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ABSTRACT

SYNTHETIC STRATIGIES TQVARD THE TOTAL SYNTHESIS OF TETRAPETALONE A

In 2003 Hirota and coworkerseported the isolation of tetrapetalone B {rom the
culturefiltrate of Streptomycesp. USF4727, aStreptomycestrain isolated from a soil sample
taken from Yada, Shizuoka City, Japdime molecular structuref 1 was initially reported and
then revised in a series of two papers which both appeared inl20@8lition to the interesting
molecular architecturel demonstrated inhibition of soybean lipoxygenase (SBCj, of 190
nmM) comparable to welknown human lipoxygenase and cyclooxygenase inhibiwisle no
total synthesis has been reported to daee groups of Porco, Hong and Sarpong have disclosed
synthetic approachasward the tetrapetalone core

Efforts in the Wood group to syntheseil are based on highly convergent synthetic
strategies, the first of which was directed at constructing an eddandanone coupling partner
via a Stetter reactio.o this enda route employing a diastereoselective Claisen rearrangement
afforded a highly substituted Stetter reaction precursor but we unedgle to realize the latter
chemistry. We developed a skitic routeemployinga Dieckmann condensation to furnish a
highly functionalized tetramic acid. dlipling the tetramic acid wittortho substituted aryl
halides under aryl amidation conditions provetle. In an effort to promote an intramolecular
aryl amdation we pursued an alternative coupling strateglgich relied on an extremely
challenging ring closing metathesi¥he desired ring closing metathesgoduct was not
realized Relay ring closing metathesis investigations provide confidencéhnaksired olefins
will engage in metathesis chemis@urrentsyntheticeffortsare focused oa diastereoselective
intramolecular TsujiTrost allylation to furnish a highly functionalizeddanone, whichhas

provento be a competemoupling partner with allylamine und@&d0)-catalyzed aryl amination



conditions.Elaboration of this advanced indanone intermediate is expected to eventually provide

a total synthesis df.



ACKNOWLEDGEMENTS

First and foremost | thank Professor JohnAlood for the opportunity to study organic
chemistry, specifically the art of total synthesis. It has been an honor and privilege to study under
his guidance. His knowledge and passion for organic chemistry will forever be an inspiration.
His dedication tdeaching is truly contagious. | am grateful to have a mentor that sets no limits
and believes in the pursuit of science for science.

To my professors at California State University, Chico, thank you for inspiring me to
major in Chemistry. There are no wertb express my gratitude for my undergraduate advisor,
Professor David B. Ball, for opening my eyes to the world of organic chemistry, supporting my
undergraduate research interests and always promoting my educational advances. | must also
thank ProfessoBruce H. Lipshutz at the University of California, Santa Barbara, where my
summer research experience in his lab confirmed that | was just as happy in lab as | was on the
beach.

| am very indebted to many past and present Wood group members: Thank gpu&in

taking me under your wing.

Barry, for listening through your headphones.

Matt, for advice on Claisen rearrangements and road bike purchases.

Josh, for always talking chemistry with me.

Dave, for being a great roommate, friend and colleague.

Saabh, for helping me get all my paper work filled out.

Ping, for determination;

Brett, foroptimism.

Adam, David and Pete for being comrades in class and in lab.



Genessa, be it a day of columns or 13. 2 mi

Travis, forreadg my rough draft s; I coul dnot be
project to you.

Sam, for attention to detail and student seminar snacks.

Jenny, it was an honor to share your first Bud Light Lime.

Aaron, it has been a blast to work alongside youveaidh you develop as a chemist and
a mountaineer.

Monica, forfresh energy and enthusiasm.

To the many postdocs that | have had the pleasure of working with during my tenure in
the Wood Lab: Rishi, Ke, Graham, Matt, Chris, John, Naoto, Taka, andtban&syou for your
guidance, advice, patience and support. | would not have been able to do this without you. Thank
you

Ke, my first lab mate, for being an amazing mentor and role model.

Matt, TeamTetrapetalone, for your dedication, persistence, imégimaand patience.

Graham, for sharing your knowledge of NMR.

Jonas, for reading my rough drafts and for becoming part of -lledrapetalone, | am
excited to see what will come!

| must thank all of my friends for their unending support and patiencenkThau

Kimmie DawsorCummings and Annie Youngman, you both inspire me everyday.

Stephen Lathrop for your love and support.

Harit and Heather Vora, for the awesome adventures in Colorado.

TheLathrop and Engel families, for opening your hearts and homes.

Kelly Lathrop, for being my running buddy and a role model.



Dana Lloyd and Rhiannon Haworth, for teaching me that balance is necessary.

To my willpower & gace Family, your tremendous energy and enthusiasm for life has

inspired me to accomplish featedver dreamed possible.

Last but not least, thanks to my family for your unending love, support, encouragement
and understanding. Thank you

Mom, for being my first teacher and my best friend.

Dad, for making sure | have my feet on the ground.

Sam, forinspiring me to pursue all my passions.

Jeannie Caton, for your listening ear and healing heart.

My Grandmothers, Lois Burbank and Margaret Jensen, for always supporting my

education.

Vi



AUTOBIOGRAPHY

The older of two children, Jennifer Marie Howell wasn in June of 1984 to Dan and
Tracy Howell in Greenville, California. While she was in elementary school the family resided in
Taylorsville, CA. As she began middle school her family moved south to Oroville, CA, for a
short stint and once more to GridJ&€JA, where she graduated from High School in 2002.

Jennifer enrolled in California State University, Chico, in the fall of 2002, as a double
major in Biology and Mathematics. During her first general chemistry class she became
interested in pursuing Chestiiy as a focus of study and it was the organic chemistry series that
cemented this decision. Jennifer joined the laboratory of Professor David B. Ball in 2004 and
also completed a summer research internship with Bruce H. Lipshutz at the University of
California, Santa Barbara in 2005. Her research focused on new conjunctive reagents-as cross
coupling partners en route to retindikie polyenes and coppérydride catalyzed asymmetric
1,4reduction of a ,-lmsaturated amides. She was awarded the CSU, Chitsta@ding
Graduating Senior in Professional Chemistry in 2006 and graduated with a B.S. in Professional
Chemistry with honors in the major and general education.

In the fall of 2006, Jennifer began her studies toward a doctoral degree in chemistry at
Colorado State University. She joined the research laboratory of Professor John L. Wood in the
spring of 2007 and was invited to participate in the inaugural ACS Organic Division Graduate
Research Symposium (Boston, MA) in July 2010. In the fall of 2012,ext®@ved her Ph.D. for
contributions toward the total synthesis of tetrapetalone A.

Jennifer accepted a peddctoral position in the laboratorof Professor M. Christina

White at the University of lllinois at Urbar@hampaign starting August 2012.

vii



TABLE OF CONTENTS

N = 1T I ¥ O I
ACKNOWLEDGEMENTS . ...t e e e e e e e e e e e ssmmmeenan s v
AUTOBIOGRAPHY ... eeeee e eree ettt e e e et smre e e e e eernanass Vil
TABLE OF CONTENTS. ..ottt e e e et e e e e e s mmmeeeneanes viii
LIST OF TABLES. ... .o ere e e e e e e e et e e e et e e e e aa e e e eann s XV
LIST OF FIGURES . ...ttt e e ettt e e e e e e abmmme e e e e eeenes XVi
LIST OF SCHEMES ... e ree ettt e e eeee e e e e e aaaas XXVii
(O 0= T (=] o TP PP PP RRTPPPRRR 1
Tetrapetalones: Introduction and Background...............ooooiiic e 1
1.1 Isolation of the Tetrapetalones and Ansaetherone.............cooooeiecce s 1.

1.2 Tetrapetalone A Structure EIUCIdation.............c.uuuuuiiiimmmniiiiiiiiiiieee e 2

1.3 BiolOGICAI ACTIVITY......uuiiiiiiiiiiiiiei e 4

1.4 BiOSYNTNESIS ...ttt ettt e e e e e erer et e e e e e e e e e e e e e e e mnne e e e e e 7
1.4.1 AHBA-Derived Natural Products............cooooiiiiiiiimmneeeeecciivviiieeeeesieeeendd.

1.4.2 Tetrapetalone BiOSYNTNESIS.......ccvviiiiiiiiiii e 10

1.5 Previous Synthetic Approaches Towards the Tetrapetalones..............ccceeee..... 12

1.5.1 Porcobs Appr oa.ch..t.o..t.he..Tet.r.ap2etal on

1. 5. 2 Hooach t the Tepapatalones...........ooooooiiiieeen e 19

1.5.3 Sarpongbés Appr.cach..t.o..t.he.. Tet.R2apet al

References Relevant to Chapter L.........ooooiviiiiiiiiiiicri e e e e e e e e aaes 27

viii



(O 0= T 1 (=] ST PP PP TP PP RTRPPPPPRI 29

Synthetic Studies Toward a pauinol Coupling Partner..........cccccoovieiiiiieeneeeeen, 29
2.1 RetrosynthetiC ANAIYSIS........oooiiiiiiieeee e e e e e e ean 29
2.2 Retrosynthetic Analysis ofpmra-Quinol Coupling Partner..............cccccciviieenneenne 29
2.3 Dichlorophenol SUDSIIAte..........ovviiiiiieee e 30

2.3.1 AllYlIC EStEr SYNTNESIS....uuuuiiiiiiiiiei e eeerrne e e e e e e e e e e e eeeeaeeenes 30
2.3.2Ireland Claisen REAIMTaNGgEMENL.........cuiiiiiiiiiii i 31
2.3.3 JohnsoiClaisen Rearrangement...........oooouuuuiiiiimmmniiiiinie e eeeeeeeeeeees 33
2.4 Retrosynthetic Analysis of an Indanone Coupling Pattner................cccooceeeeeiens 36
2.5 Dimethoxybenzaldehyde Substrate...............oevviiiieeciiiiiiiii e 36
2.5.1 Allylic AIcONOl SYNTNESIS....cciiiiiieeeiie e 36
2.5.2 JohnsoiClaisen Rearrangement...........oooouuuuiiriimmmraiiiieeie e eeereeeeeeees 37
2.5.3 IrelandClaisen REAITaANQEMENL........ccuiiiiii i 37
2.5.4 Lithium Enolate Claisen Rearrangement...........ccccuuvviiimmmninniiiiiiniiiieeeeeeeeen 38
2.5.5 Selective Methyl Ether Cleavage..............uuuuiiiiiieeeiiiiiiiiiiieieeeeeee e 39
2.6 Dihydroxybenzaldehyde SubStrate...............eeeieiiiieeciiiiiiiiiie e 40
2.6.1 Orthogonal ProteCHION...........ooiiiiiieeee et ceeea e e e e 40
2.6.2 Spiro Lactol Formation via Phenolic OXidation..................uvvvvimmmrreeeeeeeennnnnnnd 41
2.6.3 Intramolecular Stetter Reaction wghiro Lactol Substrates........................... 44
2.7 Aryl Bromide Substrate Deficient of [1-Methyl Group.............ooooiiiiiiiiimenn e a7
2.7.1 Allylic Alcohol SYNthESIS......ccovvviiiiiiiiiiieeen e AT
2.7.2 Synthesis of SPIro [aCtOL...........ccuuiiiiiiiii e 48
2.7.30xy-Cope RearrangementSabstrate Complication............cccccevvvvvvvieeceneeeennn. 49



2.8 Secondseneration Retrosynthetic ANalySIS............uuvviiiiiiiiieeeiiiiiiiiieeeee e enad 49

2.9 Synthesis of Aryl Bromide Coupling Partner...............covvviiiieeeiiiiiiiiiiiiiiieeeeeeeeea 50
2.10 CONCIUSION......iiiiiitit et ieeea et e e e e e ememr e e ettt e e e e e e e e e e e e e e e e s ammmeeeeeeeeeaaaaans 51
2.11 EXperimental SECHON............uuiiiiiiiiiii et 52
2.11.1 Materials and Methods...........ooooiiiiiiiiiic e 52
2.11.2 Preparative ProCEAULES .........cooiiiiiiiieiicce e e 53
References Relevant t0 Chapter 2............uuuiiiiiiiiiii et a3
(O 0= T 01 (=] S PP P PP PP PP TP PPPPPRI 95
Synthesis of & TetramiC ACIH...........ooi oo r e e e e e e 95
3.1 Secondseneration Retrosynthetic ANAlYSIS.........ooooviiiiiiiiieeee s 95
3.2 Tetramic ACIA INTrOAUCTIQN.........uuiiiiiiiiiiiie ettt e e 96
3.2.1 Naturally Occurring TetramiC ACICS..........ccccueuiiiiiiiirreriiiiiee e 96
3.2.2 Structure of the TetramiC ACIH RING .....ccouiiiiiiiiiiiiiiceeeeeeeeeeeee 97
3.2.3 Synthetic Strategies for Construction of Tetramic Acid Derivatives............. 98
3.2.3.1 Ring Closure byi@ Bond FOrmation.............ccccuuuvriimiimmmniiiiiiiiieeeeeeeeen a8
3.2.3.2 Dieckmann CyClZatiON............uuuuuiiiiiiiiieeeiiiiiieiieeee et e e e 99

3.2.4 Reactions of the Tetramic ACI RiNG........ccccouuiiiiiiiiieeiiiiiiiee e 100

3.3 Retrosynthetic Analysis of Tetramic Acid CongliPartner...........ccccceeveeeeeeeeeeenns 101
3.4 Benzyl Protected AMIOE SEIIES.......uuiiiiiiiiiiiiii et 101
3.4.1 J-Vinyl, (0-Alkyl Quaternary [1-Amino Ester Synthesis...............cccevvvvvvvieenn. 101
3.4.2 Dieckmann CyYCHZatiON.............uuuuiiiiiiiiieeeiiiiiiiiiie et 105
3.4.3 Unveiling of the Amide via Cleavage of the Benzyl Protecting Graup....... 106

3.5 para-Methoxybenzyl Protected Amide Series..........ccccovvvvvvivieeee e 107



3.5.1 0-Vinyl, [J-Alkyl Quaternary [J-Amino Ester Synthesis.............cccccccvviiiieee. 107
3.5.2 Dieckmann CyCHZatiON..............uuuuiiiiiiiieeeiiiiiiiiiie et 108

3.5.3 Unveiling of the Amide via Cleavage of thgara-Methoxybenzyl Protecting

(CT 01U o TP RPPPPPPPPPPIN 109

3.6 Intermolecular Aryl Amidation Strategy...........covveeeruuiimiiccnieieeeeeiieiieee e eeaees 109
3.6.1 Copper Catalyzed Aryl Amidation Reactions..............ccceeeivieecvrvrvennnnnnennns 109

3.6.2 Lessons from Model Aryl Bromide SUbSBSR............cooooviiiiiiiiiccc e 111

3.6.3 Sterically Encumbered Aryl Bromide Substrates.............ccceevevvieeeeiiee e, 113

3.7 Third-Generation Retrosynthetic ANalySiS...........ooooiiiiiiiiiice e 114

3.8 Intermolecular Aryl Amination Strategy...........oooeiiiiiiiiiimrmr e eeeees 115
3.8.1 Allylamine as an Effective Coupling Partner..............ccceuvvvieeeniiivivinnnnnne. 117

3.8.2 Lithium Enolate Claisen Rearrangement............cccccuuviimmmnnnensiiiiiiiniieeeeeee 118

3.8.3 A Problematic Ring Closing Metathesis............iiiiiiieec 119

3.9 CONCIUSION. ...ttt erer ettt e e e e e e e e e e e e e e e s rmmne e e e e e e e e e e 124
3.10 EXperimental SECHON.........ooiiiiiiittre et eeeeaab b e e e e e e e e e eean 124
3.10.1 Materials and Methods............coooeiiiiiiiiccc e 124
3.10.2 Preparative ProCEAULES .........cuueiiieii e 126
References Relevant t0 Chapter 3...... ...t 156
(O 0= T 01 (=] o PP P PSPPSR 159
Turning to RiNg Closing MetathesSiS. ... 159
4.1 FourthGeneration Retrosynthetic ANAlYSIS...........uuuviiiiiiiiiiceeiiiiiiiiiiceieeeee e 159

4.2 Olefin MeAtNESIS........viiiiiiiiii e reer e ee e 160

4.2.1 Olefin Types and Rules for Selectivity as Derived from Cross Metathesis160

Xi



4.2.2Construction of Mediunr®ized Rings by Ring Closing Metathesis................ 162

4.3 Initial Ring Closing Metathesis INQUILY.............uuuiimiiiiiieeeiiiiieiiie e 164
4.3.1 Secondary Amide SUDSIrate...........coooiiiiiiiiieeen e 164
4.3.2 Tertiary Amide SUDStrate...........ccooiiiiiiiee s 166

4.4 Relay Ring CloSing MetathesSIS..........uuuveiiiiiiiiieeeiiiiiieins e erenn e 166

4.5 Relay RCM Investigation to Afford EigMembered Lactone...................cccevvveeen. 168
4.5.1 Synthesis of Relay Ring Glag Metathesis Triene........cccccceeveeeeeeevieeeceieeennn. 169
4.5.2 Relay Ring Closing Metathesis Investigation................ccuvvieemriiiiiininnnne. 170

4.6 Relay RCM to Afford an EighHtflembered Cyclic Ether............cccoooiiiiiiiiiee 172
4.6.1 Synthesis of Relay Ring Closing Metathesis Triene............ccceeevieeeeeeeennn. 173
4.6.2 Relay Ring Closing Metathesis/éstigation...............ccccvveviiiiemeniiiiiiiiieeeee 174

4.7 Relay RCM Focusing on the Tetramic Acid Olefin...........cccvvveiiiiiiieeciiiiiiiieeee, 177
4.7.1 Synthesis of Relay Ring Closing Metathesis Triene...........ccccccvvieeevvvnnee. 177
4.7.2 Relay Ring Closing Metathesis Investigation...............cccuuvvieeeniiiiiininnnne. 178

4.8 CONCIUSION.....ceiiii ittt eeens bbbttt e ettt e e e e e e e e eeen e e e e e eeaaeeeas 180

4.9 EXperimental SECHON.........coiiiiiiiiiieeeer i e e e e e e e e e 181
4.9.1 Materials and Methods............ooooiiiiiiiiicce e 181
4.9.2 Preparative ProCeAUIES..........coovi ittt 182

References Relevant t0 Chapter 4............uuiiiiiiiiiii ettt 205
(O 0= T 01 (=] g TP PP 206
An Indanone Coupling Partner..........coooiiiiiiiiieeeit e eeess e e e e e e e e e e 206

5.1 Fifthh-Generation Retrosynthetic ANalySiS.........cceeviiiiiieeiiieeeiiciee e e 206

5.1.2 An Indanol Coupling PartneRetrosynthett Analysis...........cccccceevieeiieeeceenns 207

Xii



5.2 Looking into a CatioiBased Cyclization..............c.uuuviviiiiieeeiiiiiiiiiieee e 208

5.2.1 Synthesis of a Cyclization SUDStrate.............ccooviiiircc e, 208

5.2.2 Acid Catalyzed CyCliZatiQn...........coviiiiiiiiiiiieiceeeee e 209

5.3 An Alternative Cyclization Strat@gy........ccouueiiieiiiiiiiieeeeee e 210

5.4 Investigation of a Model SyStem............cccuuiiiiiiimem e 211
5.4.1 Lewis Acid Mediated CyClizatiQn............ccoouiiiiiiiiicce e 212

5.4.2 TsupTrost Allylic AIKYIAION ........coooiiiiiiiieeee e 214

5.5 Synthesis of a Highly Functionalized Cyclization Precursar................oeeeeeeueees 216
5.5.1 Intramolecular Tsujirost Allylic AIKYIatioNn.............ccviiiiiiiiieaneee, 217

5.5.2 Intramolecular Tsujirost Allylic Alkylation T Ketone Substrate................... 219

5.6 Successful Aryl Ammation with Indanone Coupling Partner................ccccvvvveeennne 221

5.7 CONCIUSION. ...ttt erer ettt e e e e e e e e e e e e e e e s rmmne e e e e e e e e e 221

5.8 EXPErMENTAl SECHIONL......uuuuiiiiiiiiiiiiii ettt 223
5.8.1 Materials and Methods.............ccoiiiiiiiiee e 223

5.8.2 Prepative ProCeAUIES..........ooiiiiiiii it ieeee et ee e e e e e e 224
References Relevant t0 Chapter B............uuiiiiiiiiiiii et 249
Y o] 0 1= o G PP OPPPPPP 251
Spectra Relevant to Chapter.2..........coooiiiiiiiiiiieee e e 251

Y 0] 0= o ) QOO OPPPPPP 319
Spectra Relevant to Chapler.3... ... 319

Y 0] 0= o )G PR OPPPPPP 362
Spectra Relevant to Chapter.d.........ooooo oo s 362

Xiii



LY o] 01T 06 [ S PP PP PPPPPPPPPPP 393

Spectra Relevant to Chapter.b............uuiiiiiiiii e 393
Y o] 01T 06 13 G T PP PPPPPPPPPPPY” . {0
NOtebook CroSS REfEIENCE........uuiiiiiiiiiiiii ittt eeee . A40
LIST OF ABBREVIATIONS ..ot eeevmmmeeni e eennnn e e AAT

Xiv



LIST OF TABLES

CHAPTER 1
Table 1.1Inhibitory Activities against Soybean LipOXYgeNnase...........cccuuvvvverrieeeiuvvrrrvneennnen. 5
CHAPTER 2
Table 2.1Chemical Shift Trend COMPArISON..........ccoiiiiiiiiiieeeea e eeeeeeeee e 35
CHAPTER 3
Table 3.1CrossCoupling of ArylHalides and Primary AmMINes............coooeeciviiimnnnnnnnnns 117
Table 3.2Attempts to from Benzazepine System by Ring Closing Metathesis.............. 121
CHAPTER 4

Table 4.10lefin Categories for Selective Cross Metathesis with Grubbs Il Catalyst.....162

Table 4.2Attempted Cyclizéon by Ring Closing Metathesis..........ccccccovvviiiiiiccceeeee, 165
Table 4.3Relay RCM CatalySt SUINVEY..........uuuiiiiiiiiiiiiieeeiiiiiiiiiiee e e e e s eeeeeee e eeeaeaee e 171
CHAPTER 5

Table 5.1Effect of Solvent on the Palladium{Qatalyzed Reaction.............ccccccvvvvveeneee. 218
Table 5.2Chemical Shift and Splitting Pattern CompariSQn..............oooeieieeee e 219
Table 5.3Pd-Catalyzed Reaction of Ketone with Strong Base...........cccccoviviccceeieeenenn. 220

XV



LIST OF FIGURES

CHAPTER 1

Figure 1.1 Tetrapetalone Series and ANSAEtNEIONE............coovviiiiieeciiiiiiiee e 2
Figure 1.2 Structural Revision of Tetrapetalone.A..........cooviiiiiiiiieec e 3
Figure 1.3Stereochemical Assignment of Teiedalone A...........cccociiiiiiiiiieemnieeeeee 4
Figure 1.4Known Lipoxygenase INNIDItOrS.............ueiiiiiiiiiiiieeeieeeee e 4
Figure 1.5General Archidonic Acid Pathway and Known Inhibitats..............cccovviiieeee 6
Figure 1.6 Representative AHBAerived Natural Products............ccccceeeiiiiimmeeinineccne 8
CHAPTER 3

Figure 3.1Representative Natural Products Containing a Tetramic Acid Moiety............. 97
Figure 3.2Structure of Tetramic Acids and TetroniC ACId...........cccovvvveeiiiicmnnicnieeee e 98
Figure 3.3Reactions of the TetramA&CId RiNG........ccoouiiiiiiiiiiiiiie e 100
Figure 3.4Ruthenium Based Olefin Metathesis Catalysts..............cccvviiieeeeeiciiiicnnennen. 119
CHAPTER 4

Figure 4.10lefin Categorization and Rules for SeleCtiVity.............ccccoiiiiccc 161
APPENDIX 1

Figure A.1.1*H NMR (300 MHz, CDGY) of CompoundLO7..........cccvveveveveeeeeeeenrenenenennn, 252
Figure A.1.2*H NMR (300 MHz, DMSQds) of CompoundLO8...............cccecvvrevrvereresnnn. 253
Figure A.1.3'H NMR (300 MHz, CDGJ) of CompoundL09...........ccoevevevevreeeeeeeenrerenennnen, 254
Figure A.1.4*H NMR (300 MHz, CDGJ) of CompoundL10..........cccvevveveveeeeeeeenrnenenennen, 255
Figure A.1.5*"H NMR (300 MHz, CDGY) of CompoundLll........ccccovevevevevieieeeeeenrnenenenen, 256
Figure A.1.6*"H NMR (300 MHz, CDGY) of CompoundL12........c.cccoovevevevieeeeeeeenrerenennnn, 257
Figure A.1.7*H-NMR (300 MHz, CDC}) of COMPOUNALLT.........cveveeeeeeeeeeeseeeeeerereeeeens 258

XVi



Figure A.1.8H-NMR (300 MHz, CDC}) of CompoundL18............cccveeeeveeeeioeeeereneeenenn. 259

Figure A.1.9'%C APT (100 MHz, CDGJ) of CompoundL18...........cocceveveeeeeeeereeseneesieenens 260
Figure A.1.10'H-NMR (400 MHz, CDC4) of CompoundL22............eeueiiiiiieeeeeeeeeiinnnn 261
Figure A.1.11"*C-NMR (101 MHz, CDC}) of CompoundL22.............cccocveerevrerceeeeearennes 262
Figure A.1.12'"H-NMR (300 MHz, CDC4) of CompoundL30...........cccceeeovreeeeereeseneenns 263
Figure A.1.13'H-NMR (300 MHz, CDCY4) of CompoundL31L..........cevvveiiinnieeeeeeeeciiinnnn 264
Figure A.1.14"H-NMR (400 MHz, CDC}) of CompoundL32.............cccveverrerriesmeseeeeennnns 265
Figure A.1.15FTIR (thin film/NaCl) Spectrum of CompountiB2...............ccoeiiiiiiiinnnnnnnns 266
Figure A.1.16"*C-NMR (101 MHz, CDC}) of CompoundL32.............ccceeveerrimerereanenene. 266
Figure A.1.17'"H-NMR (400 MHz, CDC}) of CompoundL33.............cevererrrriemesieeeeennns 267
Figure A.1.18FTIR (thin film/NaCl) Spectrum of Compound33...............ccoiiiiiiiiieennenne 268
Figure A.1.19"*C-NMR (101 MHz, CDC4) of CompoundL33.............cecevrverrrerrereenennnn. 268
Figure A.1.20"H-NMR (400 MHz, CDC}) of CompoundL34.............ccoceeueerrrieenesieeeennnns 269
Figure A.1.21FTIR (thin film/NaCl) Spectrum of Compound.34..............ooooiiiiiiiinnnnnenne 270
Figure A.1.22"3C-NMR (101 MHz, CDC4) of Compoundl34..............coceueeeeerererereeennn. 270
Figure A.1.23'"H-NMR (300 MHz, CDC}) of CompoundL35.............cccceeueerrrienesieeeennnns 271
Figure A.1.24FTIR (thin film/NaCl) Spectrum of Compounti35..............coooiiiiiiiiinnnnnnnns 272
Figure A.1.25"*C-NMR (101 MHz, MCl3) of CompoundL35.............cceeveverrerirerereseenee. 272
Figure A.1.26"H-NMR (300 MHz, CDC}) of CompoundL36...............cceeuerrrrieeneseenennnns 273
Figure A.1.27'H-NMR (300 MHz, CDC}) of CompoundLdl..............cccoeerrrieeneseaeeennns 274
Figure A.1.28"H-NMR (400 MHz; CDC}) of Compoundld3.............coeueeeerrvienesiaeeennnns 275
Figure A.1.29FTIR (thin film/NaCl) Spectrum of Compourddi3..............coooiiiiiiiinnnnnnnne 276
Figure A.1.30*C-NMR (101 MHz, CDC}) of CompoundL43...........cccoveveeeeererceeeeeaenns 276

Xvii



Figure A.1.31'H-NMR (400 MHz; CDCY{) of CompoundL45..........cuuveeiiieiieeeeeeeeeiinnn 277

Figure A.1.32FTIR (thin film/NaCl) of Compoundla5............cooooiiiiiiiiiiiiccee e 278
Figure A.1.33*C-NMR (101 MHz, CDC}) of CompoundLd5.............ccocveeierrrceeeeaennns 278
Figure A.1.34'H-NMR (400 MHz; CDCY4) of CompoundL46............euveiiiiiieeeeeceeeiiinnn 279
Figure A.1.35FTIR (thin film/NaCl) of Compound46.............cooovriiiriiiiiceeeeieeiinnn 280
Figure A.1.36"*C-NMR (101 MHz, CDC}) of CompoundL46..............cocceeueevrerceeeeaennes 280
Figure A.1.37'"H-NMR (400 MHz; CDC}) of CompoundlaT............ccccoveerevrieenerieenennnns 281
Figure A.1.38FTIR (thin film/NaCl) of COMPOUNAAT ..........ccooeeiiiiiiiiiiiie s 282
Figure A.1.39"*C-NMR (101 MHz, CDC4) of Compoundla7.............ccoceeevverinenerennennn. 282
Figure A.1.40"H-NMR (400 MHz; CDC}) of Compoundld8..............ccoeerrrrieenereeeennnnns 283
Figure A.1.41FTIR (thin film/NaCl) of Compound48..............cccoiiiiiiiiiiccee s 284
Figure A.1.42"*C-NMR (101 MHz, CDC}) of Compoundld8..............c.cccevvevrerieeeereenenne. 284
Figure A.1.43'"H-NMR (400 MHz; CDC}) of Compoundld9.............ccocoeeeerrrienesieeeennns 285
Figure A.1.44FTIR (thin film/NaCl) of Compound49............cccccoiiiiiiiiiiccc s 286
Figure A.1.45"*C-NMR (101 MHz, CDC4) of Compoundl49.............cccceeverrreeerereseennnn. 286
Figure A.1.46"H-NMR (400 MHz; CDC}) of CompoundL50............c.ccoveveveererrieneseeeeennns 287
Figure A.1.47FTIR (thin film/NaCl) Spectrum of Compourd0..............coeeiiiiiiiinnnninne 288
Figure A.1.48"*C-NMR (101 MHz, CDC4) of CompoundL50..............eceveveeereremerereenenne. 288
Figure A.1.49'"H-NMR (400 MHz; DMSQds) of CompoundLd2.............c.ccceveveeeerreennnnne, 289
Figure A.1.50FTIR (thin film/NaCl) of Compound42.............ccccoiiiiiiiiiiccee s 290
Figure A.1.51**C-NMR (101 MHz, CDC}) of Compoundld2..............coceeevevereeerererannne. 290
Figure A.1.52"H-NMR (300 MHz; CDC}) of Compoundl57..........c.cccveeeeerrrieresieeeeenns 291
Figure A.1.53FTIR (thin film/NaCl) Spectrum of Compoudd7..........cccceeeveeeiiiiiiiieennen. 292

XVili



Figure A.1.54"*C-NMR (101 MHz, CDC}) of CompoundL57...........cccoveveereersceeereaennns 292

Figure A.1.55'H-NMR (400 MHz; CDCY{) of CompoundL58.............uuuiiiiiieeeeeieeciiinnnn 293
Figure A.1.56FTIR (thin film/NaCl) of Compound58.............coooiiiiiiiiiiieeeen 294
Figure A.1.57"*C-NMR (101 MHz, CDC}) of CompoundL58.............ccocveeurevresveeeeeennns 294
Figure A.1.58'H-NMR (300 MHz; CDCY{) of CompoundL59..........cevveiiiiiiiieeeeececiinnn 295
Figure A.1.59FTIR (thin film/NaCl) of CompoundL59............coovviiiiiiiiiiieeeeiieienn 296
Figure A.1.60"H-NMR (400 MHz; CDC}) of CompoundLBO...............ccoevevrerrieenereeeennnns 297
Figure A.1.61FTIR of COMPOUNLEO..........cceeiiiiiiiiiiiiemee e e e e 298
Figure A.1.62"*C-NMR (101 MHz, CDC}) of CompoundLBO0................ccereerrimererrarenene. 298
Figure A.1.63'"H-NMR (300 MHz; CDC}) of COmMpPOUNdLBL..........c..ccccoveveveerererienresieeeenns 299
Figure A.1.64FTIR (thin film/NaCl) of CompoundBl............ccccoeeviiiiiiiiicceee s 300
Figure A.1.65"*C-NMR (101 MHz; CDC}) of CompoundLBl.............ccecevrvererrimrereenennne. 300
Figure A.1.66"H-NMR (400 MHz; CDC}) of COmMPOUNALB2............c.cooveveeeererrieresieeeenns 301
Figure A.1.67FTIR (thin film/NaCl) of Compound62..............ccooviiiiiiiiicccee s 302
Figure A.1.68"H-NMR (300 MHz; CDC}) of CompoundL73..........c.cccceveeeeerrrienesieeennnnns 303
Figure A.1.69"H-NMR (300 MHz; CDC}) of Compoundl74............c.ccoveeererrieneseeenennnns 304
Figure A.1.70"H-NMR (300 MHz; CDC}) of COmMPOUNAL75.........cooveveveeeeeererriemresieeeeennns 305
Figure A.1.71H-NMR (500 MHz; CDC}) of CompoundL76..............cceveeeerrrieeneseaeennnns 306
Figure A.1.72FTIR (thin film/NaCl) Spectrum of Compourdd6..............ooeeeiiiiiiinnnnnnnne 307
Figure A.1.73"*C-NMR (126 MHz, CDC4) of CompoundL76.............cceceueverrerinereresnannne. 307
Figure A.1.74™H-NMR (500 MHz; CDC}) of COmMPOUNALT7......c.cvovvieeieererereeeeseeeeeens 308
Figure A.1.75FTIR (thin film/NaCl) Spectrum of Compoudd7............coooviiiiiiiiiinnnnennne 309
Figure A.1.76*C-NMR (126 MHz, CDC}) of COMPOUNALT7........cveveveeeeeeeereeeesceeeeeeens 309

Xix



Figure A.1.77*H-NMR (500 MHz; CDCY4) of CompoundL79..........cuuvvuiiiinieeeeeeeeeiiinnn 310

Figure A.1.78FTIR (thin film/NaCl) Spectrum of Compourdd9.............cooeiiiiiiiiiiennnene 311
Figure A.1.79"*C-NMR (126 MHz, CDC}) of CompoundL79............ccceevrerierresceeeeeeennns 311
Figure A.1.80'"H-NMR (500 MHz; CDC}) of CompoundL80...........c.cceeueovreeeereesenenenns 312
Figure A.1.81FTIR (thin film/NaCl) Spetrum of Compound80................ccccciiiiirennnnnne 313
Figure A.1.82"*C-NMR (126 MHz, CDC}) of CompoundL80..............cocveeueevresceeereearrennes 313
Figure A.1.83'"H-NMR (500 MHz; CDC}) of CompoundL83.............ccceveverrerriemereeeeennns 314
Figure A.1.84FTIR (thin film/NaCl) Spetrum of Compound83...............cccoiiiiiiiiennnnnnne 315
Figure A.1.85"*C-NMR (126 MHz, CDC}) of CompoundL83..............ccceeveerrimerereenenenn. 315
Figure A.1.86"H-NMR (300 MHz; CDC}) of CompoundL89...............ceeverrerriemerieeeennns 316
Figure A.1.87'H-NMR (300 MHz; CDC}) of CompoundL90...............cceeverrerrierereeeeeenns 317
Figure A.1.88"H-NMR (300 MHz; CDC}) of CompoundL88.............cceeveueererrieneseneeennns 318
APPENDIX 2

Figure A.2.1*H NMR (300 MHz, CDGY) of COMPOUN@37.......ccvirrereeieeeseeeerenenenannn, 320
Figure A.2.2'H NMR (400 MHz, CDGY) of Compoun®38..........cccoevevevevrveereeenrenenenennn, 321
Figure A.2.3°C NMR (101 MHz, CDGJ) of Compounm38.............ccceevreeveriveeeresiernennnes 322
Figure A.2.4'H NMR (400 MHz, CDCY) of COMPOUN@44a..........c..c.coveeerrrienerineeennns 323
Figure A.2.5°C NMR (101 MHz, CDG)) of COmpoun®44a..............c.ccvveeevereeereresennn. 324
Figure A.2.6'H NMR (300 MHz, CDCY) of Compoun44b...............ccoeerererieeneraeennnes 325
Figure A.2.7*H NMR (300 MHz, CDCJ) of Compound44(2:1 a/b mixture).................... 326
Figure A.2.8'H NMR (400 MHz, CDGY) of COMPOUN@A45.........cccovvevereeeeeeeeeeererenenenn, 327
Figure A.2.9°C NMR (101 MHz, CDGJ) of COMPOUNM45............cceceereeerrerireeesesseeenenes 328
Figure A.2.10'H NMR (400 MHz, CDG}) of COMPOUNRAT........ccovoeeeeeeeeeeeeeeeeeeeeren 329

XX



Figure A.2.11**C NMR (101 MHz, CDG)) of COMPOUNMRAT .........cvcveeeeeeeeeeeeeeeceeeeeeens 330

Figure A.2.12'"H NMR (300 MHz, CDC}) of COmMPOUNM248.........ccooveveireeeeereereneenns 331
Figure A.2.13'H NMR (300 MHz, CDGY) of Compoun49...........cocceeeerreeereeeseeneenns 332
Figure A.2.14'H NMR (300 MHz, CDG}) of Compoun®50...........cccceeeerreeeereeseenenenns 333
Figure A.2.15'H NMR (300 MHz, CDC) of Compoun@®51..........ccovvvevvivvviniiimmmeeeeeeeenens 334
Figure A.2.16'"H NMR (300 MHz, CDG}) of COMPOUNM53.......ccovveeeeereeeeereeseneeees 335
Figure A.2.17FTIR (thin film/NaCl) of Compoun@53............ccceoiiiiiiiiiiiicce s 336
Figure A.2.18"H NMR (400 MHz, CDCJ) of COMPOUNM®54..........c..cccveveeeeeerrrienereeeeennnns 337
Figure A.2.19FTIR (thin film/NaCl) of COmpounm54............ccoeviiiiiiiiiiiicee e 338
Figure A.2.20"*C NMR (101 MHz, CDGCJ) of COMpPOoUN@54............cceeueeerrrinneseaeennn. 338
Figure A.2.21'H NMR (300 MHz, CDCJ) of COMPOUNMS56..........c.coeveveveeeererriemreriaeeeennes 339
Figure A.2.22FTIR (thin film/NaCl) of COMPOUN@56............cceeeviiiiiiiiiiiccee e 340
Figure A.2.23"H NMR (300 MHz, CDCJ) of COMPOUNMS57.........cccvvveeeeeeeerrrinrerineeennnns 341
Figure A.2.24™H NMR (300 MHz, CDCJ) of Compoun®59............c.ceevererrrrienerieenennnns 342
Figure A.2.25"H NMR (300 MHz, CDCJ) of Compoun®60...............cceeverrrreernereeeeennns 343
Figure A.2.26™H NMR (400 MHz, CDCJ) of COMPOUNM2B1L..........c.cvoveveeeeeererrcemeesieeeenns 344
Figure A.2.27FTIR (thin film/NaCl) of COmpoun@61............cceeeviiiiiiiiiiccee s 345
Figure A.2.28"%C NMR (101 MHz, CDGCJ) of COmpoun@6L...........ccceveueveeerrinrereseannne. 345
Figure A.2.29"H NMR (300 MHz, CDCJ) of COmMPOouNM®B2.............ccoeveeeerrrierereaeeennnns 346
Figure A.2.30™H NMR (300 MHz, CDCJ) of COMPOUN72........ocvoveveeeeeeeerrereeresieeeeeenns 347
Figure A.2.31™H NMR (300 MHz, CDCJ) of COMPOUNM@74..........c.cooveeeeeerreriereseeeeenes 348
Figure A.2.32'H NMR (300 MHz, CDCJ) of CompounB18.............ceeveuerrrriererieeannns 349
Figure A.2.33'H NMR (300 MHz, CDGY) of COMPOUNRT77.......voveeeeeeeeeeeeeeeeeeeeeeen 350

XXi



Figure A.2.34H NMR (300 MHz, CDC) of Compoun79.........ccovvveeeeiiiiiiiiiimmeeeeeeeeeens 351

Figure A.2.35'H NMR (400 MHz, CDC) of Compoun@®94...........coeeveeeevvvenninmmmeeeeeenieens 352
Figure A.2.36FTIR (thin film/NaCl) of Compoun@94.............ooovrriiiiiiiiiieeeeieeie 353
Figure A.2.37"*C NMR (101 MHz, CDG)) of COMPOounNm4............ccoveveeeerresceeeeeaenns 353
Figure A.2.38'"H NMR (400 MHz, CDGY) of Compoun96............c.cccevvevreeeereeereenennns 354
Figure A.2.39"*C NMR (101 MHz, CDG)) of COmpoun®96.............cccocveveeeeerercereeeeaennes 355
Figure A.2.40™H NMR (400 MHz, CDCJ) of COMPOUNM2I7........ocveveveeeeeeeeeerreeneesieeeeennns 356
Figure A.2.41**C NMR (101 MHz, CDGCJ) of Compoun@97...........ccccvueurerrerinnereanennn. 357
Figure A.2.42'"H NMR (400 MHz, CDCJ) of Compoun®98.............cceeverrrriemereeeeennnns 358
Figure A.2.43"%C NMR (101 MHz, CDGCJ) of Compoun98..............eceueveerrimerereanannn. 359
Figure A.2.44™H NMR (400 MHz, CDCJ) of Compound308............c.cceevererrerrieneseeneeennns 360
Figure A.2.45FTIR (thin film/NaCl) of Compoun@08............ccceevriiiiiiiiiicccee s 361
Figure A.2.46™*C NMR (101 MHz, CDGCJ) of Compound08..............eceveveeerieereresennn. 361
APPENDIX 3

Figure A.3.1'H NMR (300 MHz, CDGY) of COmpPOouN®B37.........cevvevereeieeeeeeerenenenannn, 363
Figure A.3.2'H NMR (400 MHz, CDGY) of Compoun38..........cccoevevevevrveeeeeenrrenenannn, 364
Figure A.3.3°C NMR (101 MHz, CDGJ) of Compound338............cccceuvveeererieeeerseeeeenenes 365
Figure A.3.4'H NMR (400 MHz, CDGY) of Compoun39..........cccoevevevrveeeeeieeerenenenennn, 366
Figure A.3.5'H NMR (300 MHz, CDGY) of COmpoun50...........ccocveveveveeeereeeenrenenennnn, 367
Figure A.3.6"H NMR (300 MHz, CDGY) of Compoun89..........cccoevevevevrveeeeieeererenenenn, 368
Figure A.3.7*H NMR (400 MHz, CDGJ) of Compound390............cccvevevevrvemeeeeenrerenennnn, 369
Figure A.3.8°C NMR (101 MHz, CDG)) of CompounB90.............cceeveeeveriieeereseeeeernnes 370
Figure A.3.9'H NMR (400 MHz, CDC{) of COMPOUNB52.........ccoveeeeeeeeeseeeeeeerereeeeens 371

XXii



Figure A.3.10'"H NMR (300 MHz, CDGY) of Compoun53..........cccooveveueevreeeeieeseneesens 372

Figure A.3.11H NMR (300 MHz, CDC) of Compoun5b4..........ccoeveeeeeivvniiiiimmmeeeeeeeeeens 373
Figure A.3.12H NMR (300 MHz, CDC) of Compoundb5..........covvvvvviiiiiiiiiiimmeeeeeeeinens 374
Figure A.3.13'H NMR (300 MHz, CDC) of Compoun56............coeveveevvrvnnnnmmeeeeeeeennns 375
Figure A.3.14'H NMR (300 MHz, CDCY) of COMpounB6............c.coceeevreeeereeerenennns 376
Figure A.3.15FTIR (thin film/NaCl) of Compoun@66.............cccoevriiiiiiiiiccceee e 377
Figure A.3.16"*C NMR (101 MHz, CDGCJ) of COMpPOUNMB6...............cceveveererrimerereanennnn. 377
Figure A.3.17'"H NMR (300 MHz, CDCJ) of COMPOUNMBB7..........c.coeveverereererrierereeeeeennns 378
Figure A.3.18"H NMR (300 MHz, CDCJ) of COmMPounB8..............cceveveererrierereeeeennnns 379
Figure A.3.19'H NMR (300 MHz, CDCJ) of CompounBB9...............ceeveererrierereeeeennns 380
Figure A.3.20"H NMR (400 MHz, CDCJ) of COmMPOUNB5............cccceveveveererrienreseeeeeennns 381
Figure A.3.21FTIR (thin film/NaCl) of Compouna365...........ccooeviiiiiiiiiiiiccee s 382
Figure A.3.22"3C NMR (101 MHz, CDGCJ) of COmpoundB5.............cceveveeereeerereanennnn. 382
Figure A.3.23'"H NMR (300 MHz, CDCJ) of COmMPOouNMB4...............ceeeeerrrierereaenennnns 383
Figure A.3.24™H NMR (400 MHz, CDCJ) of Compound370..........c.coeveueeeerrrrienesieeeennnns 384
Figure A.3.25"H NMR (400 MHz, CDCJ) of CompounB71..........c.ccoveveeeerrrienesieeeeenes 385
Figure A.3.26™"H NMR (400 MHz, CDCJ) of CompounB80..............ceveverrrrierereaeeennns 386
Figure A.3.27FTIR (thin film/NaCl) of Compoun@80............ccceevrriiiiiiiiiccee s 387
Figure A.3.28"%C NMR (101 MHz, CDGCJ) of CompounB80..............ceeveveererierereaenee. 387
Figure A.3.29"H NMR (300 MHz, CDCJ) of CompounB81............c.ceeveueerrriereraeeenns 388
Figure A.3.30"H NMR (300 MHz, CDCJ) of COompounB79...........cccveevereerrriererieenenns 389
Figure A.3.31™H NMR (400 MHz, CDCJ) of COmpound378..........cccveveveveueerrrieneseseeennns 390
Figure A.3.32FTIR (thin film/NaCl) of Compoun@78............cooovvrriiriiiiieeeeein 391

XXili



Figure A.3.33*C NMR (101 MHz, CDG)) of COMPOUNMB78........c..ccccveeeeeeieeeesceeeeeaens 391

Figure A.3.34H NMR (300 MHz, CDC) of Compoun82............coevevevvvrrninnmmmeeeeeeeeenns 392
APPENDIX 4

Figure A.4.1'H NMR (400 MHz, CDC) of Compound0B6............ccovvveveviviiiiimmmneeeeeeeeennns 394
Figure A.4.2FTIR (thin film/NaCl) of Compoun@06............ccceeeeeeiiiiiiiieeenieee e 395
Figure A.4.3'3C NMR (101 MHz, CDGJ) of Campound406.............cccveveereereeereseernnn. 395
Figure A.4.4'H NMR (400 MHz, CDGY) of COMPOUNGIOT........c.cvrrrerieeeeeeeeeenerenenenennn, 396
Figure A.4.5°C NMR (101 MHz, CDGJ) of COmpoun07............ccoceurveeererieeeereeeeeeenenes 397
Figure A.4.6'H NMR (400 MHz, CDGY) of Compoundi09...........cccoeveveveveveeereeenrenenenennn, 398
Figure A.4.7'H NMR (400 MHz, CDGY) of Compound13........ccccvvveveveeeeeeeeenrnenenennn, 399
Figure A.4.8°C NMR (101 MHz, CDGJ) of Compoun13............ceeveveerreriveeesesiereenenes 400
Figure A.4.9'"H NMR (400 MHz, CDGY) of COMPOUN@20...........covvvereeeeeeeeeenrnenenennn, 401
Figure A.4.10"*C NMR (101 MHz, CDGCJ) of Compoun@20............cccccveveveverrvreenennnenne 402
Figure A.4.11'"H NMR (400 MHz, CDCJ) of COmMPOouNt21..........c.coccoveeueerrrieresieeeennns 403
Figure A.4.12"%C NMR (101 MHz, CDGJ) of Compound21........c.cccccvevevevivreeeennennnn. . 404
Figure A.4.13'"H NMR (400 MHz, CDCJ) of COMPOUNMI22..........c.cooveveeeeeerrreeeerineeennnns 405
Figure A.4.14™C NMR (101 MHz, CDGJ) of Compound422..........cccccveveveveereeeenennnnn . 406
Figure A.4.15"H NMR (400 MHz, CDCJ) of COmMPOUNM23..........c..cccveveeeueerrrieneseeeeennnns 407
Figure A.4.16™%C NMR (101 MHz, CDGJ) of Compoun23..........cccccvevevevrvreieenennnnn. 408
Figure A.4.17"H NMR (400 MHz, CDCJ) of COmMPOUNM24..........c.cvoveeeeeeeerrrieresieeeeeenes 409
Figure A.4.18"C NMR (101 MHz, CDGJ) of Compound24............cccccveveveereeeenenenennnn . 410
Figure A.4.19"H NMR (400 MHz, CDCJ) of COMPOUNMI27 .........cvoveveeeeeeerrereeresieeeeenes 411
Figure A.4.20'"H NMR (400 MHz, CDG}) of COMPOUNMB2........ccovoeeeeeereeeeereeseeeeerees 412

XXiv



Figure A.4.21FTIR (thin film/NaCl) of COmMpoUuNOA32.........coooviiiiiiiiiiiiiiicee e 413

Figure A.4.22"%C NMR (101 MHz, CDG)) of Compoun#32...........ccccveeeeveerrcenerann. 413
Figure A.4.23'H NMR (400 MHz, DMSQds) of Compouni33.......ccooeeeeeiiiieiieeeiiieeee e 414
Figure A.4.24FTIR (KBr pellet) of Canpound433...........cccoovvieeiiiiiiiiccceeeeeeennnn 415
Figure A.4.25"C NMR (101 MHz, DMSQds) of Compoun33..........covvveveereveeeeeearnnns 415
Figure A.4.26'"H NMR (400 MHz, CDC) of Compoun34..........coovveeeeevviiiiiiimmeeeeeeeenens 416
Figure A.4.27*3C NMR (101 MHz, CDGJ) of COMPOUNM34..........ccoveveeeeeererrienesinenenens A17
Figure A.4.28"H NMR (400 MHz, CDCJ) of COmMPOUNM35..........c.cccvevevereererrienresieeeeennns 418
Figure A.4.29"%C NMR (101 MHz, CDGJ) of Compound35...........cccccveveveveveeeeenenenenenn 419
Figure A.4.30"H NMR (400 MHz, CDCJ) of COMPOUNMA36..........ooveveveeeeerrereriemrerieeeeennns 420
Figure A.4.31*%C NMR (101 MHz, CDGJ) of Compoun36.............ccceveveveveeeeenenenennn 421
Figure A.4.32'H NMR (400 MHz, CDCJ) of COMPOUNMI37......c.ocvoviveeeeeeeeeerrceeesineeennes 422
Figure A.4.33"%C NMR (101 MHz, CDGJ) of COMpounN®37.........cccccvevevevevevseeeennnennn 423
Figure A.4.34™H NMR (400 MHz, CDCJ) of COmMpPOoUNM38..........c.ccoveveveueerrrieresiseeennnns 424
Figure A.4.35"%C NMR (101 MHz, CDGJ) of Compound38............cccccvevevrvreeeenennennnn . 425
Figure A.4.36™H NMR (400 MHz, CDCJ) of COmMPOUNM4L..........c.cooveveveeeerrrienerieeeenns 426
Figure A.4.37"%C NMR (101 MHz, CDGCJ) of Compoun4l...........ccocevevevevevrereennnnen 427
Figure A.4.38"H NMR (400 MHz, CDCJ) of COMPOUNMIA2..........c.cooveveeeeeerererieeeseeeeeens 428
Figure A.4.39"%C NMR (101 MHz, CDGCJ) of COMpoun@42...........c.cccceveveveereeeenenenennnn 429
Figure A.4.40™H NMR (300 MHz, CDCJ) of COmMPount43............c.coveerrerieenessannnns 430
Figure A.4.41™H NMR (400 MHz, CDCJ) of COMPOUN44..........c.cooveeeeeeeerrreeneseeeenenes 431
Figure A.4.42FTIR (thin film/NaCl) of Compound44............cccccoiiiiiiiiiiccee s 432
Figure A.4.43*C NMR (101 MHz, CDG)) of Compoun44............cccooeeeeeerrceersnnnn 432

XXV



Figure A.4.44"H NMR (400 MHz, CDC) of Compoun445..........oooveeviiiiiiiiiimmeeeeeeeieens 433

Figure A.4.45"C NMR (101 MHz, CDG)) of Compoundi45............cccoveevevricenernannnn.. 434
Figure A.4.46'"H NMR (400 MHz, CDC) of Compound46............ooveeeevevvinninmmeeeeeenenens 435
Figure A.4.47"*C NMR (101 MHz, CDG) of Compound46............c.cccocvevevrrvenereennnn.. 436
Figure A.4.48'H NMR (400 MHz, CDC) of COMpPoUN47......ccoeeeeeeeeeeeiiiiiimmme e 437
Figure A.4.49**C NMR (101 MHz, CDG) of Compoun47...........ccccveeeeveericenerannnn.. 438
Figure A.4.50"H NMR (300 MHz, CDCJ) of COMPOUNMI48..........c.cooveveveeeerrrceeesieeennnes 439

XXVi



LIST OF SCHEMES

CHAPTER 1
Scheme 1.Proposed AHBA Biosynthetic Pathway..............cooviiiiiiieemiiiiiiiiiiiiieeeeeeeee 10
Scheme 1.2Proposed Biosynthesis of Tetrapetalones............cccooeeviiieeeiiii e 12

Schemel.3?or cod6s Retrosynthetic Ana.l.ys..s...0i4

Scheme 1.4ynthesis of Ailine and Carboxylic Acid Coupling Partners.............ccceeveeee.. 15
Scheme 1.Ring Closing Metathesis Approach to Macrolactam..................ccvieeeivvinennnee. 16
Scheme 1.8Macrolactam Revised Retrosynthetic AnalySiS..........ccoovvviiiiiccce s 17
Scheme 1.5ynthesis of Macrolactam............ccuuiiiiiiiiieee e 18
Scheme 1.8ttempted Biomimetic Oxidative Transannular [4+3] Cyclization.................. 19
Scheme 1.€onstruction of the-Benzazepine vi&l-Acyliminium lon Cyclization............... 20
Scheme 1.1@pekamp CyYClZALION.........cccciiiiiiiiiie e 21
Scheme 1.1Friedel CraftS ACYIAtioN..........cccooiiiiiiiiiiiieeee e 21
Schemel.12Sar pongd6s Retrosynthet..c...An.a.l.y.s.i.s22
Scheme 1.13ndanone Synthesis via Nazarov Cyclization.................cevevvieeeiiiieiieeeeeeeenenn. 24
Scheme 1.14\n Oxidative Cyclization and Reductive Alkylation of Pyrrale.................... 25
Scheme 1.1%onstrudion of Tetramic ACIA MOIELY..........cociuiiiiiiiiiiieeeii e 26
CHAPTER 2

Scheme 2.FirstGeneration Retrosynthetic Analysis of Tetrapetalone.A..............ccc..... 29
Scheme 2.Retrosynthetic Analysis of pa@uinol Coupling Partner.................ccccvvvvieennns 30
Scheme 2. AllYlIC ESter SYNTNESIS. .....uuiiiiiiiiiiiiiee e 31
Scheme 2.D a u b 6 s -Claise@a Remmadgement of df{Allylic ESter..........cccccccvveennn.n. 32
Scheme 2.%Attempted IrelandClaisen Rearrangement............ccoovvvvevivieeee e e eeeeeeeeiiiinens 33

XXVil

Tetra

of

Tet



Scheme2.®@a ub 6 s -QlaasBNMREEDIFANGEMENT.......covviiiiiiiieiiiiieeeeeee e 33

Scheme 2.70o0hnsorClaisen rearrangement..........ccuuuureiririimeeiiiirrnrr e eeeeee e eeees 34
Scheme 2.&tereochemical Model for JohnsQtaisen rearrangement..............ccceevvvvvvenn. 35
Scheme 2.Retrosynthetic Analysis of an Indanone Coupling Partner..............ccccooeeeeee. 36
Scheme 2. 1QIlylic Alcohol SYNthesIS. ... ..o 37
Scheme 2.1TohnsorClaisen RearrangemMeNL..............uuuuuirriiimmeiiinrnrieeeeeeeeeeeeeeeeeeeseeeeees 37
Scheme 2.12reland Claisen Rearrangement...........oooouviiiiiiiiccceeee e 38
Scheme 2.1 ol | umdés Li HNasen Réardngeamerd.d.................cooeceee. 39
Scheme 2.14.ithium Enolate Variant of Claisen Rearrangement.........cccccccoevevieeennennnenn. 39
Scheme 2.1Rttempted Lewis acid Mediated Methyl Ether Cleavage.................cccvueeennns 40
Scheme 2.1&\ttempted Nucleophilic Methyl Ether Cleavage.............cccccvvvviieemniciiinnnnne. 40
Scheme 2.1Phenolic Oxidation Precsor via an Orthogonal Protection Strategy............. 41
Scheme 2.18ypervalent lodine Mediated Oxidation jphra-Alkoxyphenols....................... 42
Scheme 2.1% actonization via Phenolic OXidatiQn..............cceeiiiiiiieemiiiieeeeeeeeeee e 43
Scheme 2.2@Bynthesis of a Spiro Lactol via Phenolic Oxidation..............ccccccevvveeenee.... 44
Scheme 2.2Intramolecular Stetter Reaction of an Alicyclic Substrate................ccooeeeee. 45
Scheme 2.22ntramolecula Stetter Reaction Applied to a Spiro Lactol Substrate............. 46
Scheme 2.2Attempted Stetter REACHQAN............uuuiiiiii e errer e e e e 47
Scheme 2.24llylic AlcONOl SYNTNESIS......coooiiiiiii e 48
Scheme 2.2%ynthesis of Desmethyl Spiro Lactal...............uuvviiiiieemiiiiiiiiiiiiiiiiceee e 49
Scheme 2.2@roposexy-Cope Rearrangement.........ceeeeeeeieeiiieeesisee e e e eeeeeeeeeeeeeeesnnnee e 49
Scheme 2.2 BecondGeneration Retrosynthetic Analysis of Tetrapetalone A.................. 50
Scheme 2.2&ynthesiof Aryl Bromide Coupling Partner...........ccccceeeeieiiisceceeiiiiceeee e 51

XXVili



CHAPTER 3

Scheme 3.1SecondGeneration Retrosynthetic Analysis of Tetrapetalone. A................... 96
Scheme 3.2N-Phthalalkylamine Acid Chloride ROULE...............uuuiiiiiiiieeeiiiiiiiieieeeceeeeee 99
Scheme 3.3Hippuric and Aceturic ACId DeriVatIVES..........cooiiiiiiiiiiiiieeeeeeeeee e 99
Scheme 3.Dieckmann Cyclization Method for Tetramic Acid Synthesis....................... 100
Scheme 3.Retrosynthetic Analysis of Tetramic Acid Coupling Partner........................ 101
Scheme 3.6 e e b @aAAKYIABON Of SErNE.......cooiiiiii e 102

Scheme 3. Col ombods Modi f iacAkylatiom of Serine...lL..mp.r..a.v..el83

Scheme 3.&nantioselective Synthesis afVinyl, a-Alkyl Quaternarya-Amino Acids....... 103

Scheme 3. o r eNyBéreylserine Derived OXazolidine...........ccccceeveeiiiiicceciiiciieee e 104
Scheme 3.1®ynthesis of-Vinyl, a-Alkyl QuaternaryN-Benzyla-Amino Ester................ 105
Scheme 3.1Dieckmann CyClIZAtiON. ...........ueiiiiiiiiiii e 106
Scheme 3.1D-Alkylation and Benzyl Amide Cleavage.............eeeevviiiiiiieeeiiiiiiiiiiiaeeeeen 107
Scheme 3.1%ynthesis o&-Vinyl, a-Ethyl, a-Amino ESter............ccceevvvviiiiiiiceee e 108
Scheme 3.1Dieckmann CyCliZation..........cccoeeeeiiiiiiiiieeee e 109
Scheme 3.1%®-Alkylation andN-para-Methoxybenzyl Amide Cleavage.............ccccce...... 109
Scheme 3.1®iamine Ligands in Copper Catalyzed Amidation of Aryl Halides.............. 110
Scheme 3.1Topper Catalyzed Aryl AMIidation............ccooviviiiiiicceeie e 111
Scheme 3.1&ryl Amidation BasSe SCIrEEML...........oiiiiiiiiiic i ceeeie e a e 112
Scheme 3.1%toichiometric Aryl Amidation with Tetramic Acid Coupling Partner.......... 112
Scheme 3.2Rmidation of an Electron Rich Aryl Bromide.............cccooviiiiiieeeniieeiiiiene, 113
Scheme 3.2Attempted Amidation obrtho-Bromotoluene...............coooviiiiiiie e, 113
Scheme 3.222ryl Amidations withOrtho-Substituted Aryl Bromide Substrates............... 114

XXX



Scheme 3.23hird Generation Retrosynthetic ANalysis..............uevviiiiiiieeciiiiiiiiiiieiceeeeeen 115
Scheme 3.24€rossCoupling Reaction obrtho-Substituted Aryl Bromide and Allylamine 118

Scheme 3.2%rossCoupling Reaction of a Simplified Aryl Bromide and Allylamine....... 118

Scheme 3.2@&.ithium Enolate Claisen Rearrangement..............uuveeeevieemiuvveiinneeeiieeeeeeeens 119
Scheme 3.27i)-Cyanthiwigin F Ring Closing Metathesis...........cccccoiiiiiiiccc 120
Scheme 3.2&roposed Mechanisms for RCM and Double Bond Isomerization............. 123
CHAPTER 4

Scheme 4.Fourth-Generation Retrosynthetic Analysis............ccoccciiiviimmmnnnnneeeieee 160

Scheme 4.Zonformational Control Employddr Construction of MediurSized Rings....164

Scheme 4.DieNe SYNTNESIS......coooi it e e e e e e e eeeeees 165
Scheme 4.DCC Mediated ESterifiCatiOn...........cooeiiiiiiiiiiicccee e 166
Scheme 4.%Attempted Cyclization by Ring Closing Metathesis...............cccccciveeeens 166
Scheme 4.@Relay Ring Closing Metthesis to afford Tetrasubstituted Olefin................... 167
Scheme 4.Relay Ring Closing Metathesis to Afford a Tetrasubstituted Qlefin............. 168
Scheme 4.8 actone Retrosynthetic ANAlYSIS.........oovviiiiiiiiiiiiccc e 169
Scheme 4.9nstallation of Tether at 1;Disubstituted Olah Site..............cccoeiiiiiieennnees 170

Scheme 4.1®Proposed Mechanism for Formation of Lactone and Diene Side Praduct.172

Scheme 4.1Ether Linked Triene Retrosynthetic ANalySIS............uueeiiiiiiiieeciiiiiiiiiiiiieenn 173
Scheme 4.135ynthesis of Triene with an Ether Backbane..............cc.oovvveeeeiiiiiiiiieiiinnnns 174
Scheme 4.13acrocyclization by Ring @sing Metathesis..............ooooviiiiieeen s 175

Scheme 4.1#roposed Mechanism for Formation of Cyclic Ether, Diene and Macrocyd&6
Scheme 4.1Retrosynthetic AnalysisTether Attached to Tetramic Acid Moiety.............. 177

Scheme 4.1&®ynthesis of Triene with Tedh Attached to Tetramic Acid Moiety................ 178

XXX



Scheme 4.1Attempted Relay Ring Closing Metathesis.............eevviiiiiiieeciiiiiiiieeccceeeeen 179

Scheme 4.1®roposed Mechanism for Formation of Cyclic Ether and Diene................ 180
CHAPTER 5

Scheme 5.Fifth-Generation Retrosynthetic ANalySiS...........ccviiiiiiiiiiceciiiiiieee e 207
Scheme 5.Retrosynthetic Analysis of Indanol Coupling Partner................ccccceeeneinnnns 208
Scheme 5.5ynthesis of a Cyclization PreCUrSOr.... ... i eeeen 209
Scheme 5.£roposed Cationic CYCHZAtIQN...........uueeiiiiiiiiiieeeiiieieeeeeeee e 209
Scheme 5.5Acid Mediated CYClIZAtION..........ccovviiiiiiiiii e 210
Scheme 5.@°roposed Mechanism for Naphthalene Fdroma...............cceevvveiiiieecciiiinnnnnee. 210
Scheme 5.Revised Retrosynthetic Analysis of Indanol Coupling Partner..................... 211
Scheme 5.8ynthesis of Cyclization PreCUrSOL...........viiiiiiiiiiiiieeeeeeeeeeeee e 212
Scheme 5.®roposed Mechanism for Lewis Acid Facilitated Cyclizatian....................... 213
Scheme 5.1Qewis Acid Facilitated CyclizatiOn.................uuviiiemimmeiiiiiiiiiiieeeeeeeee e 214
Scheme 5.1Proposed Intramolecular Tsdjrost Allylic Alkylation.............ccooovviiiiiceen. 215
Scheme 5.12ntramoleculaimsuji-Trost Allylic AIKYlation............ccccoviiiiiiiiiccc 216
Scheme 5.1%ynthesis of Highly Functionalized Cyclization Precursat..............c.......... 217
Scheme 5.14dCatalyzed Reaction of Ketone with Reversible Base...............cccvvveeee. 220
Scheme 5.1 d-Catalyzed Aryl AMINALION............ooiiiiiiiiiiiirrer e 221

XXXI



Chapter 1

Tetrapetalones:Introduction and Background

1.11solation of the Tetrapetalones and Ansaetherone

In 2003, as part of an ongoing effort to discover novel lipoxygenase inhibitors, Hirota and
coworkers screened seve&treptomycestrains using a soybean lipoxygenase inhibitory assay
and identified tetrapetalone A1lj (Figure 1.) from the culturefiltr ate of Streptomycesp.
USF4727, aStreptomycestrain isolated from a soil sample taken from Yada, Shizuoka City,
Japan? In a subsequent report, Hirota and coworkers reported the isolation of three additional
congermrs that also possess lipoxygenase inhibitory properties from the cfilttate of the
sameStreptomycesStructurally these latter compounds were determined to be oxidized variants
of 1 and were aptly named tetrapetalone2 {etrapetalone C3j, and tetrapetalone )3

In 2008, the Hirota group reported efforts wherein a-diphenyt2-picrylhydrazyl
(DPPH) radical scavenging assay was employed to screen the culture b&dtbppdmycesp.
USF4727. These studies resultedhie isolationof ansaetheron), a radical scavenger that is

structurally akin to the previously isolated tetrapetalohes.



ansaetherone (5)

Figure 1.1 TetrapetaloneSeriesand Ansaetherone
1.2 Tetrapetalone A Structure Elucidation

The molecular structure of tetrapetalonelAWas initially reported and then revised in a
series of two papers which both appeared in 2608 the initial report the structure of
tetrapetalone A1) was assigned as illustrated lag Figure 1.2on the basis of spectroscopic
studies which includedtHRFAB mass spectrometry, IR spectroscofty, °C NMR, DEPT,
'H-'H CcOSY, HMQC *H-*C HMBC and 2DINADEQUATE data*®

Subsequent efforts to confirm the position and substitution pattern of the nitrogen atom
led to a'H-"N HMBC study of the longange coupling patterns. The latter revealed the
presence of an amide nitrogen (due to its chemical) shiftich pssessed lorgange couplings
to both 13H and 17H. This resultwas clearlynot consistent with the originallyssigned

structure (i.e.]) and led Hirota to propose the actual structure of tetrapetalone A to be that



depicted adl, wherein the posons of the amide nitrogen and C(14) oxygen are interchanged

(c.f., I andll in Figure 1.2.

