (s), 1118.9 (s), 1035.8
(m), 740.7 (s) cm=1; 1TH NMR (500 MHz, CDCI3) 6 8.16 (d, J = 7.9 Hz, 1H), 8.09
(d, J=7.0Hz, 1H), 7.88 (d, J = 8.3 Hz, 1H), 7.86 (d, J = 8.3 Hz, 1H), 7.81 (d, J =
8.5 Hz, 1H), 7.41 (app.t, J = 7.3 Hz, 1H), 7.32 (ddd, J = 1.2, 7.2, 8.4 Hz, 1H),
7.28 (app.t, J=7.4 Hz, 1H), 7.27 (d, J = 7.7 Hz, 1H), 7.20 (app.t, J = 7.4 Hz, 1H),
6.57 (d, J = 5.1 Hz, 1H), 3.99 (dt, J = 3.0, 6.4 Hz, 1H), 3.75 (d, J = 2.9 Hz, 1H),
3.52 (s, 3H), 2.85 (ddd, J = 0.9, 3.9, 15.0 Hz, 1H), 2.38 (s, 3H), 2.33 (ddd, J =
2.7, 5.5, 14.9 Hz, 1H), 2.32 (s, 3H); 13C NMR (125 MHz, CDCI3) & 139.6, 136.3,
127.7, 126.6, 126.0, 124.9, 124.2, 124.0, 120.5, 119.6, 119.2, 119.0, 114.6,

111.4, 111.2, 107.3, 91.3, 84.3, 80.0, 68.6, 57.5, 55.7, 30.3, 29.9; high resolution
mass spectrum (El) m/z 412.1784 [calcd for CogH24N203 (M) 412.1787].
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Bis Methyl Ether (£)-35, Method B. A stirred room temperature solution
of diol (£)-184 (20 mg) in DMSO (3 mL) was treated with excess Mel (5-10 equiv)
and KOH (5-10 equiv) for 5 min. After this time, the reaction was diluted with
H20 (5 mL) and extracted with CH2Cl> (3 x 10 mL). The combined organic
layers were dried over NaxSO4, and evaporated. Purification by flash
chromatography (1:1 hexanes:EtOAc eluent) provided bis-methyl ether (+)-190
(19 mg, 93% yield) as a yellow solid.

Preparation of Oxime (*)-191.

Oxime (%)-191. A suspension of ketone (+)-186 (30 mg, 0.08 mmol, 1.0
equiv), hydroxylamine hydrochloride (17 mg, 0.24 mmol, 3.0 equiv), and NaOAc
(20 mg, 0.24 mmol, 3.0 equiv) in 50% aqueous EtOH (2.0 mL) was heated gently
to reflux for 30 min. After cooling to room temperature, the solvent was removed
in vacuo and the derived residue was purified by flash chromatography (2:1
hexanes:EtOAc eluent) to provide oxime (+)-191 (27 mg, 85% yield) as a yellow
powder: mp >280 °C (dec.); IR (thin film/NaCl) 3249.5 (br m), 2918.3 (s), 2848.4
(s), 1728.1 (m), 1640.2 (m), 1443.1 (s), 1398.1 (m), 1312.0 (m), 1124.5 (s), 740.7
(s) cm=1; TH NMR (500 MHz, DMSO-dg) & 10.43 (s, 1H), 8.17 (d, J = 7.8 Hz, 1H),
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8.13 (d, J = 7.4 Hz, 1H), 7.91 (d, J = 8.4 Hz, 1H), 7.89 (d, J = 8.4 Hz, 1H), 7.88
(d, J = 8.4 Hz, 1H), 7.67 (d, J = 8.2 Hz, 1H), 7.44 (app.t, J = 7.6 Hz, 1H), 7.34
(app.t, J = 7.7 Hz, 1H), 7.27 (app.t, J = 7.5 Hz, 1H), 7.20 (app.t, J = 7.4 Hz, 1H),
6.98 (d, J = 5.5 Hz, 1H), 4.70 (s, 1H), 3.61 (d, J = 14.1 Hz, 1H), 3.42 (s, 3H), 2.97
(dd, J = 5.7, 14.3 Hz, 1H), 2.42 (s, 3H); 13C NMR (125 MHz, DMSO-dg) & 145.3,
139.3, 135.9, 126.0, 125.1, 124.9, 124.6, 124.2, 124.0, 120.0, 119.6, 119.4,
119.1, 119.1, 115.0, 111.8, 111.0, 109.1, 95.9, 83.7, 82.2, 58.3, 29.7, 28.4; high
resolution mass spectrum (ElI) m/z 411.1582 [calcd for CpsH21N303 (M%)

411.1583].

Preparation of Amine (+)-193.

Amine (%)-193. A mixture of oxime (+)-191 (20 mg, 0.049 mmol, 1.0
equiv) and PtO2 (5 mg) in a 60% aqueous acetic acid (6.0 mL) was placed in a
flasked capped with a Hx filled balloon. The reaction was monitored by TLC (1:1
hexanes:EtOAc) and upon completion (2 h) was filtered through celite. The
filtrate was evaporated in vacuo and the residue was dissolved in 1.0 N HCI (4.0
mL) and washed with EtOAc (1 x 4.0 mL). The aqueous layer was rendered

basic with 3.0 N NaOH and then extracted with EtOAc (3 x 5.0mL). The
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combined organic layers were dried over NapSO4 and evaporated to a residue

which was used without further purification.

An analytical sample of the derived primary amine could be obtained by
preparative TLC of the above residue (5% MeOH/CH2Cly eluent): mp >225 °C
(dec.); IR (thin film/NaCl) 3373.6 (br w), 3048.2 (br w), 2926.7 (br m), 2851.2 (br
w), 1641.4 (m), 1563.9 (m), 1492.2 (m), 1459.0 (s), 1444.2 (s), 1314.0 (s),
1231.1 (s), 1110.2 (s), 741.3 (s) cm=1; TH NMR (500 MHz, CDCI3) 6 8.16 (d, J =
8.0 Hz, 1H), 8.12 (d, J = 7.8 Hz, 1H), 7.91 (d, J = 8.2 Hz, 1H), 7.89 (d, J = 8.2 Hz,
1H), 7.86 (d, J = 8.4 Hz, 1H), 7.43 (app.t, J = 7.6 Hz, 1H), 7.38 (app.t, J = 7.6 Hz,
1H), 7.27 (m, 3H), 6.55 (dd, J = 1.0, 5.5 Hz, 1H), 3.71 (d, J = 3.7 Hz, 1H), 3.65
(br m, 1H), 3.41 (s, 3H), 2.64 (dt, J = 5.3, 14.6 Hz, 1H), 2.58 (ddd, J = 1.1, 3.4,
14.4 Hz, 1H), 2.3 (s, 3H), 1.24 (br s, 2H); 13C NMR (125 MHz, CDCI3) 5 139.5,
136.8, 126.8, 126.1, 125.8, 124.9, 124.6, 124.2, 120.6, 120.5, 119.8, 119.7,
119.5, 119.4, 114.7, 112.2, 111.4, 108.0, 91.2, 84.0, 80.3, 57.6, 42.7, 34.5, 29.7;
high resolution mass spectrum (El) m/z 397.1789 [calcd for Co5H23N302 (M)
397.1790].

The derived residue was dissolved in THF (2.0 mL) and treated with an
excess of formic acetic anhydride (3 equiv, prepared by treatment of 1.0 equiv
acetic anhydride with 1.2 equiv formic acid followed by reflux for 2 h) in THF.
TLC analysis showed rapid formation of a less polar substance. The solvent was
evaporated with a stream of Ny followed by high vacuum (ca. 1 torr) for 15 min.
The derived residue was dissolved in THF (2.0 mL), cooled to 0 °C, and treated
with BH3*DMS (61 uL of a 2.0 N solution in toluene). The solution was heated to
reflux for 2 h and then cooled to 0 °C. Methanolic HCI (4.0 mL) was added and

the solution was refluxed for an additional hour. After cooling to room
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temperature, volatiles were removed in vacuo leaving a solid residue to which
was added 1.0 N NaOH (1.5 mL). The mixture was extracted with EtOAc (3 x 3.5
mL) and the combined organic layers were dried over NaSQOy4. Purification of
the residue by flash chromatography (10% MeOH/CH2Cly eluent) provided
methyl amine (+)-193 (14 mg, 70% yield 2 steps) as a white powder: mp 238-
242 °C (dec.); IR (thin film/NaCl) 3344.1 (w), 3043.9 (m), 3000.7 (m), 2929.4 (m),
2850.6 (m), 2796.2 (m), 1642.5 (m), 1562.9 (m), 1442.1 (s), 1396.0 (m), 1341.5
(m), 1311.0 (s), 1232.2 (s), 1111.4 (s) cm™1; TH NMR (500 MHz, CDCI3) & 8.19
(d, J=7.9 Hz, 1H), 8.16 (d, J = 7.3 Hz, 1H), 7.93 (d, J = 8.2 Hz, 1H), 7.90 (d, J =
8.2 Hz, 1H), 7.85 (d, J = 8.5 Hz, 1H), 7.44 (td, J = 1.0, 7.7 Hz, 1H), 7.39 (ddd, J =
1.3, 7.1, 8.4 Hz, 1H), 7.31 (app.t, J = 7.7 Hz, 1H), 7.27 (app.t, J = 8.0 Hz, 1H),
7.26 (d, J = 7.6 Hz, 1H), 6.51 (dd, J = 1.3, 6.1 Hz, 1H), 3.83 (d, J = 3.5 Hz, 1H),
3.30 (s, 3H), 3.29 (dd, J = 4.1, 4.7 Hz, 1H), 2.63 (ddd, J = 1.5, 4.7, 14.5 Hz, 1H),
2.38 (ddd, J = 4.0, 6.1, 14.6 Hz, 1H), 2.34 (s, 3H), 1.69 (s, 3H), 0.84 (br s, 1H);
13C NMR (125 MHz, CDCI3) 6 139.2, 136.6, 128.2, 127.3, 126.0, 124.7, 124.2,
123.8, 120.3, 120.0, 119.5, 119.2, 119.0, 119.0, 114.2, 111.7, 110.8, 107.5, 91.3,

84.0, 80.5, 57.5, 50.8, 33.4, 30.6, 29.7; high resolution mass spectrum (El) m/z
411.1944 [calcd for CogHo5N302 (M) 411.1947].

Preparation of Ketones (%)-199 and (£)-200.
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Ketones (*)-199 and (*)-200. To a suspension of aldehyde (+)-176 (56
mg, 0.147 mmol, 1.0 equiv) in EtoO (15.0 mL) was added BF3*OEty (20 uL,

0.161 mmol, 1.1 equiv). The mixture was stirred vigorously for 7 h and then
treated with CH2Cl2 (25 mL) to solubilize the suspension. The resulting solution
was adsorbed onto silica in vacuo and chromatographed (3:1 hexanes:EtOAc
eluent) to provide two products. The first compound to elute, hydroxy ketone (z)-
200 (12 mg, 21% yield), was isolated as a yellow foam: IR (thin film/NaCl)
3461.9 (br m), 2924.5 (m), 1731.8 (s), 1570.7 (m), 1447.5 (m), 1389.4 (m),
1307.5 (s), 1227.4 (s), 1133.2 (s), 747.2 (s) cm™1; TH NMR (500 MHz, CDCI3) &
8.19 (d, J = 4.8 Hz, 1H), 8.17 (d, J = 4.7 Hz, 1H), 7.98 (s, 2H), 7.68 (d, J = 8.3
Hz, 1H), 7.45-7.51 (comp m, 2H), 7.32-7.40 (comp m, 3H), 6.79 (dd, J = 4.8, 6.1
Hz, 1H), 5.13 (s, 1H), 3.65 (s, 1H), 3.41 (dd, J = 6.3, 15.9 Hz, 1H), 3.36 (dd, J =
4.7, 15.9 Hz, 1H), 2.22 (s, 3H); 13C NMR (125 MHz, CDCIl3) & 204.0, 138.4,
137.2, 126.2, 125.9, 125.8, 125.5, 1254, 125.3, 121.8, 121.2, 120.9, 120.6,
120.5, 120.4, 113.2, 112.8, 111.7, 108.2, 99.6, 83.8, 78.9, 42.6, 23.7; high

resolution mass spectrum (El) m/z 382.1319 [calcd for Co4H1gN203 (M)

382.1317].

The second compound to elute, ketone (£)-199 (36 mg, 64% vyield), was
isolated as a white solid: mp >230 °C (dec.); IR (thin film/NaCl) 3458.1 (br m),
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3053.6 (w), 2924.4 (m), 2855.9 (m), 1706.1 (s), 1655.1 (m), 1568.7 (m), 1447.9
(s), 1404.9 (s), 1342.9 (s), 1036.7 (m), 747.1 (s) cm1; TH NMR (500 MHz,
DMSO-dg, 315 K) 5 8.19 (d, J = 7.9 Hz, 1H), 8.17 (d, J = 7.8 Hz, 1H), 7.98 (d, J =
8.4 Hz, 1H), 7.96 (d, J = 8.4 Hz, 1H), 7.83 (d, J = 8.2 Hz, 1H), 7.71 (d, J = 8.2 Hz,
1H), 7.45 (app.t, J = 7.6 Hz, 1H), 7.44 (app.t, J = 8.2 Hz, 1H), 7.36 (dd, J = 3.0,
7.5 Hz, 1H), 7.24-7.28 (m, 2H), 6.93 (s, 1H), 6.71 (s, 1H), 2.81 (dd, J = 7.5, 14.7
Hz, 1H), 2.47 (dd, J = 2.8, 14.8 Hz, 1H), 2.06 (s, 3H); 13C NMR (125 MHz,
DMSO-dg) & 206.0, 137.5, 137.0, 125.3, 124.9, 124.9, 124.3, 124.0, 123.9,
120.3, 120.3, 120.2, 119.7, 119.7, 119.5, 112.3, 112.2, 109.5, 109.4, 93.0, 87.8,

87.6, 42.8, 26.7; high resolution mass spectrum (El) m/z 382.1312 [calcd for
Co4H1gN203 (Mt) 382.1317].

Preparation of Diastereomeric Alcohols ()-201.