(Y: 14115\ HMBC

Figure 1.2 Structural Revisionof TetrapetaloneA

The stereochemistry of tetrapetalone B (vasassignedn a pieceby-piece basisThe
relative stereochemistry of themn2ethyltetrahydropyran unit was initially assigned based on a
comparison of'H NMR derived chemical shift and coupling constant data to that for
b-D-rhodinose(7) and further supported BNOESY corr el at i eHnasd5dlbser v e
The absolute stereochemistry of this ring was determined by a modified Mosher analysis which
revealed the absolute stereochemistry-dt& tRo b e

The relative stereochemistry of the tetracyclic core was assigned based upon
spectroscopic studies dhe O-methylated derivatived (Figure 1.3) Specifically, thesyn
relationship of the C(#H, C(9}H and ethyl group residing at C(4) as well as thesy3
relationship of the C(9H and C(15)OH were all assigned based on NOE correlations derived
from a NOESY spectrumThe absolute stereochemistry was assigned as illustrated baseal upon
modified Mosheranalysis, with indicated the absolute séechemistry at € to be of the

S-configuration



6 tetrapetalone A (1)

HO  Me
b-D-rhodinose (7)

Figure 1.3 StereochemicalAssignmentof Tetrapetalone A
1.3Biological Activity

Tetrapetalone Al) demonstrated inhibitionf soybean lipoxygenase (SBL) comparable
to the wellknown human lipoxygenase and cyclooxygenase inhibitors nordihydroguaiareic acid
(NDGA) (8) and kojic acid9) (Table 1.1 and Figure 1.4). Inéstingly, tetrapetaloneBi D (2-4)
also demonstrated SBL iitfition;> however, methylation of tetrapetalone A resulted in a
compound (i.e.10) thatdemonstratedery little SBL inhibitory activity? Given thatNDGA (8)
inhibits both human lipoxygenase and cyclooxygenase, there is a possibility that the
tetrapetalonegl-4) may also display inhibitory activity against these latter enzymes.

O O

Me O oH HO I

OH
NDGA (8) kojic acid (9)

Figure 1.4 Known Lipoxygenase Inhibitors



Table 1.1 Inhibitory Activities againstSoybean Lipoxygenase

compound I1Csq (MV1)
tetrapetalone A (1) 190
tetrapetalone B (2) 320
tetrapetalone C (3) 360 (e}
tetrapetalone D (4) 340 @/O’_
NDGA (8) 110 HO
kojic acid (9) 290
tetrapetalone A-Me (10) >1000

Human lipoxygenas€HLO) and cyclooxygenaséCOX) mediate the metabolism of
arachidonic aciq11), a key precursor to a large family lmdrmoneghat are generally classified
as eicosanoids and include the prostaglandins, thromboxanes, prostacyclins and leukotrienes
(Figure 1.58 The resulting leukotrienes, lipoxins, and prostaglandins are important signaling
molecules that are shdived and displaytheir effects on cells in proximity to their point of
biosynthetic aigin. Nevetheless tlese compounds have been identified as important to the
modulationof many biological processes involved in human diseases, including: inflammation,
bronchospasm, regation of blood pressure, congestion, ion transport across membranes, and
synaptic transmissioft Thus, searching for potent inhibitors of these oxygenases continues to
be a significant topic in medicinal chemistry.

Cyclooxygenase (COX) has become a onajtarget for the development of
antrinflammatory drug$. Aspirin (12, a common antinflammatory, antipyretic,
antirthrombotic analgesic, has been used for centuries and only in recent years has been shown to
irreversibly inhibit cyclooxygenase by acylating a serine residue within the active site. The
antirthrombotic activityof Aspirin (12) is a manifestation of the inhibition of thromboxane

biosynthesis.



The leukotriene pathway has also become an important target for drug distovery.
Overproduction of leukotrienes causes asthmatic attacks, and thus inhibiting the production of

these signaling molecules is one target of antiasthmatic drugs sBobdassonel(3).

HO
o)
Me
Me
_— — CO,H O
HO (e]

H

Me
— N\ — NDGA (8)
CO,H arachidonic acid (11) (¢}
OCOMe \ |cyclooxygenase lipoxygenase [ OH
HO
Asprin (12) ©

prostaglandins leukotrienes kojic acid (9)

L

thromboxanes prostacyclins

\ Prednisone (13)

Figure 1.5 General Ar chidonic Acid Pathwayand Known Inhibitors

In contrast to HLO, the role of SBL is to catalyze the oxidation of certain unsaturated
fatty acids possessingcis,cis-1,4-pentadiene moiet{yHowever, there is homology in the amino
acid sequence of the active sites in SBL and hurAlgpogygenase (8.0). Although the ideal
substrate for SBL is linoleic acid, arachidonic aid) can also serve as a substrate and
undergos a reaction analogous to-lifoxygenase activity.In addition the wetknown human
lipoxygenase/cyclaoygenase inhibitor NDGAS8), a natural product, also has been shéavbe
a potent inhibitor of SBLClearly, given that human and soybean lipoxygenases act on several
common substrates, the search for possible inhibitors of these enzymes can be guided by studies

on the more abundant and economical enzyme, SBL.



1.4Biosynthesis
1.4.1 AHBA-Derived Natural Products

3-Amino-5-hydroxybenzoic acid (AHBAYerived natural products are a sizeable group
of secondary metabolites produced by microorganfsittsey fall, so far, into three structural
classes; the greatajority represents the family of ansamycins, in which AHBA has served as a
starter for a polyketide assembly ultimately resulting in a macrocyclic lactam (Figure 1.6). The
ansamycin class can be further segregated based on the incorporation of the AHB®ouni
naphthalenic ¥4i19) and benzenic 20i 25) ansamycins. The tetrapetalone%i4) and
ansaetherone5) fall into the benzenic ansamycin structural class. A second class is the
mitomycins(26), in which AHBA has been combined with an aminosugar magegive unique
tricyclic structures. A third class can be classified as degraded ansart®@inkn most of the
compounds derived from AHBA this starter unit eventually serves as a precursor to a structural
fimetaC;NO uni t ¢ o mynembsreddadoycle, aaomatic (naphthalenic/benzenic) or
quinoid, functionalized with a carbon and a nitrogen in a meta arrangement (Highlighted in Bold,

Figure 1.6).



naphthalenic ansamycins
Me Me Me
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Me

OCOMe " OH
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napthomycin A (16)
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Me Me
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0 —OCONH,
R\ OMe
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saliniketal A (27)  NHz
mitomycin C (26)

Figure 1.6 Representative AHBA-Derived Natural Products



Prior to its incorporation into the polyketide biosynthetic machinery, AHBA is
biosynthesized by a unique amisbikimate biosynthetic pathway, illustrated in Scheme®{.1.
In three reactionparalleling the normal shikimate pathway, the imine of erythrgseo$pate84
is converted into Bleoxy5-aminadehydroshikimic acid7, which is then aromatized to AHBA
by the pyriodoxal phosphatnzyme, AHBA synthase. The origin of the imB#was taced to
the biosynthesis of kanosamir&l), which then undergoes phosphorylation, isomerization and
cleavage by transketolase.

Rifamycins were the first group of ansamycins isolated from a microorg&nésm,
accordingly genes responsible for AHBA biosynthesis were first identified as part of the
rifamycin biosynthetic gene cluster. Most of the products encoded by these genes are consistent
with the proposed AHBA biosynthetic pathway, such asna®AHP synthase (RifH),
aminoDHQ synthase (RifG), aminoDHQ dehydratase (RifJ), AHBA synthatase (RifK) and those
putatively responsible for the early steps in the biosynthesis of iBifje including
oxidoreductase (RifL) and kinase (RifN) (Scheme 1ARKBA synthase catalyzes both the
reductive aminatiof 29 to 30 at the early stage of the pathway and the fieddydrationof 37

to AHBA (39).



OH OH OH
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HO NH,
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Schemel.1 Proposed AHBA Biosynthetic Pathway
1.4.2 TetrapetaloneBiosynthesis

Biosynthesis of the tetrapetalonesi 4) has, so far, only been studied by feeding
experiments with isotopkabeled precursofs® The feeding experiments indieak that the
ansamacrocyclic aglycon of the tetrapetalones is assembled on a polyketide synthase (PKS)
using AHBA 38) as the starter unit, followed by incorporation of three propiordeand one
butyrate 40) extender units (Scheme 1.2). The deoxysugaiety is derived from glucosél).
The acetoxy groups of tetrapetalone2Band D @) are derived from acetate.

Due to the similar structural features of ansaether&g it is proposed to be an

intermediate compound in the tetrapetalone biosyntii®siseme 1.2§.The presence & in the

1C



biosynthetic pathway, suggests that the tetracyclic aglycon of the tetrapetalones is formed after
conjunction with the sugar moiety. First, AHBA is synthesized (Scheme 1.Brapldyed as a
starter unit for constructing an ansa bridge containing intermediate. Second, a sugar moiety
derived from a glucose unitt)) is attached to the ansa bridgentaining fragment to provide
precursor42. Precursord?2 is subjected to structurahodifications to afford ansaetherorns,(

from which tetrapetalone Al) is derived. Oxidatiomf 1 at G17 to introduce a hydroxyl group

and subsequent acetoxylation affords tetrapetalong)BTgtrapetalone Al) and B @) are
oxidized to tetrapetaloseC @) and D @), respectively. This oxidation was supported by
experimental evidence; exposure of tetrapetalonel Ar{d B @) to aqueous hydrogen peroxide

yielded the oxidized tetrapetalones3} &nd D 4), respectively.

11
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Schemel.2 Proposed Biosynthesis of Tetrapetalones
1.5Previous Synthetic Approaches Towards the Tetrapetalones

151 Porcobs Approach to the Tetrapetal ones

12



Porco and colleagues at Boston University became interestedtetrdygetalones due to
the unique structural features of the tetracyclic core and their similarity to the ansamycin
antibiotics’* Based onthe proposed biosynthesis of the tetrapetalones whiciolvies
macrocyclic lactam formation followed by oxidation of the aromatic core, Porco and coworkers
envisioned a corresponding synthetiattgy wherein the tetracyclic core of the tetrapetalones
(11 4) would derive from an oxidative transannular [4+3] l@ation process. In the event,
oxidation of hydroquinond5 was expected to provide the aretexived oxonium iord4 that
would engage the diene fragment and promote subsequent reaction with the amide nitrogen to
furnish the tetracyclic skeleton of theregpetalones4d). Hydroquinone45 seen as &ing from
a ring closing metathesis (RCM) reaction of acyclic substdgewhich would, in turnderive

from condensation of aniling7 andcarboxylicacid48.

13
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SN

—

Ring-Closing
Metathesis

OMe

Schemel3Por cob6s Retrosynthetic Analysis of Tetra
Porco initiated his synthesis with an asymmetric crotylation of alde9desing the

chiral ciscrotylboronate derived frora-diisopropyltartrate §0) to afford chird alcohol51 as a

single diastereomer in quantitative yi€licheme 1.4). Silylation followed by reduction of the

nitro group afforded the desired anilid@éin 62% yield over two step§ynthesiof the requisite

diene acid48 commenced with an Evansynaldol condensation of diend&2 with chiral

oxazolidinoneb3to affordchiral alcohol54 as a single diastereomer. Methoxy methyl protection

of the alcohol and hydrolysis of the chiral auxilary affordadboxylicacid48in 85% yield over

three steps.

14
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o
52 54 (85% yield, three steps) 48

Schemel.4 Synthesis of Aniline and Carboxylic Acid Coupling Partners

Coupling of fragmentd7 and48 was achieved via the intermediacy of an acid chloride
and provided triend6 without epimerization (Scimee 1.5). However, treatment of acyclic triene
46 with the Grubbs secongenerationcatalyst(56) did not produce the desired macrocyclic
diene 55. '"H NMR spectroscopic analysis of the crude reaction mixture revealed that the
ruthenium catalyst had reactedth the monosubstituted olefin, with no evidence of metathesis
of the 1,1disubstituted olefin. Porco and coworkers propose that this particular reaction, which
attempts to incorporate a rather unreactivedisiibstituted olefinnto a ringclosingmetahesis
event that would furnish a strain@dchetab r i d gnacrogydes5, was beyond the scope of the

robust RCMreaction.

15



i. (COClI),, cat. DMF
CH,Cl,, 0- 25°C

| ii. EtaN
~OMOM
Et X
HO,C™ "Me
OMe
OMe
a7 48 (82% yield) 46
MesN NMes
Grubbs Il cl
HL> RU\\\:\
7 1 ph
Cl" PCy,
Grubbs II (56)

MeO

Schemel.5 Ring Closing Metathesis Approach to Macrolactam

The failure of the RCM td5 led Porco and coworkers to next target what they believed
woul d be a |l ess strained aorthib-b rsiychg ehcet maatl bl a
intermediate (i.e57). Subsequent intramolecular acyl transfer was envisioggivang rise to
the ring-expandedmacrolactam45 (Scheme 1.6). Lacton®7 would be prepared via selective
reduction of the nitro group d#8, which would be obtained from a ring closingetathesis

reaction applied to the coupling product derived fronopttienol59 and acid chlorid€0.

16
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Schemel.6 Macrolactam Revised Retrosynthetic Analysis

The revised synthesis began with nitration of phé&iolollowed by silylation to afford
bis-silylether62in 70% yield, over two steps (Scheme 1.7). Asymmetric crotylation of aldehyde
62 usingcis-crotylboronateb0 providedchiral alcohol63 as a single diastereomer in quantitative
yield. Deprotonation of the secondary alcohob8fgenerated the sodium pheibx specie$4
in situ through intramolecular transfer of a silyl group. Subsequent addition of acid cl@@ride
(EtsN and DMAP) resulted in acylation &4 to afford ester65. Exposure of65 to Grubbs
secondgeneration catalyst resulted in RCM macrocwtian to afford the cyclidiene, which
upon exposure taetrabutylammonium fluoride (TBAFunderwent selective desilylation to
furnish nitrophenob8. Chemoselective reduction of the nitro groupbBiwas achieved when
Pd/CaCQ was employed as the catalys a cosolvent of triethylamine. Filtration of the reaction
mixture through silica gel followed by elution with ethyl acetate induced the desired acyl

migration to yield macrolactadb.

17
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Schemel.7 Synthesis of Macrolactam

With macrolactand5 in hand, Porco and coworkers next investigated their key step,
biomimetic transannular oxidative [4+3] cyclization. It was hypothesized that exposure of
hydroquinoned5 to the hypervalent iodine reagefdjacetoxyiodo)benzene, would result in an
arenederived oxonium ion that could be trapped by the diene fragment, which subsequently
could react with the amide nitrogen atom to form the tetracyclic skeleton (Scheme 1.3). Upon
first inspection of the oxided product it was believed that this was indeed the case and Porco
published what he believed was an approach to the core ring systemever, a year later,
after further spectral analysis,vitas realized that the oxidized product was not the tetracyclic
skeleton66 but instead was quinor&, the oxidized equivalent of the hydroquinate(Scheme

1.8)1?
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CH,Cl,, 0°C

45 66 67
Not Observed (42% yield, two steps)

Schemel.8 Attempted Biomimetic Oxidative Transannular [4+3] Cyclization
15 2 Hongods Ap etrapetalones t o t he T

Hong and colleagues at the Shanghai Institute of Organic Chemistry became interested in
the tetrapetalones and also sought to take advantage of a biomimetic appRaobgnizing
that the formation of the fully substituted carbon center (C4) bearing an amide group may have
hampered the previous biomimetic endeavor by the Porco group, Hong and coworkers planned to
explore an alternate biomimetic approach wherein the lalgexadienonemoiety of 1 was
envisaged as arising from a late stage oxidation of an intermediate tetracyclicGuieme
1.9). This strategywhich calls forformation of theC(7)i C(15) bond prior to introduction ahe
C(15)hydroxy group isstratgically similar to the biosynthesis @hsamycinsThis strategy
relies on the proposed ability of singlet oxygen to effect oxidation to the requisite d¢abpl

and thus complete the synthesis of tetrapetalorB.A (

19
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Schemel.9 Construction of the 1-Benzazepine viaN-Acyliminium lon Cyclization

With an overarching synthetic design in mind, the Hong group began to consider
approaches to the requisiteb&nzazepines (@ng) and propsed generating a rdac
N-acyliminium ion @9) that would engage a pendant olefin in a cyclization reaction to furnish
carbocatiorv0 which, upon nucleophilic quenchingould afford therequisite ring system (e.g.,

71) (Scheme 1.9)Basd on seminal contributions from Speckamp and Hiembkagyliminium

ion cyclization chemistry has evolved into a powerful reaction that has played a key role in many
natural product synthesébthus,Hong and coworkers had considerable precedents on which to
base their proposed consttion of the tetracyclic core of the tetrapetalones.

The Hong group initiated their synthetic efforts with a three step sequence that began
with exposure otinnamic alcohol derivativ€2 to a JohnsoiClaisen rearrangement and was
followed by diisobutylabminum hydride (DIBAL) reduction of the resultant estdvenzyl
protection of the resultant primary alcohol affeddL,1-disubstituted olefin73 in 54% overall
yield (Scheme 1.10). Reduction of the nitro group followed by condensation with succinic
anhydrde furnished imide74 which, upon careful treatment with DIBAL, derwent

monoreduction to the desireg-hydroxylactam 75. Having set the stage for the key

N-acyliminium cyclization the g-hydroxylactam75 was exposed to a combination wbn
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trichloride (catalytic) andtrimethylchlorosilane(excess) and found to afford a mixture of

diastereomeric product3gand77).

HO 1. HC(OEt)3 BnO Me Zn, HOAc BnO. Me
EtCO,H (cat.) succinic anhydride o)
ZMe 2. iBu,AlH, THF then Ac,0, NaOAc
—_— —_—
NO, 3. NaH, BnClI NO, N
TBAI (cat.), THF
(o}
(54% yield, three steps) 73 (85% yield) 74
iBu,AlH FeCls, TMSCI
CHZCIZ ;j CHZCIZ
(60% yield) 76 77

(36% yield) (47% yield)

Schemel.10 Speckamp Cyclization

In efforts to further advance the benzazepine interabesi to compounds possessing the
tetrapetalone Bing (Scheme 1.11)Hong and coworkers moved forward with the desired
diastereomer7. To this end, tetrahydrofura#v was oxidized to the corresponding lactofi8)
which, upon treatment with phosphoriadgaunderwent FriedeCrafts acylation and subsequent

dehydration to furnisi@9in 30% yield over two steps.

%N-o M
RUCl5 ﬁ” e "

Nalo,

oM

77 78 (30% yield, two steps)
Schemel.11 Friedeli Crafts Acylation
Although the Hong group clearly demonstrated tiatcyliminium ion cyclization was
an effective way to arrive at thebkenzazepineing system (Scheme 1.1@nd were able to
demonstrate that a Fried@rafts acylation/dehydration sequence could be employed to
construct the Bing (Scheme 1.11)p considerable aount of the work remains to eithedvance

this relatively undefunctionalized system or advance more tiomalized starting material3o
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date there have been no further publications from the Hong laboratory concerning advancement
of this syntheticoute.
1.5 3 S a rApmwoachfoghe Tetrapetalones

Sarpong and colleagues at the University of California, Berlexi@sioned an approach
that in its later stages was somewhat akin to the Hong strategy in that it called for advancing
tetracycle80 via oxidative dearomatization to install tipara-quinol moiety and the late stage
introduction of theb-rhodinose(Scheme 1.12)In contrast to Hong, Sarpong envisioned the
tetramic acid moiety as arising from a reductive alkylation reaction of a corresgaaciilated
pyrrole 81) . Pl ans for the early stages of the sy
interest in pentannulation chemistry using the Nazayalization whichled him to propose this
transformation as a means of introducing the tetapne Bring and dienon®2 as his point of

departure>*®

Reductive
Alkylation

Nazarov
Cyclization

P— [e) Br

OMe
82

Schemel.12Sar pong6s Retrosynthetic Analysis of Tet
The Sarpong synthesis commenced with the preparation of die@@nevia

halogenlithium exchange of dibromid&3 followed by coupling with Weinreb amidé4

(Scheme 1.13). Eposure of dienon82 to aluminum trichlorideeffected Nazarov cyclization to

afford the desired indanone with good regiocontrol (13:1). The major regioisomer is favored due
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to the dominatingara directing influence of the methoxy substituent. The indaneag a 9:1
mixture of cis/trans isomers, respectively; thus, it was necessary to effect epimerization to
achieve the requisitgansrelationship between the methyl and isopropenyl substituents. To this
end, base mediated epimerization produced the ddasidetione85 as a 4:1 trans/cis mixture,
73% vyield, over two steps. Reduction of the keton85procesded as anticipated with hydride
delivery occurring from the-face of the indanone and silylation of the resultant hydroxyl group
delivered the TBSprotected secondary alcohol. At this point a variety of palladium and
coppermediated €N bondforming reactions failed to accomplish the desireidNCbond
formation. Thus, a more tratnal approach for introducing nitrogen was employed that
involved halagenlithium exchange followed by addition of tosatide.The resultant azide36)

was reduced witHithium aluminum hydrideto afford the aniline, whichupon exposure to

modified PadlKnorr conditions, yielded pyrrol@7in 97% yield.
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Me
Me,

Br Br HaCO. | -Me _
N nBuLi o B
—_— r

OW Et,O, 78i°C

OMe Me Me
OMe
83 84 (88% vyield) 82
Me
Me
1. AICl3, PhMe ~ 1. NaBHg4, MeOH, 0 °C
(dr 9:1) 2. TBSCI, Imid, DMF, 80 °C
o Br >
2. K,CO3 3. tBuLi, THF, 1 78 °C
dioxane, 80 °C then Ts-N3, 78°C- rt
OMe
(73% yield, dr 4:1, two steps) 85 (78% yield, three steps)
Me Me
Me, Me,
1. LiAlH,, THF, 0 °C @
TBSO™ N3 » TBSO™ N/
2. 2,5-Dimethoxytetrahydrofuran
HOAc, CICH,CH,CI/H,0, 80 °C
OMe OMe
86 (83% yield, two steps) 87

Schemel.13Indanone Synthesis via Nazarov Cyclization

With pyrrole 87 in hand the next challenge of the synthesis was installation of the
functionalized azepine ring (Scheme 1.14). To set the stage for this task, ternfina8oleas
subjected tdhydroborationfollowed by an oxidative workup to afford the primary alcoB8l
(87% yield). Treatment of the primary alcol&8 with excess Degdlartin periodinane resulted
in formation of tetracycl®1in excellent yield. Presumably, this transformation proceeds via the
intermediate aldehyd&9 followed by activation of the carbonyl group (by the hypervalent
iodine species or residual acetic acid), which leads to attack by the proximal pyrrole. The
resuting pseudobenzylic secondary hydroxyl gro@@ can then undergo further oxidation to
produce tetracyclic keton8l. This mechanistic scenario is supported by the observation of
mixtures of89, 90 and81 when less thatwo equivalentsof the DesgMartin periodinanewas
employed. Exposure of the tetracy@g to sodium inliquid ammonia/THF in the presence of

bis(methoxyethyl)amine followed by quenching with ethyl iodide resulted in the formation of
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pyrrolidine 91 in 59% yield. Notably, the arene moiety r@med intact, and the ethyl group was

introduced on tha-face of the tetracycle with excellent diastereocontrol.

Me

Me .
Me i. BH3HF Me H =
_ ii. Hy,O,, NaOH -
O EtOH
TBSO™ N/ — — » TBSO™
OMe
87

(87% yield) 88 (82-91% vyield)

OH Des sMartin
Periodinane

@ H,0/CH,Cl,, 50 °C
—_—

LA (or HY) |

NaP, EtN(OCHs),
NHa/THF then Etl

OMe OMe
81 (59% vyield) 91

Schemel.14 An Oxidative Cyclization and Reductive Alkylation of Pyrrole

Focus was then dicged to constructionof the tetramic acid moiety (Scheme 1.15).
Oxidation of pyrrolidine91 to the corresponding,b-unsaturated lactar®2 was accomplished
with catalytic manganese(lll) acetate along withrt-butyl hydroperoxide (TBHP) as
stoichiometric oxidant (56% vyield). Treatment of tetracy@Bwith lithium diisopropylamide
(LDA) and iodomethane resulted in methylation of thelanam moiety to provid81 without
competing alphanethylation of the keton®resumably, deprotonah alpha to the ketone group
is not favorable due to poor orbital overlap of theHCbond and thg* of the C=0O bond.
Conjugate addition of boron pinacolato ester to-laweam93 followed by immediate oxidation

of the boronic ester adduct yielded secopdalcohol94 in 52% vyield, over two steps. Swern
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oxidation at this stage was employed to install the tetramic acid moiety of tetr@8&ynl&5%

yield.

Mn(OAc)32H,0
TBHP, EtOAC TBSO

OMe OMe
91 (56% vyield) 92 (58% vyield)
—\®
clo

1. By(pin),, CuCl

NaOtBu, THF

R — - TBSO
2. NaBOg, THF/H,0

(COCl);, DMSO

EtN, CH,Cl,, 178 °C
32 P TBSO

OMe
(52% yield, two steps) 94 (65% yield)

Schemel.15 Construction of Tetramic Acid Moiety

Sarpong and coworkers reported the synthesis of a tetra®glbdaring a tetramic acid
en route to tetrapetalone (cheme 1.15)This latestage intermediate contains all the carbons
of the aglycon of natural produtt Key developments include the usfeoxidative conditions for
the construction of the tetracyclic core of the tetrapetalones and a reductive alkylation reaction
for installation of the angular ethyl groiSchemel.14) It appears that the limitation of this
approach may be the ketone ¢tionality that is left upon formation of the azepine ring. To date,
no work has been published from the Sarpong lab that pertains to the elimination of this ketone.
It should also be noted that the relative stereochemistry of the substituents ennbafiorded
by reduction of the indanone providde a-hydroxyl group, to obtain the natural product this

orientation must be reversed.
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Chapter 2

Synthetic Studies Toward gpara-Quinol Coupling Partner

2.1Retrosynthetic Analysis

As outlined in Scheme 2.1 our firgeneration retrosynthetic analysis of tetrapetalone A
(1) envisaged completion of the natural product via glycosylation of aglg9édiollowed by
subsequent deprotection of the tetramic acid tp@ad C(15hydroxyl group. AglycorB6 was
envisioned as deriving from a rirggosing metathesis (RCM) applied to diedéand selective
deprotection of the C(Dydroxyl group. Dien®7 would be assembled in a convergent manner
by the coupling opara-quinol 98 and protected tetramic ac@®. Thus, in accord with this plan
our primary objective became the synthesis of coupling parf@&end99. To this end, we

began our efforts by developing a synthesipar&-quinol 98.

Me - Me Ring Closing
P s OH Glycolsylation Metathesis
O
HoMe
o
Tetrapetalone A (1)

7/ _—Me Coupling _Me

S OPG /_\ \ : OPG
N — \

Me HN Me

Scheme2.1 First-Generation Retrosynthetic Analysis of Tetrapetalone A
2.2 Retrosynthetic Analysis of gpara-Quinol Coupling Partner

Synthesis ofpara-quinol 98 would be completed with a hydroxyl group directed
reduction of cyclicb-hydroxy ketonelO0 (Scheme 2.2) Intrigued by the application of

umpolung reactivity to form GC bonds, we hypothesized that construction of the [aét libnd
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to affordb-hydroxy ketonelOO0 could be achieved via a Stetter reaction and concomitant
eliminaion from spiro lactoll01 Spiro lactol101 would derive from phenolic oxidation of
aldehydel 02, thereduction product of carboxylic acid derivati¥63 Requisiteg,d-unsaturated
carboxylic acid derivativd03would be prepared via a Claisen rearrangeroéallylic alcohol

104 which, in turn would arise from aldehyd®5 via a HornetWadsworthEmmons (HWE)

olefination reduction sequence.

Claisen
Rearrangement

SN

P—

OH OH
103 104 105

Scheme2.2 Retrosynthetic Analysis of paraQuinol Coupling Partner
2.3 Dichlorophenol Substrate
2.3.1 Allylic Ester Synthesis

In assessing the viability of the above approach we discovered that a suitable precursor to
105was known and thus began our synthetic efforts towamdith preparation of aldehydE08
(Scheme2 8" Silylation of commercially available 2@ichorophenol 106) furnished

TIPSether 107 which, upon ortho-lithiation and trapping of the derived anion with
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N,N-dimethylformamide followed by acidic hydrolysis, providedehydel08in excellent yield
(81%, two steps). Methylation of the phenol afforded aldeliy38and set the stage for a HWE
olefination that producedEjf-a , -Unsaturated estek10. Lithium aluminum hydride mediated

reduction of estefl10 provided an allijjc alcohol @11) that, upon acylation, afforded allylic

esterll2
i. n-BuLi, THF, —78 °C
cl cl cl cl ii. DMF, —78 °C — rt CHO
TIPSCI, DBU iii. 2M HCI, 0 °C — rt Cl cl
CH20|2, 0 oC —rt
OH OTIPS o
106 (97% yield) 107 (83% yield) 108
EtO,C ?: OE 7o
t t
Mel, K,CO5 o cHo o Y (OEt) Me™ X
DMF, rt
S Me cl cl
NaH, THF, rt
OMe
OMe
(86% yield) 109 (98% yield: 20:1 E/Z) 110
OH L 0_0
Me
LiAIH, cl \E
THF, 0 °C Me™ ™= py, DMAP Me™ ™ Me
cl cl — cl cl
CH,Cl,, 0 °C —> rt
OMe OMe
(76% yield) 11 (64% yield) 12

Scheme2.3 Allylic Ester Synthesis
2.3.2 Ireland-Claisen Rearrangement

In terms of the pending Irelar@aisen rearrangement that would give rise to the
requisite gd-unsaturated carboxylic acid, we took solace in the fact that it has been well
documented to provide extremely high diastereoselectivity, an outcome often el@pendhe
enolization conditions invoked'® For example, Daub and coworkers have demonstrated that
(E)-allylic esters (e.g.113 participate efficiently irthe IrelandClaisen rearrangement and that
enolization of these substrates with lithium diisopropylamide in tetrahydrofuran followed by

silylation with tert-butyldimethylsilyl chloride in hexamethylphosphoramideffords an
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intermediate mixture of silyl ketene acetals wherein(Eyésomer predominateScheme 2.43°
In this particular example Daub showed that exposurgl@fto these enolization conditions
followed bywarming toreflux, induces the desired sigmatipearrangement. Methylation of
the derived carboxylic acids in situ affordgd,-udsaturated estet14 anti and 115 syn in
moderate yield as a 3dhti:synmixture.
OTO CcOo,Me CO,Me
1. LDA, THF Me Me Me “Me

Me” ™ Me 5 tBpmscCI, HMPA
B — e

3. THF, reflux
4. K,CO3, Mel

DMSO
OMe OMe OMe

113 (42% yield, 3:1 anti:syn) 114 anti 115 syn

Scheme24Da u b 6 s -Claisen Rearrmhgement of an E)-Allylic Ester

The relative stereochemistry of the methyl and isopropenyl groupsraquinol 98
(Scheme 2.2) would be accessible directly from #mi product of an Irelandlaisen
rearrangement , t he ma j o rudyi Bisappeintingly Eexpasurer ef d [
(E)-allylic ester112 to various IrelandClaisen rearrangement conditions failed to produce the
desired carboxylic aci@18 and resulted only in the formation lofketoesterl 16 and TBSether
117 (Scheme 2.5). To avoidindesired Claisen condensation we opted to investigate a

JohnsorClaisen rearrangement.
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0_0 OTBS
\E 1. LDA, THF, 78 °C OW Vo UOZH
2. TBSCI, HMPA Me”

Me

Me” X Me o O O Me™
—78°C —rt AN :
cl o — 7" 5 Me + c | ¢C cl
3. reflux Cl Cl
M OMe
OMe OMe OMe
12 (75% yield brsm) 116 17 118

not observed

Scheme2.5 Attempted Ireland-Claisen Rearrangement
2.3.3 JohnsorClaisen Rearrangement

In addition to their work withthe IrelandClaisen reaction, Daub and coworkers have
carried out extensive studies concerning acyclic stereoselection of the JGhasem
rearrangemerf’ These latter efforts revealed that John€tmisen rearrangements of
trisubstituted allylic alcohols also exhibit significant levels of diastereoselection. In contrast to
the Ireland conditions, the reaction dE)allylic alcohols under Johnseblaisenrearrangement
conditions result in intermediates wherein-di&xial interactions in the chalike transition state
render the reactiosyn selective. Daub and coworkers showed that exposuré)edliflic
alcohol 119 to triethyl orthopropionate and catalytic propionic acid affordsdtheugqsaturated

estersl20 synand121 anti in high yieldand good diastereoselectivity (Scheme 2.6).

OH

CO,Et CO,Et
Et O OEt 2 2
Me™ = OEt
propionic amd (0.1 equiv)
125 C
OMe
119 (73% yield, 83:17 syn:anti) 120 syn 121 anti

Scheme26Da u b 6 s <Llaiken Rearrangement
We were excited to find that indeed exposure B)f-gllylic alcohol 111 to triethyl

orthopropionate and catalytic propionic acid provided access t thensatuated estef22 syn

33



as a single diastereomer, albeit in moderate yield under both thermal and microwave reaction

conditions (Scheme 2.7).

OH £io OFt CO,Et JOCOZEt
\|/\ Me Me “Me Me “"Me

Me™ ™ H
ol ol OFt cl Cl 4+ Cl_A_Cl
propionic acid (0.1 equiv)
temperature
OMe OMe OMe
11 122 syn 123 anti
temperature (°C) time (hr)  yield (%) syn:anti
152 4 45 20:1
250 (uwave) 1.5 48 20:1

Scheme2.7 JohnsonClaisen rearrangement

As anticipated by the Daub studies ed2? syn was the expected major diastereomer for
the above Johnse@laisen rearrangement (Scheme 2.7). Analysis of the nonbonding interactions
in the corresponding chalike transition states that would result frahe corresponding andZ
ketene acetals (Scheme 2.8) indicates diiadrtransition statel25 which leadsto the anti
isomer123, suffers from 1,3liaxial interactions. In contrastyn isomer122 would derive form
a lower energy chaiike transition $ate (i.e., 124) wherein 1,3diaxial interactions are

minimized.
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CO,Et
t

LOZOEt Me “"Me
H Me [3,3]
; L I o' cl
OH H// 41’ H
/ Me Ar
Me” X £to Ot 124 OMe
cl cl+ T Me 122 syn
OEt
CO,Et
: J
OMe \H\\\ /O/_7 OEt Me " "Me
111 Me H [3.3] :

\Mes— e N ¢ cl
N

Cl Me™\,

Ar:—EQOMe 125 OMe

123 anti
Cl

Scheme2.8 Stereochemical Model for JohnsorClaisen rearrangement

Relative stereochemistry af , upsaturated estet22 was inferred from'H NMR
spectroscopy via chemical shift trend comparisons with the Jol@lsisen products reported
by Daub and coworkef$(Table 2.1). Anisotropy introduced by the aromatic ring led to specific
upfield shifts of the alpha methyl group in tiynisomer, and correspondingly upfield shifts of
the ethyl ester group in thenti isomer. Chmical shift trends ofd , unsaturated estel22
correlate with that of theynisomer120.

Table 2.1 Chemical Shift Trend Comparison

CO,Et CO,Et
Me “'Me %ﬁ()/ow Me Me %l\‘/lv;%(()/OMe
EtO,C Me Me CO,Et
H H
OMe OMe
120 syn 121 anti
syn isomer: syn isomer: anti isomer: anti isomer:

chemical shift (d) of

chemical shift (d) of

chemical shift (d) of chemical shift (d) of

entry ester group (group) a methyl group (group) ester group (group) a methyl group (group)
12 4.13 (CHy) 0.96 (CHy) 3.89 (CH,) 1.22 (CH,)
1.23 (CHy) 0.95 (CHg)
2 4.17 (CHyp) 0.93 (CHy)
1.26 (CH,3)

3L iterature data.
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2.4 Retrosynthetic Analysis of an Indanone Coupling Partner

Although atthe point we had developed Claisen rearrangement conditions suitable for
use on the hindered dichlorophenol, the predominant syn isod23) derived from
rearrangement af11 possesses the undesired relative stereochemistry. To rectify this problem
our first instinct was to prepare the correspondingomer of allylic alcoholl11 Altering the
double bond geometry should, in theomhange the course of the reaction such that
JohnsorClaisen rearrangement would furnish the desir@disomer.

In additin to correcting the stereochemical outcome of the Claisen rearrangement we
also began to consider tlsebsequenStetter reaction. Tohts end, we decided that it nizey
advantageous texplore the reactivityf substrates possessing amgho functional goup; for
example, spiro lactdl28 (Schemes 2.9). Products (i127) derived from these substrates would
be prone to aromatizatiome wereintrigued by the issue @hemo/regieselectivity imposed on

the Stetter reaction by the different electronic ardsenvironments within these substrates.

Me Me
Me, Dehydration >\ OH
0 X Q Me ox
OH (0]

126
Scheme2.9 Retrosynthetic Analysis of an Indanone Coupling Partner
2.5 Dimethoxybenzaldehyde Substrate
2.5.1 Allylic Alcohol Synthesis
With the notion of explorig Stetter chemistry on a substrate akit28 we initiated our
efforts with the HWE olefination of aldehydE?9 (Scheme 2.10) Reduction of the derived
enoate 130 with lithium aluminum hydride provided allylic alcohdB81in 84% yield, over two

steps
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o CO,Et OH

CHO EtO,C. _ P(OEY), _
OMe he Me” X LiAIH, Me™ X
Me OMe THF, 0 °C oMe
NaH, THF, rt
OMe
OMe OMe
129 130 (84% yield,10:1 E/Z, 131
two steps)

Scheme2.10 Allylic Alcohol Synthesis
2.5.2 JohnsorClaisen Rearrangement

Given that in our previous efforts JohnsBlaisen rearrangements had proven most
successfylour initial studies in this seri@svolved exposuref (E)-allylic alcohol131to triethyl
orthopropionate and catalytic propionic acid under P&tk conditions. As illustrated in
Scheme 2.1, this reaction furnished the desirgd-udsaturated esteds32 synand 133 anti in
56% vyield & a separable mixture (2:1, respectively). As before, the assignment of the
stereochemistry illustrated fay -udsaturated estes32 synand 133 anti, as based upon the

comparison ofH NMR chemical shift trends to those observed by Daub and cowdfkers.

OH OEt CO,Et CO,Et
EtO ) b
Me™ X \K Me Me “Me Me” > “Me
OMe OFEt - OMe “_OMe
propionic acid (0.1 equiv)
125°C
OMe OMe OMe
131 (56% yield, 2:1 syn:anti) 132 syn 133 anti

Scheme2.11 JohnsonClaisen Rearrangement
2.5.3 Ireland-Claisen Rearrangement

Although in our previous studies we had been unsuccessful in efforts to employ the
IrelandClaisen rearrangement we decided to reinvestigate these conditions on the less sterically
encumbered substrati84 (Scheme 2.2) Acylation of allylic alcohol131 afforded requisite
allylic ester134 in 72% yield. Interestingly, enolization ofH)-allylic ester134 with lithium

diisopropylamide in tetrahydrofuran followed by silylation wignt-butyldimethylsilyl chlaide
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in hexamethylphosphoramideand concomitant sigmatropic rearrangement conducted at
tetrahydrofuran reflux afforded ,-udsaturated carboxylic acids35 anti and 136 synin 58%

yield as a 3:lanti:syn mixture of sepable diastereomersProduction of the desired

g -udsaturated estefl35 anti), as the major diastereomer is in accord with the transition state
models mentioned above and, provided subsequent studies of the Stetter reaction proved fruitful,

would obviate the need for adjirg) the olefin geometry of the allylic alcohol.

OH (0]
cl )J\/Me
py, DMAP
CH,Cl,, 0 °C —rt

Me™ ™
OMe

OMe
131 (72% yield)
0.0 CO,H CO,H
f 1. LDA, THF, -78 °C J\)
M Xy “Me 2. IEBSCCI iMrtPA Me™ Y “Me Me "Me
OMe - ~ OMe + OMe
3. THF, 65 °C
OMe OMe OMe
134 (58% yield, 3:1 anti:syn) 135 anti 136 syn

Scheme2.12Ireland -Claisen Rearrangement
2.5.4 Lithium Enolate Claisen Rearrangement

Although we were satisfied to move forward with the moderate yield hef t
IrelandClaisen rearrangement (Scheidé&?2), we were inspired by the work of Collum and
Godenschwagét to explore a lithium enolate variant of theaBen rearrangement. In 2008,
Collum and Godenschwager disclosed the lithium enolate Claisen rearrangennans aflylic
ester 137 (Scheme 2.13). They reported that enolization o0fl37 using lithium
hexamethyldisilazide (LIHMDS) and triethylamine in toluenei @8 °C affords an estimated
20:1 preference for enolafe88 Claisen rearrangement 88 ati20 °C affords a 35:1 ratio of

139anti and140synin 79% isolated yield. The standgprotocol, enolization and rearrangement
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in neat tetrahydrofuran (THF) procestin 11% yield. The low yields using LIHMDS/THF are
postulated to stem from either a poor enolization or a poor rearrangement fr(djrigwener as
noted by Ireland in a sinat silyl Claisen rearrangemeft? Encouraged by this report we opted
to investigate the LIHMDS/triethylamine mediated enolization on ourlbisistuted allylic ester

system.

i) LIHMDS
o solvent, 78°C

(0] OLi
) CO,Me CO,Me
J_wme ipiz0°c Me/—/ZH_ CH.N, il/k i tl) i
O _—— —_— + 2

Me Me

e Me ™ i7_ H Ph Ph

Ph

137 138 139 anti 140 syn
solvent anti:syn (yield)
EtsN/toluene 35:1 (79%)
THF 1:5 (11%)

Scheme2.13Col | umés Li HMDS Medi ated Cl ai sen Rearran
Gratifyingly, exposure of H)-allylic ester 134 to enolization with LIHMDS and
triethylamine in toluene followed by warming to room temperature affgrgsidsaturated

carboxylic acidL35anti in excellent yieloand diastereoselectiviffscheme 2 4).

0_0 UOQH CO,H
T LiHMDS, EtsN Me “Me

Me™ ™ Me _PhCH,, 78°C 1t

OMe ©/0Me OMe

OMe OMe
134 (80% vyield, 19:1 anti:syn) 135 anti 136 syn

Scheme?2.14 Lithium Enolate Variant of Claisen Rearrangement
2.5.5 Selective Methyl Ether Cleavage

To advance substrafe35 to a spiro lactol (i.e128 Scheme 2.9) we would need to effect
a selective demethglion. Exposure of carboxylic acitl35 to boron tribromide afforded a

complex mixture of products, the major product being lactbdie(Scheme 28). This failed
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attempt to selectively cleave tpara methyl ether under Lewis acid conditions prompted us to

investigatenucleophiliccleavage reaction conditions.

Me ““Me BBrs Me 7J Me Me” > “Me

: CH,Cl,, 0 °C Me : H

©/OME _ H OMe ©/OM6
OMe OMe OH
135 (30% yield) 141 142

not observed
Scheme2.15 Attempted Lewis acid Mediated Methyl Ether Cleavage
Treatment of carboxylic aciti35 with sodium ethanethiolate iN,N-dimethyformamide
at reflux did indeed provide a selective methyl ether cleavage, unfortunately, the unoktsoed
methyl ether was cleaved and subsequent lactonization under the reaction conditions afforded
lactonel43(Scheme 2.8). Our failure to identy selective demethylation conditions motivated

us to design a synthetic strategy employing an orthogonal protection strategy.

CO,H Me CO,H
J\),, NaSEt J J\)
Me ‘Me DMF, 153°C Me™ ™ Me ‘Me

o

©/OMG

OMe OMe OH

135 (25% vyield) 143 142
not observed

- OMe [EE— -

Scheme2.16 Attempted Nucleophilic Methyl Ether Cleavage
2.6 Dihydroxybenzalddnyde Substrate
2.6.1 Orthogonal Protection

The orthogonal protection strategy began with selective alkylation giateehydroxyl
group of 2,4dihydroxybenzaldehydeld4) to afford SEMether145 which was subsequently
methylated to yield orthogonally protected aldehyid®® in excellent yield over two steps

(Scheme 2.7). HornerWadsworthREmmons olefination ofLl46 provided E)-a , -Unsaturated
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ester147, lithium aluminum hydride reduction and adyten of the derived alcoholl@8) with
propionyl chloride furnishedClaisen rearrangement precurdd9. Enolization of allylic ester
149 with LIHMDS and triethylamine in toluene followed by warming to room temperature
resulted in [3,3] sigmatropic reamgement to provide the desiradti g -udsaturated carboxylic
acid (150) as the major diastereomer in excellent yield. Cleavage of the&hk# was achieved
upon exposure to tetrabutylammonium fluoride at tetrahydrofuran reflux unveiling dZhiol

moderate yield.

CHO , CHO CHO
oy  SEMCI, i-ProNEt oH Mel, NaOH oM
@/ CH,Cl,, 0 °C — rt (Bu)sNSOy, H,O/THF e
OH OSEM OSEM
144 (97% vyield) 145 (95% yield) 146
0 OH 0
" CO,Et
EtO,C__P(OE), , M we
\( Me” X LIA|H4 M X Cl
Me oM THF, 0 °C © py, DMAP
R e OMe ————>»
NaH, THF CH,Clp, 0 °C — 1t
OSEM OSEM
(90% yield,10:1 E/Z) 147 (97% yield) 148 (80% yield)
o\fo CO,H COzH
LiHMDS, Et;N Mewae TBAF Mebw Me
Me™ ™3 Me PhCH3, —78 °C — rt : THF, 65 °C :
OMe R OMe ©/OM6
OSEM OSEM OH
149 (85% yield, 20:1 anti/syn) 150 anti (50% yield) 142

Scheme2.17 Phenolic Oxidation Precursor via an Orthogonal Protection Strategy
2.6.2 Spiro Lactol Formation via Phenolic Oxidation

To construct the spiro lactol (i.e. 128, Scheme 2.9) we turned to a 1987 report by Tamura
and coworkers wherein a continuation of their study on hypervalent iodine compounds was
described as having led them to an efficient oxidant, [bis(trifluoroacetalojbienzene, which
reacts with various types gpfara-alkoxyphenols to give thpara-benzoquinone monoacetals in

excellent yield under mild reaction conditions (Scheme3®#® Oxidation was extended to
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intramolecular ipsdrapping by some nucleophiles such as carboxy, amido and hydroxy groups,

leading to the corresponding spiro compounds (Schenge)2.1

a) Acetal formation

OEt PhI(O,CCF3); MeO_ OEt
CH3CN/MeOH
.
OH o
151 (90% vyield) 152

b) Lactone formation

O
PhI(O,CCF3)3

OH CH5CN o
4>
OH o
153 (86% yield) 154

Scheme2.18 Hypervalent lodine Mediated Oxidation of para-Alkoxyphenols

With carboxylic acidl42on hand, we were excited to investigate the phenolic oxidation
of such a highly functionalized substrate. Exposure of carboxylic abd@ to
[bis(trifluoroacetay)iodo]benzene in acetonitrile at room temperature successfully provided
access to spiro lactongs7 in high yield and excellent diastereoselectivity (Scheni)2.
Assignment of the illustrated relative stereochemistry of spiro lactérevas based on QE
studies. Attempts to afford a Stetter reaction precursor, spiro lactalZBeScheme 2.9), via a
chemoselective reduction proved to be futile and resulted in both reduction of the lactone and the
vinylogous ester ol57. Unable to selectively redudke lactone, we considered an alternative
strategy wherein reduction of the acid would occur prior to aryl oxidation. The success of our
initial phenolic oxidation studies left us hopeful that the derived aldehyde would similarly

engage the intermediataton and directly furnish the desired spiro lactol.
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I
Me” > “Me PhI(O,CCF3);

CH4CN

(93% yield, 14:1 dr)

Scheme2.19 Lactonization via Phenolic Oxidation

Upon scaling up the synthetic route, we found it was advantageous to prepare methyl
ester 158 via diazomethane methylationdirectly following lithium enolate Claisen
rearrangemer(iScheme 2.20)This twostep sequence could be performed using only an aqueous
work up of the intermediate carboxylic acid prior to methylation. Reduction of methyll&8ter
was accomplished with lithium aluminum hydride; subsequent tetrabutylammonium fluoride
mediated cleavage of SEbther 159 provided alcoholl60 and Swern oxidation yielded the
desired phenolic aldehyde51 in modest yield (41%), over three stepsposureof phenolic
aldehydel61to [bis(trifluoroacetoxy)iodo]lbenzene in a solvent mixture of acetonitrile and water
at room temperature successfully provided access to the desired Stetter reaction precursor, spiro

lactol 162in moderate yield.
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O\fo CO,Me
. 1. LIHMDS, Et;N MeJ\_/"'Me LiAIH,

Me™ 3 M oC s : °
OMe PhCH3, -78 °C — rt : OMe THF, 0 °C
2. CHyNy, Et,0,0°C

OSEM OSEM
149 (63% yield, 12:1 anti/syn, 158 (99% yield)
over two steps)
J\)/OH OH
TBAF M (COCl),, DMSO
Me : Me THF, 65 °C Me : Me EtsN
~ OMe —_— ~ OMe ——— >
-78°C -1t
OSEM OH
159 (64% yield) 160 (65% yield)
Me — " Me Phl(O,CCF3);

: CH3CN/H,0 (4:1)
~ OMe ;

OH
161 (52% yield) 162

Scheme2.20 Synthesis of a Spiro Lactol via Phenolic Oxidation
2.6.3 Intramolecular Stetter Reaction with Spiro Lactol Substrates

Umpolund*?° reactivity, introduced by E. J. Corey and D. Seebach, is a method in which
the normal electron donor and acceptor redgtiof a functional group is inverted to provide
complementary reactivity in organic synthesis. The Stetter re4ttian umpolung process in
which an acylaion equivalent, generated from an aldehyde in the presence of a nucleophilic
catalyst, is added to a Michael acceptor to forni @ Gond.

Although, the classic Stetter reaction utilizes sodium cyanide as a catalyst, extensive
research has found thaarbene catalysts, derived from thiazolium and triazolium salts, can
greatly enhance reactivity and also lead to diastemad enantiomerically enriched products.
Rovis and coworkers have developed a family of triazolium catalysts that promote
intramoleclar Stetter reactions in excellent enantioselectivities and diastereoseleciivities.

2006, Liu and Rovis disclosed that exposure of alicyclic aldeli@Bto optimized, in situ
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carbene catalyst formatiamaction conditionafforded only undesired indane 165 (Scheme
2.21a)3**® It was suggested that indanoh@5 is derived from the elimination of the expected
product under the reaction conditions. It was found thatimhtion could be avoided if the
reaction of alicyclic aldehyd&63is conducted using the preformed free carbene to provide the

desired hydrindan&67 (Scheme 2.1b).

a) In situ carbene catalyst formation

MeO 5 164 OMe
(10 mol%) o
KHMDS, PhCHj, 23 °C, 16 h
© OH

163 165
b) Preformed free carbene catalyst

MeQ 5 166 OMe OMe
(10 mol%) 0 "
PhCH3, 23 °C, 16 h

o (¢}
163 (60% yield, 90% ee, >95:5 dr) 167

y

Scheme2.21 Intramolecular Stetter Reaction of an Alicyclic Substrate

Cullen and Rovis extended the method to spiro lad8l Treatment ofLl68with catalyst
169 and potassium bis(trimethylsilyl)amidéKHMDS) in toluene provided the desired Stetter
product170in low yield, but afforded aromatized produl®5 in high yield (Scheme 22a).
Attributing dehydration to the base in the reaction, it was found that exposure of spird G&:tol
to catalytic free carben&71 resulted in a reversal of product ratio, favorirge tdesired

hydrindanel70(Scheme 2.2b).
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a) In situ carbene catalyst formation

N Cst
- foq
BF,4
OH
(20 mol%) 0
H
KMHDS, PhMe
)
168 170
b) Preformed free carbene catalyst (10% yield)
N N Cer
OH
_ Gomos) mol%) 0
H
PhMe
o)
168 170
(90% yield)

Scheme2.22 Intramolecular Stetter Reaction Applied to a Spiro Lactol Substrate

Unfortunately, we found that spiro lactb62 does not participate in the Stetteaction
(Scheme 2.3). Surveying reaction conditions proved to be futile and starting material was
always recovered from the reaction. Comparison of spiro ld@®lwith the aforementioned
Stetter reaction examples led us to propose that spiro &2aloes not participate in the Stetter

reaction due to the modest adjustment ohamethyl groupthat may be hindering attack of the

nucleophile.
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\ catalyst (50 mol%) Me, Me
...... base

O OMe H&» (0] OMe
solvent
temperature
OH
(no reaction) 171
not observed

conditions CqF CeH
catalyst: A, B /N‘N e /N‘N o
base: KHMDS, iPr,NEt 11®g 1®g
solvent: PhCHj, iPrOH N BF, N BF,
temperature: rt, 60 °C (A) 170 (B) 174

carbene generation: in situ, preformed
Scheme2.23 Attempted Stetter Reaction
2.7 Aryl Bromide Substrate Deficient ofa-Methyl Group

2.7.1 Allylic Alcohol Synthesis

Suspecting that the Stetter reaction did not work because afriethyl group we opted
to investigate the reactivity of spiro lactol deficient of alpha substituetite wimultaneously
exploring the potentially more reactive substrate, which possesdromide. © this end
p-anisaldehyde 1(72) was halogenated usinfpe Comisd @-amino alkoxide directed ortho
metalation procedure to afford known aryl bromitié3 in 65% vyield (Scheme 243"
HornerWadsworthREmmons olefination of aldehyd&73 gave E)-a hb-unsaturated estet73
reduction with lithium aluminum hydride provided access to allylic alcdi@in 75% vyield,

over two steps.
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Me. N
eN/\/ Me

O

CHO N CHO Etozc\r P(OEt),
i. n-BuLi, THF, —20 °C Br Me
ii. n-BuLi, —20 °C NaH, THF
iii. CBry, =78 °C — 1t
OMe OMe
172 (65% yield) 173 (72% vield, 10:1 E/Z)
CO,Et OH
Me™ X LiAIH,
THF, 0 °C Me™ ™
Br Br
OMe OMe
174 (quantitative yield) 175

Scheme2.24 Allylic Alcohol Synthesis
2.7.2 Synthesis of Spiro lactol

Given our speculation that the methyl group was prohibiting the Stetter reaction we
decided to prepare a desmethyl substrate. In a manner analogh&® tmnstruction of spiro
lactol 180 began with a Johnse@laisen rearrangement of allylic alcoll5 to access methyl
ester176 (Scheme 2.25)Simultaneous nucleophilic cleavage of the methyl ester and methyl
ether ofl76 was achieved upon exposure to sodium ethanethioldNd\halimethylformamide at
reflux. The derived carboxylic acidlT7) was produced in high yield and when exposed to
hypervalent iodine mediated phenolic oxidation underwent conversion to spiro ldct8ne
Immediate diisobutylaluminum hydride (DIBAL) reduction d¥8 produced bisallylic alcohol
179 in moderate vyield. Dedglartin periodinane oxidation was employed to achieve a

chemoselective oxidation affording the desired dierk8@&n excellent yield.

48



OH

OMe
N MeO ——Me Me CO,Me NaSEt co2
e 5 OMe Br _DMF120°C_
r >
propionic acid
120 °C
OMe OMe
175 (66% yield) 176 (77% yield)
o} OH OH
PhI(O,CCF3)3 i~-Bus,AlH Dess-Martin
CH,Cl,, 0 °C % Br -78°C 0 Br periodinane Br
e e CH,Cl,, 0 °C
OH
178 (48% yield) 179 (84% yield) 180

Scheme2.25 Synthesis of Desmethyl Spiro Lactol
2.7.30xy-Cope Rearrangement a Substrate Complication
We found that spiro lactdl80underwent facilexy-Cope rearrangement to aldehyRs
at ambient temperaturgScheme 2.26)Aldehyde 183 was also isolated from Stetter reaction

attempts with substrat&80. Spiro lactol180 thus proved to be incompatible with the Stetter

reaction.
OH CHO CHO o
H
neat
° B " HO 3 NEL? 331 "0\ NI|3? Br CHO
Me r W /y > - W |
Me
OH
(@] (0] (@]
180 181 182 183

Scheme2.26 Proposedoxy-Cope Rearrangement
2.8 SecondGeneration Retrosynthetic Analysis
Unable to realize the desired Stetter reaction to afiorchdanone coupling partner (i.e.
126, Scheme 2.9) we redesigned our retrosynthetic analysis of TetrapetalbnesAided by
the reactivity issues of our previous Stetter reaction substrates we proposed a retrosynthetic
synthetic analysis that would etop a FriedelCrafts alkylation to afford the Hng of the

tetrapetalone A 1) tetracyclic core (Scheme 2.27Mutlined in Scheme 2.27, our secend
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generation retrosynthetic analysis is envisioned to conclude with a glycosylation, deprotection
sequence frm aglyconl184. Introduction of the C(15hydroxyl group of aglycori84 would be
achieved upon phenolic oxidation of tetracyt85 FriedelCrafts alkylation of benzazepii&6
affords the B ring of desired tetracycl85 Following amidation of aryl brorde 188 with

protected tetramic aci@9, ring-closing metathesis of dield&7would provide benzazepiris6.

Phenolic Oxidation

— ——
Friedel-Crafts Me Me Ring Closing
Alkylation Metathesis
P— P—
OMe
185
Me
Me, N Amidation : _Me
7 \\\\‘\Me /\ :: OPG
MeO,C N OPG p— 20 \
/ HN
Me
o Me o
OMe OMe
187 188 99

Scheme2.27 SecondGeneration Retrosynthetic Analysis of Tetrapetalone A
2.9 Synthesis of Aryl Branide Coupling Partner

To this end we synthesized the desired aryl brom8& in a manner analogous 1&8
To set the stage for an enolate Claisen rearrangement allylic altéfatas acylated with
propionyl chloride to furnish allylic estek89 (Scheme2.28) We were delighted to find that
LiIHMDS/triethylamine mediated enolization of allylic este#89 followed by warming to room
temperature resulted in [3,3] sigmatropic rearrangement to the dgshadisaturated carboxylic
acid 190in modest yield (58) and good diastereoselectivity. Exposure of carboxylic hel

to (trimethylsilyl)diazomethaneesulted irmethylation to afford the desired methyl esi88
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OH o o0_0 COyH
I e T I J
Cl LiHMDS, Et3N Me < “Me

Me™ ™ Me™ ™ Me

py, DMAP PhCH3, =78 °C — rt :
Br ————————> Br — > Br
CH20|2, 0 oC —rt
OMe OMe OMe
175 (95% yield) 189 (56% yield, 10:1 anti/syn) 190 anti

COZMe
TMSCHN2 Meb,”Me

MeOH/EtOAc
— Br

OMe
(quantitative yield) 188

Scheme2.28 Synthesis of Aryl Bromide Coupling Partner
2.10 Conclusion

In the course of executing a synthetic effort toward an indanougling partner, with
the goal of employing an intramolecular Stetter reaction, we sought to investigate the
regio/chemeselectivty that would be imparted by highly functionalized dienone substrates. In
the course of exploring these ideas we discovered the inherent limitations of the Stetter reaction
and based on this were led to believe that it would likely be unsuitable fopghisation. Thus,
we redevised our synthetic strategy to a route that would employ an aryl bromide and tetramic
acid coupling partners (Scheme 2.27), upon aryl amidation we conceived the application of ring
closing metathesis technology followed by Frie@ehfts alkylation would afford an advanced
tetracycle containing all requisite carbons of tetrapetalon&) AT this end, we successfully
developed a synthetic route to the desired aryl brommadgling partner and turned our focus to

the synthesis of a tetramic acid coupling partner.
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2.11 Experimental Section
2.11.1 Materials and Mehods

Unless stated otherwise, reactions were performed in fthred glassware under a
nitrogen atmosphere. Triethylamine, diisopropylamine, and methanol were dried over anhydrous
calcium hydride and freshly distilled,4-Dioxane was distilled from sodi, calcium chloride
and molecular sieve (0.4 nm). Benzene, tetrahydrofuran, dichloromethane, toluene, and diethyl
ether were dried using a solvent purification system manufactured by Glass Contour Solvent
Systems, SG Water U.S.A., LLC using technology Bagpon that originally described by
Grubbs et al®*® Anhydrous N,N-dimethyformamide, acetonitrile, dimethylfaxide, 1,2
dichloroethane was purchased from the Colorado State University Stockroom and supplied by
SigmaAldrich or Fischer Scientific and stored under nitrogen atmosphere. Commercially
available reagents were obtained from Sightdrich, Strem, TCI, ©@mbiBlocks, Acros or
Alfa-Aesar and were used as received. All known compounds were identified by comparison of
NMR spectra to reported in the literature.

Unless otherwise stated, all reactions were monitored by thin layer chromatography
(TLC) was using ficycle glassbacked extra hard layer, 60 A plates (indicat@58, 250mm).
Developed TLC plates were visualized using a 254 nm UV lamp and/or with the appropriate
stain followed by heating. Typical stains utilized were potassium permanganate, ethanolic
anisaldehyde and ceric ammonium molybdate. In general, the flash chromatography guidelines
reported by Stillet af*® were followed. Silicycle SiliaFlaghP60(230-400 mesh) silica gekas
employed ashe stationary phase. When reactions were absorbed onto silica gel, the amount of

silica gel sed waspproximatelyequal to two times the weight of the reagents.
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Infrared spectra were obtained using a Nicolet Avatar 320 FTIR or Bruker Tensor27
FTIR. Samples were analyzed as thin films on NaCl plates (samples was dissolvefLindaZH
CHCI3) or potassium bromide pellets, as indicated. IR spectra are presented as transmittance vs.
wavenumber (ci). Proton tH) and carbon’¢C) NMR spectra were recorded on a Varian Inova
500, Varian Inova 400, Varian Inova 400 auto sampler, or Varian Inova 300sh#tzrometer.
Spectra were obtained at 22 °C in CP@hless otherwise noted. Chemical shitisgre reported
in parts per million (ppm) and are referenced to the internal solvent peak. Coupling codstants (
are reported in Hertz (Hz) and are roundethtonearest 0.1 Hz. Multiplicities are defined as: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, dt = doublet
of triplets, ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of
doubles, br = broad, app = apparent, par = partial. Hi&golution mass spectra were obtained
from the University of Colorado Central Instrument Facility, performed on an Agilent 6210 TOF
LCMS by Donald L. Dick.
2.11.2 Preparative Procedures
Preparation of TIPS-ether 107:
CI\©/CI TIPSC), DBU CI\©/CI
L CH,Cl,, 0°C- rt .
106 107

TIPS-ether 107 To a stirred solution of 3;8ichlorophenol (10.0 g, 61.3 mmol) ahd-
diazabicyclo[5.4.0]unde@-ene (18.3 mL, 122.6 mmol)in CHCI, (200 mL) was added
triisopropylsilyl chloride (19.5 mL, 92.0 mmol) at 0 °C and reactiors waarmed to room
temperature. Reaction progress was monitored by TLC. TLC plates were developed with 5%
EtOAc/Hex solution and visualized by UV lamp and KM€ain. After hydrolysis with kD

(100 mL), the organic layer was washed with brine (100 mL)ddner anhydrous MgS{and

53



concentratedinder reduced pressure. The crude oil was purified by silica gel chromatography
(elution with hexanes) to givEd7(19.0 g, 97% yielylas colorless oil.
TIPS-ether107is a known compound, th#d NMR spectra wasbtained and structure
was confirmed via comparison with spectra published in the literdture.
TIPS-ether 107 'H-NMR (300 MHz; CDC}) : U B=.18 Bz, {H), 6.77 (d]= 1.8
Hz, 2H), 1.331.19 (m,J = 6.0 Hz, 3H).1.10 (d,J = 6.8 Hz, 18H).

Preparation of aldehyde 108

i. n-BuLi, THF, 1 78 °C
cl Cl i.DMF, 78°C- 1t CHO
i.2MHCl,0°c -t Cl cl
B
OTIPS
OH
107 108

Aldehyde 108 A solution ofn-butyllithium (1.6 M, 21.2 mL, 33.9 mmol) was added to a
stirred solution of TIP&ther107 (9.0 g, 28.2 mmol) in THF (150 mL) a¥8 °C. The reaction
solution was stirred for 45 minutesiat8 °C. AnhydrousN,N-dimethyformamide (3.3 mL, 42.3
mmol) was added &t78 °C and warmed to room temperature. After addition of 2 M HCI (75
mL, 150 mmol), reaction mixture was stirred vigorousdy £ hour at room temperature. TLC
was used to monitoreaction progress at all stepSLC plates were developed with 5%
EtOAc/Hex solution and visualized by UV lamp and KMn&ain. Phases were separated
(aided by the addition of NacCl), the organic layer vamed over anhydrous N8O, and
concentratedinder reduced pressure. Crude solid was triturated with hexanes to afford aldehyde
108(4.5 g, 83% yield) as a white solid.

Aldehyde 108 is a known compound, th#d NMR spectra was obtained and structure

was caofirmed via comparison with spectra published in the literdture.
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Aldehyde 108 'H-NMR (300 MHz; DMSQds) : 11.87 (s, 1H), 10.24 (s, 1H), 6.94 (s,
2H).

Preparation of methyl ether 109

Me| K2003
\@/ DMF r \@/
OMe

Methyl ether 109. To a stirred solution of phendl08 (4.0 g, 20.9 mmol) in

N,N-dimethyformamide (70 mL) was added®0O; and iodomethane (2.6 mL, 41.9 mmol) at
room temperature. The reaction solution was stirred over night at room temperatreas
used to monitor resion progressTLC plates were developed with 10% EtOAc/Hex solution
and visualized by UV lamp and KMnGtain. Reaction solution was diluted with Jet (100
mL) and HO (100 mL). Solution was stirred vigorously for 1 hour at room temperature. Phases
wereseparated and organic phase was washed three times@it(L60 mL) to remove residual
N,N-dimethyformamide. Organic phase was washed with brine (100 mL), dried over anhydrous
MgSO, and concentratedunder reduced pressure. Methyl etli€® (4.2 g, 98% yill) was
isolated as a white solid and required no further purification.

Methyl ether 109. *H-NMR (300 MHz; CDC4) : 10.82 (s, 1H), 6.91 (s, 2H), 3.88 (s,
4H).

Preparation of a , -Unsaturated ester 110:

)
CHO EtOZCY P(OEY),

cl cl " Me™ ™
M o o« cl
NaH, THF, rt

OMe

CO,Et

OMe
109 110
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a ,-bnsaturated ester 110To a stirred heterogeneous solution of sodium hydride (1.3
g, 31.7 mmol) in THF (25 mL) was added triettyphosphonopropionate (8 mL, 36.5 mmol) at
0 °C. Aldehydel09was added as a solution in THF (25 mL) to the reaction solution via cannula
at 0 °C.Reaction solution was then warmed to room temperatueact®n progress was
monitored by TLC. TLC plates were developed with 10% EtOAc/Hex solution and visualized by
UV lamp and KMnQ stain. Reaction was quenched with saturated@lidolution. Phases were
separated, organic phase was washed wi® K60 mL) and brine (50 mL). Dried over
anhydrous MgS@and concentratedinder reduced pressure. Crude oil was purified with silica
gel chromatography (gradient elution 30% EtOAc/Hex) to yielda , -umsaturated ster 110
(5.6 g, 80% vyield) as colorless oil.

a ,-bnsaturated ester 110H-NMR (300 MHz; CDC§) : u  J% 1.2 Hz, 1H)Y ,
6.90 (s, 2H), 4.28 (g] = 7.1 Hz, 3H), 3.80 (s, 4H), 1.77 @@= 1.4 Hz, 3H), 1.35 (J = 7.1 Hz,
4H).

Preparation of allylic alcohol 111

CO,Et OH
Me™ X LiAlH,
ol o THRO°c  Me ~
— cl
OMe
110

Allylic alcohol 111. To a stirred heterogeneous solution of lithium aluminum hydride

(2.0 g, 50.5 mmol) in THF (80 mL) was added -unsaturated estdrl0(7.3 g, 25.3 mmol) as a
solution in THF (50 mL) via cannula at 0 °Ce&ttion progreswas monitored by TLC. TLC
plates were developed with 30% EtOAc/Hex solution and visualized by UV lamp and KMnO

stain. Reaction was quenched witbH2 mL) followed by 15% NaOH (2 mL) and,@ (6 mL)
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at 0 °C. After stirring at 0 °C for 10 minutes reactioias warmed to room temperature and
stirred 15 minutes. A scoop of anhydrous Mg$f@s added and stirred for 15 minutes. Solution
was filtered through a sand/celite pad. Organic phase was washed with saturgeddliiion
(100 mL), HO (100 mL) and bria (100 mL). Organic phase was dried oaehydrous MgS®
and concentratedunder reduced pressure. Crude material was purified with silica gel
chromatography (eluted with 30% EtOAc/Hex) to afford allylic alcdiidl (4.7 g, 76% yield) as
viscous colorlessib

Allylic alcohol 111. *H-NMR (300 MHz; CDC}) : 6.89 (s, 2H), 6.24 (q) = 1.3 Hz,
1H), 4.24 (dJ = 1.1 Hz, 2H), 1.66 (s, 1H), 1.57 @z 1.3 Hz, 3H).

Preparation of allylic ester 112

OH O 0_.0
Cl )J\/ Me f
Me”™ ™ py, DMAP Me™ ™ Me
Cl Cl —— Cl Cl
CH2C|2, 0 DC —rt
OMe OMe
111 112

Allylic ester 112 To a stirred solution of allylic alcohdl11(95.9 mg, 0.39 mmol) and
4-(dimethylamino)pyridingcatalytic amount) in dichloromethane (2 mL) was added pyridine
(41, 0.78 mmol) followed by addition of propionyl chloride (68, 0.59 mmol) at 0 °C.

Stirred reaction solution for 30 minutes at 0 °C and warmed to room temperature. Reaction was
stirred over night at room temperatureagtion progress was monitored by TLC. TLC plates

were developed with 30% EtOAc/Hex solution and visualized by UV lamp andd4smain.

Reaction solution was diluted with dichloromethane (5 mL). Organic phase was washed with
saturated CuS >olution (2 mL), HO (2 mL) and brine (2 mL). Organic phase was dried over

anhydrous MgS@and concentrated under reduced pressure. Crudasipurified with silica
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gel chromatography (eluted with 30% EtOAc/Hex) to afford allylic eki@(76 mg, 64% yield)
as colorless oil.

Allylic ester 112 'H-NMR (300 MHz; CDC}) : 6.88 (s, 2H), 6.23 (s, 1H), 4.68 (s, 2H),
3.79 (s, 3H), 2.42 (g} = 7.6 Hz, 2H), 1.57 (s, 3H), 1.19 {t= 7.6 Hz, 3H).

Attempted Ireland-Claisen rearrangement of allylic ester 112

0._0 oTBS
\f 1.LDA, THF, 78 °C OW Vo
2. TBSCI, HMPA

Me™ ™ Me _78°C — rt Me™ X o O Me™ ™
Cl Cfk ——— > + CI Cl
3. reflux Cl Cl
OMe OMe OMe

112 116 117

12° To a solution of diisopropylamine (0.21 ml,

Following the protocol of Daub aret a
1.5 mmol) in THF (2 mL) was addedbutyllithium (1.6 M, 0.70 mL, 1.1 mmol) at 0 °C.
Reaction solution was stirred 2 minsitat 0 °C and cooled i@8 °C. Allylic ester112 (303 mg,
1 mmol) was added to the reaction solution drop wise over approximately 3 minutes as a solution
in THF (1 mL) at 178 °C; followed by stirring for 2 minutesert-Butyldimethylsilyl chloride
(170 ny, 1.1 mmol) was added as a solutiorhé@xamethylphosphoramid®.50 mL, 3.0 mmol)
at178 °C, stirred 2 minutes and warmed to room temperature. Reaction solution was refluxed for
2 hours, oil bath set to 80 °Ce&ction progress was monitored by TLC. Tplates were
developed with 10% EtOAc/Hex solution and visualized by UV lamp and KMst@in.
Reaction was cooled to room temperature and quenched with 10% HCI solution (1 mL); stirred
for 1 hour. 15% NaOH solution was added and aqueous phase was extrieextetimes with
diethyl ether (3 mL). Concentrated HCI| was added to the aqueous phase, until pH = 3 paper at 0

°C. Acidic aqueous phase was extracted three times with diethyl ether (3 mL). Organic phase was

washed with HO (5 mL), brine (5 mL), dried ovaeanhydrous MgS@and concentrated under

58



reduced pressure. BYI-NMR no desired carboxylic acid was isolated. Basic extract was thus

moved forward with. Organic phase was washed wi® Kb mL), brine (5 mL), dried over

anhydrous MgS@and concentrated undeeduced pressure. Crude material was purified with

silica gel chromatography (gradient elution 50% EtOAc/Hex) to afford TB®ther 117,
allylic esterl12(75 mg, 25% vyield recovered starting material) bridetoested 16.

TBS-ether 117. *H-NMR (300 MHz;CDCl) : 6.88 (s, 2H), 6.25 (s, 1H), 4.22 (s, 2H),

3.79 (s, 3H), 1.50 (s, 3H), 0.95 (s, 9H), 0.13 (s, 6H).

b-ketoester116. *H-NMR (300 MHz; CDC}) :
12.9Hz, 1H), 4.66 (dJ = 12.9Hz, 1H), 3.79 (s, 3H)3.64 (q,J = 7.2 Hz, 1H), 2.65 (dq) =7.5

Hz, 1H), 2.57 (dgJ =7.5 Hz, 1H), 1.54 (s, 3H), 1.38 (@= 7.2Hz, 3H), 1.06 (tJ =7.2 Hz, 3H),

note data was

not avail

abl e

i 6.

c &C ARTINMIR e

6 .

al

(100 MHz, CDC}) : 20@i5, 170.5, 159.2, 136.7, 135.4, 126.8, 122.9, 114.1, 69.3, 55.9, 52.8,

35.1, 16.0, 13.1, 7.9.

Preparation of g ,-Uhsaturated ester 123:

OH
Me™ ™

Cl

OMe
11

Cl

OEt

EtO\}A Me

OEt

propionic acid (0.1 equiv)
Method A or B

Me
Cl

CO,Et

“Me

OMe
122 syn

Cl

g cWhsaturated ester 123 (Method A) To a round bottom flask fitted with a magnetic
stir bar was added allylic @hol 111 (589.6 mg, 2.40 mmol), triethyl orthopropionate (5 mL,

24.0 mmol) and propionic acid (18L, 0.2 mmol). System was fitted with a short path

distillation condenser and collecting round bottom flask. Reaction was heated to 152 °C for 4

hours. Rea@bn was cooled to room temperature and diluted witd®E20 mL). Organic phase
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was washed with 10% HCI (20 mL), NaHg@0 mL), HO (20 mL) and brine (20 mL).
Organic phase was dried over anhydrous Mg&@d concentratedunder reduced pressure.
Crude material was purified with silica gel chromatography (gradient elution 3@o
EtOAc/Hex) to affordy -udsaturated estdr22 syn(357 mg, 45% yield) as yellow oil.

g cWhsaturated ester 12. (Method B) To a microwave reactor tube fitted with a
magnetic sti bar was added allylic alcohtll1 (503.0 mg, 2.40 mmol), triethyl orthopropionate
(4.1 mL, 20.4 mmol) and propionic acid (&, 0.2 mmol). Reaction was heated in microwave
reactor at 250 °C for 1.5 hours, power setting 250. Reaction was cooled tceroperdture and
diluted with E;O (20 mL). Organic phase was washed with 10% HCI (20 mL), NaHcO
mL), H,O (20 mL) and brine (20 mL). Organic phase was dried over anhydrous Ng&O
concentratedinder reduced pressure. Crude material was purified With gel chromatography
(gradient elution 10 30% EtOAc/Hex) to affordy -udsaturated estek23 syn (324 mg, 48%
yield) as yellow oil.

g Uhsaturated ester 123'H NMR (400 MHz; CDC4) : 6.91i (d,J = 2.7 Hz, 1H), 6.79
(d,J = 2.7 Hz, 1H), 4.955 1H), 4.92 (s, 1H), 4.58 (d,= 11.3 Hz, 1H), 4.17 (app dd,= 7.1,
3.0 Hz, 3H), 3.76 (s, 4H), 3.62 (d§= 11.3, 7.1 Hz, 1H), 1.55 (d,= 0.6 Hz, 4H), 1.26 () =
7.1 Hz, 4H), 0.92 (dJ = 7.2 Hz, 4H);®C NMR (101 MHz; CDCI a) :
138.3, 136.2, 127.4, 116.1, 114.3, 111.8, 60.6, 55.7, 49.4, 39.6, 23.0, 16.HRMIS (El)m/z

331. 08622 ¢H008Ch (M6)B310855]. C
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Preparation of a , -unsaturated ester 130:

CHO

OMe

EtO,C

\(

Q
P(OE),

Me

CO,Et

N

Me

OMe

NaH, THF, rt

OMe
OMe
130

129

a , -bnsaturated ester 130To a stirred heterogeneous solution of sodium hydride (53 g,
137.24 mmol) in THF (1 L) was addédethyl 2-phosphonopropionai@®5.5 g, 158.35 mmol) at
0 °C. 2,4Dimethoxybenzaldehydd 26) (18 g, 105.57 mmol) was added to reaction solution at 0
°C, followed by immediate warming to room temperature. Reaction was stirred at room
temperature over night.gaction progress was monitored by TLC. TLC plates were developed
with 30% EtOAc/Hex solution and visualized by UV lamp and KMretain. Reaction was
guended with saturated NKEI solution (500 mL) aD °C. Quenched solution was warmed to
room temperature and diluted with® to dissolve salts. Organic phase was washed wih H
(500 mL), brine (500 mL), dried over anhydrous MgS&nhd concentrated under reedc
pressure to affor@ , -unsaturated estdr30 (>25 g, 10:1 dr) as yellow oil. The crude material
was carried on without further purification.

a ,-bnsaturated ester 130*H-NMR (300 MHz; CDC}) : 7.80 prs, 1H), 7.26 (dJ =
8.4 Hz, 2H), 6.51 (dd] = 8.4, 2.4 Hz, 1H), 6.47 (d] = 2.4 Hz, 1H), 4.26 (q) = 7.1 Hz, 2H),

3.84 (s, 6H), 2.06 (dl = 1.5 Hz, 3H), 1.34 () = 7.1 Hz, 3H).

OH
Me™ ™
OMe

OMe
131

Preparation of allylic alcohol 131

CO,Et
Me” X LiAIH,
OMe
OMe
130

THF, 0 °C
LR
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Allylic alcohol 131. To a heterogeneous stirred solution of lithium aluminum hydride
(5.3 g, 138 mmol) in THF (500 mL) was added crade-umsaturated este30 (>25 g, 106
mmol) as a solution in THF (50 mL), addition completed via addition funnel, at 0€&xtiBn
progressvas monitored by TLC. TLC plates were developed with 20% EtOAc/Hex solution and
visualized by UV lamp and KMnfstain. Quenched reaction with extremely slow drop wise
addition of HO (7 mL), 15% NaOH solution (7 mL) and® (21 mL) stirred for 30 minutest
0 °C. Warmed to room temperature. Added 3 scoops of anhydrous Mg8Qtirred for 1 hour.
Filtered through sand/celite pad. Concentrated to reduce volume. Organic phase was washed
with H,O (200 ml), brine (200 mL), dried over anhydrous MgS(Dd concetrated under
reduced pressure to afford allylic alco®1 (23.3 g) as oil. Crude material was carried on
without further purification.

Allylic alcohol 131. *H-NMR (300 MHz; CDC}) : 7.18 (d,J = 7.9 Hz, 1H), 6.52 (br s,
1H), 6.49 (dd,J = 2.5 Hz,1H), 6.46 (d,J = 2.0 Hz, 2H), 4.20 (2, 2H), 3.82 (s, 3H), 3.81 (s, 3H),
1.85 (d,J = 1.4 Hz, 3H), 1.61 (s, 1H), note unable to calculate completdues for aromatic
region in full due to overlapping chemical shifts.

Preparation of g ,-udsaturated esters 1323ynand 133anti:

OH

OEt CO,Et CO,Et

et , 1

Me” X \|/\ Me Me Me Me : ‘Me
OMe OEt > OMe 4 ~ OMe
propionic acid (0.1 equiv)
125 °C
OMe OMe OMe
131 132 syn 133 anti

g ,Whsaturated esters 13Zynand 133anti. Following the procedure of Dawdi a

2
120

To round bottom flask was added allylic alcoht81 (378 mg, 1.82 mmol), triethyl

orthopropionate (5.5 mL, 27.22 mmol) and propionic acidn140.18 mmol), fitted with a short
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path distillation apparatus and collection rduottom flask, heated oil bath to 150 °@aRtion
progress was monitored by TLC. TLC plates were developed with 20% EtOAc/Hex solution and
visualized by UV lamp and KMn{stain. Cooled reaction room temperature and diluted with
diethyl ether (10 mL) queined with 10% HCI (10 mL) and stirred vigorously for 1 hour.
Organic phase was washed with saturated NagHCO@mL), HO (15 mL), brine (15 mL), dried
over anhydrous MgSf£and concentrated under reduced pressure. Crude material was purified
with silica gelchromatography (gradient elutidn 2- 3- 4- 5- 10% EtOAc/Hex) to afford
g rudsaturated estei82synand133 anti (combined yield 56%, 2:1 dr) both are colorless oils.

g Whsaturated ester 132syn FTIR (thin film/NaCl): 2977, 2836, 1732, 1646, 1611,
1586, 1505, 1456, 1418, 1378322, 1294, 1261, 1208, 1157, 1123, 1106, 1037, 938, 892, 834,
H-NMR (400 MHz; CDC}) : 7.08 (d,J= 9.1 Hz, 1H), 6.46 (dd} = 9.0, 2.9 Hz, 1H), 6.44 (d,
= 3.5 Hz, 1H), 4.92 (s, 1H), 4.78 &= 1.4 Hz, 1H), 4.14 (g) = 6.9 Hz, 2H), 3.96 (d] = 11.5
Hz, 1H), 3.80 (s, 3H), 3.79 (s, 3H), 2.97 (dg 11.7, 6.9 Hz, 1H), 1.60 (s, 3H), 1.25J& 7.1
Hz, 3H), 0.94 (dJ= 7.0 Hz, 3H);’®CNMR (101 MHz; CDCI 3): U 176.
128.8, 121.6, 109.9, 104.6, 98.6, 60.2, 55.58, 55.42, 46.7, 43.4, 22.4, 16,4RM8 (El)m/z
292. 16764 jHaG (Me)R82.167461. C

g cWhsaturated ester 133anti. FTIR (thin film/NacCl): 3076, 2976, 2836, 1733, 1643,
1610, 1586, 1505, 1463, 1418, 1374, 1262, 1208, 1037, 939, 892t8BMMR (400 MHz;
CDCly) : 7.10 (d,J = 9.0 Hz, 1H), 6.41 (dd] = 9.0, 4.8 Hz, 1H), 6.40 (app s, 1H), 4.96 (s, 1H),
4.81 (t,J = 1.7 Hz, 1H), 3.94 (dJ = 11.7 Hz, 1H), 3.88 (app dd,= 7.1, 4.3 Hz, 2H), 3.79 (s,
3H), 3.76 (s, 3H), 3.08 (dd,= 11.7, 6.8 Hz, 1H), 1.59 (d,= 0.7 Hz, 3H), 1.22 (dJ = 6.8 Hz,

3H), 0.96 (tJ=7.1Hz, 3H)®®CNMR (101 MHz; CDCI3): U 176. 1,
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122.8 112.7, 103.9, 98.9, 60.0, 55.7, 55.4, 47.8, 41.6, 20.0, 16.8, BRMS (El) m/z
292. 16779 jHu® (Me)RE2.167661. C

Preparation of allylic ester 134

py DMAP
OMe
CH2C|2 0 C —rt

OMe OMe
131 134

Allylic ester 134. To a solution of allylic alcohol131 (23.3 g, 110 mmol),

4-(dimethylamino)pyriding(1.4 g, 11 mmol) in dichloromethane (500 mL) was added pyridine

(12 mL, 220 mmol) followed by addition of propionyl chloride (25 mL, 275 mmol) &0

Reaction was warmed to room temperatureadton progress was monitored by TLQ.CT

plates were developed with 20% EtOAc/Hex solution and visualized by UV lamp and KMnO

stain. Reaction was quenched with 1M HCI (300 mL). Organic phase was washed with saturated

NaHCQ; (300 mL), HO (250 mL), brine (250 mL), dried over anhydrous MgS&d

concentrated under reduced pressure. Crude material was purified with silica gel chromatography

(gradient elutiorl0- 15 20- 25% EtOAc/Hex)to afford allylic esterl34(15.8 g, 57% vyield,
over three steps).

Allylic ester 134. FTIR (thin film/NaCl): 2941, 837, 1737, 1609, 1579, 1503,1463,
1417, 1341, 1286, 1209, 1124, 1081, 1034, 937, 3BHMR (400 MHz; CDC}) : 7.18 (d,J =
8.2 Hz, 1H), 6.54 (s, 1H), 6.46 (ddi= 10.2, 2.1 Hz, 1H), 6.45 (d,= 2.2 Hz, 1H), 4.66 (d] =

0.9 Hz, 2H), 3.80 (s, 3H), 3.78, 3H), 2.39 (qJ = 7.6 Hz, 2H), 1.84 (d] = 1.4 Hz, 3H), 1.17 (t,

J=7.6Hz, 3H)°*C-NMR (101 MHz;CDCly) : & 174.4, 160.1, 158.

123.5, 118.7, 103.8, 98.3, 70.3, 64.4, 55.43, 55.35, 27.7, 21.8, 15, ARNAS (El) m/z

264. 13501 fHe® (Ms)R64.136061. C
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Preparation of g ,-udsaturated carboxylic acids 13%anti and 136syn

0__0 CO,H CO,H
f 1. LDA, THF, =78 °C J\/
2. TBSCI, HMPA Me “"Me
Me Xy M
© Ol(\a/le -78°C — rt OMe . OMe

3.THF, A ©/

OMe OMe OMe

134 135 anti 136 syn

g ,Whsaturated carboxylic acids 13%anti and 136syn Following the protocol of Daub

andet al®®

To a solution of diisopropylamine (0.10 ml, 0.68 mmol) in THF (2 mL) was added
butyllithium (1.32 M, 0.33 mL, 0.44 mmol) at 0 °C. Reaction solution was stirred 2 minutes at O
°C and cooled t678 °C. Allylic ester134 (72 mg, 0.27 mmol) was added to the reaction solution
drop wise over approximately 3 minutes as a solution in THRIW(L at 78 °C; followed by

stirring for 2 minutes.tert-Butyldimethylsilyl chloride (45 mg, 0.3 mmol) was added as a
solution inhexamethylphosphoramid®.14 mL, 0.81 mmol) at78 °C, stirred 2 minutes and
warmed to room temperature. Reaction soluti@s wefluxed for 2 hours; oil bath heat set to 80

°C. Reaction progress was monitored by TLC. TLC plates were developed with 30% EtOAc/Hex
solution and visualized by UV lamp and KMp€iain.Reaction was cooled to room temperature

and quenched with 10% HGblution (1 mL); stirred for 1 hour. 15% NaOH solution was added
and aqueous phase was extracted three times with diethyl ether (3 mL). Concentrated HCI was
added to the aqueous phase, until pH = 3 at 0 °C. Acidic aqueous phase was extracted three times
with diethyl ether (3 mL). Organic phase was washed wit® (3 mL), brine (5 mL), dried over
anhydrous MgS@and concentrated under reduced pressure. Crude material was purified with

silica gel chromatography (gradient elution 280- 50% EtOAc/Hex) to affordy -udsaturated

carboxylic acidd35anti and136syn(combined 42 mg, 58% yield, 3:1 dr) both colorless oils.
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0_0 UOZH CO,H
\f LIHMDS, EtsN Me “Me

Me™ ™y Me _PhCH, —78°C — 1t

OMe —— & 7% ¥ 0 ©/0Me + OMe

OMe OMe
134 135 anti 136 syn

g UWhsaturated carboxylic acids 135anti and 136 syn Following the procedure of
Collum et al** To a solution of LIHMDS (1M in toluene, 11.4 mL, 11.34 mmol), triethylamine
(16mL, 113.4 mmol) in toluene (40 mL) was added allylic e&&f (1 g, 3.78mmol) as a
solution in toluene (10 mL) &ft78 °C. Stirred reaction for 1 houriat8 °C than warmed to room
temperatureTLC was used to monitor reaction progreBsC plates were developed with 30%
EtOAc/Hex solution and visualized by UV lamp and KMm&ain. Reaction was basified with
15% NaOH (25 mL). Extracted basified reaction solution with diethyl ether (50 mL).
ConcentratedHCI| was added to the aqueous phase, until pH = 3 at 0 °C. Extracted acidified
agueous phase three times with diethyl ethenf2h Combined organic phase was washed with
H>O (50 mL), brine (50 mL), dried over anhydrous MgSihd concentrated under reduced
pressure to yield) -udsaturated carboxylic acids35 anti and 136 syn(0.80g, 80% vyield, 19:1
dr) as white solid. No furthgaurification required.

g ,Whsaturated carboxylic acids 13manti. FTIR (thin film/NaCl) 3077 (br, s), 2969 (s),
2938 (s), 2836 (s), 2660 (br, m), 1708 (s), 1644 (w), 1611 (m), 1586 (m), 1295 (s), 1261 (s),
1036 (m)cm®; *H-NMR (400 MHz; CDC}) : 7.08 (d,J = 8.2 Hz, 1H), 6.42 (dd] = 8.0, 2.5
Hz, 1H), 6.39 (tJ = 3.0 Hz, 1H), 4.93 (s, 1H), 4.82 {t= 1.7 Hz, 1H), 3.91 (d] = 11.5 Hz, 1H),

3.77 (s, 3H), 3.73 (s, 3H), 3.05 (dbg 11.6, 6.8 Hz, 1H), 1.56 (s, 3H), 1.22 {5 6.8 Hz, 4H);

“CcNMR (101 MHz; CDCI3): & 181.5, 159.4, 158.
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55.7, 55.4, 47.5, 41.2, 20.0, 16.BIRMS (El) m/z26 4. 13637 [15-¢0k @V&)d f
264.13616].

g Uhsaturated carboxylic acids 136syn *H-NMR (300 MHz; CDC}) : 7.0% (d,J =
9.1 Hz, 1H), 6.47 (dd] = 9.0, 2.5 Hz, 1H), 6.45 (d,= 2.4 Hz, 2H), 4.97 (s, 1H), 4.82 (s, 1H),
3.95 (d,J = 11.2 Hz, 1H), 3.80 (s, 6H), 3.00 (app dd; 11.1, 6.8 Hz, 1H), 1.60 (s, 3H), 0.98 (d,
J=6.9 Hz, 3H).

Attempted cleavage of methykther 135

(0]

Me” > “Me BBr3 Me “'Me

: CH,Cl,, 0 °C Me

[;j/OMe), H OMe

OMe OMe
135 141

Lactone 141. To a stirred solution ofg -udsaturated carboxylic aciti35 (50 mg, 0.20
mmol) in dichloromethane (2 mL) was added boron tribromide (AQ®.22 mmol) at 78 °C.
Reaction solution was slowly warmed to room temperaflic€ was sed to monitor reaction
progressTLC plates were developed with 50% EtOAc/Hex solution and visualized by UV lamp
and KMnQ stain. Reaction was quenched withQH(5 mL). Organic phase was washed with
brine (5 mL), dried over anhydrous Mgs@nd concentrate under reduced pressure. Crude
material was purified with silica gel chromatography (gradient elufién 20- 30- 50%
EtOAc/Hex) to afford lacton&41 (15 mg, 30% vyield) as the major product, white solid.

Lactone 141 *H-NMR (300 MHz; CDC}) : i 6=93161z, (H),,6.44 (app s, 1H),
6.41 (dd,J = 9.0, 2.5 H}, 3.80 (s, 3H), 3.73 (s, 3H), 3.45 (br app s, 1H), 8323 (M, 1H), 1.52

(s, 3H), 1.06 (s, 3H), 0.94 (d= 7.1 Hz, 3H).
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Attempted cleavage of methyl ether 135

CO.H
Me/u\)”'Me NaSEt

: DMF, 153 °C
T e

©/OM6

OMe
135

Lactone 143 To a stirred solution off -udsaturated carboxylic aciBB5 (471 mg, 1.78
mmol) in N,N-dimethylformamide (18 mL) was added sodium ethanethiolate (314 mg, 3.74
mmol). Reaction was heated to reflux (153 °C) over nighadRon progress was monitored by
TLC. TLC plates were developed with 30% EtOAc/Hex solution and visualized by UV lamp and
KMnQO, stain. Reaction was quenched with 10% HCI (10 mL). Diluted with diethyl ether (20
mL). Organic phase was washed three times wi® K40 mL), brine (40 mL), drieadver
anhydrous MgS@and concentrated under reduced pressure. Crude material was purified with
silica gel chromatography (gradient eluti@ 20- 30- 50% EtOAc/Hex) to afford lactone
143(112 mg, 25% yield) as a white solid.

Lactone 143 FTIR (thin film/NaC) 3077 (m), 2975 (s), 2838 (m), 2594 (w), 2416 (w),
2235 (w), 1766 (s), 1623 (s), 1377 (m), 1318 (m), 1260 (m), 1080 (m), 1033 (m), 839 (m);
'H-NMR (400 MHz; CDC}) : 6.98 (d,J = 8.4 Hz, 1H), 6.66 (dd] = 8.5, 2.6 Hz, 1H), 6.60 (d,
= 2.6 Hz, 1H), 5.08quintet,d = 1.5 Hz, 1H), 4.91 () = 0.8 Hz, 1H), 3.78 (s, 3H), 3.38 (@~

9.9 Hz, 1H), 2.75 (dgJ = 9.9, 6.9 Hz, 1H), 1.65 ( = 0.6 Hz, 3H), 1.25 (dJ = 6.9 Hz, 3H);

YCNMR (101 MHz; CDCI3): 4 171. 4, 11%0%,6 1923, 152.

55.6, 49.1, 37.4,17.9, 14BARMS (E)m/z2 32 . 10 9 8 4 jHe®s (M)R82.10984]. C
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Preparation of SEM-ether 145

CHO

SEMCI, i-PryNEt ¢HO

» 1-PTrp

©/OH CH,Cl,,0°C - 1t ©/OH
[ — .

OH OSEM
144 145

SEM-ether 145 To a stirred heterogeneous solution of-@ydroxybenzaldehyde
(144 (5 g, 36.20 mmol) in dichloromiedne (250 mL) was addeédN-diisopropylethylaming8
mL, 43.44 mmol) and -Btrimethylsilyl)ethoxymethyl chloridg€6.4 mL, 36.20 mmol) at 6C.
Reaction was warmed to room temperatdiieC was used to monitor reaction progrescC
plates were developed Wit30% EtOAc/Hex solution and visualized by UV lamp and KMnO
stain. Quenched reaction with saturated,8Hsolution (100 mL) ab °C and warmed to room
temperature. Organic phase was washed wi KLOO mL), brine (100 mL), dried over
anhydrousNa,SQ,, with stirring. Concentrated under reduced pressure to afford&a&t145
(9.4 g, 97% yield) as oil. No further purification was necessary.

SEM-ether 145 FTIR (thin film/NaCl): 3099, 2954, 2897,654, 1577, 1502, 1431,
1361, 1333, 1289, 1249, 1215, 414119, 1087, 993, 955, 917, 836, 806, 758, 713, 695, 653,
613;*H-NMR (400 MHz; CDC}) : 11.88 (s, 1H), 9.74 (d} = 0.5 Hz, 1H), 7.45 (d] = 8.6 Hz,

1H), 6.65 (dd,J = 8.6, 2.3 Hz, 1H), 6.61 (d} = 2.3 Hz, 1H), 5.26 (s, 2H), 3.73.73 (m, 2H),

0.980.93 (m, 2H), 0.00 (s, 9H}*C-NMR (101 MHz: CDCI3): U 194.

115.9, 109.2, 103.5, 92.7, 67.1, 182,3 HRMS (El)m/z26 8. 1134 [14#1a0,3 6d

(M+) 268.11309].
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Preparation of methyl ether 146

¢Ho Mel, NaOH FHO
OH .

(Bu);NSO,4, H,O/THF
_—

OSEM OSEM
145 146

Methyl ether 146. To a stirred solution of SEMther 145 (9.4 g, 35.02 mmolin
tetrahydrofuran (200 mL) was added tetrabutylammonium hydrogen sulfate (6 g, 17.51 mmol),
NaOH solution (2M, 88 mL, 175.10 mmol) and iodomethane (16 mL, 245.14 mmol). Reaction
was stirred atadom temperature overnight.LC was used to monitor reaction progre$&C
plates were developed with 30% EtOAc/Hex solution and visualized by UV lamp and KMnO
stain.Phases were separated. Organic phase was washed @itf26D mL), brine (200 mL),
dried over anhydrous N&O, and concentrated under reduced pressure. Crude material was
purified with silica gel chromatographigradient elution5- 10- 20% EtOAc/Hex) to afford
methyl etherl46(9.4 g, 95% vyield) as yellow oil.

Methyl ether 146. FTIR (thin film/NaCl): 3299, 2953, 1679, 1603, 1502, 1466, 1425,
1397, 1315, 1261, 1203, 1165, 1088, 1029, 998, 935, 836,1894MR (400 MHz; CDC}) : U
10.30 (d,J = 0.6 Hz, 1H), 7.78 (dJ = 8.7 Hz, 1H), 6.68 (dd] = 8.7, 1.5 Hz, 1H), 6.60 (d,=
2.1 Hz, 1H), 5.27 (2H), 3.89 (s, 3H), 3.77 (dd,= 9.4, 7.3 Hz, 2H), 0.94 (dd,= 9.4, 7.3 Hz,
2H), -0.00 (s, 9H)*C-NMR (101 MHz; CDCI 3): U 188.6, 164.
99.5, 92.8, 67.0, 55.8, 18.21.3 HRMS (E))m/z28 2. 12886 [48®ISc(Me f or

282.12874].
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Preparation of a , -Unsaturated ester 147

Q CO,Et
CHO EtO,C_ _ P(OEY),
OMe h Me™ ™
Me OMe
NaH, THF
OSEM
OSEM
146 147

a , -bnsaturated ester 147 To a stirred heterogeneous solution of sodium hydride (1.8
g, 45.11 mmol) in THF (100 mL) was add#&tkthyl 2-phosphonopropionat@l1.4 mL, 52.05
mmol) at 0 °C. Aldehydé&46 (9.8 g, 34.70 mmol) as a solution in THF (30 mL) was added at O
°C, drop wise via addition funnel, followed by immediate warming to room temperaiuce.
was used to monitor reaction progre34.C plates were developed with 20% EtOAc/Hex
solution and isualized by UV lamp and anisaldehyde stain. Reaction was quenched with
saturated NECI solution (100 mL) a@ °C. Quenched solution was warmed to room temperature
and diluted with HO to dissolve salts. Organic phase was washed wit (00 mL), brine
(100 mL), dried over anhydrous Mg%@nd concentrated under reduced pressure. Crude
material was purified with silica gel chromatography (gradient elutiorv-510- 20- 50%
EtOAc/Hex) to afforca , -unsaturated estéd7(11.3 g, 10:1 dr) as yellow oil.

a , -bnsaurated ester 147 FTIR (thin film/NaCl): 2954, 1702, 1607, 1577, 1501, 1464,
1419, 1366, 1247, 1201, 1087, 1000, 935, 836, 753, 736,"AMMR (400 MHz; CDC}) : U
7.79 (s, 1H), 7.24 (d] = 8.5 Hz, 1H), 6.66 (dd] = 8.5, 2.3 Hz, 1H), 6.60 (d, = 2.3 Hz, 1H),
5.24 (s, 2H), 4.25 (q] = 7.1 Hz, 2H), 3.83 (s, 3H), 3.77 (d#i= 9.5, 7.2 Hz, 2H), 2.05 (d}, =
1.5 Hz, 3H), 1.34 (t) = 7.1 Hz, 3H), 0.97 (dd] = 9.5, 7.2 Hz, 2H), 0.00 (s, 8HYC-NMR (101

MHz ; CDCI 3) : u 169 .181,0, 1275391186, 107115 99.8,003.0, 863%,460.2, ,
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55.7, 18.2, 14.53, 14.431.3 HRMS (E) mz36 6. 18651 [10680:St 6Md) f or
366.18651].

Preparation of allylic alcohol 148

CO,Et OH
Me™ X LiAIH,
THF,0°c  Me™™
OMe — OMe
147 148

Allylic alcohol 148. To a heterogeneous stirred solution of lithiumnahum hydride
(304 mg, 8.02 mmol) in THF (40 mL) was added-unsaturated estd47(1.96 g, 5.35 mmol)
as a solution in THF (10 mL) at 0 °CLC was used to monitor reaction progreBsC plates
were developed with 30% EtOAc/Hex solution and visualizgdJV lamp and KMnQ stain.
Quenched reaction with extremely slow drop wise addition@f L mL), 15% NaOH solution
(2 mL) and HO (3 mL) stirred for 30 minutes &t °C. Warmed to room temperature. Added 1
scoop of anhydrous MgS@nd stirred for 1 hour. Filtered through sand/celite pad. Concentrated
to reduce volume. Organic phase was washed with (0 ml), brine (50 mL), dried over
anhydrous MgS@and concentrated under reduced pressure. Crude material was purified with
silica gel chromatography (gradient elutiatD- 20- 30- 40- 50% EtOAc/HeX to afford
allylic alcohol148(1.67 g, 97% yield) as colorless oil.

Allylic alcohol 148. FTIR (thin film/NacCl): 3415, 2953, 1607, 1501, 1464, 1417, 1250,
1198, 1006, 934, 836, 6944-NMR (400MHz; CDCl) : 7.18 (d,J = 8.3 Hz, 1H), 6.63 (dd]
= 8.3, 2.3 Hz, 1H), 6.59 (d,= 2.3 Hz, 1H), 6.52 (s, 1H), 5.23 (s, 2H), 4.19 (s, 2H), 3.80 (s, 3H),
3.77 (t,J = 8.4 Hz, 2H), 1.85 (s, 3H), 1.65 (s, 1H), 0.97)t 8.4 Hz, 2H), 0.01 (s, 9H)

“YcNMR (101 MHz; CDCI3): & 158.2, 157.8, 136.
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69.4, 66.4, 55.6, 18.2, 15.51.2 HRMS (E) m/z322. 15996 |[AdISic(B1®) f or
322.16004].

Preparation of allylic ester 149

(6]
OH g o .o
Me™ ™ c f
py, DMAP Me” X Me
OMe ——— >
CH,Cl,, 0°C —rt OMe
1(188EM OSEM
149

Allylic ester 149. To a solution of allylic alcohol148 (1.67 g, 5.15 mmol),
4-(dimethylamino)pyriding64 mg, 0.52 mmol) in dichloromethane (50 mL) was added pyridine
(400 L, 7.73 mmol) followed by addition of propionyl chloride (980, 10.3 mmol) at CC.
Reaction wasvarmed to room temperatufELC was utilized to monitoraaction progres§LC
plates were developed with 50% EtOAc/Hex solution and visualized by UV lamp and KMnO
stain. Reaction was quenched with 1M HCI (10 mL). Organic phase was washed with saturated
NaHCG; (50 mL), HO (50 mL), brine (50 mL), dried over anhydrous Mg®@d concentrated
under reduced pressure. Crude material was purified with silica gel chromatography (gradient
elution5- 7- 10% EtOAc/Hex}o afford allylic ested49(1.57 g, 80% vyield) as colorless oil.

Allylic ester 149. FTIR (thin film/NaCl): 3451, 2952, 1737, 1608, 1579, 1502, 1463,
1418, 1279, 1199, 1085, 1010, 935, 846:NMR (400 MHz; CDC}) : 7.14 (d,J = 8.4 Hz,
1H), 6.63 (dd,J = 8.4, 2.3 Hz, 1H), 6.58 (d,= 2.3 Hz, 1H), 6.54 (s, 1H), 5.22 (s, 2H), 4.66 (s,
2H), 3.80 (s, 3H), 3.78 (dd,= 9.5, 7.4 Hz, 2H), 2.40 (d),= 7.6 Hz, 2H), 1.84 (d) = 1.3 Hz,
3H), 1.18 (t,J = 7.6 Hz, 3H), 0.95 (dd] = 9.5, 7.4 Hz, 2H), 0.00 (s, 9H}*C-NMR (101 MHz;
CDCI3):u 174. 5, 158. 3, 158. 0, 131. 9, 130. 7, 123.

27.8,18.2,15.8,9.41.2 HRMS (ENm/z3 80 . 202 0 1 ,fHe@Si (V&)BS0R2aL8]. C
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Preparation of g ,-udsaturated carboxylic acid 150

CO,H
LIHMDS, EtsN Meb"»Me

Me” Me o~ _ B
OMe PhCH3, 78°C- rt H OMe

o0_0

OSEM OSEM
149 150 anti

g -Whsaturated carboxylic acid 150 Following the procedure of Collurat al?* A
solution of lithium bis(trimethylsilyllamide (1M in toluene, 16 mL, 15.77 mmol) and
triethylamine (22 mL, 157.80 mmol) in toluene (40 mL) was stirred for 10 minutes at room
temperature; followed by cooling i&8 °C. A precooled solution of allylic este49 (2 g, 5.26
mmol) in toluene (25 mL) was added over 1 hour to the reaction solutiori8a°C. Upon
complete addition reaction solution was stirred for 10 minutd&t°C prior to warming to
room temperatureTLC was utilized to monitor reaction progre§4.C plates were developed
with 20% EtOAc/Hex solution and visualized by UV lamp &MnO, stain. Quenched reaction
with 1M HCI (80 mL) at (°C. Organic phase was washed witfOH100 mL), brine (100 mL),
dried over anhydrous MgSQand concentrated under reduced pressure. Crude material was
purified with silica gel chromatography (gradiextution 5 7- 10% EtOAc/Hex; doped eluent
with 1% AcOH) to affordy -udsaturated carboxylic acid0(1.7g; 85% vyield, 20:1 dr) as oil.

g ,Whsaturated carboxylic acid 150 FTIR (thin film/NaCl) 2952 (br s), 1708 (s), 1609
(m), 1503 (m), 1250 (m), 1198 163 (m), 1140 (m), 1086 (m), 1013 (s), 937 (m), 859 (m),
836 (s);*'H-NMR (400 MHz; CDCI3 : 7.0 (d,J = 8.4 Hz, 1H), 6.55 (dd] = 8.4, 2.3 Hz, 1H),

6.52 (d,J = 2.3 Hz, 1H), 5.19 (d] = 6.9 Hz, 1H), 5.17 (d] = 7.0 Hz, 1H), 4.94 (s, 1H), 4.82 (s,
1H), 3.93 (dJ = 11.5 Hz, 1H), 3.7B.73 (t,J = 8.4 Hz, 2H), 3.74 (s, 3H), 3.06 (di= 12.1, 6.3

Hz, 1H), 1.56 (s, 3H), 1.22 (d,= 6.8 Hz, 3H), 0.96 (t) = 8.4 Hz, 2H)-0.00 (s, 9H)*C-NMR
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(101 MHz; CDCI3)u 181. 0, 158. 3, 157. 3, 144. 4, 128.

55.7, 47.5, 41.0, 19.9, 18.2, 16:9,2 HRMS (E\m/z3 8 1 . 2 09 2  |bold:@tSM+H)+ f o r
380.2019]

Preparation of phenol 142

Me” “Me TH-II;BGAF°C Me” “Me
©/OM9 45> ©/0Me
OSEM OH
150 anti 142

Phenol 142 To a stirred solution off -udsaturated carboxylic acith0 (1.7 g, 4.47
mmol) in tetrahydrofuran (7 mL) was added tetrabutylammonium fluoride (1M in THF, 23 mL,
22.33 mmol). Reaction was refluxed (85). Aliquots of the reaction were taken and analyzed
by *H NMR to monitor progres Quenched with 1M HCI (20 mL). Organic phase was washed
with H,O (15 mL), brine (15 mL), dried over anhydrous Mg®@d concentrated under reduced
pressure. Crude material was triturated with chloroform to afford phet®(549 mg, 50%
yield) as a whitgpowder.

Phenol 142 FTIR (thin film/NaCl): 3327, 2969, 1708, 1613, 1506, 1457, 1290, 1198;
'H-NMR (400 MHz; DMSQdg) : 11.d5 (s, 2H), 9.21 (s, 2H), 6.97 (t= 8.3 Hz, 1H), 6.31 (d,
J=2.3 Hz, 1H), 6.26 (dd] = 8.3, 2.3 Hz, 1H), 4.86 (s, 1H), 4.72 {$4), 3.77 (dJ = 11.6 Hz,

1H), 3.67 (s, 3H), 2.94 (dgl = 12.2, 6.4 Hz, 1H), 1.49 (s, 3H), 1.07 = 6.8 Hz, 3H)

%C-NMR (101 MHz;DMSOdg) : U 176.6, 157.9, 156.8, 144.