OMe
(x)-201

Diastereomeric Alcohols (*)-201. To a mixture of ketone 199 (20 mg,

0.05 mmol, 1.0 equiv), Mel (86 uL, 1.4 mmol, 28 equiv), and powdered KOH (31
mg, 0.55 mmol, 10.5 equiv) in THF (5.0 mL) was added n-BugNBr (3 mg, 0.01

mmol, 0.2 equiv). The mixture was stirred under N2 for 30 min, solvent was

removed in vacuo, and the residue was filtered through a pad of silica gel (3:1
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hexanes:EtOAc eluent) to afford a colorless residue used without further

purification.

To a solution of the derived residue in 1:1 MeOH: CH2Cl2 (5.0 mL) was
added NaBH4 (10 mg, 0.27 mmol, 5.3 equiv) at room temperature. After 5
minutes solvent was removed under reduced pressure to afford a white solid, to
which was added 1.0 N HCI (2 mL) on an ice bath. After 5 min at 0 °C, the

mixture was warmed to room temperature, stirred for 15 min at 25 °C, and

extracted with CH2Cl2 (3 x 2mL). The combined organic layers were dried with
Na2SO4 and purified by preparative TLC (1% MeOH/CH2Cl> eluent) to afford two
diastereomeric products. The less polar alcohol (+)-201 diastereomer | (5 mg,
25% yield) was obtained as a yellow foam: IR (thin film/NaCl) 3510.6 (br m),
2928.1 (m), 2851.1 (m), 1649.8 (m), 1449.4 (s), 1400.3 (s), 1303.2 (s), 1223.4
(s), 1079.2 (m), 747.6 (s) cm-1; TH NMR (500 MHz, CDCl3) § 8.16 (d, J = 7.8 Hz,
2H), 7.99 (d, J = 8.3 Hz, 1H), 7.97 (d, J = 8.1 Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H),
7.46-7.52 (comp m, 2H), 7.29-7.34 (comp m, 2H), 7.02 (dd, J = 3.7, 7.5 Hz, 1H),
6.82 (s, 1H), 3.81 (s, 3H), 3.10-3.14 (m, 1H), 2.88 (dd, J = 7.6, 15.6 Hz, 1H), 2.10
(br d, J = 8.9 Hz, 1H), 1.85 (dd, J = 3.8, 15.6 Hz, 1H), 0.97 (d, J = 6.5 Hz, 3H);
13C NMR (125 MHz, CDCl3) & 138.5, 137.1, 125.6, 125.0, 125.0, 124.9, 124.8,
124.3, 121.1, 121.0, 120.8, 120.2, 119.9, 112.6, 112.6, 111.0, 108.2, 92.9, 89.1,

87.3, 69.3, 53.2, 39.4, 18.6; high resolution mass spectrum (El) m/z 398.1630
[calcd for Co5Ho9N503 (M*) 398.1630].

The more polar alcohol (+)-201 diastereomer Il (13 mg, 65% yield) was
obtained as a yellow foam: IR (thin film/NaCl) 3450.1 (br m), 3544.7 (br m),

3051.9 (w), 1651.8 (m), 1567.2 (m), 1403.4 (s), 1339.1 (s), 1301.7 (s), 1073.5
(s), 746.7 (s) cm-!; TH NMR (500 MHz, CDCl3) & 8.17 (d, J = 3.4 Hz, 1H), 8.16

(d, J = 3.3 Hz, 1H), 7.97 (d, J = 8.3 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.58 (d, J =
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8.2 Hz, 1H), 7.46-7.52 (comp m, 3H), 7.30-7.35 (comp m, 2H), 7.03 (dd, J = 3.1,
7.7 Hz, 1H), 6.67 (s, 1H), 3.67 (s, 3H), 3.57 (q, J = 6.2 Hz, 1H), 2.98 (dd, J = 7.8,
15.7 Hz, 1H), 2.33 (dd, J = 3.1, 15.7 Hz, 1H), 1.01 (d, J = 6.3 Hz, 3H); 13C NMR
(125 MHz, CDCl3) & 137.9, 137.3, 126.0, 125.1, 125.1, 124.9, 124.7, 121.1,
120.8, 120.8, 120.5, 120.2, 119.8, 112.8, 112.4, 109.3, 108.4, 92.1, 89.9, 87.5,

68.4, 52.1, 37.5, 18.9; high resolution mass spectrum (El) m/z 398.1630 [calcd
for Co5H2oN>O5 (M*) 398.1630].

Preparation of Epoxide ()-202.

Epoxide (%)-202. To a solution of diol (x)-179 (100 mg, 0.26 mmol, 1.0
equiv) and p-toluene sulfonyl chloride (52 mg, 0.27mmol, 1.05 equiv) in THF (2.6
mL) was added powdered KOH (36 mg, 0.65 mmol, 2.5 equiv) followed by n-
BusgNBr (8 mg, 0.03 mmol, 0.1 equiv). The reaction mixture was stirred for 1 h,
and solvent was removed in vacuo. Purification by flash chromatography
(3:191:1 hexanes:EtOAc) provided epoxide (+)-202 (86 mg, 90% yield) as a
white solid: mp >260 °C (dec.); IR (thin film/NaCl) 3049.6 (w), 3010.0 (w),
2947.3 (br w), 1638.2 (m), 1567.7 (m), 1445.6 (s), 1347.0 (m), 1307.5 (s), 1225.4
(m), 1026.0 (m), 744.9 (s) cm~1; TH NMR (500 MHz, DMSO-dg) & 8.21 (app.t, J =
8.2 Hz, 2H), 8.02 (d, J = 8.4 Hz, 1H), 7.98 (d, J = 8.1 Hz, 1H), 7.78 (d, J = 8.5 Hz,
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1H), 7.72 (d, J = 8.2 Hz, 1H), 7.45 (app.t, J = 7.6 Hz, 1H), 7.36 (app.t, J = 7.7 Hz,
1H), 7.28 (app.t, J = 8.2 Hz, 1H), 7.24 (app.t, J= 7.8 Hz, 1H), 7.15 (d, J = 6.0 Hz,
1H), 3.28 (dd, J = 6.1, 14.9 Hz, 1H), 3.23 (d, J = 3.8 Hz, 1H), 2.98 (d, J = 4.2 Hz,
1H), 2.41 (s, 3H), 1.90 (d, J = 14.8 Hz, 1H); 13C NMR (125 MHz, DMSO-dg) 6
138.4, 136.5, 126.8, 125.2, 125.1, 124.9, 123.9, 120.4, 120.2, 120.1, 119.9,
119.6, 119.5, 112.6, 111.7, 111.6, 109.3, 96.7, 84.7, 66.5, 50.4, 37.4, 24.6; high
resolution mass spectrum (El) m/z 366.1363 [calcd for Cp4H1gN20O2 (M)

366.1368].

Preparation of Ketone (1)-203.

Ketone (%)-203. A solution of epoxide (+)-202 (50 mg, 0.14 mmol, 1.0
equiv) in CDCI3 (13.7 mL) was treated with BF3*OEty (18uL, 0.15 mmol, 1.05
equiv) and stirred at room temperature for 15 h. Following removal of solvent in
vacuo, flash chromatography provided ketone (+)-203 (47 mg, 92% yield) as a
white solid: mp 180-183°; IR (thin film/NaCl) 3420.6 (br w), 3051.0 (w), 2924.3
(w), 1927.2 (w), 1717.8 (s), 1638.0 (m), 1568.9 (m), 1446.0 (s), 1347.6 (s),
1310.8 (s), 1219.7 (s), 1071.7 (m) cm-1; TH NMR (500 MHz, CDCI3) 4 8.19 (d, J
= 7.8 Hz, 1H), 8.13 (d, J = 7.8 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.98 (d, J = 8.1
Hz, 1H), 7.51 (d, J = 8.1 Hz, 1H), 7.30-7.47 (comp m, 4H), 7.16 (d, J = 8.4 Hz,
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1H), 6.69 (d, J = 7.4 Hz, 1H), 4.89 (d, J = 9.7 Hz, 1H), 4.01 (dd, J = 0.9, 9.8 Hz,
1H), 3.17 (d, J = 13.6 Hz, 1H), 2.97 (dd, J = 7.5, 13.6 Hz, 1H), 2.37 (s, 3H); 13C
NMR (125 MHz, CDCI3) 6 203.4, 138.6, 138.6, 127.1, 125.6, 125.3, 125.3, 124.5,
121.8, 121.6, 120.7, 120.5, 120.4, 120.3, 113.0, 112.7, 109.5, 108.3, 83.1, 75.7,
71.9, 45.6, 27.6; high resolution mass spectrum (El) m/z 366.1363 [calcd for
C24H1gN20 (M*) 366.1368].

Preparation of Diol (+)-204.

Diol (+)-204. To a stirred room temperature solution of ester (+)-147 (150
mg, 0.243 mmol, 1.0 equiv) in THF (2.5 mL) was added LiBH4 (12 mg, 0.535
mmol, 2.3 equiv) After 20 min the solvent was removed in vacuo and the derived

white residue was cooled to 0 °C and treated with 1.0 N HCI (10.0 mL). The

aqueous solution was extracted with CH2Clo (3 x 20 mL) and the combined

organic phases were dried over NaxSO4 and chromatographed (1:1

hexanes:EtOAc eluent) to afford diol (+)-204 (127 mg, 89% yield) as a white
solid: mp >225 °C (dec.); [a]20p +112° (¢ 0.1, MeOH); IR (thin film/NaCl) 3343.8

(br m), 3001.5 (w), 2950.7 (m), 2926.1 (m), 1647.4 (s), 1588.0 (m), 1514.4 (m),
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1459.7 (s), 1422.2 (m), 1399.6 (m), 1312.4 (m), 1138.0 (s), 744.7 (s) cm™1; 1H
NMR (500 MHz, DMSO-dg) 6 9.25 (d, J = 7.9 Hz, 1H), 7.97 (d, J = 7.2 Hz, 1H),
7.96 (d, J = 8.1 Hz, 1H), 7.78 (d, J = 8.3 Hz, 1H), 7.48 (app.t, J = 7.6 Hz, 1H),
7.43 (app.t, J = 7.8 Hz, 1H), 7.29 (app.t, J = 7.1 Hz, 1H), 7.28 (app.t, J = 7.2 Hz,
1H), 7.02 (s, 1H), 7.96 (dd, J = 5.2, 7.2 Hz, 1H), 6.94 (s, 2H), 5.33 (s, 1H), 5.06
(t, J=5.6 Hz, 1H), 5.02 (d, J = 17.7 Hz, 1H), 4.95 (d, J = 17.6 Hz, 1H), 4.85 (d, J
=15.9 Hz, 1H), 4.85 (d, J = 15.7 Hz, 1H), 3.85-3.81 (comp m, 2H), 3.75 (s, 3H),
3.72 (s, 3H), 3.14 (dd, J = 7.6, 13.7 Hz, 1H), 2.15 (s, 3H), 1.94 (dd, J = 4.8, 13.7
Hz, 1H); 13C NMR (125 MHz, DMSO-dg) & 168.9, 148.9, 148.1, 140.0, 136.7,
130.5, 130.2, 128.7, 125.4, 125.3, 124.6, 124.3, 123.8, 122.4, 120.9, 120.0,
119.8, 119.2, 118.5, 115.2, 114.9, 114.0, 112.1, 111.8, 108.7, 100.2, 83.5, 64.7,
55.5, 55.5, 49.6, 45.4, 40.2, 40.1, 21.3; high resolution mass spectrum (FAB) m/z
590.2289 [calcd for C35H32N306 (M+H) 590.2291].

Preparation of Aldehyde (+)-170.
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Aldehyde (+)-170. To a stirred solution of diol (+)-204 (395 mg, 0.67
mmol, 1.0 equiv) in 1:1 benzene:DMSO (4.6 mL) was added pyridinium
trifluoroacetate (130 mg, 0.67 mmol, 1.0 equiv) followed by 1,3-
dicyclohexylcarbodiimide (415 mg, 2.01 mmol, 3.0 equiv). The flask was quickly
sealed with a septum, evacuated, and flushed with N2 (3 x). The heterogeneous
mixture was stirred for 9 h at room temperature until reaction was complete as
indicated by TLC. Benzene (5.0 mL) was added to the mixture and the 1,3-

dicyclohexylurea (DCU) precipitate was filtered. The filtrate was washed with

H20 (3 x 5.0 mL) and the combined aqueous layers were back extracted with
CH2Clz (3 x 10.0 mL). All organic layers were combined, dried over NaSOg4,
and evaporated to give an oily residue. A minimum amount of acetone (2 mL)
was added to precipitate the remaining DCU. Filtration and evaporation afforded
a yellow oil, which was chromatographed (2:121:1 hexanes:EtOAc eluent) to
furnish aldehyde (+)-170 (280 mg, 71% vyield, 63% yield 2 steps) as a yellow
powder: mp >205 °C (dec.); [a]20p +48° (¢ 0.1, MeOH); IR (thin film/NaCl)
3253.9 (br m), 3010.7 (m), 2953.6 (m), 2934.0 (m), 2833.9 (s), 1734.0 (s), 1646.2
(s), 1614.7 (w), 1589.9 (m), 1514.1 (m), 1399.1 (s), 1275.7 (m), 1138.4 (s),
1024.8 (m), 745.1 (s) cm-1; 1TH NMR (500 MHz, DMSO-dg) & 10.07 (s, 1H), 9.31
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(d, J = 7.9 Hz, 1H), 8.02 (d, J = 8.5 Hz, 1H), 7.99 (d, J = 7.7 Hz, 1H), 7.87 (d, J =
8.2 Hz, 1H), 7.50 (app.t, J = 8.1 Hz, 1H), 7.47 (app.t, J = 8.2 Hz, 1H), 7.32 (app.t,
J = 8.1 Hz, 2H), 7.17 (dd, J = 7.2, 4.8 Hz, 1H), 7.04 (s, 1H), 6.94 (d, J = 9.6 Hz,
1H), 6.93 (d, J = 8.1 Hz, 1H), 6.57 (br s, 1H), 5.02 (d, J = 17.6 Hz, 1H), 4.98 (d, J
= 17.7 Hz, 1H), 4.87 (d, J = 15.2 Hz, 1H), 4.83 (d, J = 15.2 Hz, 1H), 3.76 (s, 3H),
3.73 (s, 3H), 3.24 (dd, J = 7.6, 14.0 Hz, 1H), 2.22 (s, 3H), 2.00 (dd, J = 4.5, 14.0
Hz, 1H); 13C NMR (125 MHz, DMSO-dg) & 202.2, 168.7, 148.9, 148.1, 139.9,
136.9, 130.4, 130.2, 128.2, 125.5, 125.1, 123.9, 123.9, 122.5, 121.1, 120.4,
119.9, 119.6, 119.1, 115.8, 114.6, 114.4, 112.1, 111.8, 109.0, 98.7, 86.8, 84.3,

55.5, 55.5, 49.6, 45.5, 39.4, 22.7; high resolution mass spectrum (FAB) m/z
588.2135 [calcd for C35H30N306 (M+H) 588.2135].