55.2,47.1,19.2, 16,5IRMS (ENm/z2 4 9 . 11 3 2 [4ld4D) (M-B)el25G.1805] C
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Preparation of spiro lactone 157

Me l"Me Ph'(OZCCF3)3

CH4CN

Spiro lactone 157 To a stirred solution dbis(trifluoroacetoxy)iodolbenzene (120 mg,
0.28 mmol) in acetonitrile (8.2 mL) was added pheh2 (58 mg, 0.23 mmol) as a solution in
acetonitrile (1 mL) at room temperatufELC was utilized to monitor reaction progre§d.C
plates were developed with 20% EtOAc/Hex solution and visualized by UV lamp and KMnO
stain. Reaction solution was concentrated under reduced pressure and purified with silica gel
chromatography (gradient eluti@® 30- 50% EtOAc/Hex) to afford spiro lactond57 (52.9
mg, 93% yield, 14:1 dr) as white solid.

Spiro lactone 157 FTIR (thin film/NaCl) 2939 (w), 1787 (s), 1667 (s), 1606 (m), 1455
(w), 1373 (w), 1314 (w), 1228 (m), 1180 (w), 1070 (w), 975 (w), 858 (w), 646 FNMR
(300 MHz; CDC}) : 6.50 (d,J = 10.1 Hz, 1H), 6.21 (ddl = 10.1, 1.7 Hz, 1H), 5.67 (d,= 1.7
Hz, 1H), 5.04 (s1H), 4.80 (s, 1H), 3.84 (s, 3H), 3.28 §d= 12.9 Hz, 1H), 2.95 (dq),= 13.1, 6.6
Hz, 1H), 1.61 (s, 3H), 1.32 (d,= 6.9 Hz, 3H)’®*CCNMR (101 MHz; CDCI 3) :
169.3, 139.2, 137.4, 129.8, 115.2, 104.2, 56.5, 55.9, 37.0, 22.2, 13.9
Preparation of methyl ester 158

OTO CO,Me
1. LIHMDS, EtzN MeJ\/“'Me

Me™ ™ Me ' oC :
OMe PhCH3, 78°C- rt : OMe

2. CH,N,, Et,0, 0 °C

149 158
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Methyl ester 158 Following the procedure of Collurat al** A solution of lithium
bis(trimethylsilyl)amide(1M in toluene 40 mL, 39.41 mmol) and triethylamine (55 mL, 394.20
mmol) in toluene (95 mL) was stirred for 15 minutes at room temperature; followed by cooling
to 178 °C. A precooled solution of allylic est249 (5 g, 5.26 mmol) in toluene (75 mL) was
added over 1 hauo the reaction solution &78 °C. Upon complete addition reaction solution
was stirred for 15 minutes &8 °C prior to warming to room temperature. Reaction was
warmed to 30 °C and stirred for 12 hour&C was utilized to monitoreaction progressILC
plates were developed with 25% EtOAc/Hex solution and visualized by UV lamp and
anisaldehyde stain. Quenched reaction with 1M HCI (125 mL) %€.00rganic phase was
washed with 1M HCI (250 mL), #D (500 mL), brine (100 mL), dried over anhydrous MgSO
and concentrated under reduced pressure to afford grydesaturated carboxylic acid (4.6 g;
crude yield 92%). Crude material was taken on directly to methylation.

Diazomethane was prepared from Diaald, using Aldrich Diazald apparatus®
For an alcoholcontaining ethereal solution:

Condenser was filled with dry ice, isopropanol was added slowly untiffoadr was
approximately onghird full. Ethanol (95%, 10 mL) was added to a solution of potassium
hydroxide (5 g) in water (8 mL) ithe reaction vessel. Receiving flask (100 mL) was attached to
condenser and cooled in a dry ice/isopropanol bath.

A separatory funnel was place over the reaction vessel and charged with a solution of
Diazald (5.0 g, 23 mmol) in ether (45 mL). The reattessel was warmed to 65 °C with g20H
bath. Diazald solution was added over a period of 20 minutes. The rate of distillation should
approximate the rate of addition. Cdldger was replenished as necessary with dry ice. When

all the Diazald was used ugjethyl ether (10 mL) was added, slowly, and distillation was
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continued until distillate was colorless; process continued until distillate colorless. The ether
solution contains approximately 700 mg (16.6 mmol) of diazomethane.
Note: All glassware used ratbe cleasseal joint type. Pipettes are flame polished prior to use.

To a stirred solution of crudg -udsaturated carboxylic acid (4.6 g, 13.14 mmol) in
diethyl ether (30 mL) was added diazomethane solution at 0 °C. Addition was continued until
reaction solution remained yellowlLC was utilized to monitor reaction progre§4.C plates
were developed with 25% EtOAc/Hex solution and visualized by UV lamp and anisaldehyde
stain. Quenched reaction with 3M AcOH in ethyl acetate, colorless solution. Catedntnder
reduced pressure. Crude material was purified with silica gel chromatography (gradient elution
7- 10- 20- 50% EtOAc/HeX to afford methyl estet58 (2.9 g; 56% vyield, 12:1 dr, over two
steps).

Methyl ester 158 FTIR (thin film/NaCl): 2952, 1739, 1609, 1587, 1504, 1455, 1249,
1197, 11621087, 1013, 859, 836H-NMR (400 MHz; CDC}) : 7.08 (d,J = 8.2 Hz, 1H), 6.55
(dd,J = 8.2, 2.2 Hz, 1H), 6.53 (d, = 2.2 Hz, 1H), 5.17 (s, 2H), 4.95 (= 1.0 Hz, 1H), 4.81
(dd,J = 1.8, 1.6 Hz, 1H), 3.95 (d,= 11.6 Hz, 1H), 3.78 (s, 3H), 3.75 @@= 7.3 Hz, 1H), 3.73
(d,J = 7.2 Hz, 1H), 3.42 (s, 3H), 3.10 (dij= 11.6, 6.8 Hz, 1H), 1.57 (s, 3H), 1.21 (&5 6.8
Hz, 3H), 0.96 (dJ = 7.3 Hz, 1H), 0.93 (d] = 7.3 Hz, 1H, -0.01 (s, 9H);*C-NMR (101 MHz;
CDCly) a 176. 5, 158. 2, 157. 2, 144. 5, 128. 0,
47.7, 41.3, 20.0, 18.1, 16.81.3 HRMS (El) m/z417.2068[ c a | ¢ OH3,06So(M+N&+

394.2176.
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Preparation of alcohol159

UOzMe OH
Me™ " 'Me  rpgsc Me” Y “Me
OMe ——— » ‘_OMe

Alcohol 159 To a stirred heterogeneous solution of lithium aluminum hydride (0.83 g,
31.90 mmol) in tetrahydrofuran (150 mL) was added methyl 48@&(¢7.2 g, 18.25 mmol) as a
tetrahydrofuran (30 mL) solution at°C. Stirred at 0 °C for 1 houndfollowed by warming to
room temperature, stirred 15 minut€sC was utilized to monitor reaction progre3$.C plates
were developed with 25% EtOAc/Hex solution and visualized by UV lamp and anisaldehyde
stain. Quenched reaction with,® (2 mL), 15% N&H (2 mL) and HO (6 mL); stirred 30
minutes at 0 °C. Added 1 scoop of anhydrous Mg3armed to room temperature. Filtered
through sand/celite pad and concentrated under reduced pressure. Organic phase was washed
with H,O (100 mL), brine (100 mL), driedver anhydrous MgSfand concentrated under
reduced pressure to afford alcotd9 (6.6 g, 99% vyield), viscous colorless oil. No further
purification was necessary.

Alcohol 159 FTIR (thin film/NaCl): 3420, 3076, 2890, 1683, 1644, 1607, 1502, 1373,
1332,1261, 1080, 936, 850, 757, 694, 664:NMR (300 MHz; CDC}) : 7.1 (d,J = 8.3 Hz,
1H), 6.63 (dd,J = 8.3, 2.4 Hz, 1H), 6.60 (d,= 2.4 Hz, 1H), 5.20 (s, 2H), 4.94 (s, 1H), 4.88](t,
= 1.5 Hz, 1H), 3.83 (s, 3H), 3.76 (t= 8.3 Hz, 3H), 3.55 (dJ = 11.5 Hz, 1H), 3.37 (dd) =
11.2, 3.1 Hz, 1H), 3.24 (dd,= 11.2, 4.6 Hz, 1H), 2.22.00 (m, 1H), 1.72 (br s, 1H), 1.61 (s,

3H), 1.11 (dJ = 6.6 Hz, 3H), 0.96 (1] = 8.4 Hz, 3H), 0.00 (s, 9H).
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Preparation of phenol 160

OH OH

M e MU

: THF, 65°C Me™

©/OM6 —_— ©/OM6

OSEM OH
159 160

Phenol 160 To a stirred solutio of alcohol159 (6.1 g, 16.64 mmol) in tetrahydrofuran
(117 mL) was added tetrabutylammonium fluoride (1M in THF, 117 mL, 116.50 mmol).
Reaction was refluxed (6&). Aliquots of the reaction were taken and analyzed-Hb){MR to
monitor progress. Quenchedth saturated NECI (50 mL). Organic phase was washed with
H>O (50 mL), brine (50 mL), dried over anhydrous MgSfnd concentrated under reduced
pressure. Crude material was purified with silica gel chromatography (gradient elution
20- 30- 20- 50- 100%EtOAc/Hex to afford phenoll60(2.5 g, 64% yield), viscous oil.

Phenol 160 FTIR (thin film/NaCl): 3322, 3054, 2965, 2723, 1721, 1644, 1596, 1505,
1465, 1373, 1265, 1197, 1108, 1034, 958, 894, 836, 737,'MOSMR (400 MHz; CDC}) : u
7.05 (d,J = 8.2 Hz,1H), 6.39 (d,J = 2.4 Hz, 1H), 6.37 (dd] = 8.2, 2.4 Hz, 1H), 5.46 (s, 1H),
4.94 (s, 1H), 4.89 () = 1.5 Hz, 1H), 3.79 (s, 3H), 3.52 (@@= 11.5 Hz, 1H), 3.43.39 (ddJ =
11.1, 4.4 Hz, 1H), 3.27 (dd,= 11.1, 4.4 Hz, 1H), 2.22.04 (m, 1H), 1.91 (bs, 1H), 1.60 (s,
3H), 1.11 (dJ=6.6 Hz, 3H)’® c-NMR (101 MHz; CDCI 3): U 158. 2,
111.1, 107.8, 99.3, 66.9, 55.9, 46.0, 37.7, 22.2,;18RMS (EI)m/z23 6. 14099 [ cal c

C14H2003 (|V| +) 236. 14124] .
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Preparation of aldehydel61

. COCl),, DMSO b
Me” > “Me ( E)%3N Me™ " "Me
: OMe » ~ OMe
—-78°C —=rt
OH OH
160 161

Aldehyde 161 To a solution of dimethylsulfoxide (1.5 mL, 21.16 mmol) in
dichloromethane (80 mL) was added oxalyl chloride (0.9 mL, 10.58 mmibl8&C, drop wise,
solution stirred for 20 minutes. A solution of alcol60 (1.25 g, 5.29 mmol) anttiethylamine
(3.69 mL, 26.45 mmol) in dichloromethane (20 mL) was added via cannuf8 &C. Reaction
was stirred for 1 hour &t78 °C and warmed to room temperatufeC was used to monitor
reaction progressLC plates were developed with 50% EtOAcklution and visualized by
UV lamp and anisaldehyde stain. Reaction was quenched with saturated N&HIOQOmML).

Organic phase was washed withQH(100 mL), brine (100 mL), dried over anhydrous MgSO4
and concentrated under reduced pressure. Crude rhatesim purified with silica gel
chromatography (gradient elutich 10- 20- 50- 100% EtOAc/Hek to afford aldehydd 61
(800 mg, 65% yield).

Aldehyde 161 FTIR (thin film/NaCl): 3853, 3733, 3583, 3412, 2925, 1716, 1646, 1614,
1596, 1559, 1540, 1506, 1465, 1456, 1434, 1374, 1294, 1197, 1158, 1120, 1036, 454, 426, 410;
'H-NMR (300 MHz; CDC}) : 9.38 (d,J = 3.6 Hz, 1H), 6.98 (dJ = 8.3 Hz, 1H), 6.37 (d] =
2.5 Hz, 1H), 6.31 (dd] = 8.3, 2.5 Hz, 1H), 5.08 (s, 1H), 4.92Jt= 0.8 Hz, 1H), 4.91 ()= 1.6
Hz, 1H), 3.88 (dJ = 10.9 Hz, 1H), 3.77 (s, 3H), 2.91 (ditz 14.1, 6.9, 3.5 Hz, 1H), 1.61 (dd,
= 1.3, 0.8 Hz, 3H), 1.12 (d,= 6.8 Hz, 3H);®*C-NMR (101 MHz;CDCl) : & 205. 1, 155.
129.0, 120.5, 115.4, 111.8, 106.9, 98.9, 55.4, 48.7, 44.4, 22.3, HRMNSS (El) m/z233.1183

[ cal c @4|f|130:f(M-H)- 264.125@.
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Preparation of spiro lactol 162

i
Me” N Me PhI(O,CCF3)q

CH3CN/H,0 (4:1)
OMe -

161

Spiro lactol 162 To a stirred solution ofbis(trifluoroacetoxy)iodo]benzene (151 mg,
0.35 mmol) in acetonitrile (3 mL) and,8 (1 mL) was added phend61 (55 mg, 0.23 mmol) as
a solution in acetonitrile (1 mL) at room temperatuféC was used to monitoreaction
progressTLC plates were deveted with 50% EtOAc/Hex solution and visualized by UV lamp
and anisaldehyde stain. Acetonitrile was removed under reduced pressure. Diluted with
dichloromethane (5 mL). Organic phase was washed with (@ mL), brine (2 mL), dried over
anhydrous Ng50O, and concentrated under reduced pressure. Crude material was purified with
silica gel chromatography (gradient eluti@® 25 30- 50- 100% EtOAc/Hek to afford
spiro lactonel62 (30 mg, 52% yield, 1:1 dr) as white solid.

Spiro lactol 162 FTIR (thin film/NaCl): 3®5, 2936, 1720, 1662, 1596, 1508, 1456,
1369, 1326, 1274, 1228, 1173, 1057, 973, 858B, 736;"H-NMR (400 MHz; CDC}) : 6.78 (d,
J=10.1 Hz, 1H), 6.45 (d] = 10.1 Hz, 1H), 6.04 (ddl = 4.2, 1.7 Hz, 1H), 6.02 (dd,= 4.2, 1.7
Hz, 1H), 5.59 (dJ = 1.6 Hz, 1H), 5.55 (d = 1.7 Hz, 1H), 5.43 (dd] = 7.1, 4.7 Hz, 1H), 5.32
(d, J = 5.4 Hz, 1H), 4.95 (s, 1H), 4.92 (s, 1H), 4.72 (s, 1H), 4.70 (s, 1H), 3.84 (s, 3H), 3.79 (s,
3H), 3.02 (app t) = 12.5 Hz, 2H), 2.90 (d] = 7.5 Hz, 1H), 2.58.46 (m, H), 2.39 (dquintet)
=12.6, 6.4 Hz, 1H), 1.57 (s, 4H), 1.56 (s, 3H), 1.13 6.6 Hz, 3H), 1.07 (d] = 6.6 Hz, 3H)

HRMS (ENm/z250 . 1210 [4d4Di(M+) 260. 1251 C
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Preparation of bromide 173

Me

Me . N.
CHO N> Me CHO

H
i. n-BuLi, THF, 20°C Br
_—

ii. n-BuLi, i 20 °C
iii. CBry, 78°C- 1t
OMe

OMe
172 173

Aryl bromide 173. Following the proceduref®urst and Lea?’ To a stirred solution of
N,N,NNyimethylethylenediamin€0.71 mL, 5.50 mmol) in tetrahydrofuran (12 mL) was added
n-butyllithium (1.5 M, 3.3 mL, 5.00 mmol) 420 °C, stirred 20 minutep-Anisaldehyde 172)
(0.61 mL, 5.00 mmol) was addedi&0 °C, stirred 20 minutes:Butyllithium (1.5 M, 10.0 mL,
15.00 mmol) afi 20 °C, stirred 45 minutes. Placed in fridg@Q °C) for 23 hours. Removed
reaction solution from fridge and cooled T® °C. Carbon tetrabroned(5.00 g, 15.00 mmol)
was added as a solution in tetrahydrofuran (12 mL). Warmed to room tempefaiGrevas
utilized to monitor reaction progressLC plates were developed with 20% EtOAc/Hex solution
and visualized by UV lamp and anisaldehyde stairer@hed reaction with 10% HCI (25 mL) at
0 °C, warmed to room temperature. Aqueous phase was extracted with diethyl ether (10 mL)
three times. Organic phase was washed with saturatg®&75 mL) three times, $#O (100
mL), brine (100 mL), dried over anhyalis MgSQ and concentrated under reduced pressure.
Crude material was purified with silica gel chromatography (gradient elGtionr 10- 20%
EtOAc/HeX to afford aryl bromidd73 (700 mg, 65% yield) as white solid.

Aryl bromide173is a known compound, tHél NMR spectra was obtained and structure
was confirmed by comparison with spectra published in the literdture.

Aryl bromide 173. *H-NMR (300 MHz; CDC}) : 10.22 (s, 1H), 7.89 (d] = 8.7 Hz,

1H), 7.14 (dJ = 2.4 Hz, 1H), 6.94 (dd] = 8.8, 2.4 Hz 1H), 3.88 (s, 3H).
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Preparation of a , -Unsaturated ester 174

o CO,Et

CHO  EtO,C._ _ P(OE),
Br Y
Me Br
NaH, THF
OMe
OMe

173 174

a , -bnsaturated ester 174 To a stirred heterogeneous solution of sodium hydride (156
mg, 3.91 mmol) in tetrahydrofuran (12 mL) was added trie?hyhosphonopropionate (0.86
mL, 3.91 mmol) a0 °C. Aldehydel73 (700 mg, 3.26 mmol) was added as a solution in
tetrahydrofuran (10 mL) at O °C. Reaction was warmed to room temperature and stirred over
night. TLC was utilized to monitor reaction progredd.C plates were developed with 10%
EtOAc/Hex solution and visualized by UV lamp and KMap&tain. Reaction was diluted with
ethyl acetate (20 mL) and quenched with saturategd\NBblution (20 mL). Organic phase was
washed with HO (20 mL), brine (20 mL), dried over anhydrous Mg®@d concentrated under
reduced pressure. Crude material was purified with silica gel chromatography (gradient elution
5- 7- 10% EtOAc/Hex to afforda , -unsaturated estdr74 (975 mg, 72% yield, 10:1 E/Z) as
colorless oil.

a ,-bnsaturated ester 174'H-NMR (300 MHz; CDC}) : 7.68 (d,J = 1.5 Hz, 1H),
7.25 (d,J = 8.1 Hz,1H), 7.17 (dJ = 2.6 Hz, 1H), 6.87 (dd] = 8.4, 2.4 Hz, 1H), 4.28 (d,= 7.1
Hz, 2H), 3.82 (s3H), 1.99 (d,J = 1.5 Hz,3H), 1.35 (t,J = 7.1 Hz,3H).

Preparation of allylic alcohol 175:

CO,Et OH
Me™ X LiAIH,
gy THRO°c Me™™
r— Br
OMe OMe
174 175
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Allylic alcohol 175. To a stirred heterogeneous solution of lithium aluminum hydride
(133 mg, 3.51 mmol) in tetrahydrofuran (11 mL) was adaledinsaturated estdi74 (700 mg,
2.34 mmol) as a solution tetrahydrofuran (5 mL) at 0 °C, upon complete addition the reaction
was warmed to room temperatuiid.C was utilized to monitor reaction progre§d.C plates
were developed with 10% EtOAc/Hex solution and visualized by UV lamp and anisaldehyde
stain. Rea@n was quenched with @ (1 mL), 15% NaOH (1 mL), and @ (3 mL) at 0 °C.
Added 1 scoop of anhydrous Mg$s@nd warmed to room temperature. Filtered through
celite/sand pad, rinsed with diethyl ether. Organic phase was washed xit(¥6l mL), brine
(40 mL), dried over anhydrous MgQ@nd concentrated under reduced pressure to afford allylic
alcohol175(602 mg, quantitative yield) as colorless oil. No further purification was necessary.

Allylic alcohol 175. *H-NMR (300 MHz; CDC}) : 7.16 (d,J = 8.6 Hz, H), 7.14 (dJ =
2.6 Hz, 1H), 6.84 (dd] = 8.5, 2.6 Hz, 1H), 6.47 (br s, 1H), 4.22 J& 6.2 Hz, 2H), 3.80 (s, 3H),
1.78 (d,J = 1.4 Hz, 3H), 1.53 (d] = 6.3 Hz, 1H).

Preparation of g ,-udsaturated ester 176

OMe
Meo~|— Me COzMe
OMe
propionic aC|d
120 °C

OMe
175

g ,Whsaturated ester 176A solution of allylic alcoholl75(0.817 mg, 3.18 mmol) and
propionic acid (0.15 mL) in trimethyl orthoacetate (35 mL) was heated to 120 °C and after 24
hours additional propionic acid (0.15 mL) was added and maintained at reflux for an additional

24 hours All volatiles were removed under reduced pressure and the crude oil was purified with
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silica gel chromatography (10% EtOAc/hexanes) to affpreudsaturated estetr76 (0.660 g,
2.11 mmol, 66.3% yield) as colorless oil.
g cWhsaturated ester 176 FTIR ¢hin film/NaCl): 3083 (m), 2995 (s), 2950 (s), 2915
(s), 2838 (s), 1746 (s), 1649 (s), 1602 (s), 1565 (s), 1489 (s), 1436 (s), 1369 (s), 1374 (s), 1360
(s), 1335 (s), 1259 (s), 1158 (s), 1036 ts):NMR (500 MHz; CDC}) : 7.10 (d,J = 2.3 Hz,
1H), 7.10 @, J = 8.7 Hz, 1H), 6.81 (dd] = 8.7, 2.6 Hz, 1H), 4.93 (s, 1H), 4.86 (s, 1H), 4.23 (t,
= 7.8 Hz, 1H), 3.77 (s, 3H), 3.63 (s, 3H), 2.76 (#d,15.5, 8.7 Hz, 1H), 2.67 (dd,= 15.5, 7.0
Hz, 1H), 1.64 (s, 3H)**C-NMR (126MH z ; C D €72.34) 158.58, 145.95, 132.88, 128.52,
125.24, 117.94, 113.88, 110.86, 55.42, 51.62, 45.92, 38.63, 22RMS (El) m/z312.0354
[ cal c ald/BfOgM+) 312.0361]

Preparation of carboxylic acid 177

COzMe NaSEt COZ
DMF, 120 °C

Carboxylic acid 177. To a stirred solution of -udsaturated estdr76 (0.195 g, 0.623

mmol) in N,N-dimethylformamide (6.39 mL) was added a premixed solution of sodium
ethanethiolate (0.142 mL, 1.92 mmol) and sodium hydride (0.0768 g, 60% w/w in mineral oill,
1.92 mmol) inN,N-dimethylformamide (1.92 mL)Reaction solution was heated to 100 °C and
maintained overnight. Reaction was quenched with 10% HCI (20 mL) and diluted with ethyl
acetate (20 mL). Phases were separated. Aqueous phase was washed with ethyl aceate (2 x 20
mL). Combined organic phase wdsied over anhydrous MgSCand concentrated reduced
pressur e. Crude materi al was purified with si

EtOAc/Hex) to afford carboxylic aciti77(0.137 g, 0.480 mmol, 77.2%¥%colorless oll.
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Carboxylic acid 177. FTIR (thin film/NacCl): 3263 (br), 3085 (m), 2968 (m), 2937 (m),
1708 (s), 1648 (m), 1606 (s), 1584 (m), 1491 (s), 1432 (s), 1378 (m), 1252 (s), 1214 (s), 1029
(m); *H-NMR (500 MHz; CDC}) : 7.0 (d,J = 2.6 Hz, 1H), 7.05 (dJ = 8.5 Hz, 1H), 6.73 (dd,
J=8.5, 2.6 Hz, 1H), 4.96 (s, 1H), 4.88 (s, 1H), 4.23 &,7.8 Hz, 1H), 2.78 (dd] = 15.9, 8.8
Hz, 1H), 2.71 (ddJ = 15.9, 6.9 Hz, 1H), 1.65 (s, 3HPC-NMR (126 MHz ; CD €47.34, : U
154.76, 145.65, 132.75, 128.78, 125.21, 119.86, 115.05, 115.7Q, 88.48, 22.2HRMS (El)
miz284. 0047 [aldBIOg(N+) 284.GD48] C

Preparation of bisallylic alcohol 179

i. PhI(0,CCF3)s OH
Me COH  CH,Cl, 0°C
Br ii.i-BU,AIH, 778 °C © ar
[
Me
OH OH
177 179

Bisallylic alcohol 179 To a stirred solution of carboxylic acld7(0.060 g, 0.210 mmol)
in dichloromethane (5 mlyvas addedbis(trifluoroacetoxy)iodolbenzen@®.104 g, 0.242 mmol)
at 0 °C, approximately 10 minuteELC was utilized to monitor reaction progre3d.C plates
were developed with 50% EtOAc/Hex solution and visualized by UV lamp and Ksta(.

Reaction mixture wasooled to-78 °C andliisobutylaluminum hydrid€¢1.05 mL, 1.0 M,
1.05 mmol) was added and maintained for 15 minuteg&fC. Reaction was quenched with
saturated Rochell ebs salt solution (10 mL)
separatd and the aqueous phase was extracted with dichloromethane (2 x 5 mL). Combined
organic phase was dried over MgsS&hd concentrated under reduced pressure. Crude material
was purified with silica gel chromatography (20% EtOAc/hexanes) to yield bisallghta

179(0.029 g, 0.101 mmol, 48%) as a complex mixture of diastereomers, colorless oll.
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Bisallylic alcohol 179 FTIR (thin film/NacCl): 3384 (br), 2923 (m), 2854 (m), 1672 (m),
1640 (m), 1447 (s), 1377 (s), 1349 (s), 1261 (s), 1241 (s), 1186 (s), 12886 (s), 1044 (s),
1000 (s);'H-NMR (500 MHz; CDCI3 : 6.60 (dd,J = 4.1, 1.9 Hz, 1H), 6.57 (dd,= 3.6, 1.9
Hz, 1H), 6.55 (ddJ = 4.3, 1.8 Hz, 1H), 6.50 (dd,= 3.6, 1.8 Hz, 1H), 6.09 (dd,= 10.1, 0.8 Hz,
1H), 6.005.99 (m, 1H), 5.9%.98 (m, ), 5.96 (dt,d = 3.4, 1.5 Hz, 2H), 5.95 (] = 1.6 Hz,
1H), 5.93 (dd,J = 3.1, 2.0 Hz, 1H), 5.75 (dd,= 10.1, 1.0 Hz, 2H), 5.78.71 (m, 3H), 5.66 (dd,
J=10.0, 1.3 Hz, 2H), 5.59 (§,= 4.8 Hz, 1H), 5.56 (t) = 4.7 Hz, 2H), 4.94 (d] = 0.9 Hz, 1H),
4.93 (dJ=1.1 Hz, 1H), 4.86 (d] = 1.1 Hz, 1H), 4.85 (d] = 1.3 Hz, 2H), 4.79 (s, 1H), 4.78 (s,
1H), 4.76 (s, 1H), 4.74 (s, 2H), 448246 (m, 2H), 4.41 (s, 3H), 3.6861 (m, 1H), 3.59 (d] =
6.4 Hz, 1H), 3.57 (d) = 6.4 Hz, 1H), $4 (d,J = 5.8 Hz, 2H), 3.39 (dd] = 13.0, 7.6 Hz, 1H),
3.35 (dd,J = 12.7, 7.3 Hz, 1H), 3.25 (d,= 3.1 Hz, 1H), 3.17 (d] = 4.4 Hz, 2H), 2.82.86 (m,
1H), 2.43 (dddd) = 28.2, 13.1, 7.6, 5.4 Hz, 3H), 2.34 (t5 4.9 Hz, 1H), 2.31 (dJ = 4.4 Hz,
3H), 2.29 (s, 1H), 2.28 (s, 1H), 2.26 (s, 1H), 2.21)(&,6.5 Hz, 1H), 2.18 (d] = 6.4 Hz, 1H),
2.14 (d,J = 6.3 Hz, 1H), 2.12 (d] = 6.3 Hz, 1H), 2.10 (dJ = 6.2 Hz, 1H), 2.07 (d] = 6.3 Hz,
1H), 1.71 (s, 2H), 1.70 (s, 3H), 1.61 (s, 11HL NMR (126MHz, CDCl) d 141.27, 140.52,
135.53, 135.38, 134.90, 134.71, 130.81, 130.08, 130.01, 129.43, 128.88, 128.28, 128.23, 128.04,
127.93, 127.86, 113.70, 113.25, 112.76, 110.00, 99.07, 98.75, 97.42, 97.09, 82.13, 81.65, 80.82,
77.20, 64.75, 64.66, 64.51, 63,462.45, 51.92, 49.33, 49.04, 37.15, 36.87, 36.82, 36.71, 22.05,
22.03HRMS (E)m/z2 6 9. 016 4 [l BIOL[@14H:sBrQa(i H.O0] (M+H)+ 268.009]

Preparation of dienone 180

OH OH
Dess-Martin
Br periodinane o Br
e e
Me CH,Clp, 0°C Me
OH (0]
179 180
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Dienone 180 To a stirred solution of bisallylic alcohdl79 (0.019 g, 0.0662 mmol) in
dichloromethane (3 mL) was added D&4srtin reagent (0.0337 g, 0.0794 mmol) at 0 °C.
Reaction progress was monitored by TLC. TLC plates were developed with 20% EtOAc/Hex
solution and visualized by UV lamp and KMp§&iain.After approximately 10 minutes saturated
NaHCG; solution (5 mL) was added. Reaction mixture extracted with diethyl ether (3 x 5 mL).
Combined organic phase was dried over anhydroy$S®aand concentrated under reduced
pressure. Crude material was purified wditica gel chromatography (10% EtOAc/Hex) to
afford dienonel80(0.016 g, 84% vyield) as an inseparable mixture of diastereomers and colorless
oil.

Dienone 180 FTIR (thin film/NaCl): 3385 (br), 2924 (m), 2852 (m), 1718 (m), 1671 (m),
1649 (s), 1623 (m),598 (m), 1490 (m), 1437 (s), 1380 (m), 1299 (s), 1262 (m), 1176 (s), 1117
(m), 1097 (m), 1058 (m), 1012 (SH-NMR (500 MHz; CDC}): & 7.13 (d,J = 10.2 Hz, 1H),

6.74 (d,J = 10.0 Hz, 2H), 6.17 (ddl = 14.8, 10.5 Hz, 2H), 5.88 (,= 4.7 Hz, 1H), 5.73 (s, 1H),
4.91 (d,J = 7.3 Hz, 3H), 4.84 (s, 1H), 4.79 (s, 1H), 3.72 (@&, 13.5, 6.2 Hz, 1H), 3.47 (§,=

9.9 Hz, 1H), 3.348.22 (m, 2H), 2.95 (s, 1H), 2.57 (dt= 13.4, 6.6 Hz, 1H), 2.44 (td,= 13.1,

4.7 Hz, 2H), 2.31 (td) = 12.8, 5.9 Hz, 1H), 2.24 (dd,= 13.0, 6.2 Hz, 2H), 1.62 (s, 7H), 1.25 (d,
J=0.4 Hz, 1H) **C-NMR (126 MHz,CDCl;) d 199.56, 183.25, 183.15, 150.60, 150.48, 147.81,
146.79, 146.61, 138.85, 138.66, 138.37, 134.57, 134.12, 126.79, 126.72, 125.28, 146364, 1
114.82, 114.31, 114.21, 113.88, 99.91, 98.42, 83.64, 54.42, 51.65, 43.11, Z04P5,33.20,
22.07, 22.01, 16.69HRMS (E)m/z2 67 . 0015 [ 1HaBr@ ¢Cd:H:Broxi H.Q)

(M+H)+ 265.9941] Note dienoné 80is contaminated with aldehyd83
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Preparation of aldehyde 183

OH
OH
(0] [3,3] Br
Br > |
neat, rt

CHO

OH
180 183

Aldehyde 183 It was observed that dienori80 undergoes facile [3,3igmatropic
rearrangement at room temperature to afford aldeh88¢gquantitative).

Aldehyde 183 FTIR (thin film/NaCl): 3385 (br), 2924 (m), 2853 (n)710 (s), 1664
(m), 1589 (m), 1488 (s), 1436 (s), 1176 (s), 1078 (m), 1023'@RNMR (500 MHz; CDC}) :
9.64 (s, 1H), 6.86 (d] = 8.7 Hz, 1H), 6.77 (dJ = 8.7 Hz, 1H), 5.32 () = 7.3 Hz, 1H), 5.25 (s,
1H), 4.99 (s, 1H), 3.64 (s, 2H), 3.19 @= 68 Hz, 2H), 1.69 (s, 3H*C NMR (126 MHz,
CDCls) d 199.47, 148.53, 146.81, 138.37, 125.26, 116.69, 114.91, 114.33, 43.11, 40.32, 16.67,;
HRMS (E)m/z2 8 2. 99 75  [ltsBl0g(l-H)- Z8400047]C

Preparation of allylic ester 189

0_0
M
CI)J\/ © N \EM
__Py.DMAP e
Br
CH20|2 0°C—rt

OMe OMe
175 189

Allylic ester 189 To a stirred solution of allylic alcohdl75 (602 mg, 2.34 mmol),
4-(dimethylamino)pyridine (28 mg, 0.23 mmol), pyridine (0.18 mL, 3.51 mmol) in
dichloromethane (16 mL) was added propionyl chloride (0.42 mL, 4.68 mmol) at O °C. Reaction
was warmed to rau temperatureTLC was used to monitor reaction progreBsC plates were
developed with 20% EtOAc/Hex solution and visualized by UV lamp and anisaldehyde stain.

Reaction was quenched with 1M HCI (20 mL). Organic phase was washed with saturated
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NaHCQ; solution (20 mL) two times, BD (50 mL), brine (50 mL), dried over anhydrous MgSO
and concentrated under reduced pressure. Crude material was purified with silica gel
chromatography (gradient elutigh 10- 20% EtOAc/HeX to afford allylic ested89 (700 mg,
95% yield) as yellow oil.
Allylic ester 189 *H-NMR (300 MHz; CDC4) : 7.18 (d,J = 8.6 Hz, 1H), 7.14 (dj =
2.6 Hz, 1H), 6.84 (dd] = 8.6, 2.6 Hz, 1H), 6.47 (br s, 1H), 4.67 J& 1.0 Hz, 2H), 3.80 (s, 4H),
2.42 (qJ= 7.6 Hz, 2H), 1.77 (d] = 1.4 Hz, 3H), 1.19 (t = 7.6 Hz, 3H).
Preparation of g ,-udsaturated carboxylic acid 190

O\Eo JQCOZH
LiIHMDS, Et3N Me” > “Me

N
Me Me  pncH, 78°C- nt :

Br ——M—————» ©/Br

OMe OMe
189 190 anti

g Uhsaturated carboxylic acid 190 Following the procedure of Collurat al?* A
solution oflithium bis(trimethylsilyl)amide(1.2 g, 7.02 mmol) and triethylamine (9.3 mL, 70.2
mmol) in toluene (30 mL) was stirred for 15 minutes at room temperature; followed by cooling
to 178 °C. A precooled solution of allyliester189 (733 mg, 2.34 mmol) in toluene (10 mL) was
added over 1 hour tthe reaction solution at78 °C,upon complete addition reaction solution
was stirred for 15 minutes Bf8 °C prior to warming to 30 °C and stirred for 12 hoUksC was
utilized o monitor reaction progres$LC plates were developed with 20% EtOAc/Hex solution
and visualized by UV lamp and KMnQ@tain. Reaction was basified with 15% NaOH (25 mL).
Extracted basified reaction solution with diethyl ether (25 mL) two times. Conceritt@leslas
added to the aqueous phase, until pH = 3 at 0 °C. Extracted acidified aqueous phase with diethyl

ether (25mL) three times. Combined organic phase was washed wih(60 mL), brine (50

91



mL), dried over anhydrous MgQ(and concentrated under reduced pressure to geldd
unsaturated carboxylic acids90 (411 mg, 56% yield, 10:1 dr) as orange foam. No further
purification required.

g ,-Uhsaturated carboxylic acid 190*H-NMR (300 MHz; CDC}) : 11.00 (br s, 1H),
7.19 (d,J = 8.7 Hz, 1H), 7.09 (d] = 2.7 Hz, 1H), 6.81 (dd] = 8.7, 2.7 Hz, 1H), 5.07 (d,= 0.6
Hz, 1H), 4.92 (tJ = 1.5 Hz, 1H), 4.01 (dJ = 11.3Hz, 1H), 3.77 (s, 3H), 3.04 (dd,= 11.3, 6.8
Hz, 1H), 2.07 (s, 2H), 1.56 (s, 3H), 1.27 & 6.9 Hz, 3H).

Preparation of methyl ester 188

MOZH J\)COZMG
Me” > “Me TMSCHN; e >""\e

: Br MeOH/EtOAc : Br
OMe OMe
190 anti 188

Methyl ester 188 To a stirred solution of carboxylic ack®0 (500 mg, 1.6 mmol) in
methanol (11 mL) and ethyl acetate (4 mL) was added (trimethylsilyl)diazomethane (0.96 mL,
1.20 mmol) at room temperatufELC was used to monitor reaction progreskC plates were
developed with 20% EtOAc/Hex solution and visualizey UV lamp and KMn@ stain.
Reaction was quenched with 3M acetic acid solution in ethyl acetate (15 mL). Solution was
concentrated under reduced pressure to afford methyl 884656 mg, quantitative yield) as
orange oil. No further purification wagcessary.

Methyl ester 188 'H-NMR (300 MHz; CDC}) : 7.18 (d,J = 8.7 Hz, 1H), 7.08 (d] =
2.7 Hz, 1H), 6.81 (dd) = 8.8, 2.7 Hz, 1H), 5.07 (d, = 0.8 Hz, 1H), 4.91 (tJ = 1.5 Hz, 1H),

4.03 (d,J = 11.4 Hz, 1H), 3.76 (s, 3H), 3.45 (s, 3H), 3.06 (#lg,11.4, 6.8 Hz, 1H), 1.59 (=

0.7 Hz, 3H), 1.25 (d] = 6.8 Hz, 3H).
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Chapter 3

Synthesis of a Tetramic Acid

3.1 SecondGeneration Retrosynthetic Analysis

As outlined in Scheme 3.1 our secegeheration retrosynthetic analysis of tetrapetalone
A (1) envisaged completion of the natural product via glycosylation of agli@éfollowed by
subsequent deprotection of the tetramic acid moiety. Aghi@hwas envisioned as deriving
from phenolic oxidation applied to tetracydl®85 a compound seenising from dienel87 via a
ring closing metathesis and subsequent Fri€uefts alkylation. Diend87would be assembled
in a convergent manner by amidation of aryl bromid8 with protected tetramic aci@9.
Having successfully established a synthetiate to aryl bromidel88 our primary objective
became the synthesis of protected tetramic &idTo this end, we began our efforts by

developing a synthesis of protected tetramic 88id
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Phenolic Oxidation

— ——
Friedel-Crafts Me Me Ring Closing
Alkylation Metathesis
P— P—
OMe
185
Me Ayl Me Me
Me,’ X Amidation B /Me
7 [~ —Me /\ MeO,C : OPG
MeO,C N OPG — Br + 2 \
/ HN
Me
0 Me o)
OMe OMe
187 188 99

Scheme3.1 SecondGeneration Retrosynthetic Analysis of Tetrapetalone A
3.2 Tetramic Acid Introduction
3.2.1 Naturally Occurring Tetramic Acids

The tetramic acid (2;pyrrolidinedione) ring systerh91 has been known since the early
twentieth century when the firsinsple derivatives were preparétf? It was not until the 1960s
that this heterocycle was found to be a key structural unit in many natural products (Figure 3.1).
Pyrrolidine 2,4-diones bearing an acyl substituent a8 {.e. 192/ 193) are the most commonly
found tetramic acid derivatives in natuid:acyl4-methoxy3-pyrrolin-2-ones, in other words
the 40-methyl ethers ofN-acylated tetramic acids have also been isolated XP4i 195).
Naturally occurring tetramic acids have attracted a great deal of interest because the majority of

the compounds isolated exhibit some biological functioisually antibiotic or antiviral activity.
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tetramic acid ring system

acyltetramic acids

tenuazonic acid (192) capsimycin (193)
N-acyl-4-methoxy-3-pyrrolin-2-ones
MeO

\//‘Zl i
+ OMe
\)J\ O\)LN
Me,N
Me™ “CCly
dysidin (194) dolastatin 15 (195)

Figure 3.1 Representative Natural Products Containing a Tetramic Acid Moiety
3.2.2 Structure of the Tetramic Acid Ring

Tetramic acid 196) was synthesized for the first time by Mulholland and coworkers in
1972% earlier attempf$*® were later shown to have resulted only in the formatfch@isomer
2-iminotetronic acid 198 (Figure 3.2)'%*’ Tetramic acid 196) is a muchweaker acid (with a
pKa = 6.4 in aqueous solution) than its oxygen analog, tetronic a06J (with a pky = 3.76 in
agueous solution); consequently tetramic atRbY is not highly enolizable and exists primarily
as the 2,4iketo tautomerX96). Tetramc acids bearing acyl (i.4.99, or alkoxycarbonyl (i.e.
200 substituents at-@ have similar acidity to the tetronic acids. The former havgvpkies in

the range of 318.5 while the latter have values between 2.3 and 2.5.
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(a) tetramic acids
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H : :
@) O E m E
N N - NH
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H H ; ; H H
196 197 198 199 200

(b) tetronic acid

O HO

2}0 — Z:\A\o

201 202
Figure 3.2 Structure of Tetramic Acids and Tetronic Acid
3.2.3 Synthetic Strategies for Construction of Tetramic Acid Derivatives
3.2.3.1 Ring Closure by @GN Bond Formation
Gabriel achieved the first reliable synthesis of a tetramid derivative in 1941349 |n

this work he demonstrated that phthalimidoisobutyryl chlorid®3)( with diethyl sodium
malonate gave204, which upon treatment with concentrated sulfuric acid cyclized to the
ethoxycarbonyl tetramic aci@05 Williard and Laszlo applied similar methaldgy to the
synthesis of dysidin 104),>° wherein the acid chloride oN-phthaloylvaline 206) was
homologated to the intermedidbteketoester with the dilithium dianion of monoethyl malonate
subsequenD-methylation afforde®07. Exposure to hydrazine resulted in cyclization affording

O-methytetramic acid208
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o  ,)—OH
EtO,C._ CO,Et o o conc.
cocl = + H>SO4
Na N%coza _ 230 N0
I
o) z 0
HO,C
203 204 205
O Lt
L.~ MeO MeO
)\(Cou \AOEt _ NH,NH, _
- Py -
CO,Et o
NPhth 2 KH, MeOSOF NPhth N
206 207 208

Scheme3.2 N-Phthalalkylamine Acid Chloride Route

Hippuric and aceturic acid derivatives have been shown by Sandris and coworkers to be
versatile building blocks for the synthesis of stiited tetramic acids:>*** Reaction of a
hippuric/aceturic acid derivative09 with the anion of an active methylene compowiD
provides the correspading acetyl derivativ@11l Cyclization was performed with excess sodium
alkoxide and was observed to proceed with simultaneous deprotection of the amide nitrogen to

afford the substituted tetramic add2

0 Q o
1 1
A ~x L Y ooR AN O NBORE
Hﬁf o H v
o RO, Y le)
209 210 211 212

R= Ph, Me Y= COzEt, COMe, CN Rl = Me or Et
X =Cl, OCGH4p-N02

Scheme3.3 Hippuric and Aceturic Acid Derivatives
3.2.3.2 Dieckmann Cyclization

The base induced Dieckmann cyclizatiohN-acyla-amino esters (i.e213), offers a
convenient route to tetramic acid rings, which is potentially very versatile in tefrntise o
possible substitution patterns available. The synthesisbeinzyt2-phenyltetramic aci@15 by

treatment of214 with sodium methoxide was reported in 1950 by King and McMffan.
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Shortly after a series o08-alkyl-1,5-diaryltetramic acids216 were reported in a cognate

manneitt

O._ORLR

<] [

R N0
R4
213

h (6] Ph

p
MeO,C NaOMe M
_NaOMe
\ N0 o

Bn E‘n

214 215

216

R = Me, Et, nPr, CH,CH,NMe,, CH,CH,SPh
X = Ph, C6H3Me-p, C5H3OMe-p
Y= Ph, C6H3Me-p, C6H3OMe-p

Scheme3.4 Dieckmann Cyclization Method for Tetramic Acid Synthesis

3.2.4 Reactions of the Tetramic Acid Ring

Reactions of the tetramic acid ring9() itself can be summarized as follows (Figure
3.3): (a) reaction with electrophilic species (e.g. aldehyol@snine or nitrating agents) at&;
(b) with nucleophilic species (e.g. hydrazine) a#,C(c) acylation at € or, under certain
conditions, G3, and (d) with organometallic bases (enghutyllithium) metalation occurs at

c-3>

2 o = oo
4

2 R1
@) N R2

[electrophiles, metallation]

191

Figure 3.3 Reactions of the Tetramic Acid Ring
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3.3 Retrosynthetic Analysis of Tetramic Acid Coupling Partner

Synthesis of protected tetramic ac8® would be completed with a Dieckmann
cyclization ofN-acyta-amino este18 followed by protection of the vinylogous acid moiety
and deprotection of the amide. Dieckmann cyclization preci$8rwould be produced ai
acylation ofa-amino ester219 derived from oxidation and Wittig olefination of the amino
alcohol220 The requisite serine derivatiz0would be prepared via alkylation and subsequent

hydrolysis of oxazolidin22 derived from serine methyl esterdngchloride 223).

Dieckmann

Me Me Condensation Me _ O
72 \ 72 \ 2 OMe
P — P —

HN Me PGN Me PGN\H/\Me
(o} (e} o}

99 217 218
Oxidation/

Acylation Wittig Olefinaton Hydrolysis

/\ Me\: O /_\ Me\: o /\

P —— : P —— : ——
NJ\OMe HO/\)J\OMe

PGHN PGHN
219 220
Me — Alkylation

B COZME /_\ ’/(COZME /_\ COMe

A 2
K<NPG ——————— NPG —— HO/\r
o\< o NHz*CI

tBu tBu
221 222 223

Scheme3.5 Retrosynthetic Analysis of Tetramic Acid Coupling Partner
3.4 Benzyl Protected Amide Series
34.1a-Vinyl, a-Alkyl Quaternary a-Amino Ester Synthesis

In 1984, Seebach and Aebi disclosed a method foratlakylation of serine with
selfreproduction of the center of chirality (Scheme 3°6) was realized that serine methyl ester
hydrochloride 223 furnishes the oxazolidin224 as a mixture of diastereomers (1:1 dr) when
heated with pivalaldehyde and trighmine in pentane, with continuous removal of water.

Formylation of oxazolidine224 affords theN-formyl heterocycles in a diastereomeric ratio of
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95:5 the major cis diastereomer225 can be obtained in pure form by recrystallization.
Alkylation of lithium enolate226 proceeds with 1;asymmetric induction to affor@27, as a
single diastereomdyut in low yield even when lithiumsoordinating cosolvents were employed.
The poor yield of alkylated product is primarily due to a concurrent elimination readtite

enolate leading to the deprotected-umsaturated est@8

COMe  gcetic anhydride CO,Me
HO CO;Me  tBUCHO, EtzN formic acid
—— NH EE— NCHO
NH3*CI- pentane, 36 °C O e}
tBu tBu
223 (1:1dr) 224 (95:5 dr) 225
MeQ )
LDA OLi Me~, CO,Me
THF, 78°C (A Etl ;
—_—— N — NCHO
cosolvent o)
H
tBu tBu
226 227
221 yield (%) cosolvent
10% no cosolvent
62% HMPA
MeO 4 53% DMPU
NHCHO
228
Scheme3.6 S e e b aacAtkylasion of Serine
Col ombo and coworkers were able to improv

3.6), increasing the yield ofa-alkylation product 227 by employing sodium
bis(trimethylsilyl)amide to generate enol&@29 (Scheme 3.7)° The sodium counterion of the
enolate229 promotes formation of less tight igrairs, making the enolate more reactive toward

electrophiles.
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MeO Me —

CO,Me ONa . CO,Me
(( o NaHMDS, DMPU (S Etl K<

NCHO ——————————————» — NCHO
O\< THF/hexane (6:1), 178 °C fo) N_QH O\<

tBu tBu tBu

225 229 (75% yield) 227

Scheme3.7Col ombods Modi f i cadAtkylaton of &erinel mpr ov e d
In the same report, Colombo and coworkers disclosed a practical synthetic method for the

enantioselective synthesis @f-vinyl, a-alkyl, quaternarya-amino acids (Scheme 3.3).
Alkylation product230was advanced to amino alcol&82 via deformylation and hydrolysis of
oxazolidine 231 The synthetic route required primary ami282 to be protected as
benzyloxycarbamate233 Pyridinium chlorochromatemediated oxidation of alcohoR33
provided aldehyde234, exposure to Wittig olefination conditions afforded alkeR&5,
subsequent hydrolysis of the benzyloxycarbanZg® afforded the deired a-vinyl a-benzyl

guaternarya-amino acid236in excellent yield and >94% enantiomeric excess.

Ph— Ph—
: CO,Me  sat HCI : CO,Me 3M HCI Ph_ O
K( MeOH K< THF :
o NCHO ————> 5 NH T > HO” Y “OMe
X NH,
tBu tBu
230 231 (95% yield, two steps) 232
Cbz,0 Ph. O PCC, 4 AMS Ph. O Ph3PCH3Br
THF,0°C ~ CH,Cl, ~ KHMDS
HO OMe o~ OMe  pncH,, -78 °C - rt
NHCbz NHCbz
(95% yield) 233 (87% yield) 234 (68% yield)
Ph. O LiOH-H,0 Ph_ O
N H,O/THF/MeOH :
NHCbz NH,
235 (96% yield, >94% ee) 236

Scheme3.8 Enantioselective Synthesis ch-Vinyl, a-Alkyl Quaternary a-Amino Acids
In 1992, Corey and Reichard utilized an aldol reaction withNienzylserine derived
oxazolidine238 en route to the synthesis of lactacys@41).>’ Reductive amination of serine

methyl ester hydrochloride23 with benzaldehyde afforde-benzylserine237°® which upon

102



exposure to pivalaldehyde in the presepae-toluenesulfonic ad in toluene, with continuous
removal of water, provided oxazolidi@38 as a9:1 mixture of diastereomers. The 9:1 mixture
was converted via the lithium enoldithium bromide complex with isobutyraldehyde aldol
product239 which was obtained in 77%eld and >98% diastereomeric purity; recrystallization
from pentane afforded diastereand enantiomerically pur239in 51% yield. Aminal cleavage

was achieved upon exposure to trifluoromethanesulfonic acid in methanol affording amino

alcohol240in excellent yield (91%).

i. PACHO CO,Me
CO,Me EtzN, MeOH CO,Me  tBuCHO, p-TsOH
HO/\|/ s HO/\l/ T T Ty NBn
NHz*CI ii. NaBH, NHBn PhCHj, 110 °C O%
tBu
223 (70% yield) 237 (9:1dn) 238
o]
f iPr OH
LDA, LiBr (5 eq) C CO.Me TfOH oH Me NH CO,H
iPrCHO 2 MeOH80°C  iPr— steps J\
—_— NB — > \)<C02Me —_— NS NHAG
THF, 1 78 °C o n HO HO
nt NHBn HOw~ O
tBu
Me Me
(51% yield, 239 (91% yield) 240 lactacystin (241)

>99% dr, >99% ee)
Scheme3.9 C o r eN+Beszylserine Derived Oxazolidine

Adopti ng ©Oxarokdin®d288 (Siche®e 3.0) as the chiral template in our
studies, we focused our synthetic endeavors on the preparation of the reguisife a-ethyl,
quaternarya-amino esteR47. Following the procedure of Thompson and coworR&regductive
amination of benzaldehyde with serine methyl ester hydrochl@@8affordedN-benzylserine
methyl ester 237. Employing the protocol developed by Seebach and cowoti&rs,
condensation witlpivalaldehyde in the presence of catalyara-toluenesulfonic acid at toluene
reflux, with continuous removal of water, afforded the deseakenzyl 1,3oxazolidine238in
modest yield (63%), as a 9:1 mixture of diastereomers. The 9:1 mixture of etiasezs was

carried on through the-alkylation conditions developed by Colombo and coworRers.
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Alkylation of N-benzyl 1,3oxazolidine238 with iodoethangroceeded in excellent yield (96%)
unfortunately; we observed an erosion in the diastereomeric ratio upon alkylation, realizing a 2:1
mixture of diastereomers. The resulting diastereomers proved difficult to separate by silica gel
chromatography and thushe material was carried forward as a mixture of diastereomers.
N-Benzyl a-ethyl 1,3oxazolidine 244 engaged in methanolysis upon treatment with
trimethylsilyl trifluoromethanesulfonatem methanol to reveal amino alcohl@45 in good yield

(67%), Swern oxdation provided aldehyd246 which was immediately carried directly into

Wittig olefination affording the desirea-vinyl amino este47in modest yield (67%), over two

steps.
PhCHO
Ph N M °
Ho/\rCOzMe EtzN \(/ \E/COZ e NaBH,, 0 °C Ho/\(COZMe
NHg*CI MeOH, 0 °C Ho SNoy NHBn
223 242 (72% yield) 237
MeO
CO,Me NaHMDS ONa
tBUCHO, p-TsOH DMPU / Etl
—_ NBn —_ > NB —
PhCHs3, 110 °C 0\< THF/hexane (6:1) n
tBu i78°C- 1t
tBu
(63% yield; 9:1 dr) 238 243 (96% yield; 2:1 dr)
Me
CO,Me TMSOTf Me (cocl,
DMSO, Et3N
NB _ MeOH CO,Me T s
o n HO B
NHBR CH,Cl,, 78°C- 1t
tBu
244 (76% yield) 245
e v e
COzMe - COzMe
o~ o 2
PhCH; 78°C- rt
NHBn NHBn
246 (67% yield, over two steps) 247

Scheme3.10 Synthesis ofa-Vinyl, a-Alkyl Quaternary N-Benzyla-Amino Ester
3.4.2 Dieckmann Cyclization

With methyl ester247 on handwe were excited to investigate the key Dieckmann
cyclization to affordN-benzyl tetramic aci@49. To this end, acylation with propionyl chloride

afforded amide248 Gratifyingly, amide248 engaged irthe desiredyclizationuponexposure
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to sodium hydride in refluxing tetrahydrofuran to provitlebenzyl tetramic acid249 in

excellent yield (85%), ag 4:1 mixture of diastereomers.

O
Me (0] Me
Me I we NaH o
Cl = oM THF, 65 °C
yZ CO,Me 000 5 € T Ay -~
py, DMAP BnN BnN Me
NHBn CH,Cl, \ﬂ/\Me
(0] o
247 (98% yield) 248 (85% yield; 4:1 dr) 249

Scheme3.11 Dieckmann Cyclization
3.4.3 Unveiling of the Amide via Cleavage of the Benzyl Protecting Group

Prior to investigating an amidation strategy (i.e. Scheme 3.1) we decided to protect the
tetramic acid moiety as the vinylogous ester, predicting that elimination of the acidic proton
would prove beneficialO-Methylation of tetramic aci@49 was achievedipon treatment with
potassium carbonate and dimethyl sulfate in refluxing acetone providing vinylogoug5xster
low yield (42%). Cleavage of the benzyl amide proved to be more difficult then predicted and
upon surveying oxidative cleavage conditions were delighted to realize that exposure of
benzyl amide250 to excess2,3-dichloro-5,6-dicyanep-benzoquinonen 1,2dichloroethane at
90 C, in a sealed tube, after two days afforded the desired tetrami2%icid moderate yield
(54%). Attempts to optiize the amide deprotection were not fruitful and although the mass
balance of the reaction was starting material we opted to investigate alternate protecting groups
for the amide nitrogen. Specifically, we choose to replace the benzyl with the morenetexttr
paramethoxybenzyl, as in theory it should be applicable with all the same chemistry, and more

facially cleavedunder oxidative conditions
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Me Me Me

0 Me;SO4 OMe DDQ OMe
% K,COj3 = CICH,CH,Cl, 90°C  ~
— " \ —_—— \
BnN Me acetone, 65 °C BnN Me sealed tube HN Me
2 days
O O (0]
249 (42% yield) 250 (54% yield) 251

Scheme3.12 O-Alkylation and Benzyl Amide Cleavage
3.5 para-Methoxybenzyl Protected Amide Series
35.1a-Vinyl, a-Alkyl Quaternary a-Amino Ester Synthesis

In a manner analogous to that of tNebenzyl amide series (i.e. Scheme 3.10) we
prepared the desirddpara-methoxybenzyh-amino methyl este259. Reductive mination was
conducted in a scalable tvabep one pot procedure; condensationLeferine methyl ester
hydrochloride 223 with para-anisaldehyde in the presence of triethylamine in methanol
subsequent concentration under reduced pressure provided2&inehich was suspended in
ethanol and exposed to sodium borohydride to afford the dddipada-methoxybenzyl serine
methyl ester253 in good yield (70@0). Following the protocol developed by Seebach and
coworkers>® N-para-methoxybenzyl serine methyl ester was condensed onto pivalaldehyde upon
exposure to catalytipara-toluenesulfonic acid at toluene reflux, with continuous removal of
water, to yield 1,3xazolidine254in modest yield (60%), as a 10:1 mixture of diastereomers, in
preference of the thermodynamically more staidasomer. Oxazolithe 254 was carried oras
the mixture, employing tha-alkylation conditions developed by Colombo and coworRers.
Enolization withsodium bis(trimethylsilyl)amide in the preserafeodoethane furnishea-ethyl
1,3-oxazolidene256 in excellent yield (80%) albeit with poor diastereoselectivity (2:1 dr).
Amino alcohol257 was accessed via methanolysis and engaged in Swern oxidation to afford
aldehyde258 which was immediately subpted to Wittig olefination to provide the desiraéd

vinyl, a-amino este59in good yield (42%) over three steps.



p-anisaldeyde NaBH,4
Ho CO,Me Et;N Ar\(/’\‘\z/coﬂ"'e EtOH HO CO,Me
NH3*CI- MeOH H _\OH NHPMB
223 252 (70% yield) 253
MeO
COzMe NaHMDS ONa
tBuCHO, p-TsOH DMPU / Etl
> NPM NPMB >
PhCHjs, 110 °C THF/hexane (6:1) o)
178°C- 1t
tBu ‘Bu
(60% yield; 10:1 dr) 254 255 (80% vyield; 2:1 dr)
Me
CO,Me TMSOTf Me (cocly,
NPME MeOH CO,Me DMSO, EtzN
o HO CH,Cl,, 78°C- 1t
\< NHPMB
tBu
256 (72% yield) 257
Me Ph3PCHgB|’ Me
~]COMe KHMDS _~]COMe
o PhCHs 78°C- 1t Ar %‘@ OMe
NHPMB NHPMB
258 (58% yield, over two steps) 259

Scheme3.13 Synthesis ofa-Vinyl, a-Ethyl, a-Amino Ester

3.5.2 Dieckmann Cyclization

With amine252 in hand we were enthusiastic to investigate the Dieckmann cyclization.