Preparation of Ketone (+)-171.

Ketone (+)-171. To a suspension of aldehyde (+)-170 (100 mg, 0.170
mmol, 1.0 equiv) in EtoO (17.0 mL) was added BF3*OEty (23 uL, 0.187 mmol,

1.1 equiv). The mixture was stirred vigorously for 12h at 25-30 °C and then

treated with additional BF3*OEty (23 uL, 0.187 mmol, 1.1 equiv). After 12 h at

273



the same temperature the reaction mixture was filtered to provide ketone (+)-171
(85 mg, 85% yield) as a white powder: mp >220 °C (dec.); [a]20p +83° (c 0.1,
DMSO); IR (thin film/NaCl) 3300.0 (br s), 2999.5 (br m), 2848.6 (m), 1728.9 (m),
1665.5 (s), 1503.3 (m), 1451.2 (s), 1406.8 (m), 1132.8 (s), 1021.9 (m), 750.6 (s)
cm-1; 1TH NMR (500 MHz, DMSO-dg, 310 K) 8 9.35 (d, J = 7.9 Hz, 1H), 8.06 (d, J
=8.6 Hz, 1H), 7.92 (d, J = 7.7 Hz, 1H), 7.72 (d, J = 8.2 Hz, 1H), 7.53 (app.t, J =
7.6 Hz, 1H), 7.43 (app.t, J = 8.1 Hz, 1H), 7.40 (d, J = 6.6 Hz, 1H), 7.35 (app.t, J =
7.5 Hz, 1H), 7.29 (app.t, J = 7.4 Hz, 1H), 7.02 (s, 1H), 6.93 (s, 2H), 6.12 (d, J =
5.1 Hz, 1H), 5.23 (d, J = 4.5 Hz, 1H), 4.96 (s, 2H), 4.85 (d, J = 15.1 Hz, 1H), 4.81
(d, J = 15.1 Hz, 1H), 3.97 (dd, J = 6.7, 14.1 Hz, 1H), 3.75 (s, 3H), 3.72 (s, 3H),
2.66 (d, J = 14.1 Hz, 1H), 2.54 (s, 3H); 13C NMR (500 MHz, DMSO-dg) 6 201.1,
168.6, 148.9, 148.1, 140.3, 136.0, 130.4, 129.8, 126.9, 125.6, 125.5, 124.9,
124.0, 123.6, 122.8, 120.7, 120.4, 119.9, 119.9, 118.8, 115.9, 115.1, 114.3,
112.1, 111.8, 109.2, 100.5, 84.4, 80.0, 55.5, 55.5, 49.6, 45.4, 44.9, 29.4; high
resolution mass spectrum (FAB) m/z 588.2135 [calcd for C35H390N30gs (M+H)

588.2135].

Preparation of Methoxy Ketone 169.
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Methoxy Ketone 169. Montmorillonite clay K-10 (160 mg) was mixed
with trimethylorthoformate (0.25 mL, 2.25 mmol, 15.0 equiv) and immediately

transfered to a stirred solution of aldehyde (+)-170 (90 mg, 0.15 mmol, 1.0 equiv)
in CHCI3 (0.6 mL). After 0.5 h the reaction mixture was filtered and the filtrate

evaporated in vacuo. The residue was dissolved in EtoO (15 mL) under an inert
atmosphere, treated with BF3*OEt> (0.39 mL, 3.15 mmol, 21.0 equiv), and stirred
for 7 days at 25 °C. The reaction was diluted with CH2Cl> (10 mL), adsorbed
onto silica gel in vacuo, and chromatographed (1:1 hexanes:ethyl acetate eluent)
to provide methoxy ketone 169 (6 mg, 5% yield) as a yellow residue: 1H NMR
(500 MHz, DMSO-dg, 320 K) 6 9.35 (d, J = 7.9 Hz, 1H), 7.99 (d, J = 8.5 Hz, 1H),
7.92 (d, J=7.6 Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H), 7.53 (app.t, J = 7.6 Hz, 1H),
7.44 (app.t, J=7.6 Hz, 1H), 7.41 (d, J = 6.7 Hz, 1H), 7.35 (app.t, J = 7.5 Hz, 1H),
7.30 (app.t, J = 7.4 Hz, 1H), 7.02 (s, 1H), 6.93 (s, 2H), 5.04 (s, 1H), 4.96 (s, 2H),
4.85 (d, J = 15.3 Hz, 1H), 4.81 (d, J = 14.7 Hz, 1H), 3.98 (dd, J = 6.8, 14.1 Hz,
1H), 3.75 (s, 3H), 3.73 (s, 3H), 3.42 (s, 3H), 2.66 (d, J = 14.2 Hz, 1H), 2.55 (s,
3H); 13C NMR (125 MHz, DMSO-dg, 315 K) 6 200.0, 168.6, 148.9, 148.1, 139.9,
136.0, 130.4, 129.8, 126.8, 125.6, 125.5, 125.0, 124.9, 123.9, 123.6, 122.8,
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120.8, 120.5, 120.0, 119.9, 118.9, 1156.5, 115.2, 114.3, 112.2, 111.8, 109.1, 99.3,
88.0, 84.5, 58.9, 55.5, 49.5, 45.4, 29.4.

Preparation of Ester (+)-147.

O
H3C""§. 7
-
M602C OH

(+)-147

Ester (+)-147. To a solution of ketone (+)-171 (10 mg, 0.017 mmol, 1.0
equiv) in 1:1 MeOH/CH2ClI (1.0 mL) was added Copper (I) chloride (30 mg, 0.30
mmol, 17.8 equiv), and the mixture warmed to reflux for 15 min. Solvent was
removed in vacuo and the resulting residue subjected to flash chromatography
(1:1 hexanes:EtOAc) to afford ester (+)-147 (10 mg, 95% yield) as a colorless
solid that possessed spectral properties identical to material prepared previously

in these laboratories.
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Preparation of Ether (*)-206.

O N
HsC™
HO
OMe
(£)-206

Ether (%)-206. A solution of diol (x)-184 (38 mg, 0.10 mmol, 1.0 equiv)
and Bu2Sn(OMe)2 (25 pL, 0.11 mmol, 1.1 equiv) in benzene (5.0 mL) was
heated to reflux with azeotropic removal of HoO (Dean-Stark apparatus) for 1 h.
The solvent was removed in vacuo, followed by addition of CH3CN (5.0 mL), Mel
(6.8 uL, 0.11 mmol, 1.1 equiv), and Ag20 (25 mg, 0.11, 1.1 equiv). The resulting
mixture was heated at reflux over 4 h, diluted with H>O (3 mL), and extracted
with CH2Cl> (3 x 2 mL). The combined organic extracts were dried over NaxSOy4
and purified by flash chromatography (5:1 hexanes:acetone) to provide
recovered diol (+)-184 (8 mg) and ether (+)-206 (6 mg, 15% yield) as a yellow
solid: mp 213-217 °C (dec.); IR (thin film/NaCl) 3535.7 (br w), 3413.5 (w), 2963.2
(m), 2924.4 (s), 2853.7 (m), 1437.1 (m), 1314.6 (s), 735.0 (m) cm~1; TH NMR
(500 MHz, acetone-dg) 6 8.18 (d, J = 7.0 Hz, 1H), 8.11 (d, J = 7.7 Hz, 1H), 7.97
(d, J=8.6 Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.54 (d, J =
8.1 Hz, 1H), 7.42 (app.t, J = 7.3 Hz, 1H), 7.30 (app.t, J = 8.4 Hz, 1H), 7.25 (app.t,
J=7.7 Hz, 1H), 7.17 (app.t, J = 7.7 Hz, 1H), 6.72 (d, J = 4.7 Hz, 1H), 4.27 (dd, J
= 3.3, 10.0 Hz, 1H), 3.80 (m, 2H), 2.88 (ddd, J = 1.3, 3.6, 15.4 Hz, 1H), 2.58
(ddd, J = 2.8, 5.5, 15.4 Hz, 1H), 2.34 (s, 3H), 2.30 (s, 3H); 13C NMR (125 MHz,
acetone-dg) 5 140.5, 137.0, 128.5, 126.6, 125.1, 125.1, 124.5, 120.7, 119.9,
119.8, 119.5, 115.7, 112.1, 111.4, 108.9, 93.3, 80.6, 74.7, 74.6, 74.1, 55.5, 30.1;
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high resolution mass spectrum (El) m/z 398.1630 [calcd for CosHooN2O3 (M)
398.1630].

Preparation of Diol (+)-207.

Diol (+)-207. To a stirred room temperature solution of ketone (+)-171 (85
mg, 0.15 mmol, 1.0 equiv) in 1:1:2 MeOH:CH2Cl>:CHCI3 (20.0 mL), was added

NaBH4 (20 mg, 0.53 mmol, 3.5 equiv). After 5 min, solvent was removed in
vacuo and the residual white solid was cooled to 0 °C and treated with 1.0 N HCI
(10 mL) at 0 °C. The mixture was stirred for 15 min at 25 °C and extracted with
CH2Cl2 (3 x 20 mL). The combined organic phases were dried with NaxSO4 and
chromatographed (1:1 hexanes:EtOAc eluent) to afford alcohol (+)-207 (81 mg,
95% yield) as a white solid: mp 174-176 °C (dec.); [a]20p +37° (c 0.1, MeOH); IR
(thin film/NaCl) 3355.5 (br m), 2922.9 (m), 2847.8 (m), 1654.5 (s), 1501.5 (w),
1449.3 (s), 1254.5 (s), 1136.8 (s), 1025.7 (m), 747.1 (s) cm™1; TH NMR (500
MHz, acetone-dg) 6 9.53 (d, J = 7.9 Hz, 1H), 8.11 (d, J= 8.5 Hz, 1H), 7.88 (d, J =
7.7 Hz, 1H), 7.51 (d, J = 8.2 Hz, 1H), 7.46 (app.t, J = 7.2 Hz, 1H), 7.36 (app.t, J =
7.9 Hz, 1H), 7.29 (app.t, J = 7.4 Hz, 1H), 7.22 (app.t, J = 7.4 Hz, 1H), 7.08 (s,
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1H), 6.98 (d, J = 8.3 Hz, 1H), 6.91 (d, J = 8.2 Hz, 1H), 6.76 (d, J = 5.1 Hz, 1H),
4.95 (d, J = 17.1 Hz, 1H), 4.90 (d, J = 17.1 Hz, 1H), 4.89 (d, J = 15.2 Hz, 1H),
4.85 (d, J = 15.2 Hz, 1H), 4.24 (d, J = 8.5 Hz, 1H), 4.23 (br s, 1H), 4.14 (d, J =
8.6 Hz, 1H), 3.77 (s, 3H), 3.76 (s, 3H), 3.64 (br s, 1H), 2.76 (d, J = 15.1 Hz, 1H),
2.65 (d, J = 15.1 Hz, 1H), 2.35 (s, 3H); 13C NMR (125 MHz, acetone-dg) & 170.4,
150.6, 149.7, 141.2, 137.7, 132.0, 130.7, 130.4, 127.6, 127.1, 125.8, 125.3,
125.0, 124.3, 121.5, 121.0, 120.6, 120.0, 119.8, 116.6, 116.0, 115.0, 112.8,

108.9, 93.3, 80.6, 74.7, 65.4, 56.1, 50.4, 46.6, 35.4, 30.4; high resolution mass
spectrum (FAB) m/z 590.2289 [calcd for C35H32N306 (M+H) 590.2291].

Preparation of Alcohol (+)-208.

Alcohol (+)-208. To a stirred suspension of NaH (14 mg, 0.58 mmol, 4.2
equiv) in THF (1.0 mL) was added a solution of alcohol (+)-207 (81 mg, 0.138
mmol, 1.0 equiv) in THF (7 mL). The resulting mixture was stirred for 10 min with
the visible evolution of gas, and for an additional 15 min thereafter. Addition of
Mel (9.5 uL, 0.15 mmol, 1.1 equiv) produced a single product by TLC (2.5:1

hexanes:acetone). After approximately 50 min the reaction was quenched by
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addition of 1.0 N HCI (1.0 mL) followed by 2.0 mL H2O. Extraction of the solution
with CH2Cl> (3 x 10 mL), drying over NaxSO4 and evaporation furnished a
residue which was purified by flash chromatography (2.5:1 hexanes:acetone
eluent) to provide methyl ether (+)-208 (67 mg, 80% yield) as a yellow solid: mp
>235 °C (dec.); [a]20p +48° (¢ 0.1, MeOH); IR (thin film/NaCl) 3423.7 (br m),
2923.2 (s), 2848.1 (m), 2636.2 (m), 1647.2 (s), 1514.3 (m), 1462.9 (s), 1258.0
(m), 1235.3 (m), 1136.9 (m), 1026.9 (w), 743.3 (s) cm-1; TH NMR (500 MHz,
CDCI3) 6 9.54 (d, J = 7.9 Hz, 1H), 7.90 (d, J = 8.5 Hz, 1H), 7.81 (d, J = 7.7 Hz,
1H), 7.48 (app.t, J = 7.6 Hz, 1H), 7.41 (app.t, J = 7.2 Hz, 1H), 7.38 (app.t, J = 7.2
Hz, 1H), 7.28 (m, 2H), 6.97 (d, J = 8.2 Hz, 1H), 6.95 (s, 1H), 6.86 (d, J = 8.1 Hz,
1H), 6.60 (d, J = 5.8 Hz, 1H), 4.96 (d, J = 15.0 Hz, 1H), 4.89 (d, J = 15.0 Hz, 1H),
4.84 (d, J=16.7 Hz, 1H), 4.79 (d, J = 16.6 Hz, 1H), 4.38 (d, J = 2.6 Hz, 1H), 3.88
(s, 3H), 3.85 (s, 3H), 3.71 (d, J = 2.6 Hz, 1H), 3.57 (s, 3H), 2.76 (dd, J = 3.1, 15.1
Hz, 1H), 2.50 (br d, J = 14.7 Hz, 1H), 2.3 (s, 3H); 13C NMR (125 MHz, CDCl3,
315 K) 8 170.3, 149.6, 148.7, 140.1, 136.8, 130.8, 129.4, 127.0, 126.4, 125.3,
124.8, 124.3, 123.7, 120.7, 120.4, 120.2, 120.0, 119.6, 116.0, 115.5, 114.5,
111.6, 111.5, 107.1, 90.7, 83.2, 79.5, 60.6, 57.4, 56.1, 56.0, 49.9, 46.5, 33.6,
30.1; high resolution mass spectrum (FAB) m/z 604.2449 [calcd for CagH34N30¢
(M+H) 604.2448].
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Preparation of (+)-RK286¢ (7).