To this end, amin@59was acylated upon exposure to propionyl chloride providing the requisite

amide260 We were delighted to find that indeed ama® engaged in theesired cyclization

to furnishN-para-methoxybenzyl tetramic aci261 in moderate yield (50%£61 was obtained

as a 3:1 mixture of diastereomers.
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O Me (0] Me

Me )J\/ Me /q)k NaH o]
/q/cone ° P/MBN e TR PGBN
py, DMAP Me
NHPMB CH,Cl, Tf“"e

o]
259 (88% vield) 260 (50% yield, 3:1 dr) 261

Scheme3.14 Dieckmann Cyclization
3.5.3 Unveiling of the Amde via Cleavage of théN-para-Methoxybenzyl Protecting Group

As mentioned above in Scheme 3.2methylation ofN-para-methoxybenzyl tetramic
acid 261 was achieved upon treatment with dimethyl sulfate and potassium carbonate in
refluxing acetone to provide vinylogous es2éR in good yield (72%) (Scheme 3.15). Oxidative
cleavage of théN-para-methoxybenzyl amid@62 provedto be much more efficient thathe
benzyl series, exposure  3-dichloro-5,6-dicyanep-benzoquinoneand water in refluxing

dichloromethane provided tetramic a@ifilin good yield (70%) .

Me Me Me
o] Me;SO, OMe bDQ OMe
~ K,CO3 . CH,ClpH,0 (10:1) 2
> \ > \
PMBN Me acetone, 65 °C PMBN Me 50 °C, 2 days HN Me
261 (72% yield) 262 (70% yield) 251

Scheme3.15 O-Alkylation and N-para-Methoxybenzyl Amide Cleavage
3.6 Intermolecular Aryl Amidation Strategy
3.6.1 Copper Catalyzed Aryl Amidation Reactions
In 2001 Buchwald and coworkers disclosed that the use of diamine ligands allows the
Goldberg reaction (coppeatalyzedN-arylation of amides) of aryl halides to be performed

under mild conditions, employing a weak base andpwar solvent (Scheme 3.18)*



MeO@Br +
HN

263

Me

Me
Br

267
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264

(0]
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268

NHMe
:: ~ NHMe
265

(10 mol%)

Cul (1 mol%), K,CO3
1,4-dioxane, 110 °C

(90% yield)
O:NHMe
NHMe
265
(10 mol%)

Cul (5 mol%), K,CO3
PhMe, 110 °C

(94% yield)

266

Scheme3.16 Diamine Ligands in Copper Catalyzed Amidation of Aryl Halides

Buchwal

best solvents proved to be toluene anddigkane, althoughN,N-dimethylformamide proved

dos

ear |

y

reports

establ

shed

par am

optimal for very polar amides. @per iodide gives the highest yields and the advantage of being

cheap and air stable. The choice of base proved to be of extreme importance in these reactions;

for aryl iodides potassium phosphate proved to be the best and reactions performed using

potassim carbonatevere found to benuch slower. With aryl bromides, which generally react

more slowly than aryl iodides, potassium phosphate is often unsuccessful but potassium

carbonate is effective. This disparity is thought to result from the need to rhatalaté of

deprotonation of the amide and the rate of thHeN(Cbond formation. If the rate of the

deprotonation is relatively too high, then deprotonated amide accumulates and forms an

unreactive cuprate compl&¢0(Scheme 3.17). Evidence to support thypdthesis comes from

the observation that strong bases suchaaassium bis(trimethylsilyl)amidare only efficacious

if added slowly to the reaction mixture. Potassium phosphate and potassium carbonate both

behave as strong bases in aprotic solventsthieirt low solubility ensures slow formation of the

deprotonated amides.

11C



(0]
HNJ\R + base

R! 0
JJ\ + base
}f_\ HN” R ©
L\ /L 1 L\ /L (@]
L\ /L Cu R Cu /u\
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| Rl/N O N |
X \? #O R
R R
Y 270
O
AKNJJ\R ArX

Scheme3.17 Copper Catalyzed Aryl Amidation

Ligands based on ethylenediamine or cyclohexanediamine provide favorable reactivity.
Unsubstituted diamines can be used in some cases, howeyeditethylsubstituted ligands
generally provide higher rates and avoid undedheatylation of the ligand nder the reaction
conditions. Kinetic studies have indicated that the role of the ligand is to prevent the formation of
the less reactive, multiply ligated cuprate structures.

The reaction is applicable to a range of election and electromeficient ayl and
heteroaryl bromides, iodides, and in some cases aryl chlorides. Carbamates are also suitable
coupling partners, but the reaction remains most suitable for lactams and primary amides.
Acyclic secondary amides are much more challenging, an effi@antion can only be realized
for N-aryl or N-methyl amides, except in the case of formamides.

3.6.2 Lessons from Model Aryl Bromide Substrates

Although precedent for an aryl amidation withgasubstituted lactam proved to be
deficient in the literatureye were enthusiastic to explore the reactivity of tetramic 2&idn an
aryl amidation and push the forefront of the diamine copper catalyst sybBtethis end we
screened bases in the aryl amidation of bromobenf2ng with tetramic acid251 in the

presence of catalytic copper iodide amans-N,NMNjimethylcyclohexand.,2-diamine (265 in
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neat bromobenzene (Scheme 3.18). Potassium phosphate afforde@ aiidehe highest yield

(26%) after twentyfour hours.

O:NHMe
NHMe

MeOM 265 MeOM
€ Br (40 mol%) e
2 \ . > 72 \
HN Me Cul (20 mol%), base N Me
neat, 156 °C
(¢] 24 hr (e}
251 271 272
base yield (%)
K,CO3 2
CSZCO3 19
K3POy4 26
KHMDS 7

Scheme3.18 Aryl Amidation Base Screen
We were extremely gratified to find that we could reduce the amount of bromobenzene
(271, 1:1 stoichiometry, and effectively couple with tetramic &5d albeit, in low yield (18%)

and extended re#on times (Scheme 3.19).
@NHMe
Me NHMe
OMe Br 265 OMe
2 \ (40 mol%) -z \
HN Me Cul (20 mol%), K3PO, N Me
o PhMe, 110 °C o

4 days

1 equiv. 1 equiv. (18% yield) 272
251 271

Scheme3.19 Stoichiometric Aryl Amidation with Tetramic Acid Coupling Partner

Aryl amidation with an electron rich aryl bromide proved to be advantageous. Exposure
of 3-bromoanisoleZ73) and tetramic aci@51to coupling reaction conditions provided product
274in modest yield (35%)after four days (Scheme 3.20). This result delivered confidence that
aryl bromide188 (Scheme 3.1) would prove to be an effective couppagner with tetramic

acid251provided, of course, that tleetho-substitution did not interfere.
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[::I:NHMe
Me NHMe
OMe Br 265 OMe
z \ (40 mol%) MeO 2 {
HN Me Cul (20 mol%), KsPO, 7::ET/N Me
o)

OMe PhMe, 110 °C
o 4 days
1 equiv. 1 equiv. (35% yield) 274
251 273

Scheme3.20 Amidation of an Electron Rich Aryl Bromide

To this end, we probed the aryl amidatiorRdfromotoluene75) and tetramic aci@51
(Scheme 3.21)Unfortunately, this aryl amidation was to no avail and coupling prdzit@tvas
not realized. We propose that this coupling was prohibited by the sterics of each coupling
partner. Although disheartig, this reaction provided insight into the reactivity of tetramic acid
251 andin general that offsubstituted lactams. It appears that the success of an aryl amidation
between an aryl bromide and lactam is greatly influenced by the steric envirorohédmath

coupling partners.
[::I:NHMe

Me NHMe Me

OMe 265 OMe
Br (40 molo) 7

~ \ + B N\
HN Me Ve Cul (20 mol%), K5PO, Me

x PhMe, 110 °C I

4 days Me
1 equiv. 1 equiv. no reaction 276
251 275 not observed

Scheme3.21 Attempted Amidation of ortho-Bromotoluene
3.6.3 Sterically Encumbered Aryl Bromide Substrates

Indeed, our aryl amidation observations in the model system held true as we probed more
advanced aryl bromide substrates (287 and 279)°* (Scheme 3.22). This prompted us to
investigate an alternative nitrogemucleophile as a coupling partner with our prepared aryl

bromides.
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~NHMe
X .
NHMe OMe

Me
Me : 265 z
OMe TBDPSO Me (40 mol%) N Ve
4 \ + Br Y MeO Me
HN Me § ©
Cul (20 mol%), K5PO,
(e} xylenes, 140 °C
OMe 2 days Me

OTBDPS

251 277 no reaction 278

not observed
: ~NHMe
OTIPS NHMe Me

Me 265 OMe
y OMe Me” X (40 mol%) MeO 7 N \
\ + Br e Me
HN Me
(e}
/
Me

Cul (20 mol%), K3POy4
(0] xylenes, 140 °C
OMe 2 days
251 279 no reaction 280
not observed

OTIPS

Scheme3.22 Aryl Amidations with Ortho-Substituted Aryl Bromide Substrates
3.7 Third-Generation Retrosynthetic Analysis

At this point, we were motivated to investigate the reactivity of aryl brots@toward
aryl amination crossoupling methods and revised our retrosynthetic analysis. In an effort to
reduce the impact of sterics in constructing thidlN@ond, we turned t@ route wherein the
tetracycle281 would arise by Dieckmann cyclization of amig@2 which would, in turn, derive
from a FriedelCrafts alkylation of benzazepir283, the product of a ring closing metathesis
applied to dien@284 The requisite diene woulak furnished by a crosupling reaction of aryl

bromidel88and amine€85.
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Dieckmann Me Me

Cyclization
P—
OMe OMe
281 282
Friedel-Crafts Me Me Ring Closing
Alkylation Metathesis
P— P——
OMe
283
Me Me Me
Me, A Amination :
3 j{\\Me /—\ MeO,C _Me
MeO,C CO,Me _ Br :E
N 2 + Z—C0,Me
O/é “Me NH;
OMe OMe
284 188 285

Scheme3.23 Third Generation Retrosynthetic Analysis
3.8 Intermolecular Aryl Amination Strategy

The palladiuracatalyzedamination of aryl halides allows the conceptually simple, yet
powerful, disconnection of an aromatic amine to an aryl halide or pseudo halide and a nitrogen
nucleophile®™®® The first palladuim-catalyzed formation of aryl i0N bonds was disclosed by
Migita and coworkers in 198%.More than a decade later Buchwald and coworkers reported a
new catalytic procedur e b as’®Tie dsadvaebge of thesé s a m
early methods was that both proceshuutilized stoichiometric amounts of heahd moisture
sensitive tributyltin amides as coupling partners. In 1995 Buclifvafdl Hartwi§® concurrently
discovered that the aminotin speceesild be replaced with the free amine when a strong base
(e.g. sodiunmtert-butoxide or lithium bis(trimethylsilyl) amide) was employed to generate the
corresponding sodium amide situ by deprotonating the palladidooordinated amine. Since
these initial discoveries there has been great interest in this area and significant improvements in

substrate scope and catalyst loadings have been realized. Advancements in this area have
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typically been driven by the implementati of new classes of ligands; i.e. chelating
diphenylphosphino ligands such as BINAP, dppf, and Xantphos, more electiochelating
phosphines such as JosiphNdheterocyclic carbenes and trialkylphosphines that have served to
continually increase thsubstrate scope and to render the reactions more efficient. Despite the
plethora of systems currently available for palladicealyzed €N couplings, only a limited
group has seen extensive practical application, reflecting on a combination of the essesefad
catalyst system, its robustness, availability of ligands and substrate scope. Catalysts based on
dialkylbiaryl phosphines, first described for palladigatalyzed crossoupling reactions in

1998 by Buchwald, compare favorably with other systemdhis regard and have been
extensively applied in the synthesis of biologically active molecules. A catalyst composed of the
BrettPhos ligand286) (Table 3.1) has demonstrated excellent reactivity and stabilityf kh C
crosscoupling reactions and ovem@s many restrictions that previous catalyst systems have
possessefl. The palladium precatalyst syste@8(), based on the BrettPhos ligar2B€), has

been shown to quantitatively form the active monoligated palla@umdmplex under the

reaction conditioné! and has demotrsited the widest scope for primary amines to date.
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Table 3.1 Cross-Coupling of Aryl Halides and Primary Amines

0 . 00%imol% 286
0 . 00%imol% 287
(286:287 = 1:1)
ArX + H,NR — T e ArN(H)R
100 °C,30 mini 24 h

HN/\(> H
Me N CO,H
@ L
Me

OH
288, X = Cl, 93% yield, 0.25 mol%, 5 h2 290, n = 4, 95% yield, 1 mol%, 20 h°
289, X = Br, 92% yield, 0.25 mol%, 5 h2 291, X = 7, 94% yield, 1 mol%, 20 hP
Me

H
N
/©/ J\COZH
MeO

292, X = Cl, 84% yield, 1 mol%, 20 h¢

iPr
BrettPhos (286)

@N H,
Pd
v

cl

L =286,
BrettPhos precatalyst (287)

a LHMDS, 1,4-dioxane, P NaOtBu, 1,4-dioxane, ¢ KOtBu, PhMe

3.8.1 Allylamine as an Effective Coupling Partner

To probe the reactivity of aryl bromid@88 towards a palladiurcatalyzed CN
crosscoupling reaction we conducted studies utilizing allylamine. Exposure of aryl brdméde
and allylamine to a catalyst system derived from palladium acetate and Bre@BGoeg$ulted
in no reaction and the aryl brode 176 was recovered. This outcome leads to the proposal that
the ortho-substitution of aryl bromidel76 was preventing engagement in the desired aryl

amination. Thus, we sought to investigate an aryl amination of an aryl bromide possessing less

steric emcumbrance.




H,NTNF (L5 eq)

BrettPhos (286) (1 mol%) Me
MeO,C Me Pd(OACc), (1 mol%) MeO,C

Br N
%%» \/§
Cs,CO3, 1,4-dioxane
100 °C, 17 h
OMe OMe

176 no reaction 293
not observed

Scheme3.24 Cross-Coupling Reaction ofortho-Substituted Aryl Bromide and Allylamine

In this light, we explored the amination of aryl brom&8 (Scheme 3.25)ndeed,
treatment of aryl bromid294 and allylamine with a catalyst system derived from palladium
acetate and BrettPho286) afforded the desired ami285in modest yield53%). We were
excited to realize thisi@N crosscoupling product, a®95couldbe a viable synthetic
intermediate for tetrapetalone A)(

OTBS HZN/\% (5 eq) OTBS

BrettPhos (286) (5 mol%)
Me™ ™ Pd(OAC), (5 mol%) Me H
Br e E— N
Cs,CO3, 1,4-dioxane
100 °C, 24 h

)

OMe OMe

294 (53% yield) 295
6:1E/Z

Scheme3.25 Cross-Coupling Reaction of a Simplified Aryl Bromide and Allylamine
3.8.2 Lithium Enolate Claisen Rearrangement

Allylic alcohol 296 was unveiled upon subjecting95 to fluoride mediated silyl ether
cleavage; subsequent acylation smoothly provided allylic @&@in good yield (60%), over
two steps. We were deligid to find that allylic ester297 engaged in the desired Claisen
rearrangment upon enolization with lithium bis(trimethylsilyl)amide/triethylamine and warming
to room temperature. Treatment of the intermediate carboxylic acid with
trimethylsilyldiazomethane affordegl -udsaturated methyl est2®8in modest yield (45%) as a

3:1 mixture of anti/syn isomers.
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OTBS OH 9]

)J\/Me
X TBAF X Cl
Me H THFEO°C- 1t Me H EtN, DMAP
N —_— N
M >N CHchoc- nt
OMe OMe
295 (87% vyield) 296 (70% yield)
O\fo Me Me
1. LIHMDS, EtzN
Me™Sy “Me | PhMe.i78’C- n Me0,C” T(\
N\/\ Me
\ T aTwschn, TMSCHN,
o MeOH, 0°C - rt
Me
OMe
297 (45% yield, 3:1 anti/syn, over two steps)

Scheme3.26 Lithium Enolate Claisen Rearrangement
3.8.3 A Problematic Ring Closing Metathesis

The formation of carbdrcarbon bonds by olefin metathesis has become one of the most
powerful and broadly applicable methods of modern synthetic chemistry. In particular, ring
closing metathesis (RCM) reactions promoted by ruthenium based catalysts Baveithely
utilized in the construction of small, medium and large ring systems from acyclic precursors.
Construction of cyclic, disubstituted olefins from terminal diehas shown to beffectively
catalyzed by diphosphine ruthenium complexes sucB98gFigure 3.4). Synthesis of cyclic
trisubstituted olefins can be readily achieved using segenération systems such 2@0 and
the construction of cyclic tetrasubstituted olefins by ring closing metathesis is effectively

catalyzed by secongeneration sstems such a302

PCys ) MesN NMes oToIN NoTol
MesN_ _NMes

kS et e e

c” Ph CI/| Ph Cl \ Cl \
Pevs PCYs iPr/o iPr/O
299 300 301 302

Figure 3.4 Ruthenium Based Olefin Metathesis Catalysts



In their tdal synthesis ofi()-cyarthiwigin F (306), Enquist and Stoltz realized a facile
ring closing metathesis to afford a trisubstituted olefin of a seven membered carb80scley(

employing the unhindered Hoveyrubbs catalys02 (Scheme 3.27%’

M
e \\_B:o:@
302 (10 mol%) 0
PhH, 60 (C t NaBO3, THF/H,0
o]
304
Me Me

Me
Me
H steps o

305 Cyanthiwigin F (306)

Scheme3.27 (1 )-Cyanthiwigin F Ring Closing Metathesis

With diene298 on hand, we investigated construction of the benzazepigesystem by
ring closing metathesis. No reaction was observed upon exposure oR€Rtvecatalyst302 at
60 °C (Table 3.2, entry 1). Increasing the reaction temperature (110 °C) did not afford the desired
benzazepin807; instead enamid@08was isoléed in excellent yield (80%).

If chelation of the evolving carbene with the amide moiet98 occurs to form a stable
six-membered chelate (i.813 Scheme 3.28, bottonthe catalyst is effectively sequestered, in
an unproductive complex, rendering theg closing metathesis ineffectivd-urstner and
coworkers have demonstrated that if the ruthenium is too tightly complexed by polar functional
groups (such as fiver sixmembered chelates), the metathesis reaction can be inhibited and that
a mild Lews acid (such as titanium isopropoxide), can be used to compete with the ruthenium
for chelation of the polar group to effectively release the ruthenium and afford a productive

RCM.™ In order to destabilize the gsumed unproductive chel&&3 we ran the cyclization of
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298in the presence of excess titanium isopropoxide (Table 3.2, entry 3) unfortunately; we again
realized enamid8d08in excellent yield (89%)

Table 3.2 Attempts to from Benzazepine System by Ring Closing Metathesis

Me Me » Me Me M€
z : —
weoe YN [ 92 5 o) oS
N
\ﬂ/\ Me — 3 f Me
0 solvent o
temperatue
24 h
OMe L OMe | OMe
298 307 308
not observed
entry additive solvent temperature (°C) product (% yield)
1 T PhMe (0.001 M) 60 no reaction
2 i PhMe (0.01 M) 110 308 (80% vyield, 1.5:1 dr)
3 Ti(OiPr)4 (2 eq) PhMe (0.01 M) 110 308 (89% vyield, 2:1 dr)
4 Ti(OiPr)4 (2 eq) 1,2-dichloroethane (0.01 M) 83 no reaction

benzoquinone (50 mol%)

Enamide308is proposed to arise from an olefin isomerization event (Scheme 3.28, top),
via a hydrometalatiobthydride sequence, which requires the presence of a coordinately
unsaturated ruthenium hydride spe@éd. Coordination of the monosubstituted terminal alkene
gives thep-complex315 which undergoes a migratory insertion (hydrometalation) to provide
the s-alkyl complex 316. b-Hydride elimination leads tg-complex 317, from which the
catalytically active specie€xl4is regenerated by dissociation of the isomerized alké8e

Ruthenium hydride complexes are formed in some cases as byproducts during the
preparation of secorgeneration metathesis cataly§t$f these are present as an impurity in the
metathesis catalyst, they may be responsible for the observed isomerization reactions.
Alternaively, ruthenium hydride species may be formed by decomposition of the ruthenium

carbene species under the reaction conditions. To inhibit the olefin isomerization reaction
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pathway we ran the cyclization 208in 1,2-dichloroethané?® and catalytic 1,4enzoquinoné’
to this end the formation of enami@88was effectively suppressed, but the desired benzazepine

307was not realized.
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Scheme3.28 Proposed Mechanisms for RCM and Double Bond Isomerization
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3.9 Conclusion

The successful synthesis of a highly functionalized tetramic acid enabled us to investigate
construction of the desired aryll 8 bond via a coppetatalyzed crossoupling reaction. The
tetramic acid proved competent in aryl amidation reactions with siarglebromides but the
introduction ofortho-substitution into the aryl bromidsoupling partner thwarted the desired
crosscoupling reaction.

Advancedortho-substituted aryl bromide intermediates proved to be competent coupling
partners with primary amiseunder palladiurtatalyzed reaction conditions. This allowed the
synthesis of a highly functionalized diene. Unfortunately, the diene did not engage in ring
closing metathesis to afford the benzazepine system.

3.10 Experimental Section
3.10.1 Materials and Methods

Unless stated otherwise, reactions were performed in fthied glassware under a
nitrogen atmosphere. Triethylamine, diisopropylamine, and methanol were dried over anhydrous
calcium hydride and freshly distilled,4-Dioxane was distilled fronsodium, calcium chloride
and molecular sieve (0.4 nm). Benzene, tetrahydrofuran, dichloromethane, toluene, and diethyl
ether were dried using a solvent purification system manufactured by Glass Contour Solvent
Systems, SG Water U.S.A., LLC using techngldzased upon that originally described by
Grubbs et al’® Anhydrous N,N-dimethyformamide, acetonitrile, dingylsulfoxide, 1,2
dichloroethane was purchased from the Colorado State University Stockroom and supplied by
SigmaAldrich or Fischer Scientific and stored under nitrogen atmosphere. Commercially

available reagents were obtained from Sightdrich, Strem, TCI, CombtBlocks, Acros or
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Alfa-Aesar and were used as received. All known compounds were identified by comparison of
NMR spectra to reported in the literature.

Unless otherwise stated, all reactions were monitored by thin layer chromatography
(TLC) was sing Silicycle glasfbacked extra hard layer, 60 A plates (indicat@58, 250mm).
Developed TLC plates were visualized using a 254 nm UV lamp and/or with the appropriate
stain followed by heating. Typical stains utilized were potassium permanganaaplieth
anisaldehyde and ceric ammonium molybdate. In general, the flash chromatography guidelines
reported by Stilet al’® were followed. Silicycle SiliaFlaShP60 (236400 mesh) silica gel as the
stationary phase. When reactions were absorbed onto silica gel, the amount of silica gel used was
eqgual to two times the weight of the reagents.

Infrared spectra were obtained using a Nicolet Avatar 320 FTIR or Bruker Tensor27
FTIR. Samples were analyzed as thin films on NaCl plates (samples was dissolve€indcH
CHCI3) or potassium bromidpellets, as indicated. IR spectra are presented as transmittance vs.
wavenumber (ci). Proton tH) and carbon’fC) NMR spectra were recorded on a Varian Inova
500, Varian Inova 400, Varian Inova 400 auto sampler, or Varian Inova 300 MHz spectrometer.
Spectra were obtained at 22 °C in CR@Qhless otherwise noted. Chemical shitfsdre reported
in parts per million (ppm) and are referenced to the internal solvent peak. Coupling codstants (
are reported in Hertz (Hz) and are rounded to the neareszONHtiplicities are defined as: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, dt = doublet
of triplets, ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of
doublets, br = broad, appapparent, par = partial. Higlesolution mass spectra were obtained
from the University of Colorado Central Instrument Facility, performed on an Agilent 6210 TOF

LCMS by Donald L. Dick.
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3.10.2 Preparative Procedures

Preparation of N-benzylserine methylester 237

i. PhCHO, EtsN
COMe  MeOH, 0°C COo,Me
HO 2 Ho/\l/ 2
NH3'Cl i, NaBH,, 0 °C NHBn
223 237

N-benzylserine methyl ester 237 Following the procedure of Thompsat af® N-
benzylserine methyl ester was prepate8erine methyl ester hydrochlorid22@) (15.2 g, 97.70
mmol) was dissolved in methanol (40 mL) and cooled to 0 °C. Triethylamine (14.3 mL, 102.58
mmol) was added and the reaction was stirred for 10 minutes and benzaldehyde (10.4 mL,
102.58 mmol) was added. The reaction mixture was stirre@ foours, at which time sodium
borohydride was added portion wise to the reaction mixture, via addition funnel, over a period of
1 hour. TLC was used to monitor reactiprogress. TLC plates were developed with 100%
diethyl ether and visualized by UV lampdaKMnQ, stain. The reaction was then partitioned
between 20% HCI (75 mL) and diethyl ether (20 mL). The organic phase was extracted with
20% HCI (2x with 80 mL). The combined aqueous phase was washed with diethyl ether (50
mL). The aqueous layer was theautiously neutralized with solid NaHGOThe neutral
agueous phase was then extracted with diethyl ether (3x with 80 mL). The combined organic
phase was washed with,® (250 mL), brine (250 mL), dried over anhydrous MgSd
concentrated to affor@37 (14.6 g, 72% vyield) as colorless oil. No further purification was
necessary.

N-benzylserine methyl ester237 is a known compound, thtH NMR spectra was

obtained and structure was confirmed by comparison with spectra published in the litérature.
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N-benzylserine methyl ester 237'"H-NMR (300 MHz; CDC}) : 7.38-7.26 (m, 5H),
3.88 (d,J = 13.0 Hz, 1H), 3.8B.77 (dd,J = 10.7, 6.4 Hz, 1H), 3.74 (s, 3H), 3:3671 (d,J =
13.0 Hz, 1H), 3.62 (ddl = 10.7, 6.4 Hz, 1H), 3.44 (dd= 6.3, 4.5 Hz, 1H), 2.48 (s, 2H).

Preparation of N-benzyl 1,3-oxazolidine 238

CO,Me
CO,Me tBuCHO, p-TsOH
HO —_—— NBn
NHBnN PhCH3, 110 °C O\<
tBu
237 238

N-Benzyl 1,3-oxazolidine 238 To a stirred solution df-benzyl serine methyl est@B7
(14.6 g, 69.78 mmol) in toluene (125 mL) was addelpldehyde (15.2 mL, 139.56 mmol),
para-toluenesulfonic acid (0.7 g, 3.49 mmol). Round bottom flask was fitted with a reflux
condenser and Dedtark trap; reaction was heated to 95 °C for 24 hours. TLC was used to
monitor reaction progressTLC plates wee developed with 20% EtOAc/Hex solution and
visualized by UV lamp and KMn{stain. Reaction was diluted with ethyl acetate (100 mL) and
the washed with saturated NaHE&blution (250 mL), HO (250 mL), brine (250 mL), dried
over anhydrous MgS£and concetnated under reduced pressure. Crude material was purified
with silica gel chromatography (gradient elution 3 10% EtOAc/Hex) to afford 1;3
oxazolidine238(12.3 g, 63% vyield, 9:1cis/trans) as colorless oil.

N-Benzyl 1,3-oxazolidine 238is a known compaud, the’'H NMR spectra was obtained
and structure was confirmed by comparison with spectra published in the litéfatite.

N-Benzyl 1,3-oxazolidine 238 'H-NMR (400 MHz; CDC}) : 7.4d (d,J = 7.5 Hz, 2H),
7.31 (t,J= 7.2 Hz, 2H), 7.24 (dJ = 7.2 Hz, 1H), 4.23 (dd] = 8.5, 3.9 Hz, 1H), 4.15 (s, 1H),
4.08 (d,J = 14.0 Hz, 1H), 3.91dd, J = 8.4, 6.8 Hz, 1H), 3.71 (d,= 14.0 Hz, 1H), 3.50 (dd} =

6.8, 3.4 Hz1H), 3.48 (s, 3H), 1.00 (s, 9H)C-NMR (101 MHz; CDCI 3):
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128.3, 127.4, 105.4, 68.3, 66.3, 61.2, 51.8, 36.8,;23MS (El)m/z2 78 . 1751

C16H23NO3 (M+H)+ 2781758]

Preparation of N-benzyla-ethyl 1,3-oxazolidine 244

o

CO,Me
NBn

tBu
238

NaHMDS
DMPU, Etl

THF/hexane (6:1)
178°C- rt

Me
Acone
NBn

°~

tBu
244

[ cal c¢

N-benzyl a-ethyl 1,3oxazolidine 244 Following the procedure of Colomieval®® To a
stirred 0.2 M solution of 1;8xazolidine238 (5.0 g, 18.03 mmol) in tetrahydrofuran (90 mL)
was added in sequencel,3-dimethyt3,4,5,6tetrahydre2(1H)-pyrimidinone (15 mL),
iodomethane (5.8 mL), and hexanes (15 mL). The resulting solution was codlé8 ¢ and
sodium bis(trimethylsilyl)amide (NaHMDS) (27.10 mL, 27.05 mmol) was added drop wise, two
20 mL syringes were loaded with NaHMDS (13.5 mL) and set for ai@adate of rate of 0.26
mL/min with a syringe pump, approximately 52 minutes for complete addition. Reaction turned
a pale yellow upon addition of NaHMDSLC was used to monitor reaction progre$&C
plates were developed with 7% EtOAc/Hex solutiod a&sualized by UV lamp and KMnO
stain. Note the reaction is a product is a mixture of diastereomers and the jalisst&eomer
co-spots with t starting material. Reaction solution was stirred for 30 minut&8 a€ and then
warmed to room temperatiand stirred overnight; no change by TLC upon stirring over night at
room temperature. Quenched with saturated@H100 mL), diluted with HO to dissolve salts
and separated phases. Organic phase was washed with saturated LiCl solution (3 x 5@mL), H
(200 mL) and brine (200 mL). Dried over anhydrdesSO, and concentrated under reduced
pressure to affordN-benzyla-ethyl 1,3oxazolidine244 (5.3 g, 96% vyield, 2:1 dr) yellow oil.

Diastereomers proved difficult to separate and thus moved were moved forward together.
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N-benzyla-ethyl 1,3-0xazolidine 244&(first diastereomer to elute off silica gel column)
'H-NMR (400 MHz; CDC}) : 7.46 (d,J = 7.6 Hz, 2H), 7.31 (t) = 7.6 Hz, 2H), 7.21 () = 7.3
Hz, 1H), 4.57 (dJ = 8.3 Hz, 1H), 4.25 (dJ = 16.5 Hz, 1H), 4.17 (s, 1H), 3.83 (@= 16.5 Hz,
1H), 3.59 (dJ = 8.3 Hz, 1H), 3.48 (s, 3H), 1.78 (app quintkt 7.4 Hz, 2H), 0.94 (s, 9H), 0.77
t, J=75Hz,3HH®CNMR (101 MHz; CDCI3): & 173.6, 140.
72.7, 71.7, 53.3, 51.6, 37.1, 25.5, 235, H&MS (EI)m/z3 06 . 2064 [1£8NOg 6d f o
(M+H)+ 306.2063]
N-benzyl a-ethyl 1,3-oxazolidine 244b(second diastereomer to elute off silica gel
column).*H-NMR (300 MHz; CDC}) : 7.387.19 (m, 5H), 4.32 (s, 1H), 4.13 (@= 8.4 Hz,
1H), 3.97 (dJ = 16.5 Hz, 1H), 3.84 (d] = 8.4 Hz, 1H), 3.79 (s, 3H), 3.8074 (d,J = 16.4 Hz,
1H), 1.65 (dq,) = 14.2, 7.2 Hz, 1H), 1.39 (dd,= 14.4, 7.2 Hz, 1H), 0.96 (s, 9H), 0.73Jt 7.5
Hz, 3H).

Preparation of amino alcohol 245

Me
;<C02Me TMSOTf Me
MeOH
NBn HHO#COZMG
(6]
NHBnN
tBu
244 245

Amino alcohol 245 To a stirred solution dfl-benzyla-ethyl 1,3oxazolidine244 (4.8 g,
15.72 mmol) in methanol (160 mL) was addedhethylsilyl trifluoromethanesulfonatéll1.4
mL, 62.87 mmol) at room tergpatue. TLC was used to monitor reaction progreskC plates
were developed with 50% EtOAc/Hex solution doped with 1% triethiyla and visualized by
UV lamp and KMnQ stain. Reaction was complete after approximately 1 hour. Neutralized
reaction solution slowly with saturated NaHE€blution. Extracted with diethyl ether (3 x 100

mL). Combined organic phase was washed wig® H150 mL), brine (150 mL), dried over



anhydrousN&SO, and concentrated under reduced pressure. Crude material was purified with
silica gel chromatography (gradient elution 380% EtOAc/Hex, doped with 1% triethylamine)
to afford amino alcohad?45 (3.1 g,76% yield) as a white solid. Note the amino alcdivh can
also be purified by recrystallization from diethyl ether/pentane.
Amino alcohol 245 *H-NMR (400 MHz; CDC}) : 7.3 (d,J = 4.4 Hz, 3H), 7.28 () =
4.3 Hz, 2H), 3.81 (d) = 7.7 Hz, 1H), 3.71s, 3H), 3.66 (dJ = 12.1 Hz, 1H), 3.65 (dl = 7.7 Hz,
1H), 3.61 (dJ = 12.1 Hz, 1H), 2.74 (s, 1H), 2.00 (s, 1H), 1.73 (@it 22.2, 14.8, 7.4 Hz, 2H),
0.89 (tJ=7.5Hz,3H)’®*C NMR (101 MHz; CDCI 3): & 174.8, 13¢
62.0, 52.2, 46.9, 26.4, 8RARMS (ENm/z2 38 . 14 3 8 [aitigNO;¢Morid)+ 238. 1437

Preparation of a-vinyl amino ester247:

e LA . me
q/COZMe 2> . ;&cozl\/le
HO 2. PhsPCH;Br, KHMDS
NHBn PhCH; 78°C- rt NHBn
245 247

a-Vinyl amino ester 247. Swern oxidation protocol To a stirred solution of
dimethylsulfoxide (2.2 mL, 30.36 mmol) in dichhomethane (60 mL) was added oxalyl chloride
(2.3 mL, 15.17 mmol) at78 C, slowly. Reaction solution was stirred for 20 minutes7& C.
A solution of amino alcohd45(1.8 g, 7.59 mmol) and triethylamine (5.3 mL, 37.95 mmol) in
dichloromethane (15 mL) was added via cannula/8t C. Reaction was stirred 878 C for 1
hour and warmed to room temperatufeC was used to monitor reaction progreskC plates
were deviped with gradient elution 2030% EtOAc/Hex solution and visualized by UV lamp
and KMnQ, stain. Quenched reaction with saturated Nakl&fution (50 mL). Organic phase

was washed with $0 (100 mL), brine (100 mL), dried over anhydrinsSO, and concenttad
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under reduced pressure to crude yellow oil. Crude material was carried directly into Wittig
olefination protocol.

Wittig olefination protocal Methyltriphenylphosphonium bromid®.4 g, 15.18 mmol)
was dried over night under high vacuum and heatedlf €. To a stirred heterogeneous
solution of nethyltriphenylphosphonium bromid®&.4 g, 15.18 mmol) in toluene (26 mL) was
added potassium bis(trimethylsilyl)amidél.0 M in toluene, 14.4 mL, 14.42 mmol) at room
temperature. Reaction solution was stirred for 1.5 hours at room temperature; bright yellow
colored solution. Crude aldehyde (7.59 mmol) as a solution in toluene (10 mL) was added to the
ylide solution ati 78 C via cannula addition. Reaction solution turned a dark orange color.
Reaction was stirred for 1 hour a8 C upon complete addition of aldehyde and warmed to
room temperature. Stirred 2 hours at room temperafikt€ was used to monitor reaction
progess TLC plates were developed with gradient elution 20% EtOAc/Hex solution and
visualized by UV lamp and KMn{stain. Quenched reaction with saturated,8Hsolution (50
mL) and organic phases were separated. Organic phase was washegOn#0 L), bme (50
mL), dried over NgSO, and concentrated under reduced pressure. Crude material was purified
with silica gel chromatography (gradient elution & 5- 6% Hex/EtOAc solution) to afford
a-vinyl amino esteR47(1.2 g, 67% yield, over two steps) as yelloiv

a-Vinyl amino ester247. *H-NMR (400 MHz; CDC}) : 7.3 (d,J = 7.5 Hz, 2H), 7.32
(t, J= 7.5 Hz, 2H), 7.25 (t) = 7.1 Hz, 1H), 6.01 (dd] = 17.5, 10.8 Hz, 1H), 5.43 (d,= 17.5
Hz, 1H), 5.30 (dJ = 10.8 Hz, 1H), 3.76 (s, 3H), 3.62 @z 12.2 Hz, 1H), 3.57 (d] = 12.2 Hz,
1H), 1.86 (qqJ = 12.9, 6.6 Hz, 3H), 0.89 (f,= 7.4 Hz, 3H)®c-NMR (101 MHz; CDCI
175.3, 140.7, 138.1, 128.53, 128.37, 127.1, 116.2, 67.5, 52.2, 47.9, 30 HR8IS (EI) m/z

234. 1498 [ NONGHE)+ 236.14861
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Preparation of amide 248

o Me O
Me
Me
py, DMAP BnN
NHBn CH,Cl, Tol/\'v'e
247 248

Amide 248 To a stirred solution of amir#47 (703 mg, 3.01 mmol), pyridine (0.50 mL,
6.03 mL), 4-(dimethylamino)pyridine(18 mg, 0.15 mmol) in dichloromethane (15 mL) was
added propionyl chloride (0.40 mL, 4.52 mmol) at®@ Reaction solution was warmed to room
temperature, fitted with a reflux condenser and refluxed @0 TLC was used to monitor
reaction progressTLC plates were developed with gradient elution 50% EtOAc/Hex solution
and visualized by UV lamp and KMnGtain. Quenched reaction with 1M HCI (20 mL) and
separated phases. Organic phase was washed with 15% NaOH (20,@L®5mL), brine (25
mL), dried overanhydrous MgS@and concentrated under reduced pressure. Crude material was
purified with silica gel chromatography (gradient elution 225 30% EtOAc/Hex) to afford
Dieckmann cyclization precurs@d8(766 mg, 88% vyield) as colorless oil.

Amide 248 'H-NMR (300 MHz; CDC}) : 7.5 (d,J = 7.3 Hz, 2H), 7.39 () = 7.5 Hz,
2H), 7.307.26 (m, 1H), 6.03 (dd] = 17.6, 10.8 Hz, 1H), 5.25 (d,= 17.1 Hz, 2H), 5.23 (d] =
11.3 Hz, 1H), 4.60 (dJ = 19.0 Hz, 1H), 4.52 (d] = 19.0 Hz, 1H), 3.78 (s, 3H), 2.4001 (m,
4H), 1.05 (t,J = 7.4 Hz, 3H), 0.86 (tJ = 7.5 Hz, 3H);HRMS (El)m/z290. 1751 [cal c
C17H23NO3 (M+H)+ 290.1754]

Preparation of N-benzyl tetramic acid 249

Me o Me
NaH o)
= OMe THF, 65 °C z
-
BnN\[h Me BnN Me
o o
248 249
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N-Benzyl tetramic acid 249 To a refluxing sysension of sodium hydride (60%
dispersion in mineral oil) (412 mg, 10.30 mmol) in tetrahydrofuran (35 mL), was added
dropwise a solution of amid#48 (1.5 g, 5.15 mmol), in tetrahydrofuran (15 mL). Reaction was
refluxed for 2 daysTLC was used to monitaeaction progress'LC plates were developed with
gradient elution 25 30% EtOAc/Hex solution and visualized by UV lamp and KMrsgain.
Checking conversion byH NMR also monitored reaction progress; aliquots were from the
reaction every 24 hours. Reactimas quenched with addition of saturatedJ8Hsolution (25
mL) and phases were separated. The agueous phase was extracted with ethyl acetate (2 x 20 mL).
Combined organic phase was washed wiB {LOO mL), brine (100 mL), dried over anhydrous
NaSO, and concentrated under reduced pressure to affelibiyyl tetramic aci®49 (1.1 g,

85% vyield, 4:1 dr) as a yellow solid. No further purification was necessary and material was
carried on directly to methylation.

N-Benzyl tetramic acid 249 *H-NMR (300 MHz; Cls) : 7.4%7.38 (m, 2H), 7.33
7.27 (m, 3H), 5.63 (dd] = 17.4, 10.6 Hz, 1H), 5.23.21 (d,J = 10.6 Hz, 1H), 5.20 (d] = 17.4
Hz, 1H), 4.73 (dJ = 14.9 Hz, 1H), 4.35 (d] = 14.9 Hz, 1H), 2.99 (q] = 7.6 Hz, 1H), 2.13.97
(m, 1H), 1.861.63 (M, 1H) 1.32 (dJ = 7.6 Hz, 3H), 0.41 (t) = 7.3 Hz, 3H)7.41-7.38 (m, 2H),
7.337.27 (m, 3H), 5.64 (dd] = 17.4, 10.7 Hz, 3H), 5.31 (d,= 10.8 Hz, 1H), 5.23 (d] = 17.4
Hz, 1H), 4.87 (dJ = 14.9 Hz, 1H), 4.21 (d] = 14.9 Hz, 1H), 2.77 (d] = 7.8 Hz, H), 2.131.97
(m, 1H), 1.861.63 (m, 1H), 1.38 (dJ = 7.8 Hz, 3H), 0.48 (t) = 7.4 Hz, 3H).HRMS (EI) m/z

258. 14809 [ediNONG+H)+ 258.1494
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Preparation of vinylogous ester 250

Me Me
o] Me,SO4 OMe
It SN
BnN Me acetone, 65°C  BnN Me
(0] (e}
249 250

Vinylogous ester 250To a stirred heterogeneous solutiorNelbenzyl tetramic aci@49
(2.1 g, 4.27 mmol), potassium carbonate (708 mg, 5.12 mmol) in acetone (43 mL), was added
dimethyl sulfate (0.44 mL). Reaction was fitted with a reflux condenser and refluxed)56
overright. TLC was used to monitor reaction progreBksC plates were developed with gradient
elution 25 30% EtOAc/Hex solution and visualized by UV lamp and KMr&@ain. Note
starting material and product have very similar ®nversion was checké#i NMR after 24
hours. Reaction was cooled to room temperature and partitioned between ethyl acetate (40 mL)
and 2M NaOH (40 mL). Aqueous phase was extracted with ethyl acetate (2 x 40 mL). Combined
organic phase was washed withQ{150 mL), brine (150 mL), drgk over anhydrous MgSQO
and concentrated under reduced pressure. Crude material was purified with silica gel
chromatography (gradient elution-280% EtOAc/Hex) to afford vinylogous est280 (0.5 g,
42% vyield) as colorless oil.

Vinylogous ester 250*H-NMR (300 MHz; CDC}) : 7.36 (dd,J = 7.9, 1.5 Hz, 2H),
7.287.20 (m, 3H), 5.48 (dd] = 18.0, 10.0 Hz, 1H), 5.24 (d,= 1.0 Hz, 1H), 5.25.19 (m, 1H),
4.59 (d,J = 15.3 Hz, 1H), 4.18 (dJ = 15.1 Hz, 1H), 4.00 (s, 3H), 2.05 (s, 3H), 1.82 (de;
14.3, 7.2Hz, 1H), 1.59 (dtJ = 14.2, 7.1 Hz, 1H), 0.37 (@ = 7.3 Hz, 3H); HRMS (Elm/z

272. 1645 [ediNONo+H)+ 27D.16461
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Preparation of tetramic acid 251

Me Me
OMe DDQ OMe

am CICH,CH,CI, 90 °C _~ ;

T e e Ty
BnN Me  sealed tube HN Me
2 days
O (6]
250 251

Tetramic acid 251 DDQ mediated benzyl amide cleavage protoda a vial equipped
with a magnetic stir bar was added in sequéxx®nzyl tetramic aci@50(20 mg, 0.07 mmol),
1,2-dichloroethane (1.4 mL) argl3-dichloro-5,6-dicyanep-benzoquinonéDDQ) (80 mg, 0.35
mmol). Reaction vial was sealed and heated to®@or two days.TLC was used to monitor
reaction progressILC plates were developed with 80% EtOAc/Hex solution and visualized by
UV lamp and KMnQ stain. Reaction was cooled to room temperature and quenched with
saturated NaHC®(3 mL) and phases werepsgated. Organic phase was concentrated under
reduced pressure and purified with silica gel chromatography (gradient elutioB02080%

EtOAc/Hex) to afford tetramic aci2b1 (7 mg, 54% vyield) as tan solid.

CHZCIZIHZO (10:1) /
PMBN 90 °C, 2days

DDQ mediated paranethoxybenzyl amide cleavag®tpcol To a round bottom flask

equipped with a magnetic stir bar was added in sequéhpara-methoxypenzyltetramic acid

262 (322 mg, 1.07 mmol), dichloromethane (20 mL)OH?2 mL) and2,3-dichloro-5,6-dicyanc
p-benzoquinongDDQ) (1.2 g, 5.34 mmol), fitted with a west condenser and reaction was
refluxed (50 C) for two days.TLC was used to monitor reaction progre$&C plates were
developed with 80% EtOAc/Hex solution and visualized by UV lamp and KMst@in.

Reaction wagooled to room temperature, diluted with dichloromethane (20 mL); quenched with
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saturated NaHC®(20 mL) and phases were separated. Aqueous phase was extracted with
dichloromethane (2 x 10 mL). Combined organic phase was washed y@{73 mL), brine
(75mL), dried over anhydrous MNaO, and concentrated under reduced pressure. Crude material
was and purified with silica gel chromatography (gradient elutien2® 80% EtOAc/Hex) to
afford tetramic aci@51 (129 mg, 70% yield) as white solid.

Tetramic acid 251 *H-NMR (300 MHz; CDC4) : 5.83 (dd,J = 17.3, 10.5 Hz, 1H),
5.34 (s, 1H), 5.26 (ddl = 17.3, 0.8 Hz, 1H), 5.13 (dd,= 10.5, 0.8 Hz, 1H), 4.04 (s, 3H), 1.97
(s, 3H), 1.71 (app septupldtz 7.5 Hz, 2H), 0.80 (t) = 7.4 Hz, 3H).

Preparation of paramethoxybenzyl serine methyl ester 253

i. p-anisaldehyde

CO,Me EtzN, MeOH, 0 °C CO,Me
HO Y~ _ RS HOTY
NH3*CI- ii. NaBH, NHPMB
EtOH, 0 °C
223 253

para-Methoxybenzyl serine methyl ester 253To a stirred solution af-serine methyl
ester hydrochloride23) (50.0 g, 321.38 mmol) in methanol (640 mL) was added triethylamine
(45 mL, 321.38 mmol) ang-anisadehyde (27 mL, 224.97 mmol) at room temperature. The
reaction solution was stirred at room temperature for 1 hour and concentrated under reduced
pressure to yield the crude imine as a white solid. The imine was suspended in ethanol (500 mL)
and sodium bahydride (12 g, 321.38 mmol) was added portion wise via addition funnel over
30 minutes at room temperature. The heterogeneous reaction mixture was stirred at room
temperature for 24 hoursILC was used to monitor reaction progre3s C plates were
develogd with 100%Et,O and visualized by UV lamp and KMn@tain. Ethanol was removed
under reduced pressure and the residue was dissolved in 1M HCI (500 mI¢.atfloe acidic
solution was washed with ethyl acetate (250 mL). The acidic phase was then boguight 10

with 10M NaOH. Basic solution was extracted with dichloromethane (3 x 250 mL). Combined
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organic phase was dried over anhydrous Mg8@d concentrated under reduced pressure to
afford N-para-methoxybenzylserine methyl es@$3(51.8, 70% yieldps orange oil. No further
purification was necessary.

N-para-Methoxybenzyl serine methyl ester 253FTIR (thin film/NaCl): 3404, 2999,
2953, 2837, 1737, 1643, 1613, 1585, 1513, 1464, 14241, 1303, 1249, 1177, 1106, 1058,
1033, 810, 734*H-NMR (300 MHz; CDCE) : 7.28 (d,J = 8.7 Hz, 2H), 6.86 (dJ = 8.7 Hz,
2H), 3.80 (dJ = 12.7 Hz, 1H), 3.79 (s, 3H), 3.76 (dbi= 10.7, 6.4 Hz, 1H), 3.74 (s, 3H), 3.66
(d,J = 12.7 Hz, 1H), 3.59 (dd] = 10.7, 6.4 Hz, 1H), 3.42 (dd,= 64, 4.5 Hz, 1H), 2.53 (bs,
2H); HRMS (ENm/z2 4 0 . 1 2 3 [ 1sHaNOg (B1eH)+f280r1158]

Preparation of N-para-methoxybenzyl 1,3oxazolidine 254

CO,Me

CO,Me tBuCHO, p-TsOH
HO — NPMB
NHPMB PhCHjs, 110 °C O\(

tBu
253 254

N-para-Methoxybenzyl 1,3oxazolidine 254 To a stirred solution ofN-para-
methoxybenzyl serine methyl est253 (53 g, 222.70 mnol) in toluene (450 mL) was added
pivalaldehyde (48 mL, 445.40 mmopara-toluenesulfonic acid (2.1 g, 11.14 mmol). Round
bottom flask was fitted with a reflux condenser and B8tk trap; reaction was heated to 160
°C for 24 hours. TLC was used to niton reaction progressTLC plates were developed with
5% EtOAc/Hex solution and visualized by UV lamp and KMrgtain. Reaction was washed
with saturated NaHC#{X>solution (500 mL), HO (500 mL), brine (500 mL), dried over anhydrous
MgSO, and concentrated under reduced pressure. Crude material was purified with silica gel
chromatography (eluent 5% EtOAc/Hex) to affddepara-methoxybenzyl 1,®xazolidine254

(40.8 g, 60% yield, 9:1cis/trans) as colorless oil.



N-para-Methoxybenzyl 1,3oxazolidine 254 FTIR (thin film/NaCl): 2954, 1735, 1612,
1585, 1512, 1484, 1463, 1396, 1359, 1244, 1085, 1059, 10358970823;'H-NMR (400
MHz; CDCly) a J# 8.8 Hz, 2H)] 6.84 (d) = 8.7 Hz, 2H), 4.20 (dd] = 8.5, 3.9 Hz,
1H), 4.11 (s, 1H)3.99 (d,J = 13.8 Hz, 1H), 3.87 (ddl = 8.5, 6.8 Hz, 1H), 3.77 (s, 3H), 3.62 (d,
J=12.7 Hz, 1H), 3.48 (app 4,= 3.6 Hz,1H), 3.48 (s, 3H), 0.99 (s, 9HY*C-NMR (101 MHz;
CDCly) a 172. 7, 158. 9, 130. 5, 130. Q36.7,125.8 . 5,
HRMS (EI)m/z3 08 . 1856 [/d.aNO.(M+d)+ 300.%784C

Preparation of N-para-methoxybenzyla-ethyl 1,3-oxazolidine 256

CO;Me NaHMDS Me CO,Me
DMPU, Etl
NPMB ————— NPMB
THF/hexane (6:1) (0]
tBu [78°C- rt \Bu
254 256

N-para-Methoxybenzyl a-ethyl 1,3-oxazolidine 256 Following the procedure of
Colomboet al®® To a stirred 0.5 M solution of 1,@azolidine254 (62 g, 201.70 mmol) in
tetrahydrofuran (400 mL) was added in sequent&dimethyl3,4,5,6tetrahydre2(1H)-
pyrimidinone (60 mL), iodoethane (65 mL, 806.8 mmol), and hexanes (60 mL). The resulting
solution was cooled t678 C and sodium bis(trimethylsilyl)lamide (NaHMDS) (1 M in THF,
303 mL, 302.55 mmol) was added dropwise with an addition funnel. Reactiedta pale
yellow upon complete addition of NaHMD$LC was used to monitor reaction progressC
plates were developed with 20% EtOAc/Hex solution and visualized by UV lamp and KMnO
stain. Note: reaction product is a mixture of two diastereomers,otler IR diastereomer
co-spots, just above, starting material. Upon complete addition of NaHMDS reaction solution
was stirred for 30 minutes a¥8 C then warmed to room temperature and stirred overnight.

Quenched with saturated NEI (250 mL), diluted wih H,O (250 mL) to dissolve salts and
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separated phases. Aqueous phase was extracted with ethyl acetate (3 x 200 mL) Combined
organic phase was washed with saturated LiCl solution (200 mD),(B60 mL) and brine (250
mL). Dried over anhydrousMigSO, and conentrated under reduced pressure to afford
N-para-methoxybenzly a-ethyl 1,3oxazolidine 256 (59.6 g, 88% yield, 2:1 dr) yellow oil.
Diastereomers proved difficult to separate and were moved forward together, with no further
purification.

N-para-Methoxybenzyl a-ethyl 1,3-oxazolidine 256 (2:1 mixture of diastereomers).
FTIR (thin film/NaCl): 2958, 1728, 1612, 1585, 1510, 1460, 1394, 1359, 1243, 1036968,
930, 886, 862, 823, 75BRMS (EI)m/z3 36 . 216 9 [oddNO,(M+-)+ 335.2097C

Preparation of amino alcohol 257

Me
;}<C02Me TMSOTf Me

MeOH
[ news LN /q/COZMe

HO
NHPMB
tBu

256 257

Amino alcohol 257. To a stirred solution ofN-paramethoxypenzyl a-ethyl
1,3-oxazolidine 256 (13 g, 37.40 mmol) in methanol (60 mL) was addednethylsilyl
trifluoromethanesulfonatél4 mL, 74.80 mmol) at room tere@tue. Reaction was stirred at
room temperature overnighTLC was used to monitor reaction progre3&C plates were
developed with 80% EtOAc/Hex solution doped with 1% triethylamine and visualized by UV
lamp and KMnQ stain. Neutralized reaction soloti slowly with saturated NaHGGolution
(100 mL). Extracted with diethyl ether (3 x 75 mL). Combined organic phase was washed with
H>O (100 mL), brine (100 mL), dried over anhydrdus,SO, and concentrated under reduced

pressure. Crude material was purified with silica gel chromatography (gradient eluti@0%©



EtOAc/Hex, doped with 1% triethylamine) to afford amino alca®r (7.2 g, 72% yield) as a
white solid.

Amino alcohol 257. *H-NMR (300 MHz; CDC}) : 7.26 (d,J = 5.5 Hz, 2H), 6.87 (d] =
8.7 Hz, 2H), 3.80 (s, 3H), 3.7876 (m, 1H), 3.76 (s, 3H), 3.6248 (m, 3H), 2.78 (br s, 1H),
1.92 (br s, 1H), 1.81.61 (m, 2H), 0.87 () = 7.5 Hz, 3H).

Preparation of a-vinyl amino ester259;

Me 1. (COCI);, DMSO, EtN e
/q/cone CHCly, 78°C- 1t CO,Me
HO 2. PhsPCHsBr, KHMDS ~ ~
NHPMB PhCH; 78°C- rt NHPMB
257 259

a-Vinyl amino ester 259 Swern oxidation protocol To a stirred solution of
dimethylsulfoxide (7.4 mL, 104.76 mmol) in dichloromethane (200 mL) was added oxalyl
chloride (4.4 mL, 52.38 mmol) &78 C, slowly. Reaction solution was stirred for 2hoties at
178 C. A solution of amino alcoha?57 (7.0 g, 26.19 mmol) and triethylamine (18.4 mL,
130.95 mmol) in dichloromethane (30 mL) was added via cannui@&tC. Reaction was
stirred ati 78 C for 1 hour and warmed to room temperatdileC was usedo monitor reaction
progress TLC plates were developed with gradient elution 80% EtOAc/Hex solution and
visualized by UV lamp and KMnQstain. Quenched reaction with saturated Naki€gution
(200 mL). Organic phase was washed wit®©H200 mL), brine (@0 mL), dried over anhydrous
NaSO, and concentrated under reduced pressure to crude yellow oil. Crude material was carried
directly into Wittig olefination protocol.

Wittig olefination protocal Methyltriphenylphosphonium bromidé4.0 g, 39.29 mmol)
was dried over night under high vacuum and heated to C10To a stirred heterogeneous

solution of nethyltriphenylphosphonium bromid&4.0 g, 39.29 mmol) in toluene (100 mL) was
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added potassium bis(trimethylsilyl)amid€0.5 M in touene, 73 mL, 36.67 mmol) at room
temperature. Reaction solution was stirred for 1.5 hours at room temperature; bright yellow
colored solution. Crude aldehyde (26.19 mmol) as a solution in toluene (30 mL) was added to the
ylide solution ati 78 C via cannu addition. Reaction solution turned a dark orange color.
Reaction was stirred for 1 hour a8 C upon complete addition of aldehyde and warmed to
room temperature. Stirred 2 hours at room temperalilt€ was used to monitor reaction
progress TLC plates were developed with gradient elution 35% EtOAc/Hex solution and
visualized by UV lamp and KMngstain. Quenched reaction with saturated,8Hsolution (100
mL) and organic phases were separated. Organic phase was washedQv{ttD8l mL), brine
(100 mL), dried over NaSO, and concentrated under reduced pressure. Crude material was
purified with silica gel chromatography (gradient elution B} 15% Hex/EtOAc solution;
doped with 1% triethylamine) to affora-vinyl amino ester259 (4.0 g, 58% vyield, over two
steps) as yellow oil.

a-Vinyl amino ester 259, *H-NMR (300 MHz; CDC}) : 7.28 (d,J = 8.7 Hz, 2H), 6.86
(d, = 8.7 Hz, 2H), 6.00 (dd] = 17.5, 10.8 Hz, 1H), 5.41 (dd= 17.5, 1.3 Hz, 1H), 5.29 (dd,
= 10.8, 1.3 Hz, 1H), 80 (s, 3H), 3.75 (s, 3H), 3.54 (@= 11.9 Hz, 1H), 3.49 (d] = 11.8 Hz,
1H), 1.87 (ttJ = 14.3, 7.2 Hz, 2H), 0.88 (1,= 7.4 Hz, 3H).

Preparation of amide 260

o Me (6]
Me J_we /Q)L
/q/COzMe cl 7 OMe
py, DMAP PMBN
NHPMB CH,Cl, \[f Me
259 260

Amide 260 To a stirred solution of amings9 (3.4 g, 12.91 mmol), pyridine (2.1 mL,

25.85 mmol) 4-(dimethylamino)pyriding79 mg, 0.65 mmol) in dichloromethane (57 mL) was
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added propionyl chloride (1.70 mL, 19.37 mmol) at0 Reaction solution was warmed to room
temperature, and stirred for tways. TLC was used to monitor reaction progreskC plates
were developed with gradient elution 40% EtOAc/Hex solution and visualized by UV lamp and
KMnO, stain. Quenched reaction with 1M HCI (75 mL) and separated phases. Organic phase
was washed with 15%laOH (75 mL), HO (75 mL), brine (75 mL), dried over anhydrous
MgSO, and concentrated under reduced pressure. Crude material was purified with silica gel
chromatography (gradient elution-280- 35% EtOAc/Hex) to afford amid260 (3.4 g, 88%
yield) as colorss oil.