(+)-RK286¢ (7). To a stirred solution of ether (+)-208 (10 mg, 0.017
mmol, 1.0 equiv) in anisole or thioanisole (80 uL) was added TFA (0.5 mL). After
the reaction had proceeded to completion as evidenced by TLC (ca. 24 h), H20
(1.0 mL) was added and the derived mixture extracted with CH2Clo (3 x 5mL).
The combined organic layers were washed with saturated aqueous NaHCO3 (5
mL), dried over NaSQOg4, and evaporated to a residue which was purified by
preparative TLC (5% MeOH/CH2Cly) to provide (+)-RK-286¢ (7, 6 mg, 75% yield)
as a pale white powder: mp >255 °C (dec.); [a]20p +41.1° (c 0.18, EtOAc); IR
(thin film/NaCl) 3354.0 (br m), 2920.4 (s), 2851.6 (m), 1677.2 (s), 1636.0 (m),
1585.3 (m), 1456.2 (s), 1352.8 (s), 1318.7 (s), 1231.7 (m), 1117.3 (m), 743.8 (s)
cm-1; TH NMR (500 MHz, DMSO-dg) 6 9.27 (d, J = 7.9 Hz, 1H), 8.47 (br s, 1H),
7.99 (d, J =85Hz, 1H), 7.94 (d, J = 7.7 Hz, 1H), 7.59 (d, J = 8.2 Hz, 1H), 7.45
(app.t, J = 7.4 Hz, 1H), 7.40 (app.t, J = 7.5 Hz, 1H), 7.26 (app.t, J = 7.5 Hz, 2H),
6.78 (d, J = 5.3 Hz, 1H), 4.95 (d, J = 17.6 Hz, 1H), 4.89 (d, J = 17.7 Hz, 1H), 4.25
(brs, 1H), 4.17 (br s, 1H), 3.83 (d, J = 2.7 Hz, 1H), 3.41 (s, 3H), 2.60 (ddd, J =
3.2, 5.6, 14.8 Hz, 1H), 2.41 (dd, J = 3.3, 14.8 Hz, 1H), 2.31 (s, 3H); 13C NMR
(125 MHz, DMSO-dg) & 172.3, 139.7, 136.1, 129.5, 125.5, 124.7, 124.1, 123.9,
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122.6, 120.6, 119.5, 118.9, 118.6, 115.7, 108.6, 90.9, 82.3, 79.5, 58.8, 56.4,

45.3, 33.9, 29.9; high resolution mass spectrum (FAB) m/z 454.1766 [calcd for
Co7H24N304 (M+H) 454.1767].

(+)-nat-RK286¢ (7):2 mp >265 °C (dec.); [a]20 +45.3° (¢ 0.22, EtOAc);
1H NMR (500 MHz, DMSO-dg) § 9.30 (d, J = 7.5 Hz, 1H), 8.45 (s, 1H), 7.99 (d, J
= 7.6 Hz, 1H), 7.95 (dd, J = 1.0, 7.2 Hz, 1H), 7.59 (d, J = 8.1 Hz, 1H), 7.46 (ddd,
J=1.0,7.6, 8.4 Hz, 1H), 7.41 (ddd, J = 1.0, 7.6, 8.0 Hz, 1H), 7.28 (d, J = 7.8 Hz,
1H), 7.27 (t, J = 7.5 Hz, 1H), 6.77 (dd, J = 1.0, 5.1 Hz, 1H), 4.97 (d, J = 16.8 Hz,
1H), 4.89 (d, J = 16.8 Hz, 1H), 4.27 (m, 1H), 4.17 (d, J = 3.6 Hz, 1H), 3.84 (d, J =
3.8 Hz, 1H), 3.42 (s, 3H), 2.61 (m, 1H), 2.41 (m, 1H), 2.32 (s, 3H); 13C NMR (100
MHz, DMSO-dg) 5 172.2, 139.7, 136.1, 132.0, 129.5, 126.2, 125.5, 124.7, 1241,
123.9, 122.6, 120.6, 119.6, 118.9, 118.6, 115.7, 114.0, 113.5, 108.5, 90.9, 82.3,
79.5, 58.8, 56.5, 45.4, 29.8, 29.0.

Preparation of Olefin (+)-209.

N o N
H3C\j/\j
MeO Z

(+)-209

Olefin (+)-209. To a stirred solution of ether (+)-208 (112 mg, 0.186
mmol, 1.0 equiv) in CDCI3 (2.0 mL) was added Martin’s sulfurane (187 mg, 0.28
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mmol, 1.5 equiv). The reaction rapidly proceeded to a less polar product as
evidenced by TLC and after 20 min was complete. Solvent was evaporated and
the residue subjected to flash chromatography (2:1 hexanes:EtOAc eluent) to
provide olefin (+)-209 (96 mg, 88% yield) as a white solid: mp 185-187 °C; [a]20p
+36° (c 0.1, MeOH); IR (thin film/NaCl) 2920.5 (s), 2851.5 (s), 1709.8 (m), 1674.3
(s), 1589.0 (m), 1513.7 (m), 1457.5 (s), 1222.9 (m), 1026.6 (m), 745.3 (m) cm™1;
TH NMR (500 MHz, DMSO-dg, 315 K) 8 9.31 (d, J = 7.9 Hz, 1H), 8.11 (d, J= 8.6
Hz, 1H), 7.91 (d, J = 7.7 Hz, 1H), 7.86 (d, J = 8.2 Hz, 1H), 7.50 (td, J = 1.0, 7.34
Hz, 1H), 7.43 (app.t, J = 7.8 Hz, 1H), 7.31 (app.t, J = 7.0 Hz, 1H), 7.28 (app.t, J =
7.1 Hz, 1H), 7.13 (d, J = 1.9 Hz, 1H), 7.02 (s, 1H), 6.93 (d, J = 8.6 Hz, 1H), 6.92
(d, J=8.6 Hz, 1H), 6.09 (d, J = 10.4 Hz, 1H), 5.77 (dt, J = 2.3, 10.4 Hz, 1H), 4.95
(s, 2H), 4.85 (d, J = 15.1 Hz, 1H), 4.81 (d, J = 15.1 Hz, 1H), 4.48 (d, J = 1.4 Hz,
1H), 3.74 (s, 3H), 3.71 (s, 3H), 3.57 (s, 3H), 2.20 (s, 3H); 13C NMR (125 MHz,
acetone-dg) 6 169.9, 150.5, 149.7, 141.3, 137.4, 131.8, 131.2, 130.5, 127.7,
1271, 126.4, 126.2, 125.5, 125.3, 124.3, 121.5, 121.2, 121.1, 120.5, 120.4,
118.0, 117.1, 115.9, 112.8, 112.8, 109.1, 91.5, 80.8, 78.8, 57.7, 56.0, 56.0, 50.5,

46.5, 28.0; high resolution mass spectrum (FAB) m/z 586.2343 [calcd for
C36H32N305 (M+H) 586.2342].
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Preparation of Diol (+)-210.

Diol (+)-210. To a stirred solution of 4-methylmorpholine-N-oxide (6 mg,
0.05 mmol, 1.2 equiv) and OsO4 (0.6 mL of a 2.5% solution in -BuOH, 0.05
mmol, 1.2 equiv) in 4:1 acetone:H>0 (2 mL) was added a solution of olefin (+)-
209 (25 mg, 0.043 mmol, 1.0 equiv) in acetone (1 mL). The reaction was
monitored by TLC, and after 16 h had proceeded to completion. At this time,
NaHSO3 (100 mg) in H20 (1.0 mL) was added and the resulting black solution

was stirred for 20 min, filtered, and extracted with CH2Cl> (3 x 15 mL). The
combined organic layers were dried over Na>SQO4, evaporated to a residue, and
purified by flash chromatography (1:1 hexanes:EtOAc eluent) to provide diol (+)-
210 (23 mg, 84% yield) as a white powder: mp 227-230 °C; [a]205 +17° (c 0.1,
MeOH); IR (thin film/NaCl) 3411.2 (br m), 2929.3 (m), 2849.4 (w), 2656.3 (m),
1590.0 (m), 1514.0 (m), 1461.2 (s), 1350.9 (m), 1273.6 (s), 1127.1 (s), 1025.0
(m), 743.3 (s) cm™1; TH NMR (500 MHz, DMSO-dg) & 9.36 (d, J = 7.9 Hz, 1H),
7.95 (d, J = 8.6 Hz, 1H), 7.94 (d, J = 7.6 Hz, 1H), 7.64 (d, J = 8.1 Hz, 1H), 7.55
(app.t, J = 7.6 Hz, 1H), 7.45 (app.t, J = 7.7 Hz, 1H), 7.35 (app.t, J = 7.5 Hz, 1H),
7.29 (app.t, J = 7.5 Hz, 1H), 7.02 (s, 1H), 6.94 (s, 2H), 6.59 (d, J = 1.6 Hz, 1H),
6.13 (d, J = 3.8 Hz, 1H), 5.07 (d, J = 6.0 Hz, 1H), 4.99 (d, J = 17.8 Hz, 1H), 4.95
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(d, J = 17.8 Hz, 1H), 4.83 (s, 2H), 4.12 (d, J = 10.1 Hz, 1H), 4.12 (dd, J = 2.3, 3.8
Hz, 1H), 3.74 (s, 3H), 3.72 (s, 3H), 3.62 (s, 3H), 3.55 (ddd, J = 2.3, 6.1, 10.1 Hz,
1H), 2.37 (s, 3H); 13C NMR (125 MHz, DMSO-dg) 5 168.8, 148.9, 148.1, 140.3,
136.5, 130.4, 129.9, 127.8, 125.7, 125.0, 124.7, 123.5, 122.7, 120.8, 120.2,
119.9, 119.9, 118.7, 115.5, 114.8, 114.1, 112.0, 111.7, 108.8, 95.6, 87.3, 83.1,

71.7, 65.6, 61.6, 55.5, 55.5, 49.6, 45.5, 29.0; high resolution mass spectrum
(FAB) m/z 620.2390 [calcd for C36H34N307 (M+H) 620.2397].

Preparation of (+)-MLR-52 (8).

ZT

(0]

N o, N
MeO "OH

HO
(8

(+)-MLR-52 (8). To a stirred solution of diol (+)-210 (10 mg, 0.016 mmol,
1.0 equiv) in anisole or thioanisole (80 pL) was added TFA (0.5 mL). The
reaction was monitored by TLC, and after 16 h had proceeded to completion.

The reaction mixture was treated with H>O (1.0 mL) and then extracted with
CHoCl2 (3 x 5 mL). The combined organic layers were washed with saturated
aqueous NaHCO3 (5 mL), dried over NaxSOg4, and evaporated to a residue.
Purification by preparative TLC (5% MeOH/CH2Cly) provided (+)-MLR-52 (5, 6
mg, 77% yield) as a white solid: mp >260 °C (dec.); [a]20p +65° (¢ 0.1, MeOH);
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IR (thin film/NaCl) 3348.5 (br m), 2922.9 (s), 2851.9 (m), 1638.2 (s), 1586.6 (m),
1455.5 (s), 1373.5 (m), 1336.6 (m), 1320.8 (m), 1275.0 (m), 1224.7 (m), 1200.3
(W), 1119.5 (s), 740.8 (s) cm~1; 1H NMR (500 MHz, DMSO-dg) & 9.31 (d, J = 7.9
Hz, 1H), 8.61 (br s, 1H), 7.99 (d, J = 7.7 Hz, 1H), 7.96 (d, J = 8.7 Hz, 1H), 7.62
(d, J = 8.2 Hz, 1H), 7.53 (app.t, J = 7.5 Hz, 1H), 7.45 (td, J = 0.8, 7.7 Hz, 1H),
7.32 (app.t, J = 7.4 Hz, 1H), 7.32 (app.t, J = 7.4 Hz, 1H), 6.58 (d, J = 1.6 Hz, 1H),
6.12 (d, J = 4.0 Hz, 1H), 5.06 (d, J = 5.9 Hz, 1H), 4.99 (d, J = 17.6 Hz, 1H), 4.95
(d, J = 17.5 Hz, 1H), 4.13 (d, J = 10.3 Hz, 1H), 4.12 (dd, J = 1.6, 2.6 Hz, 1H),
3.62 (s, 3H), 3.56 (ddd, J = 2.6, 6.2, 10.3 Hz, 1H), 3.28 (s, 3H), 2.38 (s, 3H); 13C
NMR (125 MHz, DMSO-dg) & 171.8, 140.2, 136.4, 132.6, 127.8, 125.8, 125.5,
124.8, 124.6, 123.6, 122.7, 120.9, 120.1, 119.7, 119.3, 115.4, 114.9, 114.3,

108.7, 95.6, 87.2, 83.1, 71.7, 65.6, 61.6, 45.4, 29.0; high resolution mass
spectrum (FAB) m/z 470.1717 [calcd for C27H24N305 (M+H) 470.1716].