Amide 260 *H-NMR (300 MHz; CDC4) : 7.48 (d,J = 8.6 Hz, 2H), 6.93 (d] = 8.7 Hz,
2H), 6.03 (dd, = 17.6, 10.7 Hz, 1H), 5.26 (d,= 15.4 Hz, 1H), 5.23 (d] = 11.0 Hz, 1H), 4.54
(d, J = 17.6 Hz, 1H), 4.50 (d) = 17.7 Hz, 1H), 3.81 (s, 3H), 3.77 (s, 2H), 2801 (m, 4H),
1.05 (t,J = 7.4 Hz, 3H), 0.85 (tJ = 7.5 Hz, 3H).

Preparation of N-para-methoxybenzyl tetramic acid 261

Me (6] Me
NaH o)
VZ OMe THF65°C _~
R R
PMBN\H/\Me PMBN Me
o] o)
260 261

N-para-Methoxybenzyl tetramic acid 261 To a refluxing suspension of sodium hydride
(60% dispersion in mineral oil) (1.8 g, 45.57 mmol) in tetrahydrofuran (50 mL), was added
dropwise a solution of amid&60(5.1 g, 15.19 mmol), in tetrahydrofuran (50 mL). Reaction was
refluxed for 2 daysTLC was used to monitor reaction progreBsC plates were developed with
gradient elution 25 50% EtOAc/Hex solution and visualized by UV lamp and KMrsgain.
Checking conversion byH NMR also monitored reaction progress; aliquots were from the

reaction every 24 hours. Reaction was quenched withiawlaif saturated NECI solution (50
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mL) and phases were separated. The aqueous phase was extracted with ethyl acetate (2 x 50 mL).
Combined organic phase was washed wi K200 mL), brine (200 mL), dried over anhydrous
N&SO, and concentrated under redd pressure. Crude material was purified with silica gel
chromatography (gradient elution -180- 50% EtOAc/Hex) followed by trituration with
hexanes to affortll-para-Methoxybenzyl tetramic acid61(2.12 g, 50% vyield, 3:1 dr) as a white
solid.

N-para-Methoxybenzyl tetramic acid 261 FTIR (thin film/NaCl): 2935,2836, 2708,
1770, 1612, 1513, 1431, 1405, 1353, 1302, 1246, 1218, 1176, 1145, 1111, 1096, 1039, 1013,
992, 964, 927, 861, 845, 821, 791, 767, 734, 616, 591 134MIMR (400 MHz; CDC}): i 7.32
(d, J= 8.7 Hz, 2H), 6.81 (d] = 8.7 Hz, 2H), 5.62 (dd] = 17.4, 10.6 Hz, 1H), 5.24 (d,= 10.6
Hz, 1H), 5.17 (dJ = 17.4 Hz, 1H), 4.65 (d] = 14.8 Hz, 1H), 4.30 (d] = 14.8 Hz, 1H), 3.78 (s,
3H), 2.96 (qJ = 7.6 Hz, 1H), 2.07 (dq] = 14.6, 7.3 Hz, 1H)1.70 (dq,J = 14.6, 7.3 Hz, 3H),
1.29 (d,J = 7.6 Hz, 3H), 0.41 (tJ = 7.3 Hz, 3H); 7.31 (dJ = 8.7 Hz, 2H), 6.81 (d] = 8.7 Hz,
2H), 5.63 (ddJ = 17.4, 10.7 Hz, 1H), 5.30 (d,= 10.7 Hz, 1H), 5.21 (d] = 17.4 Hz, 1H), 4.80
(d,J=14.8 Hz, 1H), 45 (d,J = 14.8 Hz, 1H), 3.78 (s, 3H), 2.74 (= 7.8 Hz, 1H), 2.00 (dq]
= 14.5, 7.3 Hz, 1H), 1.69 (dd,= 14.6, 7.3 Hz, 1H), 1.35 (d,= 7.8 Hz, 3H), 0.48 (tJ = 7.3 Hz,
3H); ¥3C.NMR (101 MHz; CDC}¥): t 210.8, 209.6, 173.6, 173.3, 159.1, 136.4, 135.9, 130.47,
130.38, 129.9, 118.6, 118.1, 113.9, 55.3, 44.9, 43.45, 43.34, 43.19, 27.0, 26.3, 12.7, 9.7, 7.96,
7.77 HRMS (El)m/z288.1594 c a | ¢ étdxuNOs¢M+H)€287.152].

Preparation of vinylogous ester262

Me Me
0 Me2S04 OMe
7 K,CO3 z \
et S
PMBN Me acetone, 65 °C PMBN Me
© o
261 262
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Vinylogous ester 262 To a stirred heterogeneous solutionNspara-methoxybenzyl
tetramic acid261 (2.8 g, 9.74 mmol), potassium carbonate (1.62 g, 11.69 mmol) in acetone (195
mL), was added dimethyl sulfate (1.1 mL, 11.69 mmol). Reaction wasl fitith a reflux
condenser and refluxed (5€&) 24 hours.TLC was used to monitor reaction progre$sC
plates were developed with gradient elution 22 40% EtOAc/Hex solution and visualized
by UV lamp and KMnQ stain. Note starting material and product have very simiapf@duct
has lower Rthen starting material. Conversion was checké dNMR after 12 hours. Reaction
was cooled to room temperature and volume of acetone reduced under pressure. Residue was
patitioned between ethyl acetate (50 mL) and 2M NaOH (50 mL). Aqueous phase was extracted
with ethyl acetate (3 x 25 mL). Combined organic phase was washed @160 mL), brine
(100 mL), dried over anhydrous pBO: and concentrated under reduced press@rude
material was purified with silica gel chromatography (gradient elution B 80%
EtOAc/Hex) to afford vinylogous est@62(2.1 g, 72% yield) as yellow oil.

Vinylogous ester 262*H-NMR (300 MHz; CDC}) : 7.287.26 (d,J = 8.7 Hz, 2H),

6.79 (d,J = 8.7 Hz, 2H), 5.47 (dd] = 17.0, 11.0 Hz, 1H), 5.25.18 (d,J = 17.0 Hz, 1H), 5.20
(d, J = 9.1 Hz, 1H), 4.54 (dj = 15.1 Hz, 1H), 4.12 (d] = 15.1 Hz, 1H), 3.99 (s, 3H), 3.78 (s,
3H), 2.04 (s, 3H), 1.8Gpptq, J = 14.3, 7.2 Hz, 1H), 1.59 (dd,= 14.2, 7.2 Hz, 1H), 0.37 (§ =
7.3 Hz, 3H).

Preparation of Aryl Amides 272 and 274

: ~NHMe
Me NHMe
OMe Br 265 OMe
A L womow  _p P
HN Me Cul (20 mol%), K3PO, N Me
R PhMe, 110 °C
0 o

251 R=H (271) R=H (272)
R = OMe (273) R = OMe (274)
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Base ScreenA vial equipped with a magnetic stir bar was charged with tetramic acid
251 (42 mg, 0.23 mmol), copper iodide (10 mg, 0.05 mnmtodnsN , Mihethytcyclohexane
1,2-diamine 65 (14 nL, 0.09 mmol), base [KCO; (64 mg, 0.46 mmol) or GEO; (150 mg,
0.46 mmol) or KPO, (98 mg, 0.46 mmol)], and bromobenzed&) (0.5 M, 0.50 mL), briefly
evacuated, and backfilled with nitrogen. Vial was quickly sealed, minimizing exposure to
external atmosphere, and reaction was stirred at €36r 24 hours. The reaction solution was
cooled to room temperature and then filteterough a pad of silica gel and sand prepared in a
medium pipette, eluting with 1:1 ethyl acetdiehloromethane (5 mL). The filtrate was
concentrated under reduced pressure and purified with silica gel chromatography (gradient
elution 5 10- 20% EtOAc/He) to afford aryl amid&@72[K,CO;(1.2 mg, 2% vyielf C5CO3
(11.1 mg, 19 % yield); ¥PO, (15.1 mg, 26% vyield)] as colorless oil.

General Aryl Amidation Procedure. Following the procedure of Buchwadd al®? A
vial equipped with a magnetic stir bar was charged with tetramic2&di60 mg, 0.28 mmol),
copper iodide (12 mg, 0.06 mmol),sRRO, (119 mg, 0.56 mmol), briefly evacuated, and
backfilled with nitrogen.transN , fDinethylcyclohexanel,2-diamine @65 (19 ni, 0.12
mmol) was added a solution in toluene (0.3 mL) followed by the addition of aryl bro2ndler(
273 (0.28 mmol). Vial was quickly sealed, minimizing exposure to external atmosphere, and
reaction was stirred at 156C for 24 hours. The reaction solution was cooled to room
temperature and then filtered through a pad of silica gel and sand prepareddium mipette,
eluting with 1:1 ethyl acetatdichloromethane (5 mL). The filtrate was concentrated under
reduced pressure and purified with silica gel chromatography (gradient elutid®- 520%
EtOAc/Hex) to afford aryl amid272 (13 mg, 18% yield) as a lmoless oil or aryl amid@74 (28

mg, 35% yield) as colorless oil, respectively.
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Aryl amide 272. *H-NMR (300 MHz; CDC}) : 7.46 (d,J= 8.2 Hz, 2H), 7.31 () = 7.9
Hz, 2H), 7.15 (tJ = 7.3 Hz, 1H), 5.87 (dd] = 17.4, 10.9 Hz, 1H), 5.31 (d,= 10.3 Hz 1H),
5.335.27 (d,J = 17.4 Hz, 1H), 4.07 (s, 3H), 2.09 (s, 3H), 2.00 (@g, 14.4, 7.2 Hz, 1H), 1.76
(dg,J = 14.3, 7.1 Hz, 1H), 0.67 ({,= 7.3 Hz, 3H).

Aryl amide 274. 'H-NMR (300 MHz; CDC}) : 7.20 (t,J = 8.1 Hz, 1H), 7.13 () = 2.2
Hz, 1H), 7.06 (dddJ = 8.1, 2.0, 0.9 Hz, 1H), 6.70 (dddi= 8.2, 2.5, 0.9 Hz, 1H), 5.88 (dd=
17.8, 10.5 Hz, 1H), 5.32 (d,= 11.3 Hz, 1H), 5.31 (dd] = 17.0 Hz, 1H), 4.07 (s, 3H), 3.77 (s,
3H), 2.08 (s, 3H), 1.99 (df,= 14.4, 7.2 Hz, 1H)1.82 (dq,J = 14.3, 7.2 Hz, 1H), 0.65 (§,= 7.3
Hz, 3H).

Preparation of alcohol 318

Me Me
z HO z
MeO,C Me LiAIH, Me
Br > Br
THF, 0 °C
OMe OMe
188 318

Alcohol 318 To a stirred heterogeneous solution of lithium aluminum hydride (78 mg,

2.04 mmol) in tetrahydrofuran (10 mL) was added methyl d€88(556 mg, 1.70 mmol) was a
solution in tetrahydrofuran (7 mL), dropwise via cannula, alCO Upon complete addition
reaction was warmed to room temperatdreC was used to monitor reaction progres&C
plates were developed with gradient elution 40% AftBlex solution and visualized by UV
lamp and KMnQ stain. Upon completion reaction was cooled t&C and very slowly quenched
with H,O (100ni), 15% NaOH (100rL.) and H,O (300nl), stirred for 30 minutes. Added a
scoop of anhydrous MgSQOwarmed to roontemperature and stirred for 45 minutes. Filtered
solution through a celite/sand pad, filtrated was washed with saturatgd Sélution (20 mL),

H,0 (20 mL), brine (20 mL). Organic phase was dried over anhydrous Ma&0Oconcentrated
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under reduced pressuto afford alcohoB18 (500 mg, 98% vyield) as colorless oil. No further
purification was necessary.

Alcohol 318 'H-NMR (300 MHz; CDC}) : 7.20 (d,J = 8.7 Hz, 1H), 7.09 (d) = 2.7
Hz, 1H), 6.84 (ddJ = 8.7, 2.7 Hz, 1H), 5.03 (d,= 0.7 Hz, 1H), 4.87 (dd] = 2.7, 1.3 Hz, 1H),
3.77 (s, 3H), 3.62 (d] = 11.4 Hz, 1H), 3.41 (d] = 10.2 Hz, 1H), 3.25 (] = 8.5 Hz, 1H), 2.25
2.12 (m, 1H), 1.62 (s, 3H), 1.19 (br s, 1H), 1.10J(d,6.6 Hz, 3H).

Preparation of TBDPS-ether 277

Me Me
HO ~ Me TBDPSCI TBDPSO ~ Me
Br py, DMAP Br
CH,ClI,
OMe OMe
318 277

TBDPS-ether 277 To a stirred solution of alcohoBl8 (500 mg, 1.67 mmol),
4-(dimethylamino)pyridine (21 mg, 0.17 mmol) and pyridine (0.27 mL, 3.34 mmol) in
dichloromethane (7.4 mL) was addesit-butyl(chloro)diphenylsilan€0.65 mL, 2.51 mmol) at
room tempeaiture. Stirred for 24 hours at room temperatliteC was used to monitor reaction
progress TLC plates were developed with gradient elution 20% EtOAc/Hex solution and
visualized by UV lamp and KMn{stain. Reaction did not go to completion but was quenched
with 1 M HCI (10 mL) after 24 hours. Organic phase was washed with(#5 mL), brine (15
mL), dried over anhydrous MgS@nd concentrated under reduced pressure. Crude material was
purified with slica gel chromatography (gradient elution 2- 3% EtOAc/Hex) to afford
TBDPSether277 (194 mg, 22% vyield) as colorless oil.

TBDPS-ether 277 *H-NMR (300 MHz; CDC}) : 7.687.60 (m, 2H), 7.47 (dd] = 7.9,

1.4 Hz, 4H), 7.427.35 (m, 4H), 7.31 (t) = 6.0Hz, 2H), 7.09 (d,) = 2.7 Hz, 1H), 6.97 (d]1= 8.7

Hz, 1H), 6.71 (ddJ = 8.7, 2.7 Hz, 1H), 5.06 (d,= 1.4 Hz, 1H), 4.86 () = 1.5 Hz, 1H), 3.78 (s,
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3H), 3.74 (d,J = 11.3 Hz, 1H), 3.41 (dd = 10.0, 3.5 Hz, 1H), 3.39.34 (m, 1H), 2.2&@.13 (m,
1H), 1.58 (s, 3H), 1.16 (d,= 6.5 Hz, 3H), 1.03 (s, 9H).

Preparation of TIPS-ether 279

OH OTIPS
Me™ XX TIPSC Me” XX
imidazole
Br ——— > Br
CH,Cl,
OMe OMe
175 279

TIPS-ether 279 To a stirred solution of allylic alcohd75 (86 mg, 0.33 mmol),
imidazole (228 mg, 3.34 mmol) in dichloromethane (3 mL) was attldedpropylsilyl chloride
(0.22 mL, 1.00 mmol) at room temperature. Reaction was stirred overnight at room temperature.
TLC was used to monitor reaction progre$sC plates were developed with gradient elution
2% EtOAc/Hex solution and visualized by UV lamp and KMsan. Quenched with saturated
NH4CI solution (5 mL), diluted with bO (2 mL) and separated phases. Aqueous phase was
extracted with diethyl ether (2 x 5 mL). Combined organic phase was dried over anhydrous
MgSQO, and concentrated under reduced pressure. Onaterial was purified with silica gel
chromatography (gradient elution Hexd- 2% EtOAc/Hex) to afford TIP®ther279 (121 mg,
98% vyield) as colorless oil.

TIPS-ether 279 H-NMR (300 MHz; CDCY) : 7.20 (d,J = 8.5 Hz, 1H), 7.13 (dJ =
2.6 Hz, 1H), 6.83 (d, J = 8.5, 2.6 Hz, 1H), 6.58 (s, 1H), 4.28 (s, 2H), 3.79 (s, 3H), 1.71 (s, 3H),

1.221.19 (m, 3H), 1.11 (d] = 5.0 Hz, 18H).
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Preparation of TBS-ether 294

OH OTBS
TBSCI, DMAP
Me™ ™ imidazole Me™ ™
Br Br
OMe OMe
175 (89% vyield) 294
6:1E/Z

TBS-ether 294 To a stirred solution of allylic alcohdl75 (6:1 E/Z) (500 mg, 1.94
mmol), 4-(dimethylamino)pyridine(24 mg, 0.19 mmol), imidazole (264 mg, 3.88 mmol) in
dichloromethane (2 mL) was addeéert-butyldimethylsilyl chloride (440 mg, 2.92 mmol) at
room temperaturelLC was used to monitor reaction progreBsC plates were developed with
gradient elution 2% EtOAc/Hex solution and visualized by UV lamp and KMs@in.
Reaction was stirred at room temperature for 3 hours. Reaction was diluted with
dichloromethane (2 mL) followed by hydrolysis with® (5 mL) and separation of phases.
Orgarnc phase was washed with brine (5 mL), dried over anhydrous i¥g8@® concentrated
under reduced pressure directly onto silica gel (approximately 1.5 g). Purified with silica gel
chromatography (gradient elution2% EtOAc/Hex) to afford TB®ther294 (643 mg, 89%
yield, 6:1 E/Z) as colorless oll.

TBS-ether 294 FTIR (thin film/NaCl): 2925, 1688, 1597, 1566, 1462, 1389, 1361, 1235,
1181, 1086, 939, 841, 777, 66%-NMR (400 MHz; CDC}) : 7.18 (d,J = 8.6 Hz, 1H), 7.14
(d, J = 2.6 Hz, 1H), 6.83 (dd] = 8.6, 2.6 Hz, 1H), 6.50 (s, 1H), 4.20 (s, 2H), 3.80 (s, 3H), 1.71
(d, J= 1.4 Hz, 3H), 0.95 (s, 9H), 0.13, GH); 7.43 (d,J = 8.6 Hz, 1H), 7.07 (d] = 2.6 Hz, 1H),

6.88 (dd,J = 8.6, 2.6 Hz, 1H), 4.13 (s, 2H), 3.79 (s, 3H), 1.96)(d,1.5 Hz,3H), 0.89 (s, 9H),

0.12 (s, 6H);*C-NMR (101 MHz;CDOly) : & 158. 7, 138.1, 131.6,
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124.8, 123.0, 117.7, 113.4, 113.22, 113.15, 68.2, 64.4, 62.8, 55.7, 26.15, 26.08, 21.6, 18.6, 15.0,
-5.05,-5.12 HRMS (EI)m/z3 8 9. 09 6 7  [7ld,AB1O0SidMHH)f+ 836.09LC3.

Preparation of aryl amine 295

OTBS HNTNF (5 eq) OTBS
N BrettPhos (286) (5 mol%) X
Me Pd(OAc), (5 mol%) Me H
Br ———————————————— > N
Cs,CO3, 1,4-dioxane N
100 °C, 24 hr
OMe OMe
294 295
6:1E/Z

Aryl amine 295. A sealed tube reaction vessel equipped with a magnetic stir bar was
charged with Pd(OAg)(7 mg, 0.03 mmol), BrettPho2§6) (16 mg, 0.03 mmol) and g30;
(352 mg, 1.08 mmol)briefly evacuated, and backfilled with nitrogen. ddoxane (2 mL)
(deoxygenated prior to use by sparging with nitrogen for 1 hour) was added followed by the
addition of allylamine (0.21 mL, 2.69 mmol) and aryl bromif (200 mg, 0.54 mmol) as a
solutionin 1,4dioxane (2 mL). Reaction vessel was sealed with minimal exposure of reaction
solution to external atmosphere and heated to IDOTLC was used to monitor reaction
progress TLC plates were developed with gradient elution 2% EtOAc/Hex solution and
visualized by UV lamp and KMn{stain. Reaction was cooled to room temperature after 24
hours diluted with dichloromethane (10 mL) and quenched with saturatg@lNBlution (10
mL) followed by separation of the phases. Organic layer was washed »@tt{18l mL), brine
(10 mL), dried over anhydrous Mg®@nd concentrated under reduced pressure directly onto
silica gel (approximately 300 mg). Purified with silica gel chromatography (gradient elution
1- 2- 5% EtOAc/Hex) to afford aryl amin295 (100 mg, 53% vyiel) as yellow oil. Crude
material was also successfully be advanced to cleavage eéffi@Eand purified there after.

Aryl amine 295. Spectral data was for aryl amig@5was lost.
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Preparation of allylic alcohol 296

OTBS
Me™ ™

H

OMe
295

TBAF

OH

THF,0°C- rt Me ™

[ ——
NA

OMe
296

NA

Allylic alcohol 296. To a stirred saition of TBSether295 (344 mg, 0.99 mmol) in
tetrahydrofuran (2 mL) was addeetrabutylammonium fluoridél M in THF, 1.5 mL, 1.46

mmol) at 0 C and stirred for 1 hour. Reaction was warmed to room temperature and stirred over

night. TLC was used to mortt reaction progressTLC plates were developed with gradient

elution 40% EtOAc/Hex solution and visualized by UV lamp and Klylsain. Reaction was
diluted with ethyl acetate (10 mL) and quenched with saturategCNsdlution (10 mL), phase

were separatedOrganic phase was washed with brine (20 mL), dried over anhydrous MgSO
and absorbed directly onto silica gel (approximately 350 mg) under reduced pressure. Purified

with silica gel chromatography (gradient elution 250% EtOAc/Hex) to afford allylic atshol

296(200 mg, 87% yield) as colorless oil.

Allylic alcohol 296. *H-NMR (400 MHz; CDC}) : 6.9 (d,J = 8.2 Hz, 1H), 6.27 (dd]
= 8.3, 2.3 Hz, 1H), 6.21 (d,= 2.4 Hz, 1H), 5.9%.89 (m, 1H), 5.27 (dd] = 17.2, 1.5 Hz, 1H),
5.16 (dd,J = 10.3, 1.4 Hz, 1H), 4.20 (8H), 3.79 (s, 3H), 1.75 (s, 3H)*C-NMR (101 MHz;

CDCL) : U 160.0, 146.

15.3HRMS (Ehm/z234 . 1491

9,

139.

5,

135.

L4t NO,ENBH)+ 236, 1489

151

4,

130.

4,

12



Preparation of allylic ester 297

OH

Me™ ™

OMe
296

H

N\/\4>

N

(0]
)J\/Me
Cl
Et3N, DMAP

CH,Cl,, 0 °C -

O\fo

Me™ ™ Me
" NA
04\

Me
OMe

297

Allylic ester 297. To a stirred solution of allylic alcoh@96 (200 mg, 0.86 mmol),
4-(dimethylamino)pyridine(catalytic quantity, flake), triethylamine (0.5 mL, 3.43 mmol) in
dichloromethane (8 mL) was added propionyl chloride (0.2 mL, 2.15 mmol)Gt4lirred for 5

minutes. Reaction was warmed to room temperature and stirk€ci.was used to monitor

reactionprogress TLC plates were developed with gradient elution 10% EtOAc/Hex solution

and visualized by UV lamp and KMn@tain. Quenched with saturated i solution (10 mL)

and separated phases. Organic phase was washed »@t{1Bl mL) and brine (10 mL),rekd

over anhydrous MgSP and filtered. Filtrated was absorbed directly onto silica gel

(approximately 200 mg) under reduced pressure. Purified with silica gel chromatography

(gradient elution 10 20- 30% EtOAc/Hex) to afford allylic est&¥97 (200 mg, 70 %yield) as

colorless oil.

Allylic ester 297. *H-NMR (400 MHz; CDC4): Ui 7.26 (d,J = 8.4 Hz, 1H), 6.87 (dd] =
8.6, 2.7 Hz, 1H), 6.63 (dl = 2.7 Hz, 1H), 6.24 (s, 1H), 5.83 (tddi= 11.7, 11.0, 6.1 Hz, 1H),
5.05 (d,J = 8.7 Hz, 1H), 5.02 (d] = 15.6 Hz, 1H), 4.57 (s, 2H), 4.53 (dbiz 14.5, 6.1 Hz, 1H),
3.79 (s, 3H), 3.78.74 (dd,J = 14.5, 6.1 Hz, 1H), 2.36 (d,= 7.6 Hz, 2H), 1.99 (dg] = 15.8,
7.8 Hz, 1H), 1.88 (dg) = 15.7, 7.7 Hz, 1H), 1.79 (s, 2H), 1.15Jt 7.6 Hz, 3H), 1.00 (tJ =

7.5 Hz, 3H);"*C-NMR (101 MHz;CDCL) : i
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127.7, 123.4, 118.2, 115.0, 113.3, 69.3, 55.6, 51.7, 27.7, 27.4, 15.5, 9 HRMUS (El) m/z
346.202 [ 6HaNGCg(BI€H)+34612018]

Preparation of g ,-udsaturated methyl ester 298

O\fo Me Me »
1. LIHMDS, Et;N :
Me”X)  “Me PhMe,i78°C- rt ~ MeOLC N~
N\/\ _ > Me
N 2. TMSCHN, o
0 MeOH, 0°C - rt
Me
OMe OMe
297 298

g cWhsaturated methyl ester 298 A vial fitted with a magnetic stir bar was charged
with lithium bis(trimethylsilyl)amidg60 mg, 0.36 mmol), toluene (1 mL) and triethylamine (0.5
mL, 3.60 mmol), solution was cooled t@8 C and allylic este97 (20 mg, 0.06 mmol) was
added a solution in toluene (2@Q), dropwise. Reaction was warmed to room temperature and
allowed to sti overnight. TLC was used to monitor reaction progre3d C plates were
developed with 50% EtOAc/Hex solution and visualized by UV lamp and KMsi@n.
Reaction was hydrolyzed with,B (1 mL), stirring vigorously. Solution was acidified with 12 M
HCI to pH = 1. Acidic solution Acidic solution was extracted with ethyl acetate (3 x 2 mL).
Combined organic phase was washed with brine (5 mL), dried over anhydre86,Nand
concentrated to crude oil.

To a stirred solution of crude carboxylic acid (0.06 mmnl)yriethanol (0.5 mL) was
addedtrimethylsilyldiazomethané2 M in hexanes, 0.10 mL, 0.18 mmol), dropwiseQaiC.
Reaction was stirred for 15 minutes at©. Reaction was warmed to room temperature and
stirred for 1 hour. Reaction was warmed to room temperature and allowed to stir ovain@jht.
was used to monitor reaction progre34.C plates were developed with 50% EtOAc/Hex

solution and visualized by UYamp and KMnQ stain. Quenched with 3 M AcOH in EtOAc (2
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mL) and concentrated under reduced pressure. Crude material was purified with silica gel
chromatography (gradient elution-1@5% EtOAc/Hex) to affordy -udsaturated methyl ester
298(10 mg, 45% yial, 3:1 anti/syn, over two steps).

g -Whsaturated methyl ester 298*H-NMR (400 MHz; CDC}) : 7.28 (d,J = 5.3 Hz,
1H), 6.86 (dd,) = 8.7, 2.8 Hz, 1H), 6.52 (d,= 2.7 Hz, 1H), 5.9%.90 (m, 1H), 5.12 (d] = 9.0
Hz, 1H), 5.09 (dJ) = 14.3 Hz, 1H), 4.8¢s, 1H), 4.80 (s, 1H), 3.77 (s, 3H), 3.60 Jd; 11.9 Hz,
1H), 3.48 (s, 3H), 3.06 (ddd,= 19.8, 12.9, 6.9 Hz, 1H), 1.89 (dfj= 15.9, 7.8 Hz, 1H), 1.67
(dg,J = 15.9, 7.8 Hz, 1H), 1.50 (s, 3H), 1.20 {ds 6.9 Hz, 3H), 0.96 (t) = 7.4 Hz, 3H),7.30
(d, J = 8.7 Hz, 1H), 6.86 (dd] = 8.7, 2.8 Hz, 1H), 6.60 (d,= 2.7 Hz, 1H), 5.9%.90 (m, 1H),
5.07 (d,J = 14.4 Hz, 1H), 5.05 (d] = 5.3 Hz, 1H), 4.94 (s, 1H), 4.92 (s, 1H), 3.77 (s, 3H), 3.62
(d, J = 14.7 Hz, 1H), 3.48 (s, 3H), 3.06 (ddbs 19.8, 12.9, 6.9 Hz, 6H), 2.20 (dd= 16.0, 7.8
Hz, 1H), 2.00 (dtJ = 16.0, 7.8 Hz, 1H), 1.49 (s, 3H), 1.19 (& 6.7 Hz, 3H), 1.10 (t) = 7.4
Hz, 3H) ®*C-NMR (101 MHz;CDCB) : 4 176.13, 176.05, 174.34
142.8, 142.5, 142.20, 144, 133.8, 133.4, 130.6, 130.2, 129.1, 128.7, 118.33, 118.15, 116.68,
116.52, 116.1, 115.8, 113.41, 113.33, 55.5, 52.8, 51.73, 51.70, 51.2, 50.71, 50.54, 40.90, 40.71,
28.3,27.5, 20.8, 18.4, 17.6, 17.34, 17.20, 14.4,9.7, 9.5

Preparation of enamide308

Me Me Me Me
MeO-,C 302 (5 mol%)
2 Ti(OiPr), Me OZC
wm o, wMe
PhMe, 110 °C

Enamide 308 Toluene used in procedure was pulled fresh from the still and

deoxygenated immediately prior to use by sparging with nitrogen for 1 hour. To a stirred solution

of diene298 (6.5 mg, 0.02 mmol) in toluene (1 mL) was addeahium(lV) isopropoxide(12
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m., 0.04 mmol) at room temperature and stirred for 5 minutes. Diene/titanium(IV)
isopropoxide/toluene solution was transferred to a stirred solution of preca&@®¢i mg,
0.001 mmol) in toluene (1 mL) and reaction was refluxed (II)for 24 hours. Reaction was
cooled to room temperature and concentrated under reduced pressure. Residue was purified with
silica gel chromatographfgradient elution 5 10- 15 20% EtOAc/Hex) to afford enamide
308(6 mg, 89% yield, 2:1 dr) as colorless regidu

Enamide 308 FTIR (thin film/NaCl): 3380, 2939, 1736, 1675, 1610, 1577, 1501, 1457,
1372, 1243, 1227, 1164, 1089, 1059, 10B#NMR (400 MHz; CDC}) : 7.4% (d,J = 14.3 Hz,
1H), 7.38 (dJ = 8.6 Hz, 1H), 6.92 (dd] = 8.6, 2.6 Hz, 1H), 6.57 (d, = 2.5 Hz, 1H), 4.81 (s,
2H), 4.41 (dgJ = 14.0, 6.9 Hz, 1H), 3.79 (s, 3H), 3.54 (d= 11.7 Hz, 1H), 3.47 (s, 3H), 3.05
(tt, J= 13.0, 6.6 Hz, 2H), 1.87 (dd,= 16.0, 7.8 Hz, 2H), 1.69 (d,= 6.6 Hz, 3H), 1.45 (s, 3H),
1.15 (d,J = 6.8 Hz, 3H), 0.96 () = 7.3 Hz, 3H) 7.38 (d,J = 8.6 Hz, 1H), 7.33 (d] = 16.4 Hz,
1H), 6.92 (dd,) = 8.6, 2.6 Hz, 1H), 6.59 (d,= 2.6 Hz, 1H), 4.81 (s, 1H), 4.74 (s, 1H), 4.14 (td,
J=13.8, 7.1 Hz, 1H), 3.79 (s, 3H), 3.47 {c& 5.3 Hz 1H), 3.47 (s, 3H), 3.05 (tf,= 13.0, 6.6
Hz, 3H), 2.20 (tdJ = 15.6, 8.1 Hz, 1H), 2.01 (di,= 16.0, 7.8 Hz, 1H), 1.69 (d,= 6.6 Hz, 3H),
1.45 (s, 3H), 1.15 (d] = 6.8 Hz, 3H), 0.96 (t) = 7.3 Hz, 3H) °C NMR (101 MHz;,CDCL) : U
175.8, 172.2159.2, 158.6, 142.1, 130.6, 129.2, 127.1, 116.1, 115.8, 114.0, 109.0, 55.5, 51.6,
50.4, 40.4, 28.9, 17.7, 17.0, 15.4,;%RMS (E)m/z3 6 0. 2175 [LiddNDgNo+H)+ f or C

360.2169]
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Chapter 4

Turning to Ring Closing Metathesis

4.1 Fourth-Generation Retrosynthetic Analysis
As outlined in Scheme 4.1, our fougieneration retrosynthetic analysis of tetrapetalone

A (1) envisaged completion of the natural product via glycosylation of aglg$é@nAglycon
319 was envisioned as deriving from a Frie@hfts alkylation applied to aldehy@21 and
phenolic oxidation to install the C(XBydroxyl group. Construction of thei@ bond of
benzazepin@21 would be achieved by application of an intramolecalasscoupling reaction
applied to tetramic aci@22 Tetramic acid322 would derive from hydrolysis of lactor&23
subsequent to implementation of ring closing metathesis applied to3f#dnBiene324 would

be procured by coupling carboxylic adil0and tetramic aci®26.
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Glycosylation

PN

P—

Phenolic Oxidation

Friedel-Crafts
Alkylation Aryl Amidation
P— P—
Ring Closing
Metathesis
P— P——
OMe\_;
P—— TN
Me NH
o

326
Scheme4.1 Fourth-Generation Retrosynthetic Analysis
4.2 Olefin Metathesis
4.2.1 Olefin Types and Rules for Selectivity as Derived from Cross Metathesis

Olefin cross metathesis isc@nvenient route to functionalized and higher olefins from
simple alkene substrat850lefin aoss metathesis has gained prominence due to the availability
of catalysts with varied activities. These catalysts have expanded the varndjirotypes and
functional groups that are amenable to olefin metathesis and have demonstrated the ability to

prepare highly substituted olefins.
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Cross Metathesis SR
2RI X + =

A ! Reaction between two olefins of Type | - statistical CM

Type | - Rapid homodimerization, homodimers consumable 1
. Reaction between two olefins of same Type (non-Type 1) = non-selective CM

Type Il - Slow homerdimerization, homodimers sparingly consumable | Reaction between olefins of two different Types = selective CM

Type Ill - No homodimerization

olefin reactivity

Type IV - Olefins inert to CM, but do not deactivate catalyst (Spectator)

Figure 4.1 Olefin Categorization and Rules for Selectivity

A growing body of empirical evidence has allowed the prediction of olefin reactivity,
described as a gradient scale of thelative propensity for an olefin to undergo
homodimerization, along with the subsequent reactivity of the resulting homodimers. The
general model for olefin metathesis is comprised of four distinct olefin types, which can be used
to predict both selective and nonselective cross metathesis reactions (Figure 4.1). In general, a
reactivity gradient exists from most active olefin typef@y olefin) to least active olefin Type
(Type IV), with sterically unhindered electroith olefins categorized as Type | and increasingly
sterically hindered/or electreateficient olefins falling into Types Il through IV. Grubbs and
coworkers have discéed a general model based on the categorization of olefin reactivity, which
can be utilized to predict both selective and nonselective cross metathesis reactions for a number
of commercially available metathesis catalysts with varying activities and leasdescribed

specifically for catalys828(Table 4.1)°
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Table 4.1 Olefin Categories for Selective Cross Metathesis with Grubbs Il Catalyst

olefin type

328

Type |

terminal olefins

1 @llylic alcohols, esters
allyl boronate esters

allyl halides

styrenes (no large o-substit.)
allyl phosphonates

allyl silanes

allyl phosphine oxides

allyl sulfides

protected allyl amines

Type I

styrenes (large o-substit.)
acrylates

acrylamide

acrylic acide

acrolein

vinyl ketones

unprotected 3Uallylic alcohols
vinyl epoxides

2 @llylic alcohols
perfluorinated alkane olefins

Type I

1,1-disubstituted olefins
non-bulky trisub. olefins

vinyl phosphonates

phenyl vinyl sulfone

4 W@llylic carbons (all alkyl substit.)
3 @llylic alcohols (protected)

Type IV

vinyl nitro olefins
trisubstituted allyl alcohols
(protected)

PCys MesN_ _NMes

| .l Y .ci

Ru—

7T RU—

| Ph a”| “bn
PCy3 Pcy3

327 328
Grubbs | Grubbs Il

MesN \NMes MesN_ _NMes
v Y .c
WCl Rl
Ru—= s

a” ‘\:< c”y >\:

O
PC
Y iPr/
329 330
Grubbs 11 Hoveyda-Grubbs

Dimethylvinyl Alkylidene

oToIN NoTol

Y .cl
ca” \
/O
iPr
331
Unhindered

Hoveyda-Grubbs

4.2 2 Construction of Medium-Sized Rings by Ring Closing Metathesis

Not every ring size is accessible with the same ease because of enthalpic (increasing ring
strain in the transition state) and entropic influences (probability of the chain ends nféeting).
Mediumssized rings are the most difficult to prepare. Among the many cyclization reactions
available, olefin metathesis (ring closing metathesis) has gained tremendous popularity due in
part to the involvement of relatively stable doubbmtis. This advantage facilitates synthesis and
handling of the cyclization precursors.

To date there are many elegant applications of ring closing metathesis to the synthesis of

macrocycles. In contrast, successful RCM reactions for mesized ring consuction are
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much more limited* For mediumsized rings, it is beneficial to use conformational constraints

or stereoelectronic effects to promote cyclization. These constraints are achieved either by using
preexisting rings (cyclic confarational constraints) or acyclic conformational constraints.
(gaucheeffect). For example, Westermann and coworkers demonstrated that the attachment of
olefinic side chains to lactams facilitates RCM cyclization. Specifically, they found that the
seven mmbered bicyclic lactan333 was produced in excellent yield (95%) upon exposure of
332to Grubbs | 827) catalyst in dichloromethane at room temperature (Scheme®4 Begides

using a ring in order tarhit the conformational freedom of a chain, appropriately positioning
substituents on an acyclic chain can increase propinquity of the two olefinic groups and improve
the cyclization. Crimmins and coworkers reported on the use of the gauche effect of 1,2
dioxygen substituents to facilitate ring closure, exposure3®# to Grubbs | 827) in
dichloromethane at 40 °C provided cyclic etB86 while, ether336 only afforded dimers and

oligomers (Scheme 4.283.
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(a) cyclic conformational constraint

N\ H Grubbs | H
: @27) 7
— U
‘\\« N CH,Cly, 1t N
COMe S COMe
332 (95% yield) 333

(b) gauche effect of 1,2-dioxygen substituents

Grubbs |

OAc OAc (327) OAc OAc
X 7 OAc [0
CH,CI Q£0 U X OAc
2L, H
X~0 o H
334 (73% yield) 335 334
k/\ i
imers
Mo oligomers

Scheme4.2 Conformational Control Employed for Construction of Medium-Sized Rings
4.3 Initial Ring Closing Metathesis Inquiry
4.3.1 Secondary Amide Substrate

The proposed cyclization of dieB24 (Scheme 4.1) by ring closing metathesis represents
an extremely challenging scenario as both olefins are Type Illtd{dubstituted and fully
substituted allylic carbons, respectively) but having the synthetic precursors on hand we felt that
this cyclizaton was worth investigating. To this end vinylogous e2&lrwas hydrolyzed to the
requisite tetramic acid337 and subjected tadicyclohexylcarbodiimide(DCC) mediated
esterification of carboxylic aciti90to afford the desired dier@88in low yield (5%) over two

steps.
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W, o
N eon S N
Me NH Me NH
O (0]
251 (19% yield, 1.5:1 dr) 337
Me Me Me
MG & =
Me . COLH 1) DCC, DMAP Me O
: A CH,Cl, : | NH
Br + NH E— Br ~ O
Me
(6]
OMe OMe
190 337 (23% yield) 338

Schemed.3 Diene Synthesis

Exposure of dien838to Grubbs Il catalyst328) or HoveydaGrubbs catalyst330 did
not afford lactone323 and only starting material was observed (Table.ariation of the
reaction conditions (temperature, solvent and reaction concentration) did not alter the outcome.
To ensure that the catalyst was not being sequestered by the amide moiety &38jemne
opted to investigate a diene in which the anide protected.

Table 4.2 Attempted Cyclization by Ring Closing Metathesis

M
Me €
U o G o~
Me | 'NH catalyst (5 mol%)
Br O
Me solvent (1 mM)
o
temperature
OMe
338 no reaction 323
not observed
entry catalyst solvent temperatue ( @) Time (h)
328 PhMe rt 48
3 330 PhMe rt 48
4 330 PhMe (0.05 M) 80 24
5 328 CHCl, rt 48
330 CH,Cl, rt 48
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4.3.2 Tertiary Amide Substrate
Carboxylic acid 190 was subjected to DCC mediated esterification wikpara-

methoxybenzyl tetramic ackb1to provide dien&39in moderate yield (49%) (Scheme 4.4).

Me
M Me
Me : CO,H fe) DCC, DMAP Me
Br_~ N N _ CHCh NPMB
© Me NPMB

o
OMe OMe

190 261 (49% yield) 339
Scheme4.4 DCC Mediated Esterification

Diene 339, when subjected to Grubbsdatalyst 828 or the Hoveydasrubbscatalyst
(330 in toluene at 80 °C, did not engage in the desired cyclization to afford laB&he
Recognizing the difficulty of initiating the catalytic process on either of the Type Il olefins of

diene338 and339we decided to investigate a relaggiclosing metathesis strategy.

Me

M 328 or 330 MeO Me 1
Me NPMB (5 mol%) s P, —\: - NPMB
)
T PhMe 1M pr Ve <
o
Me

80C,Mh

(e}
OMe

339 no reaction 323
not observed

Schemed.5 Attempted Cyclization by Ring Closing Metathesis
4.4 Relay Ring Closing Metathesis

Despite the many successful applications, in some cases cyclization bglasngg
metathesis can be less than satisfactory, due to low reactivity and/or low selectivity. The
development of methods to overcome these shortcomings is ongoing in many laboratories, and
relay ring closing metathesis (RRCM) is one such developffient.

The foundation of this strategy rests on the fact that although initiation of the catalytic

cycle with a sterically demanding olefin is a challenge (841 to 342, Stheme 4.6), the
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intramolecular reaction of a ruthenium alkylidene onto such an alkene is often attainaB#i(i.e.

to 342, as is the subsequent intramolecular reaction of the previously inaccessible alkylidene
(i.e. 342to 340. Thus, in this scenario therm relay refers tthe intermolecular generation of

an accessible alkylidene followed by its intramolecular relay to an inaccessible but desired

alkylidene from which ring closing metathesis of interest proceed84i3o 344).%

Me Me
Me E E Me
f—
E E
340 341
Me E E Me intermolecular ]
Grubbs1(328) + _h M AL //s
341 i
loading of Ru Me E E Me
Me M
EE 1° [Rul
= intramolecular 342
I
Me | relay : fast
[Ru]
344 l
Grubbs I (328) L
CH,Cly, ACST Igpding : fast Ve Mo
Me E E Me
—
E E
Me | 340
343
E = CO,Et

allinCH,Cl, at cC45 U
Scheme4.6 Relay Ring Closing Metathesis to afford Tetrasubstituted Olefin
The relay RCM strategy employs a temporary tethentaining a sterically
unencumbered olefin; the Type | olefin provides a site for the catalytic cycle to initia@4Q.e.
to 344) (Scheme 4.7). The Type | olefin is positioned such that a kinetically favored
five-membered metallacycle8346) forms and set the stage for ruthenium delivery onto the

sterically hindered position (Type 1l olefin). The resultant alkylideBd2( forms with
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concomitant extrusion of cyclopenter8l7 and then undergoes the desired ring closing

metathesis to afford tetrasubstituted ol&#o.

Me E E Me

Me Me =
é [Ru]=CH, Me |
345
EE \& 343

Me E E Me

Me E E Me _
[RU]M
342 Me | 344
[Ru]

D Me g E Me
Me

347 Me [Ru]
346

340

Schemed.7 Relay Ring Closing Metathesis to Afford a Tetrasubstituted Olefin
4.5 Relay RCM Investigation to Aford Eight-Membered Lactone

We envisaged constructing the desired lactBB8 via relay ring closing metathesis
applied to triene348 (Scheme 4.8). Trien88 would be prepared by the coupling of carboxylic

acid349 and tetramic aci@61. Thus, we turnedw attention to the synthesis of trieB4s.
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Relay

Ring Closing | M
i e
MeO Metathesis |
/_\ o S
P—— Me | NPMB
Br o
Me
O
OMe
323 348
| Me
P—— Me COH + ° =
Br NPMB
Me
(0]
OMe
349 261

Scheme4.8 Lactone Retrosynthetic Analysis
4.5.1 Synthesis of Relay Ring Closing Metathesis Triene

Ozonolysis of olefin176 followed by subsequent dimethylsuidnediated reduction
afforded ketone350 in good yield (72%) (Scheme 4.9). Installation of the tether required for
relay metathesis was achieved by employing yB84® in a salt free Wittig olefination of
ketone350to provide diene352 albeit in low yield (33%) but with excellent stereoselectivity
(>20:1 Z:E). Saponification proceeded smoothly to furnish carboxylic 3s8lwhich upon
exposure to oxalyl chloride gave rise to an intermediate acid chloride tbetwent base

mediated coupling with tetramic acé1to provide triene854in good yield (71%).
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i S
+
PPhs

Me COZMe i 03, CHzclz, 78C U Me COZMe

ii. Me,S,17 8C U
Br _ MW MeS TP PR 2 Br 351
PhMe, 110 (C
OMe OMe
176 (72% yield) 350 (33% yield, >20:1 Z:E)
| |
Me CO,Me 6 M LIOH Me CO,H
Br —> Br
MeOH, 80 C
sealed tube
OMe OMe
352 (79% yield) 353
1. (COCl), | Me
2,6-lutidene | ~
CH,Cl,, ©- H o
—_— Me | NPMB
2.261, Et;N Br ONIe
0 CU rt o
OMe
(71% yield) 354

Scheme4.9 Installation of Tether at 1,1-Disubstituted Olefin Site
4.5.2 Relay Ring Closing Metathesis Invesjation

With triene 354 in hand we were excited to investigate Byering-closing metathesis
strategy to achieve lactord23 (Scheme 4.8). Upon exposure to various metathesis catalysts it
was observed that triel34 did not engage in the desired ringsihg metathesis event to afford
the lactone323 (Table 4.3). Instead, we observed loss of the tether to afford 8&Emend
dimerization of the starting triene to provide din3&6 Observation of the truncated product,
diene355 indicates that the r@y ring closing metathesis was successful but that the desired ring

closing metathesis leading to the eigitmbered lacton823did not occur.
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Table 4.3 Relay RCM Catalyst Survey

— o —
Me
| Me PMBN” )
|
Me o —~ catalyst (20 mol%) Me ] 1%
| NPMB — > Me o]
Br o PhMe (1 mM), 80 (C
Me 5h
(6]
Br
OMe
354 |_MeO ]
323
not observed
entry catalyst product (% yield)
1 328 355 (91%)
2 330 355 (43%)
356 (14%)
3 331 355 (90%)

In a productive scenario the initial cross metathesis of the ruthenium alkylidene with the
Type | olefin of triene354 provides carben@57 which subsequently undergoes ring closing
metathesis to afford the desired -Hjsubstitued carben860 with conconitant expulsion of
cyclopentene359 (Scheme 4.10)An intramolecular engagement of carb&6@in ring closing
metathesis would afford lacton&23 via metallacycle361 Alternatively, carbene360 can
participate in cross metathesis with the Type | olefirtriene 354 to deliver diene355 and
carbene357. In theory, the intramolecular process should be faster than the intermolecular
process. Thus, we propose that carb@Emay be unable to adopt a productive conformation

allowing formation of metallacye 361 and subsequently lactoB823.

171



[Ru]=CH,
362

‘ Me
|
O -~
Me | NPMB
Br O
Me
(@]
354
OMe

OMe

Scheme4.10 Proposed Mechanism for Formation of Lactone and Diene Side Product
4.6 Relay RCM to Afford an EightMembered Cyclic Ether

To introduce greatezonformational freedom during the ring closing metathesis event we
decided to investigate a system wherein an ether linkage would reside in backbone connecting
the wo olefin moieties (e.g. 364, Scheme 4.11). The latter was seen as arising from the ring
closing metathesis of trier@64, whichin turn, would be derived viaoapling of tetramic acid
261 with alcohol365 under Mitsunobu conditions. To this end our synthetic endeavors focused

on preparing the requisite components.
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MeO Me Me
PMB
N Y
=
B
' o

Me

363

(56%)over two steps.

Relay
Ring Closing
Metathesis

PN

P—

OH
Me

Br,

OMe
365

173

261

Schemed.11 Ether Linked Triene Retrosynthetic Analysis
4.6.1 Synthesis of Relay Ring Closing Metathesis Triene
To arrive at triene864, methyl esterl76 was advanced via lithium aluminum hydride
mediated reduction to the primary alcol866 followed by subsequent silylation to furnish
TBS-ether367which, upon exposure to ozone followed by dimethylsulfide, underwent oxidative
cleavage to afford ketor&8in good yield (47%)pver three steps (Scheme 4.12). Installation of
the relay methesis tether was achieved by employing phosphorus g8d&’ in a salt free
Wittig olefination of ketone368to providediene369in good yield (67%) as essentially a single
olefin isomer (>20:1 Z:E). Exposure &69 to tetrabutylammonium fluoride unveiled the
primary alcohol365, which upon coupling with tetramic ack61 under Mitsunobu conditions

(i.e., diethyl azodicarboxylate and triphenylphosphine), furnished &6¥ein moderate yield



OH OTBS

Me CO,Me LiAIH, Me TBSCI
Br THF, © U Br |m|dazo|e Br
CHZCIZ
OMe OMe OMe
176 (83% yield) 366 (99% yield) 367
; G|
i. O3, CHyClp, 78C U e OTBS PPhg |
ii. Me,S, 78 @- rt Br 351 Me OTBS
PhMe, 110 (C Br
OMe
OMe
(57% yield) 368 (67% vield; >20:1 Z:E) 369

Me

o
AN
| Me NPMB
| OH ©
TBAF, THF
' 261
Me Me NPMB
Br. PPh3, DEAD
THF, rt

OMe
(98% vyield) 365 (57% vyield)

Schemed.12 Synthesis of Triene with an Ether Backbone
4.6.2 Relay Ring Closing Metathesis Investigation

In a productive scenario the initial cross metathesis of the ruthenium alkylidene species
with the Type | olefin of triene364 provides carben873 which upon ring closing metathesis
affords the 1,Adisubstitued carben875 with concomitant expulsion of cyclopenteng59
(Scheme 4.14). CarbeB&5can engage in ring closing metathesis via metalla/8d¢o afford
the desired cyclic etheB63 Alternatively, carbene875 can participate in an undesired
competing pathway, cross metathesis with the Type | olefin of tBéA¢o deliver a truncated
product, diene870, and regenerate carbeB@&3 The latterwas the favored pathway with ester
linked triene354 (Table 4.3 and Scheme 4.10).

With triene 364 in hand, we were excited to investigate a relay ring closing metathesis

approach to afford cyclic eth@&63 (Scheme 4.11). Unfortunately, after a survey of metathesis
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catalysts and reaction conditions we were unable to realize the desire@&3hés in the
previous substrate (i.854) (Table 4.3 and Scheme 4.10), we obsefwethation of a truncated
product diene 370 indicating that the relay metathesis is successful but that the desired ring

closing metathesis to afford the eighembered cyclic ethé63 does not occur (Scheme 4.13).

Me
O ~I
Me | 'NPMB
Br
— — Me
o o
Me OMe

| Me PMBN
| ~ Grubbs 11 (328) o 370
Me 0 (75% mol) Me | (62% yield)
| NPMB ~—————— Me M
Br " PhMe (1 mM), 80 (C — €
€ % N, sparging \ NPMB

slow addition Br o0\

Me o
OMe Br
| MeO B Me
364 363

not observed
OMe

371
(16% yield)

Scheme4.13 Macrocyclization by Ring Closing Metathesis

Surprisingly, exposure of triend864 to Grubbs Il catalyst 328 afforded the
thirteermembered macrocycl&rl, albeit in low yield (16%) (Scheme 4.13). Indicating that in
this system there is a competing pathwaybene373 can undergo a macrocyclization via
metallacycle377 to afford the thirteetmembered cyclic ethe371 Although, macrocycl&71
was an undesired product it demonstdathat the hindered, Type ldlefin attached to the
tetramic acid moiety of trien@64 was capable of engaging in a productive ring closing
metathesis event. Clearly, the ether backbone was having a positive influence on cyclization as a
macrocyclization product was not observed in our previous subs8&# (Table 4.4 and

Scheme 4.10).
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Me o
370
OMe OMe
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Schemed.14 Proposed Mechanism for Formation of Cyclic Ether, Diene and Macrocycle
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4.7 Relay RCMi Focusing on the Tetramic Acid Olefin
An alternate synthetic route to the desired cyclic eBe&(Scheme 4.15) was envisaged
wherein the application of a relay ring closing metathesis would be applied to 3W&8n€&he

latter would derive from the coupling of alcol#866 with tetramic acid379 under Mitsunobu

conditions.
Relay
Ring Closing 4
MeO Me Me Metathesis 7
_ ﬁMB /\ Ve e} Me
o e — |  NPMB
Br = Br
le) Me
Me (0]
OMe
363 378
OH 7
M
© Z
P— Br + (0] Me
NPMB
OMe Me
366 379

Schemed.15 Retrosynthetic Analysis- Tether Attached to Tetramic Acid Moiety
4.7.1 Synthesis of Relay Ring Closing Metathesis Triene

In a manner analogous to that describe@hapter 3, the desired tetramic a8it® was
prepared from alcohd@57 which, when subjected to Swern oxidation furnishes aldeBg@e
Immediate exposuref 258to phosphorus ylid851 in toluene at reflupproducesdiene380 in
excellent yield (75%), as essentially one olefin isomer (>20:1 Z/E), over two steps (Scheme
4.16). Acylation of amine380 with propionyl chloride provided amid881 and subsequent
treatment with sodium hydride in tetrahydrofuran at reflux induces Diackntyclization to
provide tetramic acid379 in modest yield (32%)over two steps, as a mixture of two

diastereomers (2:1 dr). Aiethyl azodicarboxylatdDEAD) and triphenylphosphine mediated
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Mitsunobu alkylation of tetramic aci@879 with primary alcohol366 afforded triene378 in low

yield (20%) but provided enough material to investigate the relay ring closing metathesis.

A
(COCl),, DMSO Q +
PPhs

Et3N, CH,Cl,
HO i78cOn Ox 351
MeO,C Ty MeO,C o
Me Me N
NHPMB NHPMB PhMe, 110 IC
257 258 (75% yield, two steps, >20:1 Z:E)
o)
Me N
X Cl J\/
R
X pyr, DMAP MeO,C NaH
MeO,C M CH,Cl,, ©- i M THF, &5 U

€ 22 NPMB '

NPMB Me” 1
o)
380 (69% yield) 381
72
alcohol 366
7 PPhs, DEAD Me
() Me _ Br
NPMB THF, 1t

Me

o)

379 (20% yield)

Scheme4.16 Synthesis of Triene with Tether Attached to Tetramic Acid Moiety
4.7.2 Relay Ring Closing Metathesis Investigation

In a productive scenario the initial cross metathesis of the ruthenium alkybdenis
with the Type | olefin of trien&78 provides carben884, subsequent ring closing metathesis
proceeding via metallacyc®5 affords the directly inaccessible carbe&386 upon concomitant
expulsion of cyclopenten8%9 (Scheme 4.18). Cyclization of carbe3®6 via metallacycle387
would afford the desired cyclic eth@83

With triene378in hand we were excited to investigate a relay ring closing metathesis
approach to afford cyclic eth@63 (Scheme 4.15). Unfortunately, exposure of tri8i8 to the
unhindered Hoveyd&rubbs catalyst331) did not afford the desired cyclic eth@83 only the
diene370(19% vyield)and starting material dim&82(40% yield) were obtained (Scheme 4.17).

Diene370indicates that the relay ring closing metathesis is successful in this system, affording
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the initially inaccessible carben886 but that the desed cyclization to afford the

eightmembered cyclic eth&63does not occur (Scheme 4.18).

Me

o =
Me | 'NPMB
Br
Me

0]

OMe
370
_ _ (19% vyield)
o)
Unhindered VBN Me OMe
Hoveyda-Grubbs /
o (331) o 5
Me Me (60% mol) Me || r
—_— Me
Br Me NPMB  pime (1 mm), 110°c | Me
% Br
OMe
L_MeO _
378 363

not observed

OMe

382
(40% yield)

Schemed.17 Attempted Relay Ring Closing Metathesis

Unfortunately, as was observed with the two previous substfae.,354 and 364) the
preferred pathway for carbeB86is not the desired ring closing metathesis but an unproductive
cross metathesis with the Type | olefin of triedi&8 to afford the undesired dierg70 We
propose that the desired pathway ishpipdively high in energy and or that carbe3&6 does not
have enough conformational freedom to adopt a productive conformation that allows for the

formation of metallacycl&87and thus cyclic ethe363.
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OMe

Scheme4.18 Proposed Mechanism for Formation of Cyclic Ether and Diene
4.8 Conclusion

Although the desired ring closing metathesis to afford an -engimhbered lactone or
ether was not realized the relay ring closing metathesis investigations prowsdgd into the
reactivity of the olefin moieties attached to the aryl bromide and tetramic acid coupling partners.
The relay ring closing metathesis experiments demonstrated that both olefins are capable of
participating in a ring closing metathesis. \pi®pose that the desired ring closing metathesis
events did not occur due to a conformation constraint that prohibited formation of the desired
eightmembered ring. Thus, we propose that a successful ring closing metathesis may be realized
upon synthesisfa substrate that employs a higher order of conformational control forcing the

olefinic side chains to resida the same space.eRwy ring closing metathesis is an extremely
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valuable and reliable synthetic strategy to initiate the catalytic cycle artbictime site of
initiation.
4.9 Experimental Section
4.9.1 Materials and Methods

Unless stated otherwise, reactions were performed in fthred glassware under a
nitrogen atmosphere. Triethylamine, diisopropylamine, and methanol were dried over aghydrou
calcium hydride and freshly distilled. 1ioxane was distilled from sodium, calcium chloride
and molecular sieve (0.4 nm). Benzene, tetrahydrofuran, dichloromethane, toluene, and diethyl
ether were dried using a solvent purification system manufactwe@lass Contour Solvent
Systems, SG Water U.S.A., LLC using technology based upon that originally described by
Grubbs et al®® Anhydrous N,N-dimethyformamide, acetonitrile, dimethylsulfoxide, -1,2
dichloroethane was purchased from the Colorado State University Stockroom and supplied by
SigmaAldrich or Fischer Scientific and stored under nitrogen atmosphere.m@aially
available reagents were obtained from Sightdrich, Strem, TCI, CombBlocks, Acros or
Alfa-Aesar and were used as received. All known compounds were identified by comparison of
NMR spectra to reported in the literature.

Unless otherwise state@ll reactions were monitored by thin layer chromatography
(TLC) was using Silicycle gladsacked extra hard layer, 60 A plates (indicat@58, 250mm).
Developed TLC plates were visualized using a 254 nm UV lamp and/or with the appropriate
stain followal by heating. Typical stains utilized were potassium permanganate, ethanolic
anisaldehyde and ceric ammonium molybdate. In general, the flash chromatography guidelines

reported by Stilet af® were followed. Silicycle SiliaFlaSHP60 (238400 mesh) silica gel as the
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stationary phase. When reiacis were absorbed onto silica gel, the amount of silica gel used was
equal to two times the weight of the reagents.