(+)-nat-MLR-52 (8):4 mp 263-268 °C; [a]20, +68° (¢ 0.093, MeOH); H
NMR (not reported MHz, DMSO-dg) 6 9.31 (br d, J = 8.1 Hz, 1H), 8.01 (brd, J =
7.7 Hz, 1H), 7.98 (br d, J = 8.8 Hz, 1H), 7.64 (br d, J = 8.4 Hz, 1H), 7.54 (br dd, J
=7.0, 8.4 Hz, 1H), 7.45 (br dd, J = 7.0, 8.8 Hz, 1H), 7.29 (br dd, J = 7.0, 8.1 Hz,
1H), 7.27 (br dd, J = 7.0, 7.7 Hz, 1H), 6.61 (d, J = 1.8 Hz, 1H), 4.99 (d, J = 17.9
Hz, 1H), 4.95 (d, J = 17.9 Hz, 1H), 4.16 (dd, J = 1.8, 2.6 Hz, 1H), 4.14 (d, J =
10.3 Hz, 1H), 3.62 (s, 3H), 3.57 (dd, J = 2.6, 10.3 Hz, 1H), 2.38 (s, 3H); 13C NMR
(not reported MHz, DMSO-dg) 6 171.8, 140.2, 136.4, 132.6, 127.8, 125.8, 125.5,
124.8, 124.6, 123.6, 122.8, 120.9, 120.1, 119.7, 119.2, 115.5, 114.9, 114.3,
108.7, 95.6, 87.3, 83.1, 71.7, 65.6, 61.6, 45.4, 29.0.
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Preparation of Oxime (-)-211.

Oxime (-)-211. A suspension of ketone (+)-171 (100 mg, 0.17 mmol, 1.0
equiv), hydroxylamine hydrochloride (165 mg, 2.38 mmol, 14.0 equiv), and
NaOAc (167 mg, 2.04 mmol, 12 equiv) in 80% aqueous EtOH (35.0 mL) was
heated gently to reflux for 30 min. Following cooling to room temperature, the
sovent was removed in vacuo, and the residue purified by flash chromatography
(1:1 hexanes:EtOAc eluent) to provide oxime (-)-211 (98 mg, 95% yield) as a
yellow powder: mp >270 °C (dec.); [a]20p -18° (¢ 0.1, CH2Cl2); IR (thin
film/NaCl) 3324.0 (br m), 2995.0 (w), 2911.3 (m), 1660.0 (s), 1589.7 (m), 1513.5
(s), 1461.1 (s), 1417.9 (m), 1399.0 (m), 1349.2 (s), 1315.5 (m), 1260.0 (s),
1234.6 (m), 1124.4 (m), 1027.2 (m), 741.7 (s) cm~1; TH NMR (500 MHz, DMSO-
de) 8 10.30 (s, 1H), 9.34 (d, J = 7.9 Hz, 1H), 8.08 (d, J = 8.6 Hz, 1H), 7.90 (d, J =
7.6 Hz, 1H), 7.71 (d, J = 8.3 Hz, 1H), 7.51 (app.t, J = 7.6 Hz, 1H), 7.42 (app.t, J =
7.9 Hz, 1H), 7.32 (app.t, J = 7.7 Hz, 1H), 7.28 (app.t, J= 7.4 Hz, 1H), 7.04 (d, J =
6.3 Hz, 1H), 7.03 (s, 1H), 6.95 (d, J = 8.4 Hz, 1H), 6.93 (d, J = 8.2 Hz, 1H), 5.56
(m, 2H), 4.97 (d, J = 18.1 Hz, 1H), 4.93 (d, J = 16.9 Hz, 1H), 4.85 (d, J = 15.0 Hz,
1H), 4.45 (d, J = 15.0 Hz, 1H), 3.75 (s, 3H), 3.72 (s, 3H), 3.61 (d, J = 13.9 Hz,
1H), 3.01 (dd, J = 5.8, 14.3 Hz, 1H), 2.46 (s, 3H); 13C NMR (125 MHz, DMSO-
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de) 6 168.8, 148.9, 148.1, 147.4, 140.2, 136.1, 130.5, 129.6, 128.1, 125.4, 125.3,

124.7, 124.6, 123.6, 122.8, 120.5, 120.1, 119.9, 119.6, 118.5, 116.0, 114.8,

113.9, 112.1, 111.9, 108.9, 97.4, 82.0, 74.9, 55.5, 55.5, 49.5, 45.5, 29.6, 28.6;
high resolution mass spectrum (FAB) m/z 603.2238 [calcd for C35H31N4Og

(M+H) 603.2244].

Preparation of Methyl Ether (-)-212.

Methyl Ether (-)-212. To a mixture of oxime (-)-211 (90 mg, 0.15 mmol,

1.0 equiv), Mel (88 uL, 1.42 mmol, 9.5 equiv), and powdered KOH (88 mg, 1.58
mmol, 10.5 equiv) in THF (15 mL) was added n-BugNBr (10 mg, 0.03 mmol, 0.2

equiv). The mixture was stirred under N2 for 30 min, solvent was removed in
vacuo, and the residue was subjected to flash chromatography (1:1
hexanes:EtOAc eluent) to provide methyl ether (-)-212 (85 mg, 90% yield) as a
yellow powder: mp >270 °C (dec.); [a]20p -22° (¢ 0.1, CH2Clp); IR (thin
film/NaCl) 2998.0 (w), 2926.3 (m), 1674.1 (s), 1590.0 (m), 1513.7 (s), 1460.9 (s),

1418.2 (m), 1397.9 (s), 1349.4 (s), 1316.2 (s), 1262.1 (m), 1225.6 (m), 1044.3
(m), 743.5 (m) cm™1; 1H NMR (500 MHz, DMSO-dg, 345 K) 5 9.36 (d, J = 8.0 Hz,

288



1H), 7.99 (d, J = 8.6 Hz, 1H), 7.93 (d, J = 7.8 Hz, 1H), 7.68 (d, J = 8.3 Hz, 1H),
7.51 (app.t, J = 7.6 Hz, 1H), 7.44 (app.t, J = 7.8 Hz, 1H), 7.33 (app.t, J = 7.2 Hz,
1H), 7.30 (app.t, J = 7.1 Hz, 1H), 7.04 (s, 1H), 7.02 (d, J = 5.6 Hz, 1H), 6.97 (d, J
= 9.4 Hz, 1H), 6.94 (d, J = 8.1 Hz, 1H), 4.97 (s, 2H), 4.86 (d, J = 15.5 Hz, 1H),
4.85 (d, J = 15.7 Hz, 1H), 4.76 (s, 1H), 3.76 (s, 3H), 3.74 (s, 3H), 3.54 (d, J =
14.4 Hz, 1H), 3.45 (s, 3H), 3.16 (dd, J = 5.9, 14.4 Hz, 1H), 3.14 (s, 3H), 2.46 (s,
3H); 13C NMR (125 MHz, DMSO-dg) & 168.7, 148.9, 148.1, 147.3, 139.8, 136.1,
130.4, 129.5, 128.0, 125.4, 125.3, 124.7, 124.6, 123.6, 122.7, 120.6, 120.2,
119.9, 119.6, 118.6, 115.5, 114.9, 113.8, 112.2, 112.0, 108.9, 96.1, 83.3, 82.0,
60.8, 58.4, 55.5, 55.5, 49.5, 45.4, 30.4, 28.5; high resolution mass spectrum
(FAB) m/z 631.2564 [calcd for C37H35N40g (M+H) 631.2557].

Preparation of Amine (+)-213a.

Amine (+)-213a. A mixture of methyl ether (-)-212 (85 mg, 0.13 mmol, 1.0
equiv) and PtO2 (28 mg) in a 60% aqueous acetic acid (15.0 mL) was place in a

flask capped with a Hs filled balloon. The reaction was monitored by TLC (1:1
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hexanes:EtOAc) and upon completion was filtered through celite. The filtrate

was evaporated and the residue dissolved in CH2Cl2 (40 mL) and washed with
1.0 N NaOH (8.0 mL). The aqueous layer was back-extracted with CH2Cly (2 x
15 mL) and the combined organic layers were dried over NazSOg4, and
evaporated to a residue (79 mg) which was typically used in the next step without
further purification.

An analytically pure sample of primary amine could be obtained by

preparative TLC (5% MeOH/CH2Cl> eluent) of the above residue to afford amine
(+)-213a as a yellow powder: mp >275 °C (dec.); [a]20p +14.3° (¢ 0.14, CHCI3);
IR (thin film/NaCl) 3414.7 (br w), 2920.8 (s), 2851.7 (s), 1733.7 (w), 1672.8 (s),
1636.0 (w), 1588.1 (m), 1513.5 (s), 1352.7 (s), 1259.3 (s), 1136.7 (m), 744.2 (m)
cm-1; TH NMR (500 MHz, CDCl3, 310 K) 8 9.55 (d, J=7.9 Hz, 1H), 7.95 (d, J =
8.5 Hz, 1H), 7.83 (d, J = 7.7 Hz, 1H), 7.51 (app.t, J = 7.6 Hz, 1H), 7.42 (app.t, J =
8.2 Hz, 1H), 7.40 (app.t, J = 7.5 Hz, 1H), 7.30 (app.t, J = 7.8 Hz, 2H), 6.99 (d, J =
9.4 Hz, 2H), 6.87 (d, J = 8.0 Hz, 1H), 6.59 (d, J = 4.9 Hz, 1H), 4.98 (d, J = 14.9
Hz, 1H), 4.92 (d, J = 14.9 Hz, 1H), 4.87 (d, J = 16.7 Hz, 1H), 4.82 (d, J = 16.7 Hz,
1H), 3.88 (s, 3H), 3.86 (s, 3H), 3.75 (m, 2H), 3.46 (s, 3H), 2.63 (m, 2H), 2.32 (s,
3H), 1.27 (br s, 2H); 13C NMR (125 MHz, CDCl3, 315 K) 5 170.2, 149.6, 148.7,
140.1, 137.0, 130.8, 129.6, 129.5, 127.0, 126.2, 125.4, 124.7, 124.5, 123.8,
120.8, 120.5, 120.2, 120.2, 119.6, 116.0, 115.4, 114.6, 111.6, 111.6, 107.4, 91.3,

84.2, 80.2, 57.5, 56.1, 56.1, 49.9, 46.5, 42.6, 34.6, 30.0; high resolution mass
spectrum (FAB) m/z 603.2229 [calcd for C36H35N405 (M+H) 603.2610].

Preparation of Methyl Amine (+)-213b.
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Methyl Amine (+)-213b. A solution of amine (+)-213a (79 mg) in THF
(2.0 mL) was treated with formic acetic anhydride in THF (1.3 uL of a 1.3 M
solution in THF, 0.17 mmol, 1.3 equiv, prepared by treatment of 1.0 equiv acetic
anhydride with 1.2 equiv formic acid followed by reflux for 2 h). After TLC
analysis showed complete formation of a less polar substance, a stream of No
followed by high vacuum (ca. 1 torr for 15 min) was used to evaporate the
solvent. The resultant residue was dissolved in THF (1.3 mL), cooled to 0 °C,
and treated with BH3*DMS (193 uL of a 2.0 N solution in toluene, 0.39 mmol, 3.0
equiv). The solution was heated to reflux for 2 h, cooled to 0 °C, and treated with
methanolic HCI (1.0 mL) in excess MeOH (1.3 mL). The derived solution was
then heated to reflux for an additional hour. After cooling, the volatiles were
removed in vacuo, and residual boron was removed by repetative dissolution of
the solids in MeOH followed by evaporation in vauco (5 x 5.0 mL). The
remaining residue was treated with CH2Cly (7.0 mL) and 1.0 N NaOH (5.0 mL).
The biphasic mixture was separated, and the aqueous layer was extracted with
CH2Cl2 (3 x 7.0 mL). The combined organic layers were dried over NazSOy,

evaporated, and purified by flash chromatography (5% MeOH/CH2Cl2 eluent) to
furnish methyl amine (+)-213b [80 mg, 91% yield, 2 steps from (-)-212] as a

291



yellow solid: mp 225-230 °C (dec.); [a]20p +22° (¢ 0.1, MeOH); IR (thin
film/NaCl) 2954.1 (m), 2915.1 (m), 1673.2 (s), 1635.8 (m), 1462.7 (s), 1399.0 (s),
1352.6 (s), 1258.7 (m), 1136.5 (m), 1026.9 (m), 745.2 (s) cm™1; 1H NMR (500
MHz, CDCl3, 320 K) § 9.55 (d, J = 7.9 Hz, 1H), 7.89 (d, J = 8.5 Hz, 1H), 7.82 (d,
J = 7.3 Hz, 1H), 7.48 (td, J = 1.0, 7.5 Hz, 1H), 7.39 (td, J = 1.0, 7.4 Hz, 1H), 7.38
(app.t, J = 7.3 Hz, 1H), 7.27 (m, 2H), 7.01 (m, 2H), 6.88 (d, J = 8.7 Hz, 1H), 6.57
(dd, J = 1.4, 6.0 Hz, 1H), 4.98 (d, J = 14.9 Hz, 1H), 4.91 (d, J = 14.9 Hz, 1H),
4.84 (s, 2H), 3.92 (d, J = 3.0 Hz, 1H), 3.88 (s, 3H), 3.87 (s, 3H), 3.37 (dd, J = 3.8,
7.7 Hz, 1H), 3.33 (br s, 3H), 2.72 (ddd, J = 1.3, 4.6, 14.5 Hz, 1H), 2.46 (m, 1H),
2.35 (s, 3H), 1.68 (s, 3H); 13C NMR (125 MHz, CDCl3) § 170.4, 149.3, 148.4,
139.6, 136.7, 130.6, 130.4, 129.3, 127.1, 126.6, 125.1, 124.5, 124.3, 123.5,
120.7, 120.4, 120.0, 119.8, 119.1, 115.5, 114.9, 114.0, 111.2, 111.2, 107.0, 91.2,

83.9, 80.2, 57.5, 56.0, 55.9, 50.7, 49.9, 46.4, 33.2, 30.1, 29.9; high resolution
mass spectrum (FAB) m/z 617.2764 [calcd for C37H37N4O5 (M+H) 617.2764].