Infrared spectra were obtained using a Nicolet Avatar 320 FTIR or Bruker Tensor27
FTIR. Samples were analyzed as thin films on NaCl pl@a@sples was dissolved in @El, or
CHCI3) or potassium bromide pellets, as indicated. IR spectra are presented as transmittance vs.
wavenumber (ci). Proton tH) and carbon’¢C) NMR spectra were recorded on a Varian Inova
500, Varian Inova 400, Variamova 400 auto sampler, or Varian Inova 300 MHz spectrometer.
Spectra were obtained at 22 °C in CP@hless otherwise noted. Chemical shitisgre reported
in parts per million (ppm) and are referenced to the internal solvent peak. Coupling codstants (
are reported in Hertz (Hz) and are rounded to the nearest 0.1 Hz. Multiplicities are defined as: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, dt = doublet
of triplets, ddd = doublet of doublet of doubletijdd = doublet of doublet of doublet of
doublets, br = broad, app = apparent, par = partial. -Fégblution mass spectra were obtained
from the University of Colorado Central Instrument Facility, performed on an Agilent 6210 TOF
LCMS by Donald L. Dick.
4.9.2 Preparative Procedures

Preparation of tetramic acid 337

Me Me
MeO 2MHCI | o)
N MeOH, 80 (T N
Me NH Me NH
251 337

Tetramic acid 337. To a stirred solution of vinylogous es&5s1 (50 mg, 0.28 mmol) in
methanol (4.2 mL) was added 2 M HCI (1.4 mL, 2.80 mmol) at room temperature. Reaction was

heated to reflx (80 °C). TLC was used to monitor reactmogress. TLC plates were developed
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with 80% EtOAc/Hex and visualized by UV lamp and KMn€ain. Reaction was cooled to

room temperature and diluted with dichloromethane (4 mL). Organic phase was washed with

saurated NaHC@(5 mL), brine (5 mL), dried over anhydrousJS&, and concentrated to yield

tetramic acid337(14 mg, 19% vyield, 1.5:1 dr) as yellow oil. No further purification necessary.
Tetramic acid 337. *H-NMR (300 MHz; CDC}) : 6.90 (s, 1H), 5.84 (ddl= 17.1, 10.4

Hz, 1H), 5.38 (dJ = 18.8 Hz, 1H), 5.29 (d] = 10.4 Hz, 1H), 2.94 (gl = 7.7 Hz, 1H), 1.92 (dq,

J=19.5, 6.0 Hz, 1H), 1.75 (dq4,= 14.7, 7.3 Hz, 1H), 1.29 (d,= 7.7 Hz, 3H), 0.85 () = 7.5

Hz, 3H); 6.98 (s,1H), 5.91 (ddJ = 17.2, 10.5 Hz, 1H), 5.38 (d,= 17.1 Hz, 1H), 5.27 (d] =

10.6 Hz, 1H), 2.77 (g) = 7.8 Hz, 1H), 1.92 (dq] = 19.5, 6.0 Hz, 1H), 1.75 (dd,= 14.7, 7.3

Hz, 1H), 1.33 (dJ = 7.8 Hz, 3H), 0.91 () = 7.5 Hz, 3H).

Preparation of diene 338

Me

Jj\/l\ Ve

Me” > “CO,H o DCC. DIAP e

Br H + AN 2 2 r
© Me NH

¢

OMe OMe

190 337 338

Diene 338 To a stirred solution of carboxylic acl®0(28 mg, 0.09 mmol), tetramic acid
337 (14 mg, 0.08 mmoland4-(dimethylamino)pyriding3 mg, 0.02 mmol) in dichloromethane
(0.8 mL) was addedicyclohexylcarbodiimidé21 mg, 0.10 mmol) at 0 °C. Reaction was stirred
for 10 minutes at 0 °C, warmed to room temperature and stirred over Hlightwas used to
monitor reactiorprogress. TLC plates were developed with 35% EtOAc/Hex; visualized by UV
lamp and KMnQ stain. Reation was diluted with dichloromethane (2 mL) and quenched with
saturated NI (2 mL). Organic phase was washed witfOH2 mL), brine (2 mL), dried over

anhydrous Ng50O, and concentrated under reduced pressure. Crude material was purified with
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silica gelchromatography (gradient elution B- 10- 15 20- 25 30 35% EtOAc/Hex) to

afford diene338(8.5 mg; 23% yield) as colorless oil.

Diene 338 *H-NMR (400 MHz; CDC4) : 7.2& (d,J = 8.9 Hz, 1H), 7.11 (d] = 3.5 Hz,

1H), 6.85 (ddJ = 8.7, 2.3 Hz, 1H), 5.79 (4H), 5.53 (dd,J = 17.3, 10.6 Hz, 1H), 5.19 (d,=

17.3 Hz, 1H), 5.13 (dJ = 2.7 Hz, 1H), 5.00 (d] = 10.5 Hz, 1H), 4.96 (s, 1H), 4.10 @@= 11.6

Hz, 1H), 3.76 (s, 3H), 3.25 (td,= 12.5, 5.7 Hz, 1H), 1.61 (s, 3H), 1.60 (g 11.0 Hz, 1H),

1.47 (q,J = 7.1 Hz, 1H), 1.26 (s, 3H), 0.70 (td,= 7.4, 3.8 Hz, 3H)XC-NMR (101 MHz;

CDCI 3) : ua 172. 3, 170. 0,

161.

0,

159.

0,

142.

125.98, 118.73, 118.66, 115.82, 115.65, 115.1, 114.981688.4, 55.7, 53.2, 42.56, 42.38, 27.5,

19.5, 19.3, 17.1, 7.78, 7.60, 7;54RMS (El)m/z4 6 2 . 127 3

462.1274).

Preparation of diene339

[23618BINOA(M+H)f+ 0 1

I
Me” >~ “CO,H

Bﬁ:;]
OMe
190

Me

0o
. X
Me NPMB

o

261

DCC, DMAP

CH,Cl, M

Me

(0]

Ay L%N;AB

Br._~_ O
©Me

OMe
339

Me

O

Diene 339 To a stirred solution of carboxylic add®0(50 mg, 0.16 mmol), tetramarcid

261(30 mg, 0.18 mmoland4-(dimethylamino)pyriding3 mg, 0.02 mmol) in dichloromethane

(1.6 mL) was addedicyclohexylcarbodiimid¢37 mg, 0.18 mmol) at 0 °C. Reaction was stirred

for 10 minutes at 0 °C, warmed to room temperature and stirredigherTLC was used to

monitor reactiorprogress. TLC plates were developed by gradient elutiondlB6o EtOAc/Hex;

visualized by UV lamp and KMngstain. Reaction was diluted with dichloromethane (2 mL)

and quenched with saturated G (4 mL). Organigohase was washed with® (4 mL), brine
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(4 mL), dried over anhydrous b&0O, and concentrated under reduced pressure. Crude material
was purified with silica gel chromatography (gradient elution 200 40% EtOAc/Hex) to
afford diene339 (46 mg; 49% yield) asolorless oil.

Diene 339 'H-NMR (300 MHz; CDC}) : 7.287.18 (m, 3H), 7.147.06 (m, 1H), 6.83
6.75 (M, 3H) 5.284.93 (m, 5H), 4.39 (dd] = 15.0, 1.5 Hz, 1H), 4.18 (dd= 15.1, 7.1 Hz, 1H),
4.04 (dd,J = 11.6, 2.0 Hz, 1H), 3.78 (d,= 0.9 Hz, 1H), 3.76 (HH), 3.75 (d,J = 1.6 Hz, 3H),
3.243.13 (m, 1H), 1.58 (s, 3H), 1.61.50 (m, 2H), 1.32 (dd] = 6.8, 2.4 Hz, 3H), 1.24 (s, 3H),
0.32 (q,J = 7.7 Hz, 3H).

Preparation of ketone 350

0
Me co,Me . C'\J/ls, CSHZ?ZE} C7 5 g U Me COo,Me
Br WS TPRFE B
OMe OMe
176 350

Ketone 350 Alkene 176 (250 mg, 0.798 mmol) was dissolved in dichloromethane (8
mL) and cooled td 78 °C. Ozone was bubble through solution until saturation was achieved.
TLC was used to monitor reactigmogress. TLC plates were developed with 15% EtOAc/Hex;
visualized by UV &mp and KMnQ stain. Oxygen was bubbled through solution for 10 minutes
and dimethylsulfide (1.17 mL, 16.0 mmol) was added to solution. Reaction was warmed to room
temperature and stirred overnight. Solution was concentrated under reduced pressureeand crud
material was purified with silica gel chromatography (eluent 5% EtOAc/Hex) to afford ketone
350(175 mg, 72% yield) as colorless oll.

Ketone 350 *H-NMR (300 MHz; CDC}) : 7.1@ (d,J = 2.6 Hz, 1H), 7.00 (d] = 8.6 Hz,
1H), 6.82 (dd,]) = 8.7, 2.6 Hz, 1§ 4.66 (ddJ = 9.7, 4.9 Hz, 1H), 3.79 (s, 3H), 3.66 (s, 3H), 3.11

(dd,J = 16.9, 9.8 Hz, 1H), 2.50 (dd,= 17.0, 4.9 Hz, 1H), 2.12 (s, 3H).
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Preparation of (5-Hexen-1-yl)triphenylphosphonium iodide 39Q

I, PhaP

C |m|dazo|e AN PhsP RN
7
OH CH2C|2 O- i | PhH, 120 U PPhsl

389 390

Alkyl iodide 389. Following the procedure of Bisemann and HelmboldtTo a stirred
solution of triphenylphosphine (83 g, 314.78 mmol) in dichloromethane (200 mL) at O °C was
added iodine (80 g, 314.78 mmol) and imidazole (21.4 g, 314.78 mmol). After being stirred for
15 minutes 5-hexenl-ol (388 (10 g, 99.84 mmol) was added dropwise at 0 °C to the reaction
mixture and stirring was continued at room temperature for 4 hours. TLC was used to monitor
reactionprogress. TLC plates were developed with 5% EtOAc/Hex; visualized byQgdtain.
Dichloromethane was evaporated under reduced pressure and the residue diluted with pentane.
The resulting suspension was filtered through celite; and the celite was carefully rinsed with
pentane. The filtrate was concentrated under reduced pressure gfied pwith silica
chromatography (gradient elution pentan&s Et,O/pentang to afford alkyl iodide3389(16 g,

76% yield) as colorless oil.

Alkyl iodide 389is a known compountH-NMR was compared to that reported in the
literature®

Alkyl iodide 389. 'H-NMR (300 MHz; CDC}) : 5.78 (ddt,J = 17.0, 10.3, 6.7 Hz, 1H),
5.064.99 (m, 1H), 4.981.95 (m, 1H), 3.20 () = 7.0 Hz, 2H), 2.08 (q] = 7.1 Hz, 2H), 1.84 (dt,
J=14.8, 7.3 Hz, 2H), 1.50 (quintet= 7.4 Hz, 2H).

(5-Hexen1-yl)triphenylphosphonium iodide 39Q A solution of alkyl iodide389(3.0 g,

14.28 mmol) and triphenylphosphine (3.6 g, 13.57 mmol) in benzene (15 mL) in a commercially
available glass pressure tube with a Teflon sarap was heated to 120 °C for 12 hours.

Reaction was cooled to room temperature and the resulting solid was filtered off and rinsed with
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a small quantity of benzene to afford the Wittig 810 (6.0 g, 90% vyield) as yellowish white
solid.

(5-Hexen1-yl)triphenylphosphonium iodide 390 *H-NMR (400MHz; CDCL) : 7.8%
7.78 (m, 10H), 7.73.68 (m, 5H), 5.68 (ddtJ = 17.0, 10.2, 6.7 Hz, 1H), 4.9691 (m, 1H),
4.91-4.87 (m, 1H), 3.88.72 (m, 2H), 2.09 (q) = 7.0 Hz, 2H), 1.79 (dt) = 14.8,7.3 Hz, 2H),
1.691.59 (m, 2H);"®*C-NMR (101 MHz ;137.8,0185.23133.96, (133.87, 130.70,
130.57, 118.8, 118.0, 115.5, 33.1, 29.40, 29.26, 23.4, 22.9, 21.97, 21.92

Preparation of diene 352

o) ~ |
i
Me CO,Me PPhs |
Br 351 » Me CO,Me
PhMe, 110 (C Br
OMe

350 OMe
352

Diene 352 Ylide 351 solution in toluene (0.1 M). To a stirred solution of Wittig 810
(2.0 g, 2.12 mmol) indluene (13.6 mL) was added potassium bis(trimethylsilyl)amide (0.5 M in
toluene, 3.4 mL, 1.70 mmol) a8 °C. Reaction mixture was stirred for 5 minute$ zg °C,
warmed to room temperature and stirred 90 minutes. Solution turned orange upon warming.
All owed solution to stand with out stirring so that potassium iodide settled on the bottom of the
round bottom flask.

To a stirred solution of ketor@s0 (262 mg, 0.83 mmol) in toluene (29 mL) was added
ylide 351 (0.1 M in toluene, 12.5 mL, 1.25 mmol) in anomercially available glass pressure
tube with a Teflon screwap and heated to 120 °C for 12 hours. Reaction mixture was cooled to
room temperature and quenched with saturatedQNidolution (15 mL). Organic phase was

washed with HO (30 mL), brine (30 mL)dried over anhydrous Na0O, and concentrated under
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reduced pressur@LC plates were developed with 15% EtOAc/Hex; visualized by UV lamp and
CAM stain. Crude material was purified with silica gel chromatography (gradient elution
5 10 15% EtOAc/Hex) to dbrd diene352(105 mg, 33% vyield, >20:1 Z:E) as colorless oil.
Diene 352 'H-NMR (400 MHz; CDC4) : 7.10 (d,J = 2.6 Hz, 1H), 7.07 (d] = 8.7 Hz,
1H), 6.81 (dd,J = 8.6, 2.7 Hz, 1H), 5.81 (ddj,= 17.0, 10.3, 6.7 Hz, 1H), 5.31 (t= 7.2 Hz,
1H), 5.00 (dgJ = 17.1, 1.7 Hz, 1H), 4.98.93 (m, 1H), 4.22 (t) = 8.0 Hz, 1H), 3.78 (s, 3H),
3.63 (s, 3H), 2.74 (dd} = 15.3, 8.9 Hz, 1H), 2.65 (dd,= 15.3, 7.1 Hz, 1H), 2.068.02 (m, 4H),
1.50 (s, 3H), 1.46 (] = 7.4 Hz, 2H).

Preparation of carboxylic acid 353

Me CO,Me 6 M LIOH Me CO,H
Br —FF > Br
MeOH, 80 (C
sealed tube
OMe OMe
352 353

Carboxylic acid 353 Methyl este352(34 mg, 0.09 mmol) was dissolved in methanol (3
mL) and lithium hydroxide (3.5 M in #D, 3 mL) was added. Vial was sealed and heated to 80
°C for 24 hours. Reaction solution was cooleddonm temperature and acidified. The acidic
aqueous phase was extracted with diethyl ether (3 x 3 mL). Combined organic phase was dried
over anhydrous N&O, and concentrated to yield carboxylic a8iiB3 (26 mg, 79% yield).

Carboxylic acid 353 *H-NMR (300 MHz; CDCE) : 7.10 (d,J = 2.6 Hz, 1H), 7.07 (d
= 8.7 Hz, 1H), 6.81 (dd] = 8.7, 2.7 Hz, 1H), 5.88.75 (m, 1H), 5.33 (tJ = 7.1 Hz, 1H), 5.03
4.96 (m, 1H), 4.98.92 (m, 1H), 4.19 (t) = 7.9 Hz, 1H), 3.77 (s, 3H), 2.71 &= 7.4 Hz, 2H),

2.09-2.00(m, 4H), 1.50 (s, 3H), 1.46 @,= 7.4 Hz, 3H).
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Preparation of triene 354

| 1. (COCl), | Me
| 2,6-lutidene | o =~
CH,Cl,, ©- d
Me CO,H Me | "NPMB
Br 2. 261, Et3N Br 0]

0CU nt Me™ %

OMe OMe

353 354

Triene 354 To a stirred solution of carboxylic ac®b3 (113 mg, 0.31 mmol) and
2,6-lutidene (431L, 0.37 mmol) in dichloromethane (2 mL) was added oxalyl chloride (#8.6
0.34 mmol) at 0 °C. Warmed to room temperature and stirred 2 hours. Reaction solution was
cooled to 0 °C and a solution of tetramic a2&1 (177 mg, 0.62 mmol) and triethylamine (172
nmL, 1.23 mmol) in dichloromethane (2 mL). Reaction mixture was watmedom temperature
and stirred 4 hours. TLC was used to monitor reagiiogress. TLC plates were developed with
15% EtOAc/Hex; visualized by UV lamp and KMpG®tain. Reaction mixture was quenched
with saturated NECI solution (5 mL). Organic phase wasshed with HO (5 mL), brine (5
mL), dried over anhydrous MaO, and concentrated under reduced pressure. Crude material was
purified with silica gel chromatography (gradient elution B 20% EtOAc/Hex) to afford
triene354 (140 mg, 71% yield).

Triene 354 *H-NMR (300 MHz; CDC}) : 7.286 (s, 3H), 7.17.06 (m, 2H), 6.7%.76
(m, 3H), 5.79 (ddt) = 17.0, 10.3, 6.7 Hz, 1H), 5.4029 (m, 2H), 5.1%.08 (M, 2H), 5.02.92
(m, 2H), 4.44 (dJ) = 14.8 Hz, 1H), 4.28..20 (m, 2H), 3.77 ($HH), 2.85 (dt,J = 8.1, 4.1 Hz,

2H), 2.04 (g,J = 6.0 Hz, 4H), 1.67.57 (m, 6H), 1.52.42 (m, 6H), 0.4®.35 (m, 3H).
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Preparation of alkene 355 and dimer 356

catalyst (20 mol%)

SR

PhMe (1mM) 80 (C

OMe
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- R\u =
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Y .

RU—=
c” \
0
iPr
331
Unhindered

Hoveyda-Grubbs

Alkene 355 and dimer 356 Prior to use toluene was pulled freshly from solvent system
and then deoxygenated by sparging with nitrogen at reflux for 30 minutes. To a round bottom
flask was added catalyst (5 mg, 0.008 mmol), toluene (39 mL) and substrate and substrate as a
solutionin toluene (1 mL). Round bottom flask was fitted with a condenser, a needle attached to
nitrogen line was inserted through septum down condenser into the reaction solution and a vent
needle was inserted into septum. Nitrogen pressure was increasedlistestalow and steady
bubbling of nitrogen through reaction solution and heated to 80 °C. TLC was used to monitor
reactionprogress. TLC plates were developed with 40% EtOAc/Hex; visualized by UV lamp and
KMnQO, stain. Reaction was cooled to room tempeetand quenched with dimethylsulfoxide

(50 equivalents, 27, 0.385 mmol) stirred for 12 hours. Reaction solution was concentrated
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under reduced pressure and resulting residue purified with silica gel chromatography (gradient

elution 20 40% EtOAc/Hex) taafford alkene855and dimer356.

Alkene 355 'H-NMR (300 MHz; CDC4) : 7.267.23 (m, 3H), 7.147.08 (m, 2H), 6.83
6.76 (M, 3H), 5.35 (dd] = 18.0, 9.9 Hz, 1H)5.35 (ddJ = 18.1, 9.9 Hz, 1H), 5.18.13 (d,J =
18.4 Hz, 1H), 5.13 (d] = 9.3 Hz, 1H), 4.96 (s, 1H), 4.87 @= 4.1 Hz, 1H), 4.44 (dJ = 15.0
Hz, 1H), 4.26 (tJ = 8.0 Hz, 1H), 4.261.21 (d,J = 15.0 Hz, 1H), 3.77 (s, 6H), 2.9578 (m, 2H),
1.80-1.59 (m, 2H), 1.65 (s, 3H), 1.6261 (d,J = 4.6 Hz, 3H), 0.38 (td] = 7.2,2.9 Hz, 3H)

HRMS (ENm/z5 6 8. 16 95 foldsBINOsMI-H)F 568.1693]

Dimer 356. *H-NMR (300 MHz; CDC}) : 7.267.23 (m, 7H), 7.08 (d] = 10.8 Hz, 4H),
6.78 (d,J = 8.4 Hz, 6H), 5.3%.28 (m, 4H), 5.18.07 (M, 4H), 4.481.41 (m, 2H), 4.24+.19(m,
4H), 3.77 (s, 12H), 2.88.82 (m, 4H), 1.611.58 (m, 10H), 1.51 (s, 6H), 0.3834 (m, 4H)

HRMS (E)m/z1 2 4 3. 4 252 ofHeBLNOR (M+H)+d243.4252]

Preparation of alcohol 366

. OH
Me CO,Me LiAIH, Me
Br THF, © U g,

OMe OMe
176 366

Alcohol 366 To a stirred heterogeneous solution of lithium aluminum hydride (160 mg,
3.51 mmol) in tetrahydrofuran (27.5 mL) was added methyl d5t6(1.1 g, 3.51 mmol) as a
solution in tetrahydrofuran (7.5 mL) over 40 minutes with a syringe pump. TLC was used to
monitor reactiorprogress. TLC plates were developed with 15% EtOAc/Hex; visualized by UV

lamp and KMnQ stain. Reaction was quenched withQH(0.2 mL), 15% NaOH (0.2 mL) and

191



H,O (0.6 mL) at 0 °C. Anhydrous MgQ@ scoops) was added, warmed to room teatpes
and stirred over night. Solution was filtered through a sand/celite pad and concentrated under
reduced pressure. Crude material was purified with silica gel chromatography (eluent 10%

EtOAc/Hex) to afford alcohd66 (800 mg, 80% yield) as colorless).

Alcohol 366 FTIR (thin film/NaCl): 3362, 2940, 1645, 1602, 1565, 1490, 1439, 1373,
1283, 1236, 1181, 1037, 894, 857, 839, 8HBNMR (400 MHz; CDC}) : 7.18 (d,J = 8.7 Hz,
1H), 7.10 (dJ = 2.7 Hz, 1H), 6.83 (dd] = 8.7, 2.7 Hz, 1H), 4.93 (d,= 0.7 Hz, 1H), 4.91 (dd]
= 2.2, 1.4 Hz, 1H), 3.88.85 (m, 1H), 3.78 (s, 3H), 3.59 (dii= 5.4, 1.5 Hz, 1H), 3.53.56 (m,
1H), 2.14 (dg) = 13.5, 6.8 Hz, 1H), 1.87 (ddt,= 13.6,8.9, 6.0 Hz, 1H), 1.61 (s, 3HY¥C NMR
(101 MHz; CDCh) : U 1 2,8134%, 128194125.7, 117.7, 114.4, 110.8, 61.2, 55.6, 46.1,

36.9, 22.0HRMS (E)m/z2 8 5. 04 7 4 |4 BIOg(\+H)+ D8d.0412]

Preparation of TBS-ether 367

Me OH TBSCI Me OTBS
Br imidazole Br
4>
CH,Cl,
OMe OMe
366 367

TBS-ether 367 To a stirred solution of alcohd66 (500 mg, 285.18 mmol) and
imidazole (238 mg, 3.50 mmol) in dichloromethane (4 mL) was adeledutyldimethylsilyl
chloride (396 mg, 2.63 mmol) at room temperatuFeC was used to monitor reactigmogress.

TLC plates were developed with 40% EtOAc/Heisualized by UV lamp and KMnfstain.
Reaction solution was hydrolyzed with® (5 mL) and phases were separated. Organic phase

was washed with brine (5 mL), dried over anhydrous Mg&al concentrated under reduced
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pressure to afford TB8ther367 (697 ng, 99% yield). Crude material was advanced directly to

ozonolysis with no further purification.

TBS-ether 367 *H-NMR (300 MHz; CDC}) : 7.18 (d,J = 8.7 Hz, 1H), 7.09 (d] = 2.7
Hz, 1H), 6.82 (dd) = 8.7, 2.6 Hz, 1H), 4.88 (dd,= 1.6, 0.9 Hz, 2H), 3.85 (8 = 7.2 Hz, 2H),
3.78 (s, 3H), 3.63.48 (m, 3H), 2.05 (td] = 13.4, 7.3 Hz, 1H), 1.93.83 (m, 1H), 1.61 (s, 2H),

0.87 (s, 9H), 0.00 (s, 6H).

Preparation of ketone 368

0
Me OTBS i 0, CH,Cl,, 7BC Upme 0oTBS

Br ii. Me,S, 78 @- rt Br

OMe OMe
367 368

Ketone 368 Alkene 367 (697 mg, 1.75 mmol) was dissed in dichloromethane (20
mL) and cooled td 78 °C. Ozone was bubble through solution until saturation was achieved.
TLC was used to monitor reactigumogress. TLC plates were developed with 5% EtOAc/Hex;
visualized by UV lamp and KMn{stain. Oxygen wabubbled through solution for 10 minutes
and dimethylsulfide (1.00 mL, 8.75 mmol) was added to solution. Reaction was warmed to room
temperature and stirred overnight. Solution was concentrated under reduced pressure and crude
material was purified with sda gel chromatography (gradient elution 2= 4% EtOAc/Hex) to

afford ketone368 (400 mg, 57% yield) as colorless oil.

Ketone 368 *H-NMR (300 MHz; CDC}) : 7.14 (d,J = 2.6 Hz, 1H), 7.05 (d] = 8.7 Hz,
1H), 6.83 (dd,) = 8.6, 2.7 Hz, 1H), 4.40 (8,= 7.1 Hz, 1H), 3.79 (s, 3H), 3.58.46 (m, 2H), 2.26

(td, J = 13.7, 6.0 Hz, 1H), 2.08 (s, 3H), 1.78 (ic: 13.1, 6.8 Hz, 1H), 0.88 (s, 9H), 0.00 (s, 6H).
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Preparation of diene 369
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368 369

Diene 369 Ylide 351(0.1 M in toluene): To a stirred solution of Wittig sa80 (289 mg,
0.61 mmol) in toluene (4.8 mL) was added potassium bis(trimethylsilyl)amide (0.5 M in toluene,
1.2 mL, 0.60 mmol) ait78 °C. Reaction mixture was stirred for 5 minutes7& °C, warmedo
room temperature and stirred 2 hours. Solution turned orange upon warming. Allowed solution
to stand with out stirring so that potassium iodide settled on the bottom of the vial.

To ketone368 (50 mg, 0.12 mmol) was added yli@&1 (0.1 M in toluene, 28 mL, 0.24
mmol) in a commercially available glass pressure tube with a Teflon seqevand heated to
110 °C for 12 hours. Reaction mixture was cooled to room temperature and quenched with
saturated NECI solution (3 mL). Organic phase was washed wit® H3 mL), brine (3 mL),
dried over anhydrous N80, and concentrated under reduced pressiuiteC plates were
developed with 5% EtOAc/Hex; visualized by UV lamp and CAM st@irude material was
purified with silica gel chromatography (gradient elution 2% EtOAc/Hex) to afford dien869

(837.3 mg, 67% vyield, >20:1 Z:E) as colorless oil.

Diene 369. 'H-NMR (300 MHz; CDCY) : 7.1 (d,J = 9.1 Hz, 1H), 7.09 (d] = 2.9 Hz,
1H), 6.82 (dd,J = 8.6, 2.6 Hz, 1H), 5.82 (ddi,= 17.0, 10.3, 6.7 Hz, 1H), 5.35 (= 7.2 Hz,
1H), 5.044.88 (m, 2H), 3.78 (s, 3H), 3.6848 (m, 2H), 2.141..98 (m, 5H), 1.94..79 (m, 2H),

1.521.42 (m, 2H), 1.47 (s, 3H), 0.88 (s, 9H), 0.01 (s, 6H).
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Preparation of alcohol 365

OTBS  TBAF, THF OH
Me
Br Br

OMe OMe
369 365

Alcohol 365 To a stirred solution of TB8ther 369 (37.3 mg, 0.08 mmol) in
tetrahydrofuran (0.68 mL) was added tetrabutylammonium fluoride (1 M in tetrahydrofuran, 0.32
mL, 0.28 mmol) at room temperature. TLC was used to monitor regatomgress. TLC plates
were developed with 20% EtOAc/Hex; visualizedWV lamp and KMnQ stain. Reaction was
guenched with saturated NEl solution (1 mL) and phases were separated. Organic phase was
dried over NaSO, and concentrated under reduced pressure. Residue was purified with silica gel
chromatography (eluent 20%@Ac/Hex) to afford alcohoB65 (28 mg, 99% yield) as colorless

oil.

Alcohol 365 FTIR (thin film/NaCl): 3943, 3436, 3054, 2940, 2839, 2253, 1639, 1603,
1565, 1491, 1464, 1440, 1422, 1265, 1235, 1182, 1036, 909, 862, 843, 735, 705, 648 427;
NMR (400MHz; CDCL) : 7.08 (d,J = 8.8 Hz, 1H), 7.08 (d] = 2.8 Hz, 1H), 6.82 (dd] = 8.7,
2.7 Hz, 1H), 5.80 (ddt) = 17.0, 10.2, 6.7 Hz, 1H), 5.38 &= 7.2 Hz, 1H), 4.99 (dq] = 17.1,
1.8 Hz, 1H), 4.94 (ddt] = 10.2, 2.1, 1.1 Hz, 1H), 3.7876 (m, 1H)3.76 (s, 3H), 3.56 (] = 6.6
Hz, 2H), 2.172.01 (m, 6H), 1.88.79 (m, 1H),1.60-1.43 (m, 2H), 1.46 (s, 3H}’C NMR (101
MHz;CDCL) : o 158.3, 139.0, 136.3, 134.6, 128.9,

47.4,36.5, 33.5, 29.1, 27.4,15.4
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Preparation of triene 364
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Triene 364 Alcohol 365 (20 mg, 0.057 mg) and triphenylphosphine (22 mg, 0.085
mmol) were dissolved in tetrahydrofuran (0.6 mL) ahethyl azodicarboxylat¢éDEAD) (40%
solution in toluene, 391, 0.085 mmol) was added at rootemperature and stirred for 10
minutes. Tetramic acid61 (24.4 mg, 0.085 mmol) was added as a solution in tetrahydrofuran at
room temperature and stirred overnight. TLC was used to monitor repotigress. TLC plates
were developed with 40% EtOAc/Hexyisualized by UV lamp and KMnQ stain.
Tetrahydrofuran was evaporated under reduced pressure and residue was purified with silica gel
chromatography (eluent 20% EtOAc/Hex) to afford tri@bd (21 mg, 57% vyield) as colorless

oil.

Triene 364 *H-NMR (300 MHz; CDCE) : 7.287.16 (m, 3H), 7.07 (dd] = 4.7, 3.5 Hz,
1H), 6.836.76 (m, 3H), 5.80 (ddtd} = 17.0, 10.2, 6.8, 0.9 Hz, 1H), 5.46 (dds 17.8, 10.3 Hz,
1H), 5.33 (qJ = 5.7 Hz, 1H), 5.246.16 (m, 2H), 5.02.92 (m, 2H), 4.53 (dd] = 15.1, 4.7 Hz,
1H), 4.22 (t,J = 7.8 Hz, 1H), 4.12 (dt) = 14.7, 7.1 Hz, 2H), 3.83 (d,= 7.0 Hz, 1H), 3.77 (s,
3H), 3.77 (s, 3H), 2.32.01 (m, 2H), 2.04 () = 7.1 Hz, 4H), 1.92 (dJ = 0.9 Hz, 3H), 1.95
1.82 (m, 2H), 1.58 (dt) = 14.0, 7.0 Hz, 1H), 1.50.43 (m, 15, 1.43 (s, 3H), 0.34 (d] = 1.0

Hz, 3H} HRMS (ENm/z6 2 2 . 252 6 Pk BINO,OMi-H)F €22.2575]
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Preparation of alkene 370 and macrocycle 371

Grubbs II (328) ﬁ o NPMB
(75% mol) NPMB N\
NPMB ——————————— > Br
PhMe (1 mM), 80 (C
N, sparging
slow addition
OMe

364 370 371

Alkene 370 and macrocycle 371Toluene was pulled fresh from solvent still and
degassed prior tose by sparging with nitrogen for 2 hours. To-ae8k round bottom flask was
added Grubbs 11328 (22 mg, 0.025 mmol) and system was flushed with nitrogen, toluene (35
mL) was added, nitrogen sparging of the solution was initiated and heated to 803Gt
triene364 (21 mg, 0.034 mmol) was added as a solution in toluene (1.8 mL) by slow addition
(syringe pump, 0.03 mL/min). TLC was used to monitor reagimygress. TLC plates were
developed with 40% EtOAc/Hex; visualized by UV lamp and ceric ammomuolybdate
(CAM) stain. After 60 minutes, (complete addition of trieB&4) conversion to two new
compounds was observed. Reaction was cooled to room temperature and stirred open to external
atmosphere over night. Toluene volume was reduced under presslsslution was purified
directly with silica gel chromatography (gradient elutien 8- 15 20- 25% EtOAc/Hex) to
afford alkene370(11.5 mg, 62% vyield) and thirteenembered macrocyclé71 (3.3 mg, 16%

yield).

Alkene 370 *H-NMR (400 MHz; CDCY) : 7.2@(d, J = 8.6 Hz, 2H), 7.147.09 (m, 2H),
6.846.81 (m, 1H), 6.78 (dJ = 8.6 Hz, 2H), 5.55.42 (m, 1H), 5.2%.17 (m, 2H), 4.93 (s, 1H),
4.88 (d,J = 5.5 Hz, 1H), 4.53 (dd] = 15.1, 8.5 Hz, 1H), 4.26.20 (m, 1H), 4.181.09 (m, 2H),

3.87 (,J = 7.5 Hz, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 2.14 (ddbd,13.4, 10.0, 6.8, 3.3 Hz, 2H),
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2.01:1.94 (m, 1H), 1.92 (s, 3H), 1.8882 (m, 1H), 1.58 (s, 3H), 0.35 (ill= 7.2, 2.8 Hz, 3H)

HRMS (E)m/z5 54 . 1897 poldsBINO,MI-H)F 564.19]C

Macrocycle 371 *H-NMR (400 MHz; CDC}) : 7.26 (d,J = 8.5 Hz, 2H), 7.11 (d] =
4.4 Hz, 1H), 7.10 (d] = 1.4 Hz, 1H), 6.8%.79 (m, 1H), 6.78 (d] = 8.5 Hz, 2H), 5.63 (dt] =
14.6, 7.4 Hz, 2H), 5.06 (d, = 15.8 Hz, 1H), 4.47 (dddl = 9.2, 5.3, 3.7 Hz, 14 4.40 (d,J =
15.1 Hz, 1H), 4.25 (d) = 15.1 Hz, 1H), 4.00 (dd] = 11.7, 3.6 Hz, 1H), 3.81 (dd,= 9.5, 4.1
Hz, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 2:29.0 (m, 4H), 2.02.04 (m, 1H), 2.08.97 (m, 3H),
1.93 (t,J = 7.0 Hz, 1H), 1.89 (s, 3H), 1.64 &= 7.0 Hz, 1H), 1.38 (s, 3H), 0.46 (= 7.2 Hz,

3H), HRMS (ENm/z5 9 4 . 2212  batdsBiINO,HMiH)F 594.2213]

Preparation of diene 380

N
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Ho EtzN, CH,Cl, o 3 A
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Me Me MeO,C Me
NHPMB NHPMB i
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257 258 380

Diene 380 Swern OxidationTo a stirred solution of dimethylsulfoxide (0.8 mL, 11.24
mmol) in dichloromethane (20 mL) was added oxalyl chloride (0.47 mL, 5.61 mnmioiB&C.
Reaction solution was stirred for 20 minutes and alc@b@l(750 mg, 2.81 mmol) as a solution
in dichloomethane (5 mL) dropwise via cannula. Reaction solution was stirred for 1 Hiagi& at
°C and then warmed to room temperature. TLC was used to monitor reacigness. TLC
plates were developed with 30% EtOAc/Hex; visualized by UV lamp and KMstain.
Reaction solution was quenched with saturated Nakl@&@ution (50 mL) and phases were

separated. Organic phase was washed wi@® (100 mL), brine (100 mL), dried over anhydrous
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NaSO, and concentrated to afford aldehy2t8 as yellow oil, which was immediglly carried

into the Wittig olefination.

Ylide 351 preparation To a stirred heterogeneous solution of phosphoniun898al(3.8
g, 8.00 mmol) in toluene (50 mL) was added potassium bis(trimethylsilyl)Jamide (0.5 M in
toluene, 12.8 mL, 6.4 mmol) at room teenature. Solution was stirred for 3 hours. Stirring was
stopped and potassium iodide salts and excess phosphoniud®Galere allowed to settle to
the bottom of the round bottom flask to yield a homogenous, red/orange solution dd5dide

(0.1 M in touene).

Wittig olefination To a stirred solution of ylid&51 (0.1 M in toluene, 57 mL, 5.62
mmol) was added aldehyd?s8 (2.81 mmol) as a solution in toluene (84 mL) dropwise via
cannula afi 78 °C. Reaction was stirred and warmed to room temperature.wbsCused to
monitor reactiorprogress. TLC plates were developed with 30% EtOAc/Hex; visualized by UV
lamp and KMnQ stain. Reaction was diluted with ethyl acetate (100 mL) and quenched with
saturated NaHC®solution (100 mL) followed by separation of theases. Aqueous phase was
extracted with ethyl acetate (2 x 50 mL). Combined organic phase was washed@i{a(d9
mL) and brine (100 mL), dried over anhydrous M@g®@d concentrated under reduced pressure.
Crude material was purified with silica gel chratography (eluent 15% EtOAc/Hex) to yield

diene380(697 mg, 75% vyield, over two steps, >20:1 Z:E) as colorless oil.

Diene 380 FTIR (thin film/NaCl): 3074, 2932, 2836, 1730, 1640, 1612, 1585, 1512,
1458, 1441, 1301, 1247, 1173, 1126, 1037, 995, 911, 8088, 410:'H-NMR (400 MHz;
CDCly) : 7.26 (d,J = 8.5 Hz, 2H), 6.85 (d] = 8.6 Hz, 2H), 5.80 (dd{] = 17.0, 10.3, 6.7 Hz,

1H), 5.56 (dJ = 4.5 Hz, 1H), 5.55 (dJ = 4.3 Hz, 1H), 5.00 (dg] = 17.1, 1.7 Hz, 1H), 4.94 (dt,
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J=10.2, 0.9 Hz, 1H), 3.79 (8H), 3.74 (s, 3H), 3.54 (d,= 11.9 Hz, 1H), 3.48 (d] = 11.9 Hz,
1H), 2.29 (dd,) = 13.6, 5.8 Hz, 2H), 2.06 (§,= 7.4 Hz, 2H), 1.93 (dq] = 14.4, 7.2 Hz, 1H),

1.83 (dt,J=14.1, 7.1 Hz, 1H), 1.78 (br s, 1H), 1.45 (quindet, 7.6 Hz, 2H), 0.86 (tJ = 7.4 Hz,

3H); **C NMR (101 MHz;CDCl) :

u 176.

1, 158.

7,

138.

8,

113.9, 66.5, 55.4, 52.1, 47.5, 33.7, 31.5, 29.0, 28.Q,HFRMS (EI)m/z3 3 2. 2216

CooH2oNOs (M+H)+ 332.222]

Preparation of amide 381
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Amide 381 To a stirred solution of aming30 (1.3 g, 3.92 mmol), pyridine (1.6 mL,

19.60 mmol), 4(dimethylamino)pyridine (24 mg, 0.19 mmol) in dichloromethane (5 mL) was

added propionyl chloride (1.4 mL, 15.68 mmol) at 0 °C. Reaction was stirred 2Gmatld °C

prior to warming to room temperature. Stirred 2 %2 days at room temperature. TLC was used to

monitor reactiorprogress. TLC plates were developed with 30% EtOAc/Hex; visualized by UV

lamp and KMnQ stain. Reaction solution was diluted with dmtdmethane (5 mL) and

quenched with saturated NaHg@olution (5 mL) followed by separation of the phases.

Agqueous phase was extracted with dichloromethane (3 x 5 mL). Combined organic phase was

washed with HO (50 mL), brine (50 mL), dried over anhydrddgSO, and concentrated under

reduced pressure. Crude material was purified with silica gel chromatography (gradient elution

10- 20- 30% EtOAc/Hex) to yield amid@81(1.04 g, 69% yield) as yellow oil.
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Amide 381 *H-NMR (300 MHz; CDC4) : 7.40 (d,J = 8.7 Hz 2H), 6.91 (d,) = 8.7 Hz,
2H), 5.76 (ddtJ = 17.0, 10.3, 6.7 Hz, 1H), 5.59 (@= 12.5 Hz, 1H), 5.38 (dt] = 12.4, 7.1 Hz,
1H), 5.024.92 (m, 2H), 4.64 (d] = 18.2 Hz, 1H), 4.58 (d] = 18.3 Hz, 1H), 3.79 (s, 3H), 3.74
(s, 3H), 2.351.98 (m, 8H), 1.4 (quintet,J = 7.5 Hz, 2H), 1.02 (t) = 7.4 Hz, 3H), 0.87 (t) =

7.5 Hz, 3H)HRMS (EYm/z3 8 8 . 2 4 7 7 [ HaNQ @ldH)+ 388.2482]

Preparation of tetramic acid 379

AN 72

N NaH 74

MeO,C Me 3 o) Me
THF, &5 U
NPMB j NPMB
Me
Ny Me
o o)
381 379

Tetramic acid 379 Sodium hydride (60% in mineral oil) was washed with pentane (3 x
2 mL) and dried under high vacuum. To a stirred heterogeneous solution of washed sodium
hydride (75 mg, 1.83 mmol) in tetrahydrofuran (5 mL) was added aB8d€177 mg, 0.46
mmol) as a saition in tetrahydrofuran (5 mL) at 65 °C down interior of condenser. TLC was
used to monitor reactigprogress. TLC plates were developed with 40% EtOAc/Hex; visualized
by UV lamp and KMnQ stain. After 24 hours reaction was cooled to room temperature and
diluted with ethyl acetate (10 mL), quenched with saturategdNBblution (10 mL) and phases
were separated. Organic phase was washed with (B0 mL) and brine (20 mL), dried over
anhydrous MgS@and concentrated under reduced pressure. Crude matesigiusified with
silica gel chromatography (gradient elution 50- 15 20% EtOAc/PhMe) to afford tetramic

acid379(76 mg, 46% yield, 2:1 dr) as yellow foam.
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Tetramic acid 379 *H-NMR (300 MHz; CDC}) : 7.38 (d,J = 8.7 Hz, 2H), 6.81 (d] =
8.7 Hz, 2H), 5.9-5.62 (m, 1H), 5.54 (dtJ = 11.6, 7.3 Hz, 1H), 5.25 (di,= 11.3, 1.9 Hz, 1H),
5.024.90 (m, 3H), 3.99 (d] = 14.6 Hz, 1H), 3.79 (s, 3H), 2.85 @@= 7.5 Hz, 1H), 1.97 (q] =
7.3 Hz, 4H), 1.741.50 (m, 4H), 1.37 (d] = 7.5 Hz, 3H), 0.53 () = 7.4 Hz, 3H);7.34 (d,J= 8.8
Hz, 2H), 6.81 (dJ = 9.2 Hz, 2H), 5.7%.62 (m, 1H), 5.54 (dd] = 14.6, 11.6 Hz, 1H), 5.18 (d,
= 8.3, 1.9 Hz, 1H), 4.98.93 (m, 2H), 4.71 (d] = 14.5 Hz, 1H), 4.20 (d] = 14.7 Hz, 1H), 3.79
(s, 3H), 2.95 (qJ = 7.7Hz, 1H), 1.961.81 (m, 4H), 1.74L.50 (m, 4H), 1.33 (d] = 7.7 Hz, 3H),

0.40 (t,J=7.3 Hz, 3H)HRMS (ENm/z3 56 . 22 15 poldrdNDs¢MeH-d)+ 356.222] C

Preparation of triene 378

alcohol 366
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Triene 378 To a stirred solution of triphenylphosphine (504 mg, 1.92 mmol) in
tetrahydrofuran (20 mL) was adddathyl azodicarboxylat€DEAD) (40% solution in toluene,
0.80 mL, 1.92 mmol) and alcoh8b66 (457 mg, 1.60 mmol) as a solution in tetrahydrofuran (6
mL) and stirred for 10 minutes at room temperature. Tetramic3&9d570 mg, 1.60 mmol)
was added as a solution in tetrahydrofuran (6 mL) and stirred at room temperature. TLC was
used to monitor i&Ection progress. TLC plates were developed with a gradient elution 100%
CH.CIl>- 5% EtOAc/CHCI,; visualized by UV lamp and KMn{stain. Reaction solution was
concentrated under reduced pressure and purified with silica gel chromatography (gradient

elution 1- 2- 3- 4- 5% EtOAc/Hex) fractions with new compound were combined and
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purified a second time with silica gel chromatography (gradient elution 1009€I1£H 5%

EtOAc/ CH,CI,) to afford triene878(211 mg, 21% vyield).

Triene 378 FTIR (thin film/NaCl): 2932,1663, 1620, 1512, 1491, 1439, 1403, 1334,
1303, 1244, 1035H-NMR (400 MHz; CDC}) : 7.30 (d,J = 8.6 Hz, 2H), 7.09 (dd] = 8.6, 0.7
Hz, 1H), 7.09 (d,) = 2.7 Hz, 1H), 6.82 (dd] = 8.7, 2.7 Hz, 1H), 6.77 (d,= 8.7 Hz, 2H), 5.71
(ddg,J = 17.0, 10.3, 6.8 Hz, 1H), 5.46 (dt= 11.5, 7.2 Hz, 1H), 5.10 (dd,= 11.5, 3.0 Hz, 1H),
4.984.88 (m, 4H), 4.67 (dd] = 14.9, 4.9 Hz, 1H), 4.28.10 (m, 2H), 3.96 (dd] = 14.9, 3.8 Hz,
1H), 3.86 (t.J = 7.1 Hz, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 2(tif, J = 13.9, 6.8 Hz, 1H), 2.02
1.89 (m, 2H), 1.92 (d] = 2.7 Hz, 3H), 1.84..66 (m, 2H), 1.58 (d] = 2.9 Hz, 3H), 1.6a..52 (m,
2H), 1.351.22 (m, 3H), 0.20.23 (m, 3H);*C NMR (101 MHz;CDCl) : U 173. 5,
158.77, 158.69, 146.2, 136.5, 133.B12, 130.5, 128.7, 128.1, 125.7, 117.9, 114.8, 114.3,
113.5, 111.2, 102.3, 69.1, 67.8, 55.7, 55.4, 45.87, 45.78, 42.8, 34.10, 34.02, 33.57, 33.54, 29.9,
28.68, 28.66, 26.92, 26.89, 22.01, 21.87, 8.68, 8.66, 6.65,HFOAS (EI)m/z646.2337 c al c 6 d

for CasHaBrNO, (M+Na)+ 621.2453.

Preparation of diene 370 and dimer 382

OMe

Unhindered Me Me
Hoveyda-Grubbs
(331) fo) S
Me (60% mol) Me | NPMB
Br ——> Br +
PhMe (1 mM), 110 °C Me o
OMe
370 Me
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Diene 370 and dimer 382Toluene was pulled fresh from solvent still and degassed
prior to use by sparging with nitrogen for 2 hours. To a round bottom flask was added toluene
(30 mL)followed by the addition of trien878 (20 mg, 0.032 mmol) as a solution in toluene (1.8
mL); the substrate solution was heated to 80 °C and caBd¥$# mg, 0.0064 mmol, 20 mol%)
was added as a solution in toluene (1 mL). TLC was used to monitororepatigress. TLC
plates were developed with a gradient elution 40% EtOAc/Hex; visualized by UV lamp and
KMnQ, stain. After 2 hours at 80 °C starting material remained by TLC. Reaction was heated to
reflux (110 °C) and cataly®31 (an additional 40 mol%,2.mg, 0.021 mmol) as a solution in
toluene (3 mL) was added. Stirring at reflux was continued for 15 hours. Reaction solution was
cooled to room temperature and concentrated under reduced pressure. Residue was purified by
silica gel chromatography (gradieelution 20 40% EtOAc/Hex) to afford recovered starting
material378 (5 mg, 25 % yield), dien870 (3.4 mg, 19% vyield) and dim&82 (7.4 mg, 40%

yield).

Dimer 382 *H-NMR (300 MHz; CDC}) : 7.28 (d,J = 8.3 Hz, 4H), 7.147.07 (m, 4H),
6.82 (dd,J = 8.6, 2.2 Hz, 2H), 6.77 (d, = 8.7 Hz, 4H), 5.4%.42 (m, 2H), 5.36.23 (m, 2H),
5.125.06 (M, 2H), 4.921.90 (m, 2H), 4.881.86 (m, 2H), 4.72.65 (m, 2H), 4.251.08 (m, 4H),
3.943.88 (m, 2H), 3.88.83 (m, 2H), 3.77 (s, 12H), 2.2009 (m, 2H), 1.91s, 6H), 2.011.67
(m, 12H), 1.57 (s, 6H), 1.57.43 (m, 4H), 1.271.20 (m, 6H), 0.23 (tJ = 6.8 Hz, 6H) HRMS

(EN)m/z1215. 4666 fHgNuOs (MeH)+ 2154667
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Chapter 5

An Indanone Coupling Partner

5.1 Fifth-Generation Retrosynthetic Analysis

As outlined in Scheme 5.1, our fifeneration retrosynthetic analysis of tetrapetalone A
(1) envisaged completion of the natural product via a glycosylation and decarboxylation
sequence of aglycoB91, which was envisioned as deriving from a Dieckmann condensation
applied to amide&893 and phenolic oxidation to install the C(dfydroxyl group. Bnzazepine
393 would be achieved upon application of ring closing metathesis to 8@hderived from
acylation of amine396. Construction of the TN bond of diene394 conceived to be
accomplished by an intermolecular aryl amination between indz@bhnd the appropriately
functionalized amine898 or 399, With a synthetic route in hand to prepare an®3& and
knowledge that amin899had been prepared previousf#; we focused our synthetic endeavors

on the synthesis of an indanol coupling partner.

20¢



Glycosylation/

Decarboxylation Phenolic Oxidation

— —
Dieckmann Ring Closing
Condensation Metathesis
— —
O O

A o .

ZT

N O P— :
PGO PGO \A
1
Me”~ ~CO,R2 COR
OPG OPG
394 396
Me
Aryl Amination Me
/\ / R
— PGO X + HZN%
CO,R
OPG
397 (398) R = CH,CH3
(399)R=H

Schemeb.1 Fifth -Generation Retrosynthetic Analysis
5.1.2 An Indanol Coupling Partner- Retrosynthetic Analysis

Inspired by the work of Snyder and coworR&rt¢he synthesis of indan897was seen as
proceeding vigprotection of a secondary alcohdl0Q) that was in turn envisioned as arising
from the addition of water to benzylic carbocatid@l (Scheme 5.2). Construction of the
C(7)-C(8) bond 0f401 via a cationic cyclization involving intermediate alkef@2, would be
initiated upon ionization of benzylic alcohd03 The requisite benzylic alcohdD3 would be

accessed from an appropriate kedehyde derivativéd04.
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Schemeb.2 Retrosynthetic Analysis of Indanol Coupling Partner
5.2 Looking into a Cation-Based Cyclization
5.2.1 Synthesis of a Cyclization Substrate
Electrophilic aromatic bromirtieon of commercially available

3,5-dimethoxybenzaldehydd @5 furnished aryl bromidd06in low yield (32%) (Scheme 5.3).
Wittig olefination was employed to furnish alke#@7in good yield (70%) as a 1:1 mixture of
olefin isomers. Lithiurrhalogen exchargyfollowed by trapping of the resultant aryl ani4®8
with methacrolein provided the desired benzylic alco#@®, although in low yield (38%)

provided enough material to investigate the cahiaged cyclization.
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Schemeb.3 Synthesis of a Cyclization Precursor
5.2.2 Acid Catalyzed Cyclization

In a productive scenario, acid mediated ionization of benzylic aletdfbhivould furnish
carbocatiomM10 subsequent-8xo-trig cyclization, favored in accordance wigha | d wi ndés r ul
would provide indanetll concomitant addition of water would afford desired inda#bP

(Scheme 5.4).

Me

HO
+ +
Me = OMe 4>H 4>H
-H,0 -H,0
OMe
409
Me Me
Me Me
H,0
® OMe . = HO OMe
OMe OMe
411 412

Schemeb.4 Proposed Cationic Cyclization
Following the cationic cyclization procedure of Snydeal,”® benzylic alcoho#09was
exposed to trifluoroacetic acid and slowly warmed to room temperature, unfortunately the

cyclization product obseed was not the desired indaddl2 but naphthalend13(Scheme 5.5).
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Acid mediated ionization of benzylic alcoh#9 affords carbocatiod10, which is subsequently

trapped ina€®ndet ri g cyclization, favored in rlaccord:
secondary carbocatiofil4, which would undergo a facile E#dride shift and aromatization

sequence to furnish naphthaleti (Scheme 5.6).

Me Me Me
HO

Me.,_ oMe __ TFA HO OMe Me g OMe

CH,Cl,
i78CUrt
OMe | OMe i OMe
409 412 413
not observed (13% yield)

Schemeb.5 Acid Mediated Cyclization

OMe OMe OMe
409 410

Schemeb.6 Proposed Mechanism for Naphthalene Formation
5.3 An Alternative Cyclization Strategy

In order to selectively construct the®D(C(8) bond by a cyclization strategy, we turned
our attention to the indanor®l6, which upon reduction would provide direct access to the
desired indanol coupling partnd87 (Scheme 5.7). We envisaged accessing indadabeia
Sn2 @yclization of enolatéd17which would derive from keton#18 a substrate which appeared

accessil# from benzaldehyde derivatidé 9.
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Schemeb.7 Revised Retrosynthetic Analysis of Indanol Coupling Partner
5.4 Investigation of a Model System

In order to investigate the desired cyclization in an expedashion, we opted to start
with the previously synthesized aryl bromi@84, lacking only a halogen from our desired
system. En route to cyclization substrd84, aryl bromide294was subjected tathium-halogen
exchange followed by trapping of the rkant aryl anion with propionaldehyde to furnish
benzylic alcohol420 proceeded in moderate yield (64%Subsequent exposure df0 to
manganese dioxide oxidation proved to be slow but effectively provided access to 4&tone
Tetrabutylammonium fluoride mediated silyl ether cleavage unveiled allylic ald@&olvhich
was acylated with methyl chloroformate to provide allylic carbodatin modest yield (41%),
over two steps. Lithium bis(trimethylsilyllJamide mediated enaliratof ketone423 in the
presence of trimethylsilyl chloride furnished silyl enol eth@d in excellent yield (98%) as

essentially a single olefin isomer.
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Schemeb.8 Synthesis of Cyclization Precursor

5.41 Lewis Acid Mediated Cyclization

(98% yield, >20:1 E/Z)

424

Silyl enol ethers have proven to be extraordinarily versatile substrates for a wide variety

of synthetic reactions, including aldol reaction,

Michael reactions, [4+2] cycloaddition reactions,

alkylations, acylations, oxidize processes, efé.The Lewis acid catalyzed reactions of silyl

enol ethers with electrophiles are an extremely important application of silyl enol ethers in

organic chemistry. Under the influence of Lewis aciilyl enol ethers react not only with

carbonyl compounds, such as aldehydes and ketones, but also acetals, orthoesters, azomethine

functions, anda-halo ethers and sulfides. It is known that allylic bromides, chloromethyl methyl

ether, and allylic acetatesact with silyl enol ethers in the presence of Lewis atidsLewis

acids have been shown to effective reagents for the cleavage of aryl methyi%thers.
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In a productive cyclization, we envisioned that activation of the allylic carbd2&teia
Lewis acid coordination would facilitate the intramoleculag® di spl acement by
ether to construct the desired carlmambon bond of indanor®7 (Scheme 5.9)0One could also
conceive concomitant aryl methyl ether cleavage under the reaction conditions to effectively

afford phenok28in a onepot procedure.

LA

MeO
MeO /O
Lewis

Aud
/
Me ocone ™S

TMSO TMSO

Me
Me
Lewis
Aud
(0]
TMSX
OH

Schemeb.9 Proposed Mechanism for Lewis Acid Facilitated Cyclization

426

With cyclization precurso#24 on hand we were excited to investigate a Lewis acid
facilitated cyclization. Gratifyingly, exposure of allylic carbona24 to boron tribromide
afforded the desired iathone427 as a single diastereomer, albeit in modest yield (59%)
(Scheme 5.10). We were very excited by this result as it proved we could construct the requisite
carboncarbon bond to furnish an indanone core and that upon optimization of the reaction

condtions we would be able to develop a g cyclization/demethylation procedure.
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Schemeb.10 Lewis Acid Facilitated Cyclization
5.4.2 TsujiTrost Allylic Alkylation

Metalcatalyzed asymmetric allylic sutfistion, which involves the attack of diverse
nucleophiles at an allylic metal intermediate q2Sype allylic substitutions, has been
investigated with great intensity. The benefits of this method include high levels of asymmetric
induction, tolerancef a wide range of functional groups and a great flexibility in the type of
bonds that can be formed. For example, &, N-, O- and Scentered nucleophiles can be
employed. Many ligands have been designed for the benchmark allylic alkylation
diphenyhllyl acetatevith malonate’*1®

In effort to purse an enantioand diastereoseltee indanone synthesis we decided to
investigate an intramolecular Tsdjrost allylic alkylation. Under neutral reaction conditions we
envisioned cyclization tproceed via oxidative addition of allyl carbond®4to palladium(0) to
provide p-allylpalladium carbonatd29, which upon subsequent decarboxylation would afford
p-allylpalladium methoxid&30 (Scheme 5.11). Concomitant carboerbon bond formation and
silyl enol ether cleavage would furnish indanat#r along with an equivalent of methoxysilane

and regeneration of the palladium(0) species.
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Schemeb.11 Proposed Intramolecular Tsuji-Trost Allylic Alkylation

Indeed exposure of allylic carbona®24t o Tsuj i 6s neutPH%asedeact i c
on a catalytic system derived from palladiunns(dibenzylideneacetone)dipalladium(@nd
ethylenebis(diphenylphosphin@iphos) affeaded the desired indanone in excellent yield (80%),
as essentially a single diastereomer (Scheme 5.12). Successful cyclization to afford model
indanone427 prompted us to investigate a system that possessed a handle on the aromatic core

(i.e.397, Scheme &) that would allow for further functionalization upon cyclization.
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Schemeb.12 Intramolecular Tsuji -Trost Allylic Alkylation
5.5 Synthesis of a Highly Functionalized Cyclization Precursor

Silylation of canmercially available ®bromo5-chlorophenol 431) provided TIPSether
432, which underwentortho-lithiation upon exposure to lithium diisopropylamide (LDA)
subsequent trapping of the resultant aryl anion wtiN-dimethylformamide followed by
hydrolysis aforded aldehyde433 in excellent yield (96%) yield over two stePg!*?
Methylation followed by Horner Wadsorth Emmons olefination furnishedimsaturated ester
435 in high vyield (93%), as a Bgle olefin isomer (>20:1 E/Z),over two steps.
Diisobutylaluminum hydride mediedl reduction furnished allylic alcohod36 silylation
provided TBSether 437 in excellent vyield (94%),over two steps. Chemoselective
lithium-bromine exchange and subsequent trapping of the resultant aryl anion with
propionaldehyde provided benzylic alod#38in high yield (84%). Swern oxidation afforded
ketone 439 subsequent tetrabutylammonium fluoride mediated silyl ether cleavage unveiled
allylic alcohol440in high yield (80%)over two steps. Acylation of the allylic alcohol smoothly
furnished alljic carbonate442 in 86% yield. Lithium bis(trimethylsilyl)Jamide mediated
enolization in the presence of trimethylsilyl chloride afforded the desired silyl enol4ethéar

excellent yieldas a single olefin isomer (>20:1 E:Z).
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Schemeb.13 Synthesis of Highly Functionalized Cyclization Precursor
5.5.1 Intramolecular Tsuji-Trost Allylic Alkylation

With the successful application of a Tsuijiost allylic alkylation to model systed24
(Scheme 5.12), we were excited to probe the reactivip@iin such a reaction. To our dismay
the application of previously successful cyclization conditions (entry 1, Table 5.f)atlyl
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precursod24resulted in a 1:1 mixture of starting materidf) and ketonet41 Switching the
reaction solvent to 1;dioxane and increasing the reaction temperature (entries 2 and 3, Table
5.1) proved successful and afforded the desired indadBalbeit in low yield (23%) yield; as

a mixture of diastereomers:{5dr). Observing that an increase in reaction temperature proved to
be successful with substraté2we decided it would be beneficial to run the reaction in a higher
boiling solvent.An initial solvent screemproved futile; toluenegntry 4) provided a mture of
starting materiafi42 and ketonet41andN,N-dimethylformamide (entry 5) resulted in complete
conversion to ketoné41

Table 5.1 Effect of Solvent on the Palladium(0)Catalyzed Reaction

0OCO,Me Me OCOyMe
Ve Pdy(dba)s (5 mol%) Me, Me
| ZMe Diphos (10 mol%) = Me
cl JE— (@] Cl + Cl
TMSO solvent (@)
temperature
OMe OMe OMe
442 443 441
entry solvent temperature ( @) time (h) product (% yield)
1 THF 65 24 442 (50%): 441 (50%)2
2 1,4-dioxane 80 19 443 (23%, 5:1 dr)P
3 1,4-dioxane 100 21 443 (24%, 5:1 dr)b
4 PhMe 100 18 442 : 441 mixture?
5 DMF 100 15 441 (100%)2

aReaction analyzed by 1H NMR.
bisolated yield.