Preparation of (+)-Staurosporine (1).
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(+)-Staurosporine (1). To a stirred solution of methyl amine (+)-213b (10
mg, 0.016 mmol, 1 equiv) in anisole or thioanisole (80 uL) was added TFA (0.5
mL). The sluggish reaction was monitored by TLC and after 48 h had proceeded

to completion. The reaction mixture was diluted with HoO (1.0 mL), adjusted to
pH 10 with 5.0 N NaOH, and extracted with CH2Cl> (3 x 5mL). The combined
organic layers were dried over NaxSOg4, and evaporated to a pale yellow residue
which was purified by preparative TLC (5% MeOH/CH2Cl> eluent) to provide (+)-
staurosporine (1, 6 mg, 70% vyield) as a yellow powder: mp 273-280 °C (dec.);
[@]20p +35° (¢ 0.1, MeOH); IR (thin film/NaCl) 3316.6 (m), 2925.0 (m), 2850.8
(m), 1678.7 (s), 1636.2 (m), 1584.2 (m), 1457.5 (s), 1352.2 (s), 1316.7 (s),
1281.3 (m), 1115.5 (m), 744.8 (s) cm~1; TH NMR (500 MHz, CDCI3) 8 9.43 (d, J =
7.9 Hz, 1H), 7.94 (d, J = 8.5 Hz, 1H), 7.90 (d, J = 7.7 Hz, 1H), 7.49 (app.t, J= 7.6
Hz, 1H), 7.43 (app.t, J = 7.7 Hz, 1H), 7.37 (app.t, J = 7.5 Hz, 1H), 7.33 (app.t, J =
7.4 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 6.57 (d, J = 5.6 Hz, 1H), 6.33 (br s, 1H),
5.05 (d, J = 15.8 Hz, 1H), 5.01 (d, J = 15.8 Hz, 1H), 3.89 (br s, 1H), 3.42 (s, 3H),
3.37 (d, J=3.2, 1H), 2.76 (dd, J = 3.9, 14.7 Hz, 1H), 2.41 (br d, J = 15.4 Hz, 1H),
2.37 (s, 3H), 1.59 (br s, 1H), 1.57 (s, 3H); 13C NMR (125 MHz, CDCIl3) 6 173.6,
139.8, 136.7, 132.2, 130.8, 126.6, 125.0, 124.6, 124.2, 123.4, 120.6, 120.0,
119.8, 115.3, 114.1, 106.9, 91.1, 84.2, 80.1, 57.2, 50.4, 45.9, 33.3, 30.3, 30.1;
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high resolution mass spectrum (FAB) m/z 467.2085 [calcd for CogHo7N40O3
(M+H) 467.2083].

(+)-nat-Staurosporine (1):' mp 270 °C (dec.); [a]2° +35° (c 1.0, MeOH);
1H NMR (360 MHz, CDCl3) 5 9.42 (t, J = 7.6 Hz, 1H), 7.91 (d, J = 7.8 Hz, 1H),
787 (d, J=7.8Hz, 1H), 7.46 (t, J=7.6 Hz, 1H), 7.41 (t, J = 7.8 Hz, 1H), 7.35 (t,
J=7.6Hz, 1H), 7.30 (t, J = 7.8 Hz, 1H), 7.26 (t, J = 7.6 Hz, 1H), 6.81 (br s, 1H),
6.52 (d, J = 5.2 Hz, 1H), 4.99 (AB, 2H), 3.86 (d, J = 3.6 Hz, 1H), 3.37 (s, 3H),
3.33 (t, J = 3.6 Hz, 1H), 2.71 (dd, J = 3.6, 14.7 Hz, 1H), 2.39 (ddd, J = 3.6, 5.2,
14.7 Hz, 1H), 2.33 (s, 3H), 1.54 (s, 3H); 13C NMR (90.8 MHz, CDCl3) & 173.6,
139.7, 136.6, 132.2, 130.7, 128.3, 127.1, 125.0, 124.6, 124.1, 123.4, 120.6,
119.9, 119.7, 118.4, 115.3, 115.1, 114.0, 106.9, 91.1, 84.1, 80.1, 57.3, 50.4,
46.0, 33.3, 30.1, 30.0.

Preparation of Alcohol (-)-214.
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Alcohol (-)-214. A suspension of ketone (+)-171 (75 mg, 0.128 mmol, 1.0
equiv), O-benzyl hydroxylamine hydrochloride (290 mg, 1.8 mmol, 14.0 equiv),
and NaOAc (126 mg, 1.5 mmol, 12 equiv) in 80% aqueous EtOH (15.0 mL) was
heated gently to reflux for 30 min. After cooling to room temperature, sovent was
removed in vacuo, and the residue purified by flash chromatography (2:121:1
hexanes:EtOAc eluent) to provide oxime ether (-)-214 (75 mg, 85% yield) as a
yellow foam: [a]20p -20° (¢ 0.1, CH2Cl2); IR (thin film/NaCl) 3486.2 (br m),
3005.6 (br m), 1671.4 (s), 1513.9 (s), 1349.8 (m), 1317.2 (m), 1225.0 (m), 1026.8
(s), 745.3 (s) cm1; TH NMR (500 MHz, DMSO-dg) & 9.41 (d, J = 7.9 Hz, 1H),
8.02 (d, J = 8.6 Hz, 1H), 7.90 (d, J = 7.8 Hz, 1H), 7.74 (d, J = 8.2 Hz, 1H), 7.51
(app.t, J = 7.6 Hz, 1H), 7.40 (app.t, J = 7.8 Hz, 1H), 7.34 (app.t, J = 7.6 Hz, 1H),
7.26 (app.t, J = 7.4 Hz, 1H), 7.10 (d, J = 5.3 Hz, 1H), 7.06 (s, 1H), 6.93-6.98
(comp m, 2H), 6.80 (app.t, J = 7.3 Hz, 1H), 6.75 (app.t, J = 7.4 Hz, 2H), 6.13 (d,
J = 7.4 Hz, 2H), 5.99 (br s, 1H), 4.88-5.03 (m, 4H), 4.75 (d, J = 14.9 Hz, 1H),
4.56 (d, J = 13.7 Hz, 1H), 4.33 (d, J = 13.7 Hz, 1H), 3.72 (s, 3H), 3.70 (s, 3H),
3.68 (m, 1H), 3.12 (dd, J = 5.5, 14.1 Hz, 1H), 2.48 (s, 3H); 13C NMR (125 MHz,
DMSO-ds) & 168.9, 150.1, 148.9, 148.1, 140.3, 137.5, 136.1, 130.6, 129.6,
128.0, 127.5, 126.5, 125.7, 125.6, 125.5, 124.7, 123.6, 123.0, 120.7, 120.2,
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120.0, 119.8, 118.7, 115.9, 115.1, 113.9, 112.0, 111.8, 109.1, 97.7, 82.3, 74.8,

74.0, 55.5, 55.4, 49.6, 45.5, 30.8, 28.8; high resolution mass spectrum (El) m/z
692.2633 [calcd for C42H36N406 (M) 692.2635]

Preparation of Ether (-)-215.

Ether (-)-215. To a mixture of oxime ether (-)-214 (67 mg, 0.10 mmol, 1.0

equiv), Mel (30 uL, 0.48 mmol, 4.8 equiv), and powdered KOH (33 mg, 0.59
mmol, 5.9 equiv) in THF (10 mL) was added n-BugNBr (6 mg, 0.02 mmol, 0.2

equiv). The mixture was stirred under N2 for 30 min, solvent was removed in
vacuo, and the residue was subjected to flash chromatography (2:121:1
hexanes:EtOAc eluent) to provide methoxy oxime ether (-)-215 (53 mg, 68%
yield) as a yellow powder: mp >230 °C (dec.); [a]20p -36° (¢ 0.1, CH2Clo); IR
(thin film/NaCl) 3002.9 (br m), 2931.6 (m), 2835.8 (m), 1672.1 (s), 1591.0 (m),
1514.2 (s), 1460.9 (s), 1398.9 (m), 1350.5 (s), 1317.2 (s), 1027.4 (s), 746.1 (s)
cm-1; TH NMR (500 MHz, CDCl3) 4 9.60 (d, J = 7.8 Hz, 1H), 7.89 (d, J = 8.5 Hz,
1H), 7.77 (d, J = 7.7 Hz, 1H), 7.39-7.51 (m, 3H), 7.25-7.29 (m, 2H), 6.94-7.07 (m,
5H), 6.85 (d, J = 8.1 Hz, 1H), 6.71 (d, J = 5.4 Hz, 1H), 6.51 (d, J = 7.4 Hz, 2H),
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497 (d, J = 15.0 Hz, 1H), 4.89 (d, J = 14.9 Hz, 1H), 4.78 (s, 2H), 4.58 (d, J =
11.7 Hz, 1H), 4.39 (s, 1H), 4.29 (d, J = 11.7 Hz, 1H), 3.90 (d, J = 14.1 Hz, 1H),
3.87 (s, 3H), 3.78 (s, 3H), 3.47 (s, 3H), 2.88 (dd, J = 5.6, 14.0 Hz, 1H), 2.51 (s,
3H); 13C NMR (125 MHz, CDCI3) & 170.1, 149.3, 148.4, 146.7, 140.3, 136.5,
136.3, 130.4, 129.7, 128.8, 128.0, 127.6, 127.4, 126.9, 125.5, 125.4, 124.8,
124.6, 124.0, 120.9, 120.4, 120.2, 119.4, 116.3, 115.2, 114.8, 111.2, 111.0,
107.5, 96.4, 84.9, 82.6, 75.8, 59.0, 55.9, 55.8, 49.7, 46.3, 31.1, 29.4; high
resolution mass spectrum (El) m/z 706.2783 [calcd for C43H38N4Og (MT)
706.2791].

Preparation of Amide (-)-216.

Amide (-)-216. To a stirred solution of ether (-)-215 (50 mg, 0.071 mmol,
1.0 equiv) in anisole (385 uL, 50 equiv) was added TFA (0.71 mL). The reaction

was monitored by TLC, and after 24 h had proceeded to completion. The

reaction mixture was diluted with H2O (1.0 mL) and extracted with CH2Cl2 (3 x 5

mL). The combined organic layers were washed with saturated aqueous

NaHCO3 (5 mL), dried over NaxSO4, and evaporated to a residue, which was
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purified by preparative TLC (5% MeOH/CH2Cl) to provide amide (-)-216 (10 mg,
25% yield) as a white foam: [a]20, -8° (¢ 0.1, CHCI3); IR (thin film/NaCl) 3241.0
(br m), 3059.8 (m), 2848.9 (m), 1679.7 (s), 1455.7 (s), 1395.3 (m), 1316.1 (s),
1226.1 (m), 1125.0 (m), 742.2 (s) cm=1; TH NMR (500 MHz, CDCI3) 6 9.48 (d, J =
7.8 Hz, 1H), 7.92 (d, J = 8.5 Hz, 1H), 7.83 (d, J = 7.5 Hz, 1H), 7.28-7.82 (comp
m, 5H), 7.09 (app.t, J = 7.4 Hz, 1H), 7.00 (app.t, J = 7.5 Hz, 2H), 6.73 (dd, J =
1.4, 5.5 Hz, 1H), 6.62 (br s, 1H), 6.50 (d, J = 7.2 Hz, 2H), 4.94 (d, J = 10.5 Hz,
1H), 4.92 (d, J = 10.5 Hz, 1H), 4.58 (d, J = 11.7 Hz, 1H), 4.41 (s, 1H), 4.28 (d, J =
11.7 Hz, 1H), 3.92 (dd, J = 1.6, 14.0 Hz, 1H), 3.49 (s, 3H), 2.89 (dd, J = 5.6, 14.0
Hz, 1H), 2.53 (s, 3H); 13C NMR (125 MHz, CDCI3) & 173.4, 146.6, 140.3, 136.5,
136.4, 132.7, 129.3, 128.0, 127.6, 127.5, 126.8, 125.6, 125.4, 124.9, 124.7,
123.9, 120.8, 120.6, 120.5, 116.4, 115.3, 114.8, 107.5, 96.5, 85.0, 82.7, 75.9,

59.0, 46.1, 31.1, 29.7, 29.4; high resolution mass spectrum (El) m/z 556.2105
[calcd for C34H2gN404 (M) 556.2111].
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Preparation of (-)-TAN-1030a (6).

(-)-TAN-1030a (6). A solution of amide (-)-216 (9 mg, 0.02 mmol, 1.0
equiv) in CDCI3 (3.0 mL) was treated with iodotrimethylsilane (0.3 mL) and stirred
for 48 h at room temperature. Following addition of MeOH (3.0 mL) and stirring
for 30 min, the solvent was removed in vacuo leaving a deep red residue which

was dissolved in CH2Cly (3 mL) and washed with an aqueous 10% NazS»207
solution (3 x 2 mL). The pale yellow organic layer was dried over NaxSO4 and
purified by preparative TLC (5% MeOH/CH2Cl> eluent) to provide TAN-1030a (6,
2 mg, 24% yield) as a white foam: [a]20p -4° (¢ 0.1, CHCI3); IR (thin film/NaCl)
3410.2 (br m), 3059.8 (m), 2848.9 (m), 1680.0 (s), 1456.1 (s), 1419.4 (m), 1348.4
(s), 1316.1 (s), 1124.9 (m), 742.2 (s) cm™1; TH NMR (500 MHz, DMSO-dg) &
10.43 (br s, 1H), 9.28 (d, J = 7.9 Hz, 1H), 8.57 (br s, 1H), 8.01 (d, J = 8.6 Hz,
1H), 7.97 (d, J = 7.8 Hz, 1H), 7.71 (d, J = 8.1 Hz, 1H), 7.49 (app.t, J = 7.6 Hz,
1H), 7.43 (app.t, J = 7.7 Hz, 1H), 7.28-7.32 (comp m, 2H), 7.05 (d, J = 5.4 Hz,
1H), 4.95 (s, 2H), 4.75 (s, 1H), 3.62 (d, J = 14.2 Hz, 1H), 3.42 (s, 3H), 3.01 (dd, J
=5.7,14.3 Hz, 1H), 2.47 (s, 3H).
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nat-TAN-1030a (6):3 mp 290-295 °C (dec.); [o]20p 0° (¢ 0.5, DMF); 1H
NMR (300 MHz, DMSO-dg) & 10.45 (s, 1H), 9.31 (d, J = 7.8 Hz, 1H), 8.58 (s, 1H),
8.01 (d, J = 9.1 Hz, 1H), 7.98 (d, J = 8.0 Hz, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.50 (t,
1H), 7.44 (t, 1H), 7.32 (t, 1H), 7.32 (t, 1H), 7.04 (d, J = 5.2 Hz, 1H), 4.96 (s, 2H),
4.73 (s, 1H), 3.63 (d, J = 14.0 Hz, 1H), 3.43 (s, 3H), 3.01 (dd, J = 5.2, 14.0 Hz,
1H), 2.47 (s, 3H); 13C NMR (75 MHz, DMSO-dg) & 171.8, 145.1, 139.8, 136.0,
132.3, 128.0, 125.6, 125.2, 124.6, 124.6, 123.8, 122.9, 120.7, 120.1, 119.5,
119.2, 115.6, 115.0, 114.0, 108.9, 96.2, 83.6, 82.2, 58.3, 45.3, 29.7, 28.6.
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Pfitzner, K. E.; Moffatt, J. G. J. Am. Chem. Soc. 1965, 87, 5670.

Dalcanale, E.; Montanari, F. J. Org. Chem. 1986, 51, 567.

Attempted methylation resulted in either no reaction, or in the presence of

bases the production of i.

Attempts to prepare diketone 187 by direct oxidation of hydroxy ketone

(x)-181 have been unsuccessful.

Dimethyl acetal 188 proved difficult to isolate and was subject to rapid

hydrolysis upon attempted purification.
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In addition to the new product, a small amount of (+)-181 was also
observed. The latter is likely the result of partial hydrolysis and

rearrangement.

Koshino, H.; Osada, H.; Amano, S.; Onose, R.; Isono, K. J. Antibiot. 1992,
45, 1428.

For the synthesis of K252a, see Chapter 2.

The reaction proceeded sluggishly and required stirring at 25-30 °C for 24

h, noticeably longer than in the model system.

With this substrate, decomposition of the starting material to intractable

materials competes with product formation.

Recently Fredenhagen has reported the effect of HoSO4 on TAN-1030a,
see: Fredenhagen, A.; Peter, H. H. Tetrahedron 1996, 52, 1235.

Still, W. C.; Kahn, M.; Nitra, A. J. Org. Chem. 1978, 43, 2923.
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APPENDIX FOUR: SYNTHETIC SUMMARY FOR
(+)-RK286¢, (+)-MLR-52, (+)-STAUROSPORINE,
AND (-)-TAN-1030a
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Figure A.4.1 The Synthesis of (+)-RK286¢ (7) and (+)-MLR-52 (8).

DMB

QO

o o] BF3*OEt,
\(‘j Moffatt [0] H3C\\‘i—7;‘ T
63% yield \ y|e|d EtO
OH two steps OH (85% yield)
(+)-204 ( )-170
DMB DI\I/IB
N 0 N (0]
Sa¥ab O N
1. NaBH4 N N o
, TFA
(95% yield) H3C‘"" o —_— H3C“
2. NaH,Mel Anisole
(80% yield) V'€ 19 (75% yield)
(+)-208 RK 2860
1. Martin's
Sulfurane
CDCl3
(88% yield)
2. 0sO4, NMO
(84% yield)

O
H30‘
Anlsole
OH (77% yield)
(+)-210
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Figure A.4.2 The Synthesis of (+)-Staurosporine (1).

N N
oo 0. HONH,-HCI _Mel, KOH KOH
3
HO NaOAc HO ) n-| BU4NBr MeO I
o) (95% yield) (90% yield)
MeO~
(+)-171
(-)212
Ho, PtO, O
\ O \ O
(96% vyield) HzC™ BH3SMe HaC™
2. TFA, Anisole
MeO (67% yield, two steps) MeO
_NH HN,
R Me
(+)-213a (+)-Staurosporine (1)

Figure A.4.3 The Synthesis of (-)-TAN-1030a (6).

\ O BnONH,+HCI \ O Mel, KOH VO
HaC™" —————  HzC™" ———> HzC™
n-BugNBr
HO NaOAc HO I ( 4

68% yield) MeO™

(85% vyield)
( )?71 BnO'N BnO'N
(-)-214 (-)-215
H H
N_o N_ o

R e
anisole _ N TMSI, CDCl
. \ ? O
(25% yield) o (24% yield) H30“
MeO I
N

(-)-216 TAN-1030a 6)
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APPENDIX FIVE: SPECTRA RELEVANT
TO CHAPTER THREE
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Figure A.5.2 Infrared Spectrum (thin film/NaCl) of compound (£)-174.

Figure A.5.3 13C NMR (125 MHz, CDClI3) of compound (+)-174.
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Figure A.5.5 Infrared Spectrum (thin film/NaCl) of compound (£)-177.

Figure A.5.6 13C NMR (125 MHz, CDClI3) of compound (+)-177.
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Figure A.5.8 Infrared Spectrum (thin film/NaCl) of compound (£)-176.

Figure A.5.9 13C NMR (125 MHz, CDClI3) of compound (+)-176.
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Figure A.5.11 Infrared Spectrum (thin film/NaCl) of compound (+)-178.

Figure A.5.12 13C NMR (125 MHz, CDCI3) of compound (+)-178.
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Figure A.5.14 Infrared Spectrum (thin film/NaCl) of compound (£)-179.

Figure A.5.15 13C NMR (125 MHz, CDCI3) of compound (#)-179.
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Figure A.5.17 Infrared Spectrum (thin film/NaCl) of compound (+)-180.

Figure A.5.18 13C NMR (125 MHz, CDCI3) of compound (+)-180.
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Figure A.5.20 Infrared Spectrum (thin film/NaCl) of compound (+)-181.

Figure A.5.21 13C NMR (125 MHz, CDCI3) of compound (+)-181.
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Figure A.5.23 Infrared Spectrum (thin film/NaCl) of compound (+)-184.

Figure A.5.24 13C NMR (125 MHz, DMSO-dg) of compound (+)-184.
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Figure A.5.26 Infrared Spectrum (thin film/NaCl) of compound (+)-182.

Figure A.5.27 13C NMR (125 MHz, CDCI3) of compound (+)-182.
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Figure A.5.29 Infrared Spectrum (thin film/NaCl) of compound (+)-185.

Figure A.5.30 13C NMR (125 MHz, CDCI3) of compound (+)-185.

326



LE°G'Y 8inbiH

327



Figure A.5.32 Infrared Spectrum (thin film/NaCl) of compound (+)-186.

Figure A.5.33 13C NMR (125 MHz, DMSO-dg) of compound (+)-186.
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Figure A.5.35 Infrared Spectrum (thin film/NaCl) of compound (+)-192.

Figure A.5.36 13C NMR (125 MHz, CDCI3) of compound (#)-192.
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Figure A.5.38 Infrared Spectrum (thin film/NaCl) of compound (+)-190.

Figure A.5.39 13C NMR (125 MHz, CDCI3) of compound (#)-190.

332



0t'G'V 8inbiH

KOV

333



Figure A.5.41 Infrared Spectrum (thin film/NaCl) of compound (£)-191.

Figure A.5.42 13C NMR (125 MHz, DMSO-dg) of compound (+)-191.
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Figure A.5.44 Infrared Spectrum (thin film/NaCl) of compound (£)-193.

Figure A.5.45 13C NMR (125 MHz, CDCI3) of compound (#)-193.
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Figure A.5.47 Infrared Spectrum (thin film/NaCl) of compound (+)-200.

Figure A.5.48 13C NMR (125 MHz, CDCI3) of compound (#)-200.

338



61°'G'Y 8inbi4

339




Figure A.5.50 Infrared Spectrum (thin film/NaCl) of compound (£)-199.

Figure A.5.51 13C NMR (125 MHz, DMSO-dg) of compound (+)-199.
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Figure A.5.53 Infrared Spectrum (thin film/NaCl) of compound (+)-201.

Figure A.5.54 13C NMR (125 MHz, CDCI3) of compound (#)-201.
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Figure A.5.56 Infrared Spectrum (thin film/NaCl) of compound (+)-201.

Figure A.5.57 13C NMR (125 MHz, CDCI3) of compound (#)-201.
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Figure A.5.59 Infrared Spectrum (thin film/NaCl) of compound (+)-202.

Figure A.5.60 13C NMR (125 MHz, DMSO-dg) of compound (+)-202.
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Figure A.5.62 Infrared Spectrum (thin film/NaCl) of compound (+)-203.

Figure A.5.63 13C NMR (125 MHz, CDCI3) of compound (#)-203.
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Figure A.5.65 Infrared Spectrum (thin film/NaCl) of compound (+)-204.

Figure A.5.66 13C NMR (125 MHz, DMSO-dg) of compound (+)-204.
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Figure A.5.68 Infrared Spectrum (thin film/NaCl) of compound (+)-170.

Figure A.5.69 13C NMR (125 MHz, DMSO-dg) of compound (+)-170.
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Figure A.5.71 Infrared Spectrum (thin film/NaCl) of compound (+)-171.

Figure A.5.72 13C NMR (125 MHz, DMSO-dg) of compound (+)-171.
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Figure A.5.74 Infrared Spectrum (thin film/NaCl) of compound 169.

Figure A.5.75 13C NMR (125 MHz, DMSO-dg, 315 K) of compound 169.

356



9/°G'V 8inbiH

357



Figure A.5.77 Infrared Spectrum (thin film/NaCl) of compound (+)-206.

Figure A.5.78 13C NMR (125 MHz, acetone-dg) of compound (+)-206.
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Figure A.5.80 Infrared Spectrum (thin film/NaCl) of compound (+)-207.

Figure A.5.81 13C NMR (125 MHz, acetone-dg) of compound (+)-207.
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Figure A.5.83 Infrared Spectrum (thin film/NaCl) of compound (+)-208.

Figure A.5.84 13C NMR (125 MHz, CDClI3, 315 K) of compound (+)-208.
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Figure A.5.86 Infrared Spectrum (thin film/NaCl) of compound (+)-7.

Figure A.5.87 13C NMR (125 MHz, DMSO-dg) of compound (+)-7.
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Figure A.5.89 Infrared Spectrum (thin film/NaCl) of compound (+)-209.

Figure A.5.90 13C NMR (125 MHz, acetone-dg) of compound (+)-209.
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Figure A.5.92 Infrared Spectrum (thin film/NaCl) of compound (+)-210.

Figure A.5.93 13C NMR (125 MHz, DMSO-dg) of compound (+)-210.
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Figure A.5.95 Infrared Spectrum (thin film/NaCl) of compound (+)-8.

Figure A.5.96 13C NMR (125 MHz, DMSO-dg) of compound (+)-8.
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Figure A.5.98 Infrared Spectrum (thin film/NaCl) of compound (-)-211.

Figure A.5.99 13C NMR (125 MHz, DMSO-dg) of compound (-)-211.
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Figure A.5.101 Infrared Spectrum (thin film/NaCl) of compound (-)-212.

Figure A.5.102 13C NMR (125 MHz, DMSO-dg) of compound (-)-212.
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Figure A.5.104 Infrared Spectrum (thin film/NaCl) of compound (+)-213a.

Figure A.5.105 13C NMR (125 MHz, CDCl3, 315 K) of compound (+)-213a.
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Figure A.5.107 Infrared Spectrum (thin film/NaCl) of compound (+)-213b.

Figure A.5.108 13C NMR (125 MHz, CDClI3) of compound (+)-213b.
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Figure A.5.110 Infrared Spectrum (thin film/NaCl) of compound (+)-1.

Figure A.5.111 13C NMR (125 MHz, CDClI3) of compound (+)-1.
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Figure A.5.113 Infrared Spectrum (thin film/NaCl) of compound (-)-214.

Figure A.5.114 13C NMR (125 MHz, DMSO-dg) of compound (-)-214.
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Figure A.5.116 Infrared Spectrum (thin film/NaCl) of compound (-)-215.

Figure A.5.117 13C NMR (125 MHz, CDClI3) of compound (-)-215.
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Figure A.5.119 Infrared Spectrum (thin film/NaCl) of compound (-)-216.

Figure A.5.120 13C NMR (125 MHz, CDCI3) of compound (-)-216.
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APPENDIX SIX: X-RAY CHRYSTALLOGRAPHY REPORTS
RELEVANT TO CHAPTER TWO
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X-RAY CHRYSTALLOGRAPHY REPORT FOR INDOLOCARBAZOLE (+)-185

30
. N o) N
HaC"™" 6'
o 5 =
O O
Br
Br
Br1

(X-ray Numbering)

EXPERIMENTAL DETAILS

A. Crystal Data

Empirical Formula...........ccooooiiiiiiiiee e, Csg.5H26N>Og 5Br2
Formula Weight ..o 780.45
Crystal Color/Habit ........cccooeiiiii e colorless needle
Crystal DImensions (MM) .........eeeeeeeeeiiiiiiiieeeeeeee. 0.08 X0.11 X 0.30
Crystal SYSEIM .....ueiiiiiiiiiiiiiii e enneaeee monoclinic

No. Reflections Used for Unit
Cell Determination (20 range)...........cccccoouummmiimmmiiiiiiiaees 25(10.2-18.001)

Lattice Parameters:

B ettt 30.141 (5)A
D ettt 15.689 (2)A
C ettt 14.803 (3)A
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B ettt r e 91.45 (2)11

N e 6998 (3)A°
ST o= Lo I C (o 1H ] o T C2/c (#15)
Y- | U= T 8
DICAIC et 1.481 g/cm®
FOOO .ottt e et e et r e en e 3144
LUIMIOKEL) <o, 23.41 cm-1

B. Intensity Measurements

Diffractometer..........oooo Enraf-Nonius CAD-4
Radiation ... MoKa. (A = 0.71069 A)
BLIC=T 0] 1= =L U P 23°C
AttenUAator ... Zr foil (factor = 20.4)
Take-Off ANGIE ... 2.8°
Detector Aperture .........ooooveeiiiieeeiieeeeceee e 2.0-2.5 mm hor/2.0 mm vert.
Crystal to Detector DiStance..............uuuuiiiiiiiiiiiiiiiiiee 21 cm
SCAN TY P ittt ®-26
SCaN RAte.....ei s 1.0 - 16.50)/min (in omega)
SCan Width .......eeiiiii e (0.95 + 0.83 tan0)°
2OIMI@X s 52.6°

No. of Reflections Measured

Total: oo 7660

UNIQUE: ... 7369 (Rint = .041)

(07 0] 4 (=Tox (o] 13U Lorentz-polarization
Absorption

(trans. factors: 0.72 - 1.51)
Decay (-27.00% decline)
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C. Structure Solution and Refinement

Structure SOIUtION .........eeiiii Direct Methods
Refinement .........coooeiiiiiii e, Full-matrix least-squares
Function Minimized............ccooiiiiii X w (&Fo& - &Fc&)2
Least-squares Weights..........coooo i 4Fo2/c52(F02)
PTACHON ... ———— 0.03
Anomalous DiSpersion..........cccceveeveiiiiiieeeiiieeeeeee e, All non-hydrogen atoms
No. Observations (1>3.006(1)) ...cccveeiiiieieieieeeeeeeeeeeeeeeeeeeeeee e 2877
NO. Variables ........cooiiiiiiiii 436
Reflection/Parameter Ratio. ... 6.60
RESIAUAIS: ... R; Rw 0.077; 0.080
Goodness oOf Fit INAICator .............uuiiiiiiiii e 4.61
Max Shift/Error in Final CyCle ..........ooouiiiiiiiiiece e, 0.00
Maximum Peak in Final Diff. Map ..........ceeiiiiiiiiicceeee e 1.21 e-/IA?
Minimum Peak in Final Diff. Map ........cccoooiiiiiiiiiiccc e -1.23 e-/A°

Positional parameters and B(eq) for indolocarbazole (+)-185

atom X y z B(eq)
Br1 0.40970(6) 0.3656(1) 0.2089(1) 5.95(8)
B2  0.51935(5) 0.7625(2) 0.6198(1) 8.0(1)
01 0.2819(2) 0.7003(4) 0.3297(4) 2.5(3)
02 0.3088(3) 0.6663(5) 0.4695(5) 3.9(4)
02" 0.2427(2) 0.8807(4) 0.2135(4) 23(3)
03 0.3263(2) 0.8463(5) 0.3919(4) 27(3)
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04
N11
N12
C1
c1'
C2
Cc2'
C3
C3'
C4
C4A
C4B
C4'
C5
C5'
C6
C6A
C6B
C6'
C7
C8
C9
C10
C10A
C11
C11A
C11B

0.3024(3)
0.3181(3)
0.2267(3)
0.1527(4)
0.2939(4)
0.1312(4)
0.2843(4)
0.1547(5)
0.2811(3)
0.1995(4)
0.2223(4)
0.2670(4)
0.2568(3)
0.3064(4)
0.2122(4)
0.3452(4)
0.3465(4)
0.3820(4)
0.2148(3)
0.4266(4)
0.4526(4)
0.4352(4)
0.3910(4)
0.3637(4)
0.3067(4)
0.3075(3)
0.2683(3)

0.802(1
0.860(1
0.915(1

S~— N N
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0.5334(5)
0.2080(5)
0.1596(5)
0.1322(7)
0.2587(8)
0.0805(8)
0.2577(7)
0.0199(8)
0.3578(6)
0.0079(7)
0.0592(6)
0.0641(6)
0.3681(6)
0.0213(7)
0.3203(7)
0.0426(7)
0.1060(7)
0.1409(7)
0.2236(7)
0.1208(9)
0.165(1)

0.2277(9)
0.2495(8)
0.2036(7)
0.3893(8)
0.1485(6)
0.1268(6)



C12  0.3316(3)
C12A  0.1980(4)
C13  0.3614(4)
C14  0.3847(4)
C15  0.3773(4)
C16  0.3494(4)
C17  0.3258(4)
C18  0.3313(4)
C19  0.3779(4)
C20  0.3913(4)
c21 0.4342(5)
C22  0.4620(4)
C23  0.4499(5)
C24  0.4071(4)

05 0.0452(5)
06 -0.018(1)
C25  -0.014(3)
H1 0.1371
H2 0.1003
H3 0.1392
H4 0.2147
H5 0.3055
H6 0.3717
H7 0.4387
H8 0.4834
H9 0.4543
H10  0.3797

0.5845(7)
0.6851(6)
0.5361(8)
0.4703(8)
0.4559(7)
0.5036(8)
0.5687(7)
0.8527(7)
0.8341(7)
0.8571(8)
0.8375(9)
0.797(1)
0.772(1)
0.7938(9)
0.135(1)
0.063(2)
0.086(5)
0.7074
0.6030
0.5212
0.5387
0.5933
0.6600
0.7651
0.8628
0.9553
0.9515
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0.3432(7)
0.1196(7)
0.3948(8)
0.354(1)
0.2634(9)
0.2121(8)
0.2510(7)
0.4834(7)
0.5133(7)
0.6000(7)
0.6300(9)
0.575(1)
0.490(1)
0.4581(8)
0.230(1)
0.096(2)
0.201(5)
0.1746
0.0866
-0.0147
-0.0340
-0.0218
0.0149
0.0770
0.1525
0.2569
0.2939

13(1
20(3

4.2
4.5
4.9
3.8
3.8
3.7
5.5
6.6
5.1
4.3



H11
H12
H13
H14
H15
H16
H17
H18
H19
H20
H21
H22
H23
H24
H25
H26

0.2954
0.2709
0.3214
0.2664
0.2526
0.1988
0.1944
0.1857
0.3659
0.4051
0.3460
0.3058
0.3715
0.4438
0.4696
0.3984

1.0031
1.0117
0.9931
0.8955
0.7586
0.7222
0.8151
0.8281
0.5478
0.4362
0.4925
0.6023
0.8858
0.8529
0.7402
0.7808
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0.1984
0.2888
0.2895
0.3923
0.4304
0.3188
0.3535
0.2066
0.4574
0.3882
0.1492
0.2155
0.6385
0.6894
0.4537
0.3975

3.9
3.9
3.9
2.8
3.1
3.6
3.6
3.0
3.9
5.1
4.4
3.7
4.5
5.3
6.2
5.1
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NOTEBOOK CROSS-REFERENCE

The following notebook cross-reference has been included to facilitate
access to the original spectroscopic data obtained for the compounds presented
in this thesis. For each compound a folder name is given (i.e., BMS3-091) which
corresponds to an archived characterization folder hard copy, as well as a folder
stored on a ZIP disk. For each spectrum a notebook number (i.e., BMS3), a
spectrum letter (i.e., C), and a page number (i.e., 091) is given. All notebooks ,

spectral data, and diskettes are stored in the Wood archives.

Compounds Appearing in Chapter One

Compound Folder TH NMR 13C NMR IR
134 BMS3-091 BMS3B.091 BMS3C.091 BMSMOD
139b BMS8-043 BMS8A.043 BMS8B.043 BMS8-043
139¢ BMS8-051 BMS8A.051 BMS8B.051 BMS8-051
139d BMS8-049 BMS8C.049 BMS8B.049 BMS8-049
139e BMS8-061 BMS8A.061 BMS8B.061 BMS8-061
132b BMS5-113 BMS5A.113 BMS5B.113 BMSV-113
132¢c BMS5-111 BMS5A.111 BMS5B.111 BMSV-111
132d BMS4-241 BMS4A.241 BMS4B.241 BMSIV-241
132e BMS5-081 BMS5A.081 BMS5B.081 BMSV-81
4a BMS8-057 BMS8A.057 BMS8D.057 BMS8-057
4b BMS5-149 BMS5A.149 BMS5B.149 BMSV-121
4c BMS5-143 BMS5A.143 BMS5B.143 BMSV-129
4d BMS4-247 BMS4C.247 BMS4Z7.247 BMSIV-247
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Compound Folder TH NMR 13C NMR IR
140 BMS6-301 BMS6A.301 BMS6B.301 VI301Z
(£)-143 HJD-166 HJD1H.166 HJD1C.166 HJDI166I
(x)-144a HJD-189A HJDIH1.189 HJDIC1.189 HJD18911
(x)-144b HJD-189B HJDIH2.189 HJDIC2.189 HJD189I2
(x)-97a BMS4-117B | BMS4H2.117 | BMS4C2.117 BMS117i2
(£)-97b BMS4-117A | BMS4H1.117 | BMS4C1.117 BMS11711
(£)-147 BMS4-227A BMS4A.227 BMS4B.227 | BMSIV-227A
(£)-148 BMS4-227B BMS4C.227 BMS4D.227 | BMSIV-227B
(£)-149-d-l HJD-293a HJDIH1.293 HJDIC5.293 HJD293I1
(£)-149-d-ll HJD-293b HJDIH2.293 HJDIC6.293 HJD29312
(£)-145 BMS8-075B BMS8N.075 BMS8P.075 BMS8-75B
(£)-146 BMS8-075A BMS8B.075 BMS8C.075 BMS8-75A
(£)-2 BMS4-231 BMS4A.231 BMS4B.231 BMSIV-231
(+)-155 HJD-256 HJDIH.256 HJDIC.256 HJDi256i
(-)-152b HJD-258 HJDIH.258 HJDIC.258 HJDI258i
(-)-159 HJD-279 HJDIH.279 HJDIC.279 HJDi262i
(+)-97a HJD-259B HJDIH3.259 HJDIC3.259 HJD259i2
(+)-97b HJD-285A HJDIH1.285 HJDIC1.285 HJD285i1
(-)-166 HJD-285B HJDIH2.285 HJDIC2.285 HJD285i2
(-)-147 SNG3-051B SNG3D.051 SNG3C.051 SNG3b-051
(-)-148 SNG3-051C SNG3F.051 SNG3E.051 SNG3c-51
(-)-2 SNG3-051A SNG31.051 SNG3H.051 SNG3a-51
(+)-168 HJD2-026 HJD2H1.026 HJD2C.026 HJDIi026
Compound Folder TH NMR 13C NMR IR
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(-)-97a HJD2-027C | HJD2H3.027 | HJD2C3.027 HJD027i3
(-)-97b HJD2-027A | HJD2H1.027 | HJD2C1.027 HJD027i1
(+)-166 HJD2-027B | HJD2H2.027 | HJD2C2.027 HJD027i2
(+)-147 BMS5-141a | BMS5A.141 BMS5Z.141 BMSV-141A
(+)-148 BMS5-141B | BMS5C.141 BMS5D.141 | BMSV-141B
(+)-2 BMS5-153a | BMS7A.137 | BMS7B.137 BMSV-153
Compounds Appearing in Chapter Three
Compound Folder TH NMR 13C NMR IR
(£)-174 BMS5-301 BMS5A.301 BMS5B.301 BMSV301
(£)-177 BMS7-171B | BMS7M.171 | BMS7N.171 BMS7-171
(£)-176 BMS7-171A | BMS7A.171 BMS7B.171 BMS8-067
(£)-178 BMS9-117 BMS9A.999 | BMS9C.117 BMSIX117
(£)-179 BMS6-111 BMS6A.111 BMS6B.111 BMSVI-111
(£)-180 BMS6-033 BMS6A.033 | BMS6B.033 BMSVI-033
(£)-181 BMS6-041 BMS6A.041 BMS6B.041 BMSVI041
(£)-184 BMS5-239 BMS5A.239 | BMS5B.239 BMSV239C
(£)-182 BMS6-103 BMS6A.103 | BMS6B.103 BMSVI103
(£)-185 BMS5-259 BMS5A.259 | BMS5B.259 BMSV259
(£)-186 BMS6-083 BMS6A.083 | BMS6B.083 BMSVI139
(£)-192 BMS6-109 BMS6A.109 | BMS6B.109 BMSVI109
(£)-190 BMS6-105 BMS6A.105 | BMS6B.105 BMSVI105
Compound Folder TH NMR 13C NMR IR
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(x)-191 BMS6-059 BMS6D.059 BMSG6E.059 BMSVI059
(£)-193 BMS6-213 BMS6B.213 BMS6C.213 BMSVI213
(£)-200 BMS8-069 BMS8B.069 BMS8C.069 BMS8-069
(£)-199 BMS7-177 BMS7A.177 BMS7C.177 BMS7-177
(£)-201-d-I BMS8-065A BMS8B.065 BMS8X.065 BMS8-65A
(£)-201-d-ll BMS8-065B BMS8M.065 BMS8N.065 BMS8-65B
(£)-202 BMS8-093 BMS8A.093 BMS8B.093 BMS8-093
(£)-203 BMS8-095 BMS8A.095 BMS8B.095 BMS8-095
(+)-204 BMS7-069 BMS7B.187 BMS7D.187 VIIN87Z
(+)-170 BMS7-189 BMS7A.189 BMS7B.189 VII189Z
(+)-171 BMS7-197 BMS7B.197 BMS7C.197 VI271Z
169 BMS7-235 BMS7A.235 BMS7B.235 BMS7-235
(£)-206 SNG3-255 SNG3A.255 SNG3B.255 SNG255
(+)-207 BMS7-247 BMS7A.247 BMS7B.247 VII261Z
(+)-208 BMS7-259 BMS7A.259 BMS7B.259 V112537
(+)-7 BMS7-263 BMS7A.263 BMS7D.263 V112637
(+)-209 BMS7-279 BMS7H.279 BMS7C.279 VI1279Z
(+)-210 BMS8-031 BMS8B.031 BMS8C.031 V1130372
(+)-8 BMS7-277 BMS7A.277 BMS7B.277 VII33Z
(-)-211 BMS7-201 BMS7A.201 BMS7B.201 BMS7-225
(-)-212 BMS7-215 BMS7B.215 BMS7D.215 V112217
(+)-213a BMS7-223 BMS7A.223 BMS7B.223 VII219Z
(+)-213b BMS7-237 BMS7C.237 BMS7D.237 V2377
Compound Folder TH NMR 13C NMR IR
(+)-1 BMS7-233 BMS7A.233 BMS7C.233 V112337
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(-)-214 BMS9-093 BMS9C.093 | BMS9D.093 IX-093
(-)-215 BMS9-095 BMS9A.095 BMS9B.095 IX-095
(-)-216 BMS9-101 BMS9A.101 BMS9B.101 IX-101

(-)-6 BMS8-111 BMS8G.111 |  -=—-—--- VII-111
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