The relative stereochemistry of indanom®7 and 443 was inferred from'H NMR
spectroscopy via chemical shift and splitting pattern comparisons with the incémoem@orted

by Sarpong and coworkers (Table 5%)From this comparison it was concluded that the
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palladium(Ojcatalyzed cyclization provides the desired relative stereochemistry, corresponding
to that of Tetrapetane A (1), as the major diastereomer.

Table 5.2 Chemical Shift and Splitting Pattern Comparison

Me Me
Me Me
(0] Br O Br
OMe OMe
syn- 85 trans- 85
syn isomer: trans isomer: syn isomer: trans isomer:
chemical shift (d) chemical shift (d) chemical shift (d) chemical shift (d)
of a-hydrogen of a-hydrogen of b-hydrogen of b-hydrogen
entry (splitting) (splitting) (splitting) (splitting)
12 4.08 3.51 2.90 2.50
(d,J=8.0Hz) (d,J=3.0Hz) (quint, J = 7.5 Hz) (dg, J =7.5Hz, 3.0 Hz)
2b 4.15 3.57 2.89 2.48
(d, J=7.7 Hz) (d, J=3.1Hz) (quint, J = 7.4 Hz) (dg, J=7.5Hz, 3.1 Hz)
3¢ 3.44 2.45
(d,J=4.3Hz) (dg, J =7.3 Hz, 4.3 Hz)

3L iterature data.
bCompound 443.
¢Compound 427.

5.5.2 Intramolecular Tsuji-Trost Allylic Alkylation T Ketone Substrate

Our initial investigations into a patlaum(O)catalyzed cyclization furnished the desired
indanonein low yield; however, since the latter is the result of undesired silyl ether hydrolysis
and not starting material decomposition we decided to probe an allylic alkylation as applied
directly to ketone 441 Hou and coworkers have demonstrated the intermolecular
palladium(Ojcatalyzed allylic alkylation of ketone enolates with monosubstituted allyl substrates
to proceed with high regipdiastereq and enantioselectivit* Our initial investgation in the
reaction of keton&41 using lithium bis(trimethylsilyl)lamide as base and lithium chloride as a
stoichiometric additive in the presence ob(@ba) and Diphos failed to providé43instead we
observed the formation of furai4in 78% vyield(entry 1, Table 5.2). In an attempt to promote

C-alkylation over O-alkylation by employing a less tight ion pair, sodium and potassium
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bis(trimethylsilyl)amide (entries 2 and 3, Table 5.2) were employed as base in the reaction of
ketone441, with both bases complete conversion to futdAwas observed.

Table 5.3 Pd-Catalyzed Reaction of Ketone with Strong Base

OCO,Me Me Me
Me Pd,(dba)s (5 mol%) Me, o
~ Me Diphos (10 mol%)
cl [ [e] Cl — Cl
o base, additve Me
solvent, g0 U
OMe L OMe | OMe
441 443 444
entry base solvent additive product
1 LIHMDS DME LiCl (1 eq) 446 (76%)2
2 NaHMDS 1,4-dioxane - 4460
3 KHMDS 1,4-dioxane - 446P

3Isolated yield.
bComplete conversion observed by *H NMR analysis of crude reaction.

Interestingly when a reversible base was employed in the reaction of kethnee
observed only products resulting froa@alkylation (Scheme 5.14). Exposure of ketelH to
cesium carbonate in the presence of Pdgdlbap Diphos afforded a complex mixture of

products, that consisted of indanah3, ketone445,enoned446, and tricyde 447.

Me

Me
Cl
s

OCO,Me Me Me
Me_’ OMe Me
Me > Me Pd(dba)z (5 mol%) g 445
Diphos (10 mol%) |
cl S s O cl + + o c
o) Cs,CO3 (2 eq)

1,4-dioxane, 80 (C Me

OMe OMe ‘ OMe
441 443 cl 447
Al
OMe

446

Schemeb.14 Pd-Catalyzed Reaction of Ketone with Reversible Base
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5.6 Successful Aryl Amination with Indanone Coupling Partner

With indanone443 on hand we were eager to investigate the feasibility of conducting a
palladiumcatalyzed aryl amination on such an elaborated aryl chldd8eTo this end an initia
exploration proved successfekposure of aryl chloridd43to a palladium(Oxatalystderived
from BrettPhosZ86) and BrettPhos precataly&87) furnished aryl amind44in 12% vyield, the
mass balance of the reaction appears to be indad®néerhe successful coupling, albeit with

much room for improvement, provides confidence that ymghtic route has promise.

O OMe
MeO PCy,
Me NE (2e Me iPr iPr
Me H,N (1.2 eq) Me
- BrettPhos (286) (5 mol%) -
9 H
o cl BrettPhos Precat. (287)(5 mol Q o N [
LIHMDS ~ iPr
1,4-dioxane, 80 °C, 24 h BrettPhos (286)
OMe OMe @\NH
443 (12% yield) 448 pd 2
r cl
L = 286,
BrettPhos precatalyst (287)

Schemeb.15 Pd-Catalyzed Aryl Amination
5.7 Conclusion

Although still in its infancy, forward progress following the fiftfeneration
retrosynthetic analysis (Scheme 5.1) hasstfar proven to be the most successful. Critically
important to decisions to pursue this route further is the direct and high yielding route leading to
a highly functionalized cyclization precursor. Initial investigations into a palladiatalyzed
cyclizaion have proved fruitfylfurnishing the desired indanoielow yield; however, since the
latter is the result of undesired silyl ether hydrolysis and not starting material decomposition,
there is much room for reaction development and optimization. W&tadvanced aryl chloride
we were able to conduct an exploratory aryl amination and to our delight found that we could

successfully couple with allyhmine. This provides great confidence that we will be able to
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couple a functionalized primary amine widm indanone or indanol coupling partner. As the
remainder of the material recoveréid not posses the aryl chloridiais suggests that there is a

path for reaction optimization.

22z



5.8 Experimental Section
5.8.1 Materialsand Methods

Unless stated otherwise, reactions were performed in fthred glassware under a
nitrogen atmosphere. Triethylamine, diisopropylamine, and methanol were dried over anhydrous
calcium hydride and freshly distilled. 12foxane was distilled frm sodium, calcium chloride
and molecular sieve (0.4 nm). Benzene, tetrahydrofuran, dichloromethane, toluene, and diethyl
ether were dried using a solvent purification system manufactured by Glass Contour Solvent
Systems, SG Water U.S.A., LLC using techmgyyldbased upon that originally described by
Grubbs et al'®™® Anhydrous N,N-dimethyformamide, acetonitrile, idethylsulfoxide, 1,2
dichloroethane was purchased from the Colorado State University Stockroom and supplied by
SigmaAldrich or Fischer Scientific and stored under nitrogen atmosphere. Commercially
available reagents were obtained from Sightdrich, Stran, TCI, CombiBlocks, Acros or
Alfa-Aesar and were used as received. All known compounds were identified by comparison of
NMR spectra to reported in the literature.

Unless otherwise stated, all reactions were monitored by thin layer chromatography
(TLC) was using Silicycle glasbacked extra hard layer, 60 A plates (indicat@58, 250mm).
Developed TLC plates were visualized using a 254 nm UV lamp and/or with the appropriate
stain followed by heating. Typical stains utilized were potassium permangathssolic
anisaldehyde and ceric ammonium molybdate. In general, the flash chromatography guidelines
reported by Stillet af*® were followed. Silicycle SiliaFlash P60 (236400 mesh) silica gel as
the stationary phase. When reactions were absorbed onto silica gel, the amount of siliah gel use

was equal to two times the weight of the reagents.
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Infrared spectra were obtained using a Nicolet Avatar 320 FTIR or Bruker Tensor27
FTIR. Samples were analyzed as thin films on NaCl plates (samples was dissolvefLindaZH
CHCI3) or potassium bromidpellets, as indicated. IR spectra are presented as transmittance vs.
wavenumber (ci). Proton tH) and carbon’¢C) NMR spectra were recorded on a Varian Inova
500, Varian Inova 400, Varian Inova 400 auto sampler, or Varian Inova 300 MHz spectrometer.
Spectra were obtained at 22 °C in CR@hless otherwise noted. Chemical shitisgre reported
in parts per million (ppm) and are referenced to the internal solvent peak. Coupling codstants (
are reported in Hertz (Hz) and are rounded to the neareszONltiplicities are defined as: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, dt = doublet
of triplets, ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of
doublets, br = broad, app apparent, par = partial. Higlesolution mass spectra were obtained
from the University of Colorado Central Instrument Facility, performed on an Agilent 6210 TOF
LCMS by Donald L. Dick.
5.8.2 Preparative Procedures

Preparation of aryl bromide 406

Br

OMe Br,
Oé\@/ ACOH O;\©/OM9
—_—

OMe
OMe
405 406

Aryl bromide 406. Following the procedure of Scheidet al'’ 2,3
DimethoxybenzaldehydetQ5 (100 mg, 0.60 mmol) was added to a vial fitted with a magnetic
stir bar and disolved in acetic acid (0.5 mL). The resulting colorless solution was cooled to 0 °C.
A solution of bromine (32rL, 0.63 mmol) in acetic acid (0.5 mL) was added dropwise at 0 °C.

Once the addition was complete the ice bath was removed. After approximanaiytes the
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reaction had solidified and water (2 mL) was added. The solid was collected by vacuum filtration
and rinsed with water. The solid was then dissolved in dichloromethane (5 mL) and washed with
saturated NaHC&X5 mL). The phases were separatad the aqueous phase was extracted with
dichloromethane (2 x 5 mL). Combined organic phase was dried over anhydrg&@, Mad
concentrated under reduced pressure to yield a white solid composed of both andno
dibrominated aldehydes. A small amount tfy¢ acetate was added to the solid. After standing
at 5 °C, a white solid (the dibrominated aldehyde) had precipitated. The solid was separated from
the liquid by vacuum filtration and the filtrate was concentrated to yield the monobrominated
aldehyde406 (50 mg, 32% vyield) as white solid.

Aryl bromide 406. FTIR (thin film/NaCl): 3008, 2970, 2941, 1678, 1590, 1450, 1430,
1391, 1290, 1222, 1199, 1182, 1160, 1075, 1&INMR (400 MHz; CDC}) : 10.42 (s, 1H),
7.05 (d,J = 2.8 Hz, 1H), 6.72 (dJ = 2.8 Hz,1H), 3.92 (s, 3H), 3.85 (s, 3H)*C-NMR (101
MHz; CDClL) : @ 192.1, 160.0, 157. 2, 1Spéctr# datal 09 .
matched the reportéd’**®

Preparation of alkene407.

id H3CH,CPPh,Br id
3 2 3
OA©/OM9 NaH, THF Me \&\@/0'\49
_ ham hh o
OMe OMe
406 407

Alkene 407. Following the procedure of Merliet al**® To an oven dried vial fitted with
a magnetic stir bar was added sodium hydride (60% in mineral oil, 10 mg, 0.24 mmol) and
tetrahydrofuran (1 mL), followed by the addition of ethyl triphenylphosphonium bromide (92
mg, 0.25 mmol) at room temperatu Solution was stirred for 15 minutes and alde@@(47

mg, 0.19 mmol) as a solution in tetrahydrofuran (2 mL) was added at room temperature. TLC
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was used to monitor reactigmrogress. TLC plates were developed with 10% EtOAc/Hex and
visualized by UVlamp and KMnQ stain. Reaction was complete after 5 hours. Quenched
reaction with saturated NI solution (2 mL) and diluted with ethyl acetate (2 mL). Phases
were separated. Organic phase was washed with(BimL), brine (3 mL), dried over anhydrous
NaSO, and absorbed directly onto silica gel (150 mg) under reduced pressure. Purified with
silica gel chromatography (25:1 silica/crude material, gradient elutioB% EtOAc/Hex) to
afford alkenet07(34.3 mg, 70% yield, 1:1 Z/E) as colorless oil.

Alkene 407. *H-NMR (400 MHz; CDC}) : 6.78 (dd,J = 15.6, 1.7 Hz, 1H), 6.64 (d,=
2.7 Hz, 1H), 6.47 (td) = 5.7, 2.2 Hz, 2H), 6.41 (d, = 2.7 Hz, 1H), 6.38 (d) = 2.7 Hz, 1H),
6.18 (dg,d = 15.6, 6.7 Hz, 1H), 5.87 (dd,= 11.5, 7.0 Hz, 1H), 3.88 (s, 3H), 3.8§ 3H), 3.82
(s, 3H), 3.81 (s, 3H), 1.93 (dd,= 6.7, 1.7 Hz, 3H), 1.78 (dd,= 7.1, 1.8 Hz, 3H)**C-NMR
(101 MHz;CDCly) : a4 159. 6, 159. 2, 156. 9, 139. 5, 139.
104.1, 103.1, 98.6, 98.3, 56.5, 55.70, 55.668,1B4.6

Preparation of alcohol 409

Me
Br - - HO
i. nBuLi
Me OMe . -
= THF, 7BC U OMe
Me =
OMe OHC&
i.THF, 7B8CUrt OMe
407 409

1% To an oven dried vial fitted with

Alcohol 409 Following the procedure of Snydet a
a magnetic stir bar was added aryl brom10& (34 mg, 0.13nmol) and tetrahydrofuran (2 mL),
solution was cooled tb78 °C andch-butyllithium (2.1 M in THF, 701, 0.14 mmol) was added
dropwise resulting in a yellow reaction solution; reaction was stirred for 20 mintités &C.

Methacrolein (21, 0.26) as detrahydrofuran (1 mL) solution was added dropwisg7&t °C

and reaction was stirred for 40 minutes and warmed slowly to room temperature and stirred over
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night. TLC was used to monitor reactigmmogress. TLC plates were developed with 10%

EtOAc/Hex and isualized by UV lamp and KMnQstain. Quenched with saturated NEl

solution (3 mL) at room temperature. Phases were separated. Organic phase was washed with

H>O (3 mL) and brine (3 mL), dried over anhydrous,®& and absorbed directly silica gel

(100 mg) Purified with silica gel chromatography (25:1 silica/crude material, gradient elution

2- 5 10 15 20% EtOAc/Hex) to afford alcohdl09(12.2 mg, 38% yield) as colorless oil.
Alcohol 409 (1:1 Z/E).*H-NMR (400 MHz; CDC}) : 6.68 (dd,J = 15.5, 1.3 Hz, 1H),

6.52 (d,J = 2.4 Hz, 1H), 6.50 (d] = 12.0 Hz, 1H), 6.41 (d] = 2.3 Hz, 1H), 6.39 (d] = 2.3 Hz,

1H), 6.32 (dJ = 2.2 Hz, 1H), 6.01 (dq] = 15.4, 6.6 Hz, 1H), 5.83 (dd,= 11.4, 6.9 Hz, 1H),

5.39 (d,J = 10.1 Hz, 1H), 5.24 (dl = 11.1 Hz, 1H), 4.86 (d] = 0.3 Hz, 2H), 4.83 (d] = 0.8 Hz,

1H), 3.81 (s, 3H), 3.80 (s, 3H), 3.80 (s, 3H), 3.79 (s, 3H), 3.67%d.1.1 Hz, 1H), 3.54 (d] =

10.2 Hz, 1H), 1.86 (dd] = 6.6, 1.6 Hz, 3H), 1.70 (s, 6H), 1897 (m, 3H).

Preparation of naphthalene 413

Me Me

OMe OMe
409 413

Naphthalene 413 To an oven dried vial fitted with a magnetic stir bar was added alcohol
409 (12 mg, 0.04 mmol) and dichloromethane (3 mL), solution was cooléd8o0°C and
trifluoroacetic acid was added as a single portion. Reasttution was slowly warmed to room
temperature. TLC was used to monitor reacpoogress. TLC plates were developed with 10%
EtOAc/Hex and visualized by UV lamp and KMp€&tain. After 1 hour at room temperature the
reaction was quenched with potassiuanbonate (small scoop), methanol (3 mL) and stirred at

room temperature. Reaction solution was concentrated under reduced pressure; residue was
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dissolved in ethyl acetate (5 mL). Organic phase was washed w@h(2HmL), brine (2 mL),
dried over anhydrou®aS0O, and concentrated under reduced pressure. Crude material was
purified with silica gel chromatography (eluent 15% EtOAc/Hex) to afford naphthdlg.2
mg, 13% vyield).

Naphthalene 413*H-NMR (400 MHz; CDC}) : 7.88 (s, 1H), 7.17 (s, 1H), 6.88,0 =
2.0 Hz, 1H), 6.50 (dJ = 2.1 Hz, 1H), 3.96 (s, 3H), 3.92 (s, 3H), 3.00Jg,7.5 Hz, 2H), 2.46 (s,
3H), 1.37 (tJ = 7.5 Hz, 3H) *C-NMR (101 MHz;CDCl) : 4 157.5, 156.8, 13
128.4,122.2,119.3, 97.3, 94.6, 55.7, 55.4, 28158, 14.8HRMS (EI)m/z2 31 . 1377 [ cal c«
CisH180, (M+H)+ 231.138].

Preparation of alcohol 420

TBSO TBSO

-~ Me i. nBuLi, THF, 17 8C U = Me

Br _—
ii. propionaldehyde
THF, 78C-Urt

OMe OMe
294 420

Alcohol 420 To an overdried round bottom flask was added aryl bront@d (500 mg,
1.34 mmol) and tetrahydrofuran (10 mL), solution was coolé@ &< andn-butyllithium (1.6
M in hexanes, 0.92 mL, 1.47 mmol) was added over 10 minutes via syringe pump. Stirred 1 hour
ati78 °C. Propionaldehyde (0.2 mL, 2.68 mmol) as a solution in tetrahydrofuran (2 mL) was
added in one portion, stirred &8 °C for 1hour and warmed to room temperature. TLC was
used to monitor reactioprogress. TLC plates were developed with 10% EtOAc/Hex and
visualized by UV lamp and KMngstain.Quenched reaction with saturated JdHsolution (20
mL). Phases were separated. Orggmase was washed with® (20 mL), brine (20 mL), dried

over anhydrous N&O, and absorbed directly onto to silica gel (500 mg) under reduced
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pressure. Purified with silica gel chromatography (gradient elutionSDOEtOAc/Hex) to afford
alcohol420(300 mg 64% yield) as colorless oil.
Alcohol 420 *H-NMR (400 MHz; CDC4) : 7.0i (d,J = 3.3 Hz, 1H), 7.06 (d) = 9.5
Hz, 1H), 6.78 (ddJ = 8.4, 2.7 Hz, 1H), 6.52 (s, 1H), 4.79 (& 6.3, 2.5 Hz, 1H), 4.18 (s, 2H),
3.83 (s, 3H), 1.76 (s, 1H), 1.69 (dt= 14.4, 7.3 Hz, 2H), 1.64 (s, 3H), 0.95 (s, 9H), 0.89 &,
8.0 Hz, 3H), 0.12 (s, 6H)°C NMR (101 MHz;CDCL) : & 158.8, 144.7, 13¢
121.2, 112.5, 110.5, 72.5, 68.0, 55.4, 31.2, 27.1, 26.1, 18.6, 15.0;3Q,45.1; HRMS (EI)
m/z373 . 2171 [ edds)OsSiqM+N&)©0373.2C69].

Preparation of ketone 421

TBSO TBSO
Me Me
~ Me Mn02 ~ Me
I S
HO CH,Cl,, 4«0 U O
OMe OMe
420 421

Ketone 421 To a round bottom flask fitted with a magnetic stir bar was added alcohol
420 (280 mg, 0.80 mmoal), dichloromethane (16 mL) and manganese dioxide (1.1 g, 12.00
mmol). Round bottom flask was fitted with a condenser and reaction was refluxed (40 °C). TLC
was used to monitor reactigprogress. TLC plates were developed with 10% EtOAg/ldnd
visualized by UV lamp and KMn{stain. After 24 hours starting material remained by TLC but
reaction worked up. Cooled reaction solution to room temperature and filtered through a
sand/celite pad. Filtrate was absorbed directly on to silica gelr(@()Qinder reduced pressure.
Purified with silica gel chromatography (50:1 silica/crude material, gradient elutiob0%

EtOAc/Hex) to afford ketond21 (81 mg, 30% yield) as colorless oil.



Ketone 421 *H-NMR (400 MHz; CDC}) : 7.16 (d,J = 8.5 Hz, 1H), 7.06 (d] = 2.4 Hz,
1H), 6.96 (dd,] = 8.4, 2.2 Hz, 1H), 6.62 (s, 1H), 4.17 (s, 2H), 3.83 (s, 3H), 2.81%(7.3 Hz,

2H), 1.63 (s, 3H), 1.12 (f] = 7.3 Hz,3H), 0.93 (s, 9H), 0.11 (s, 6H}*C-NMR (101 MHz;

CDCly) : g 206 . 3 140.9,938.2,131.9,13. 8,.129.0, 122.5, 116.4, 112.7, 68.2, 55.6,

35.9, 31.1, 27.1, 26.1, 18.5, 15.0, 84,4, -52 HRMS (El) m/z371. 2013

CaoH3203Si (M+Na)+ 371.2013].

Preparation of allylic alcohol 422

Me

TBSO

’s

OMe
421

Me

TBAF
THF, ©- i

Me

HO

OMe
422

Me

[ cal c6

Allylic Alcohol 422. To a vid was added TB&®ther 421 (81 mg, 0.23 mmol),

tetrahydrofuran (2 mL); solution was cooled to 0 °C and tetrabutylammonium fluoride was added

(2 M in THF, 0.35 mL, 0.35 mmol). Stirred at 0 °C for 10 minutes and warmed to room

temperature. TLC was used to niton reactionprogress. TLC plates were developed with 50%

EtOAc/Hex and visualized by UV lamp and KMp&tain. After 3 hours reaction was complete.

Quenched with saturated NEI solution (2 mL) and separated phases. Organic phase was dried

over anhydroutNaSQO, and concentrated under reduced pressure. Crude material was purified

with silica gel chromatography (gradient elution 250% EtOAc/Hex) to afford alcohdi22 (28

mg, 52% yield) as yellow oil.

Allylic Alcohol 422. *H-NMR (400 MHz; CDC4) : 7.18 (d,J = 8.5 Hz, 1H), 7.13 (dJ

= 2.6 Hz, 1H), 6.98 (dd] = 8.5, 2.6 Hz, 1H), 6.65 (s, 1H), 4.19 (& 5.5 Hz, 2H), 3.84 (s, 3H),

2.85 (q,d = 7.3 Hz, 2H), 1.70 (s, 3H), 1.60 (d,= 5.9 Hz, 1H), 1.15 (tJ = 7.3 Hz, 3H)
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3C-NMR (101 MHz;CDCl) : U 18815140610, 137.6, 132.1, 129.0, 124.3, 116.4, 113.6,
68.7, 55.6, 35.3, 15.2, 8.6.

Preparation of allylic carbonate 423

HO MeO,CO
Me CICO,Me Me
-~ Me pyr, DMAP -~ Me
4>
o] CH,Cl,, ©- H ¢
OMe OMe
422 423

Allylic carbonate 423 To a stirred solution of allylic alcohd22 (23 mg, 0.10 mmaol),
pyridine (16nL, 0.20 mmol) and 4dimethylamino)pyridine (cat., flake) in dichloromethane (2
mL) at 0 °C was added methyl chloroformate (12 0.15 mmol). Reaction solution was
warmed to room temperature. TLC was used to monitor reaptiogress. TLC plates were
developed with 25% EtOAc/Hex amisualized by UV lamp and KMngstain. Quenched with
saturated NaHC®solution (2 mL) and phases were separated. Organic phase was washed with
H,O (2 mL), brine (2 mL), dried over anhydrous 8@, and concentrated under reduced
pressure. Crude material was purified with silica gel chromatography (eluent 25% EtOAc/Hex)
to afford allylic carbonatd23(23 mg, 17% yield) as colorless oil.

Allylic carbonate 423 *H-NMR (400 MHz; CDC}) : 7.1i (d,J = 8.5 Hz, 1H), 7.13 (d,
J=2.7 Hz, 1H), 6.98 (dd] = 8.5, 2.7 Hz, 1H), 6.70 (s, 1H), 4.70 (b 1.0 Hz, 2H), 3.84 (s,
3H), 3.81 (s, 3H), 2.83 (d,= 7.3 Hz, 2H), 1.72 (d] = 1.4 Hz, 3H), 1.14 (t) = 7.3 Hz, 3H) °C
NMR (101 MHz;CDCl3) : d 2 @,358@,15517,9139.9, 132.1, 131.8, 128.0, 116.2, 113.4,

73.2,55.4,54.8, 35.2,15.2, 8.3
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Preparation of silyl enol ether424

MeO,CO MeO,CO
Me LiHMDS, TMSCI Me
=~ "Me THF, 78CUrt | =~ Me
o TMSO
OMe OMe
423 424

Silyl enol ether 424. To a solution of lithium bis(trimethylsilyl)amide (32 mg, 0.19
mmol) and trimethylsilyl chloride (2@L, 0.21 mmol) in tetrahydrofuran (1 mL) &78 °C was
added ketond23 (50 mg, 0.17 mmol) as a solution in tetrahydrofuran (1 mL) and warmed to
room temperature. TLC was used to monitor reaghimgress. TLC plates were developed with
25% EtOAc/Hex andisualized by UV lamp and KMn© Reaction solution was diluted with
ethyl acetate (2 mL) and the washed with saturated Nat$GlOtion (4 mL). Organic phase was
dried over anhydrous N80, and concentrated under reduced pressure to afford silyl enol ether
424 (61 mg, 98% vyield). No further purification necessary but silyl enol etBérs stable to
silica gel chromatography.

Silyl enol ether424 'H-NMR (400 MHz; CDC}) : 7.18 (d,J = 8.5 Hz, 1H), 6.93 (dJ
= 2.8 Hz, 1H), 6.78 (dd] = 8.5, 2.8 Hz, 1H)6.55 (s, 1H), 4.91 (g} = 6.8 Hz, 1H), 4.70 (d] =
0.9 Hz, 2H), 3.81 (s, 3H), 3.81 (s, 3H), 1.86J¢;, 1.4 Hz, 3H), 1.70 (d] = 6.8 Hz, 3H), 0.02 (s,
9H); *C NMR (101 MHz;CDCl) : & 190. 9, 157.9, 155.5, 148.

126.4,112.9112.4, 109.8, 98.2, 77.0, 76.7, 76.3, 73.8, 54.9, 54.4, 15.1-0.00,
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Preparation of indanone 427

TMSO

MeO,CO

Me

2

OMe
424

Me

BBr3

Me

CH,Cl,, 78CUrt
[ — O

Me

OMe
427

Indanone 427 Lewis acid mediatedyclization To an oven dried vial fitted with a

magnetic stir bar was added silyl enol eth2d (3.6 mg, 0.01 mmol) and dichloromethane (1

mL), solution was cooled {78 °C. Boron tribromide (161, 0.10 mmol) was added &¥8 °C,

reaction solution turned bright orange. TLC was used to monitor regutgmess. TLC plates

were developed with 10%t@Ac/Hex and visualized by UV lamp and KMa@\fter 30 minutes

reaction was quenched with saturated,8Hsolution (1 mL) ai 78 °C and allowed to warm to

room temperature. Phases were separated. Organic phase was washed with brine (1 mL), dried

over anhydous NaSO, and concentrated under reduced pressure. Crude material was purified

with silica gel chromatograph (gradient elution- 180% EtOAc/Hex) to afford indanor&27

(2.3 mg 59% vyield, >20:1 dr).

TMSO

Me

MeO,CO

’

Me

OMe

424

Pd,(dba); (5 mol %)

DiPhos (10 mol%)

Me,

—_— (e}

THF, 7O

0

427

Me

OMe

Palladium(O}catalyzed cyclizatianTo an oven driedial fitted with a magnetic stir bar

was added tris(dibenzylideneacetone)dipalladium(0)(3

mg, 0.005 mmol) and

ethylenebis(diphenylphosphing} mg, 0.009 mmol) and silyl enol ethé24 (32 mg, 0.09

mmol) as a solution in tetrahydrofuran (2 mL), vial wasleg and reaction was heated to 70 °C.
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After two days reaction was cooled to room temperature and purified with silica gel
chromatographygradient elution 10 50% EtOAc/Hex) to afford indanor#27 (15 mg 80%
yield; >20:1 dr).

Indanone 427 H-NMR (400 MHz;CDCly) : 7.227.20 (m, 1H), 7.14 (d) = 2.5 Hz,
1H), 7.12 (dJ = 2.7 Hz, 1H), 4.89 (d) = 0.7 Hz, 1H), 4.87 (quintef, = 1.6 Hz, 1H), 3.78 (s,
3H), 3.44 (dJ = 4.3 Hz, 1H), 2.45 (qd] = 7.3, 4.3 Hz, 1H), 1.50 (§,= 1.0 Hz, 3H), 1.25 (d] =
7.4Hz, 3H)HRMS (E)m/z2 1 7. 1221 [de,¢D} (461 217.0223] C
Preparation of TIPS-ether 432

Br Cl Br Cl
\©/ TIPSCI, DBU \©/
4>
CH,Cl,, ©- H

OH OTIPS

431 432

TIPS-ether 432 To a flame dried round bottom flask fitted with a magnetic stir bar was
added 2broma5-chlorophenol 431) (25 g, 120.5 mmol) andichloromethane (120 mL) the
resulting solution was cooled to 0 °C with an ice bdth the stirred solution was added
1,8-diazabicyclo[5.4.0lunde-ene(22 mL, 144.6 mmol) and triisopropylsilyl chloride (27 mL,
126.2 mmol) at 0 °C. Reaction was stird0 °C for 20 minutes and then warmed to room
temperatureTLC was used to monitor reactigmogress. TLC plates were developed with 10%
EtOAc/Hex and visualized by UV lamp and KMpOReaction solution was diluted with
dichloromethane (120 mL) and hydregd with HO (250 mL). Phases were separated and the
organic phase was washed with brine (250 mL), dried over anhydrous Mg8Q@oncentrated
under reduced pressure. Crude oil was purified with silica gel chromatography (20:1 silica/crude
material, eluent 100% Hexanes) to afford TEtBer432(39.7 g, 91% yield) as colorless oil.

TIPS-ether 432 FTIR (thin film/NaCl): 2946, 2868, 1582, 1559, 1463, 1434, 1385,

1273, 1092, 993, 968, 882, 837, 777, 749, 685, BINMR (400 MHz; CDC}) : 7.10 (t,J =

234



1.7 Hz, 1H), 6.93 (t) = 1.9 Hz, 1H), 6.80 () = 2.0 Hz, 1H), 1.29..20 (m, 3H), 1.10 (] = 7.2
Hz, 18H);**C-NMR (101 MHz;CDCkL) : U 157.5, 135.3, 124.;3, 122
HRMS (E)m/z38 2. 07 85  [std.MBICKOSi @V+KHa)+ 3620468].

Preparation of aldehyde 433

Br Cl  i.LDA THFi78CU CHO
i. DMF,i7 8C U Br cl
—_—
i, H& Y rti
OTIPS
OH
432 433

Aldehyde 433 Following the procedure of Serwatosiial™****? Preparation of lithium
diisopropylamide (LDA) solutiof0.5 M in THF): To a flame dried round bottom flask fitted
with a magnetic stir bar was added tetrahydrofu200(mL) and diisopropylamine (23 mL,
163.7 mmol) solution was cooled t@8 °C andh-butyllithium (1.6 M in THF, 102 mL, 163.7
mmol) was added. Stirred for 30 minute$ a8 °C prior to use.

To a stirred solution of TIRSther432(39.7 g, 109.1 mmol) itetrahydrofuran (220 mL)
was added LDA solution (0.5 M in THF, 325 mL), moderate pace via canntila3 &C. Upon
complete addition the reaction solution was stirred 45 minutesi 7@ °C. N,N
Dimethylformamide (17 mL) was addediat8 °C and stirred for3#minutes. TLC was used to
monitor reactiorprogress. TLC plates were developed with 10% EtOAc/Hex and visualized by
UV lamp and KMnQ. Quenched with 1 M HCI (550 mL) &8 °C followed by warming to
room temperature. TLC was used to monitor hydrolysishef TIPSether TLC plates were
developed with 10% EtOAc/Hex and visualized by UV lamp and KMndpon warming to
room temperature the solution was further acidified to pH = 1 with 6 M HCI. Phases were
separated. Aqueous phase was extracted with diethgl €8 x 250 mL). Combined organic

phase was washed with saturated NakRCZD0 mL), BO (500 mL), brine (500 mL). Organic
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phase was dried over anhydrous MgSdd concentrated under reduced pressure to afford a
crude solid. Crude material was purified waitica gel chromatography {510- 15 20- 25%
EtOAc/Hex) to afford aldehydé33(24.1 g, 94% vyield) as a pink solid.

Aldehyde 433 FTIR (KBr pellet): 3234, 1667, 1552, 1439, 1410, 1245, 1057, 948, 862,
809, 759, 641, 504H-NMR (400 MHz; DMSQdg) : 11.83 (br s, 1H), 10.14 (s, 1H), 7.13 {d,
= 2.3 Hz, 1H), 6.97 (dJ = 2.3 Hz, 1H);13-C NMR (101 MHz;DMSO-d) : u 188. 6,
137.6, 126.5, 121.7, 120.4, 11718RMS (El)m/z2 34 . 8 98 8 [/ld,BrCIO,GM-H)-f o r C
233.9083].

Preparation of methyl ether434

CHO CHO
| Mel |
Bf\©/c K,CO3, DMF Br\©/c
—_—
OH OMe
433 434

Methyl ether 434 To a stirred solution of phendBB3 (24.1 g, 102.35 mmol) iN,N-
dimethylformamide (DMF) (100 mL) was added potassium carbonate (28.3 g, 204.7 mmol) and
iodomethane (7.6 mL, 122.82 mmol) at room temperature. TLC was used to mreaitbon
progress. TLC plates were developed with 20% EtOAc/Hex and visualized by UV lamp and
KMnO,. Reaction was complete after 14 hours. Reaction was diluted with diethyl ether (200 mL)
and HO (200 mL) followed by separating phases. Aqueous phaseexteacted with diethyl
ether (3 x 200 mL). Combined organic phase was washed w@h(3x 200 mL) and brine (200
mL). During workup ethyl acetate was added sparingly to help product dissolve. Organic phase
was dried over anhydrous Mgg@nd concentrated under reduced pressure. Crude material was
triturated with hexanes, solid with hexanes until filtrate was colorless, to afford methyftgther

(14.7 g, 58 % yield) as light pink needle solid.
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Methyl ether 434. FTIR (thin film/NaCl): 1769 1696, 1591, 1539, 1468, 1431, 1395,
1296, 1254, 1169, 1179, 1055, 1030, 908, 868, 845, '8B%MR (400 MHz; CDC}) : 10.81
(s, 1H), 7.13 (dJ = 2.5 Hz, 1H), 6.95 (d) = 2.4 Hz, 1H), 3.87 (s, 3H}?*C-NMR (101 MHz;
CDCL) : 4 189. 1, 1®29 5193, 118.9 56 BRMSL(Rl)in/z250. 929 [ cal
for CgHeBrCIO, (M+H)+ 247.924].

Preparation of g ,-udsaturated ester435

o O
5 CO,Et
EtO),P. 2
CHO (EO) \HLOEt
Br cl Me = Me
- 5 Br cl
MeMgBr, THF, 70 (C
OMe
OMe
434 435

g -Uhsaturated ester435 Following the procedure of Davies al**® To a flame dried
round bottom flask equipped with a reflux condenser and a magnetic stir bar was added
tetrahydrofuran (15 mL), triety2-phosphonopropionate (0.83 mL, 3.85 mmol) and
methylmagnesium bromide solution (3.0 M in,@&t 1.3 mL, 3.85 mmol). Addition of
methylmagnesium bromide is exothermic. Deprotonation was stirred for 15 minutes at room
temperature. Aldehydé34 (800 mg, 3.21 mmol) as a solution in tetrahydrofuran (15 mL) was
added to the ylide solution at room temperature. Reaction was transferred toadeoreliebath
(75 °C) and refluxed for 24 hours. TLC was used to monitor reqgtagress. TLC plates were
developed with 10% EtOAc/Hex and visualized by UV lamp and KMf@action solution was
cooled to room temperature and quenched with saturate@INddlution (50 mL) followed by
diluting with ethyl acetate (30 mL). Phases were separated. Aqueous phase was extracted with
ethyl acetate (1 x 50 mL). Combined organic phase was washed »@tk6d mL) and brine (60

mL). Organic phase was dried over anhydrd1gSQ and concentrated under reduced pressure.



Crude material was absorbed directly onto silica gel (1 g) and purified with silica gel
chromatography (20:1 silica/crude material; gradient elutionl®%6 EtOAc/Hex) to afford
g rudsaturated estd85(1.0g, 93% yield) as yellow oil.

g Uhsaturated ester435 'H-NMR (400 MHz; CDC}) : 7.39 (d,J = 1.4 Hz, 1H),
7.10 (d,J = 2.5 Hz, 1H), 6.95 (d] = 2.5 Hz, 1H), 4.29 (q] = 7.1 Hz, 2H), 3.81 (s, 3H), 1.76 (d,
J=1.4 Hz, 3H), 1.36 (t) = 7.1 Hz, 3H);**C-NMR (101 MHz;CDCly) : & 167.6, 159.
134.5, 133.3, 128.0, 124.2, 117.3, 114.8, 61.1, 55.9, 14.62,.14.43

Preparation of allylic alcohol 436

CO,Et OH
~ "Me
iBu,AIH - Me
Br cl ————>  Br cl
THE, © U
OMe OMe
435 436

Allylic alcohol 436 To a flame dried round bottom flask equipped with a magnetic stir
bar was added d-unsaturated estet35 (1.7 g, 5.10 mmol) and tetrahydrofuran (45 mL). The
resulting solution was cooled to 0 °C and diisobutylaluminum hydride (1 M in hexanes, 10.4 mL,
10.80 mmol) was added. TLC was used to monitor reaptiogress. TLC plates were ddoped
with 10% EtOAc/Hex and visualized by UV lamp and KMp@uenched with saturated
Rochelle salt solution (30 mL) at 0 °C and warmed to room temperature, stirred over night.
Phases were separated. Organic phase was washed @28 mL) and brine (25nL).
Organic phase was dried over anhydrous Mga@d concentrated under reduced pressure.
Crude material was absorbed onto silica gel (2 g) under reduced pressure and purified with silica
gel chromatography (50:1 silica/crude material, gradient elut®®an2D- 30% EtOAc/Hex) to

afford allylic alcohol436(1.6 g, quantitative) as colorless oil.
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Allylic alcohol 436 *H-NMR (400 MHz; CDC}) : 7.08 (d,J = 2.5 Hz, 1H), 6.93 (d] =

2.5 Hz, 1H), 6.23 (dJ = 1.3 Hz, 1H), 4.23 (d] = 5.5 Hz, 2H), 3.78 (s, 3H), 1.75 (= 6.2 Hz,

1H), 1.56 (dJ = 1.0 Hz, 3H);"*C-NMR (101 MHz;CDCl) :

121.5,117.1, 114.6, 67.6, 55.9, 15.4

Preparation of TBS-ether 437.

v

u

159. 0, 141. 7,

Br

OH
~ "Me

Cl

OMe
436

TBSCI
> Br
CH,Cl,, ©- i

OMe
437

OTBS

imdazole, DMAP ~ Me
_—

Cl

TBS-ether 437. To a flame dried round blom flask equipped with a magnetic stir bar

was added allylic alcohol436 (1.5 g, 5.20 mmol),

4-(dimethylamino)pyridine (62 mg, 0.51 mmol) and imidazole (690 mg, 10.20 mmol). The

dichloromethane (10 mL),

resulting solution was cooled to 0 °C with an ice bathtartebutyldimethylsilyl chloride (850

mg, 5.61 mmol) was added. Reaction was stirred for 30 minutes at 0 °@/fafthrthe ice bath

was removed and the reaction was warmed to room temperature. TLC was used to monitor

reactionprogress. TLC plates were developed with 5% EtOAc/Hex and visualized by UV lamp

and KMnQ,. Quenched with saturated MNEl solution (10 mL). Pha&s were separated. Organic

phase was washed with,® (10 mL) and brine (10 mL). Organic phase was dried over

anhydrous MgS® and concentrated under reduced pressure. Crude material was absorbed

directly onto silica gel (2 g) under reduced pressure an@igrlwith silica gel chromatography

(25:1 silica/crude material, gradient elution 3- 10% EtOAc/Hex) to afford TB®ther437

(2.0 g, 95% yield) as colorless oll.

TBS-ether 437. 'H-NMR (400 MHz; CDC4) : 7.08 (d,J = 2.6 Hz, 1H), 6.93 (d] = 2.5

Hz, 1H),6.23 (d,J = 1.4 Hz, 1H), 4.22 (d] = 1.1 Hz, 2H), 3.79 (s, 3H), 1.49 @z 1.1 Hz,3H),
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0.95 (s, 9H), 0.13 (s, 6H}’C-NMR (101 MHz;CDClL) : & 158.8, 141.3, 13¢
120.2, 117.0, 114.6, &7, 55.9, 26.1, 18.6, 15.4.1.
Preparation of alcohol438
OTBS OTBS
= Me i. nBuLi, THF, 17 8C U Ve e
Br Cl —_—— Cl
ii. propionaldehyde HO
THF, 78CUrt
OMe OMe
437 438

Alcohol 438 To a flame dried round bottom flask equipped with a magnetic stir bar was
added aryl bromidet37 (250 mg, 0.62 mmol, and tetrahydrofuran (12 mL). The resulting
solution was cooled t078 °C.n-Butyllithium (1.6 Min THF, 0.47 mL, 0.74 mmol) was added
at a moderate rate B8 °C. Reaction was stirred for 30 minutes @ °C. Propionaldehyde (90
nm., 1.24 mmol) as a solution in tetrahydrofuran (2 mL) was added in one portiof8 &C.
Reaction was stirred for 1 hoat 178 °C. TLC was used to monitor reactiprogress. TLC
plates were developed with 10% EtOAc/Hex and visualized by UV lamp and KN(n@nched
with saturated NI solution (3 mL) and warmed to room temperature. Phases were separated.
Organic phase wasashed with HO (6 mL) and brine (6 mL). Organic phase was dried over
anhydrous MgS@and concentrated under reduced pressure. Crude material was absorbed onto
silica gel (500 mg) and purified with silica gel chromatography (20:1 silica/crude material,
gradient elution 2 10% EtOAc/Hex) to afford alcohdl38 (200 mg, 84% yield) as colorless oll.

Alcohol 438 *H-NMR (400 MHz; CDC}) : 7.00 (d,J = 2.6 Hz, 1H), 6.88 (d) = 2.6
Hz, 1H), 6.25 (s, 1H), 4.72 (td,= 6.2, 3.6 Hz, 1H), 4.20 (s, 2H), 3.81 (s, 3#)78 (d,J = 0.6

Hz, 1H), 1.64 (tJ = 5.7 Hz, 2H), 1.45 (s, 3H), 0.94 (s, 9H), 0.91)(& 7.4 Hz, 3H), 0.12 (s,

6H); ®C-NMR (101 MHz,CDCl) : & 159.1, 134.5, 126.8, 118.
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67.3, 55.6, 26.1, 18.6, 15.1, 10:8.1, HRMS (El) m/z3 85 . 1969

(M+H)+ 385.196]

Preparation of ketone439

OTBS

Me
~ "Me

C

OMe
438

(cocly,
DMSO, Et;N
-
CH,Cl,, i7 8C U rt

OTBS
e
~ "Me

C

OMe
439

[ 26H2CI@S d

f

Ketone439. To a flame dried round bottom flask equipped with a magnetic stir bar was

added dichloromethane (25 mL) and dimethylsulfoxide (1 mL, 13.6 mmol). The resulting

solution was cooled t678 °C. Oxalyl chloride (0.6 mL, 6.80 mmol) was added7& °C and

readion was stirred for 20 minutes. Alcohd88 (1.3 g, 3.40 mmol) and triethylamine (2.4 mL,

17.00 mmol) as a solution is dichloromethane (5 mL) were added via canhdi&°a followed

by stirring for 1 hour. Reaction solution was warmed to room temperafluC was used to

monitor reaction progress. TLC plates were developed with gradient elution 2%

EtOAc/Hex and visualized by UV lamp and KMpOReaction solution was diluted with

dichloromethane (20 mL) and washed with saturated Naigotion (60 mL) H,O (60 mL)

and brine (100 mL). Organic phase was dried over anhydrous Ma&®Dconcentrated under

reduced pressure to afford crude ketd38 (1.4 g, quantitative) as yellow oil. Crude material

was taken directly into desilylation.

Preparation of allylic alcohol 440

OTBS

Me
~ "Me

Cl

OMe
439

TBAF
THF, 0 CU rt
T e

OH
~ "Me

C

OMe
440
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Allylic alcohol 440 To a flame dried round bottom flask was added -EB&#r439 (1.4
g, 3.40 mmol) and tetrahydrofuran (12 mL). The resulting solution was cooled to 0 °C.
Tetrabutylammonium fluoride solution (1 M irHF, 5.1 mL) was added at 0 °C. Reaction was
warmed to room temperature. TLC was used to monitor reaptiogress. TLC plates were
developed with 20% EtOAc/Hex and visualized by UV lamp and KMnQuenched with
saturated NECI solution (50 mL). Phases weseparated. Organic phase was washed wit H
(50 mL) and brine (50 mL). Organic phase was dried over anhydrous Myg®&iCconcentrated
under reduced pressure to afford allylic alco0 (1.1 g, quantitative) as oil. Crude material
was carried on directlyp acylation.

Preparation of allylic carbonate 441

OH 0CO,Me
Me CICO,Me Me
- Me pyr, DMAP - Me
cl — T = cl
o} CH,Cl,, ©- B O
OMe OMe
440 441

Allylic carbonate 441 To an oven dried round bottom flask equipped with a magnetic
stir bar was added allylic alcoha@l40 (800 mg, 2.98 mmol), dichloromethane (60 mL),
4-(dimethylamino)pyridine (40 mg0.30 mmol) and pyridine (0.50 mL, 5.96 mmol). The
resulting solution was cooled to 0 °C. Methyl chloroformate (0.35 mL, 4.48 mmol) was added at
0 °C and stirred for 60 minutes. Reaction was warmed to room temperature. TLC was used to
monitor reactiorprogress. TLC plates were developed with 30% EtOAc/Hex and visualized by
UV lamp and KMnQ. Reaction was complete after 8 hours at room temperature. Quenched with
saturated NKCI solution (50 mL). Phases were separated. Organic phase was washegQvith H
(50 mL) and brine (50 mL). Organic layer was dried over anhydrous Mg®@ concentrated

under reduced pressure. Crude material was absorbed onto silica gel (1 g) and purified with silica
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gel chromatography (20:1 silica/crude material, gradient elution2Z® BEOAc/Hex) to afford
allylic carbonatet41 (800 mg, 86% vyield) as yellow oil.

Allylic carbonate 441 *H-NMR (400 MHz; CDC4) : 7.0d (d,J = 2.6 Hz, 1H), 6.88 (d,
J=2.6 Hz, 1H), 6.51 (d) = 1.3 Hz, 1H), 4.69 (dJ = 1.0 Hz, 2H), 3.81 (s, 3H), 3.81 (s, 3H),
2.71 (d,J = 6.8 Hz, 2H), 1.47 (d] = 1.3 Hz, 3H), 1.09 () = 7.3 Hz, 3H)*C-NMR (101 MHz;
CDCl) u 205. 9, 159. 1, 155. 8, 143. 5, 136. 4,
35.8,15.4,8.6

Preparation of silyl enol ether442

0CO,Me 0CO,Me
Me LiHMDS, TMSCI Me
~ Me THE, 78CUrt | -~ Me
cl — cl
o TMSO
OMe OMe
441 442

Silyl enol ether 442 To a flame dried round bottom flask equipped with a magnetic stir
bar was added keton#1 (419 mg, 1.28 mmol), tetrahydrofuran (9 mL) and trimethylsilyl
chloride (325niL, 2.56 mmol). The resultm solution was cooled td78 °C. Lithium
bis(trimethylsilyl)amide (0.5 M solution in DME, 3.8 mL, 1.92 mmol) was added78t°C.
Reaction was stirred &8 °C for 1 hour followed by warming to room temperature. Reaction
was stirred overnight at room teerature. TLC was used to monitor reactjgmogress. TLC
plates were developed with 15% EtOAc/Hex and visualized by UV lamp-amisaldehyde.
Reaction solution was washed with saturated Nagl€@ution (10 mL). Organic phase was
dried over anhydrous N80O,. Crude material was purified with silica gel chromatography (20:1
silica/crude material, gradient elution-1@0% EtOAc/Hex)to afford silyl enol ethed42 (500

mg, 98% yield, >20:1 E/Z) as colorless oil.
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Silyl enol ether 442 *H-NMR (400 MHz; CDC}) : 6.88 (d,J = 2.7 Hz, 1H), 6.84 (dJ
= 2.7 Hz, 1H), 6.33 (d] = 1.2 Hz, 1H), 4.93 (q) = 6.8 Hz, 1H), 4.70 (d) = 0.9 Hz, 2H), 3.81
(s, 3H), 3.79 (s, 3H), 1.65 (d,= 6.8 Hz, 3H), 1.55 (d] = 1.3 Hz, 3H), 0.03 (s, 9H}*C-NMR
(101 MHz; ®&dB65931%8.6, 142.4113487, 134.1, 126.0, 125.6, 114.0, 113.1, 109.8,
72.7,55.6,54.9, 15.8, 11.5, 0.5

Preparation of Indanone 443

OCO,Me Me
M Pd(dba), (5 mol%) Me
e a), (5 mol%
| [ Me Diphos (10 mol%)
TMSO 1,4-dioxane, 80 (€, 19 h
OMe OMe
442 443

Indanone 443 To an oven dried vial equipped with a magnetic stir bar was added
Pd(dba) (4 mg, 0.007 mmol) and Dipkg5 mg, 0.013 mmol); system was purged with a stream
of nitrogen prior to the addition of tdioxane (0.5 mL). Catalyst solution was premixed for 30
minutes at room temperatugeAllyl precursor442 (50 mg, 0.13 mmol) was added as a solution
in 1,4dioxane (1 mL) and reaction solution was transferred to a preheated (80 °C) oil bath. After
19 hours reaction solution was cooled to room temperature. TLC was used to monitor reaction
progress after 19 hours but reaction was not monitored until this point. plai€s were
developed with 15% EtOAc/Hex and visualized by UV lamp puashisaldehyde. Indanort3
and silyl enol ethed42 have verycloseRi6 s under the TLC448staindi t i on
green and silyl enol ether stains brown withnisaldehydeReactionsolution was concentrated
and purified with silica gel chromatography (50:1 silica/reaction mixture, gradient elution
1- 2- 3- 4- 5% EtOAc/Hex) to afford indanord43 (7 mg, 23% vyield) as a 5:1 mixture of

diastereomers.
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Indanone 443 *H-NMR (300 MHz;CDCl,) : 0 J= 230z, (LH), 7.14 (d) = 2.3
Hz, 1H), 4.88 (tJ = 1.5 Hz, 1H), 4.79 (d] = 0.7 Hz, 1H), 3.85 (s, 3H), 3.57 (@#= 3.1 Hz, 1H),
2.48 (qd,J = 7.5, 3.1 Hz, 1H), 1.60 (d,= 0.5 Hz, 3H), 1.32 (d] = 7.5 Hz, 3H); 7.18 (d] = 2.4
Hz, 1H), 7.14 (d) = 2.3 Hz, 1H), 5.00 () = 1.5 Hz, 1H), 4.69 (s, 1H), 4.15 @@= 7.7 Hz, 1H),
3.85 (s, 3H), 2.89 (quinted,= 7.4 Hz, 1H), 1.59 (s, 3H), 1.20 @= 7.3 Hz, 3H).

Preparation of furan 444

OCO,Me Me
Me Pd(dba), (5 mol%) o
~ Me Diphos (10 mol%)
Cl —_— — Cl
o) LIHMDS, LiCl Me
DME, 80 (C
OMe OMe
441 444

Furan 444. To a flame dried schihi tube was added lithium chloride (6 mg, 0.15 mmol)
and flame dried under vacuum. To lithium chloride was added kd#&h@&0 mg, 0.15 mmol) as
a solution in 1,dimethoxyethane (DME) (1 mL); followed by the addition of lithium
bis(trimethylsilyl)amide @.5 M solution in DME, 0.3 mL, 0.15 mmol) at room temperature,
allowed enolization to stir at room temperature for 30 minutes. Pd(@bajg, 0.008 mmol) and
Diphos (6 mg, 0.015 mmol) were premixed in DME (0.5 mL) and stirred for 30 minutes at room
tempeature. Catalyst solution was transferred to enolate solution and the reaction solution was
immediately transferred to a preheated oil bath (80 °C). After 16 hours reaction was cooled to
room temperature. TLC was used to monitor reaghiagress after 16durs but reaction was
not monitored until this point. TLC plates were developed with 15% EtOAc/Hex and visualized
by UV lamp andp-anisaldehyde. Quenchesdith H,O (1 mL) and phases were separated.
Agueous phase was extracted with diethyl ether (3 x 1 @hmbined organic phase was dried

over anhydrous N&QO, and concentrated under reduced pressure. Crude material was purified
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with silica gel chromatography (gradient elution 2- 3- 4- 5- 10- 15% EtOAc/Hex) to
afford furand444(29 mg, 76% yield).

Furan 444. FTIR (thin film/NaCl): 3452, 3088, 2972, 2939, 1771, 1607, 1487, 1436,
1377, 1333, 1309, 1280, 1230, 1196, 1134, 1069, 1032, 'BERMR (400 MHz; CDC}) u
6.80 (d,J = 2.0 Hz, 1H), 6.78 (d] = 2.1 Hz, 1H), 5.81 (s, 1H), 5.23 (s, 1H), 5.1Q)(% 1.5 Hz,
1H), 4.93 (qJ = 7.1 Hz, 1H), 3.82 (s, 3H), 1.80 (@ = 7.0 Hz, 3H), 1.49 (d] = 0.4 Hz, 3H);
13C-N|\/|R(101|\/|HZ;CDC|3): ua 161. 2, 154. 8, 141. 9, 138. 2,
91.2, 88.0, 56.0, 16.2, 10.4

Palladium(0)-Catalyzed Cydization with Cesium Carbonate as Base:

Me

Me
Cl

o

OCOZMe Me Me
Me“ OMe Me
Me > Me Pd_z(dba)g (5 mol%) g 445
Diphos (10 mol%) cl
cl - =  » O Cl + + o
o Cs,CO3 (2 eq)

1,4-dioxane, 80 (C

OMe OMe ‘ OMe
441 443 Cl 447

446

Palladium(0)-Catalyzed Cyclization with Cesium Carbonate as BaseTo an oven
dried vial equipped with a magnetic stir bar was added Pd(¢ba)g, 0.008 mmol), Diphos (6
mg, 0.015 mmol) and cesium carbonate (98 M@0 mmol); the system was purged with a
stream of nitrogen prior to the addition of -Hibxane (0.5 mL). Catalyst and base solution was
premixed for 30 minutes at room temperature. Ketbhe(50 mg, 0.13 mmol) was added as a
solution in 1,4dioxane (1mL) and reaction solution was transferred to a preheated (80 °C) oil

bath. After 21 hours the reaction solution was cooled to room temperature. TLC was used to
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monitor reactionprogress after 21 hours but reaction was not monitored until this point. TLC
plates were developed with 15% EtOAc/Hex and visualized by UV lamppamdsaldehyde.
Quenched with 1 M HCI (2 mL) and phases were separated. Aqueous phase was extracted with
diethyl ether (3 x 1 mL). Combined organic phase was dried over anhydro@&ONand
concentrated under reduced pressReactionsolution was concentrated and purified with silica
gel chromatography (50:1 silica/reaction mixture, gradient elution2-13- 4- 5%
EtOAc/Hex) to afford indanoné43 ketone445 enone446 and tricycle447. The yield of each
product was sacrificed in order to isolate each component as cleanly as possible for
characterization.

Ketone 445; 'H-NMR (400 MHz; CDC}) : 7.08 (d,J = 2.8 Hz, 1H), 7.03 (d] = 2.7 Hz,
1H), 6.51 (t,J = 0.7 Hz, 1H), 3.82 (s, 3H),33 (dqd,J = 9.2, 7.1, 5.1 Hz, 1H), 2.36 (d= 9.2
Hz, 1H), 2.35 (dJ = 5.1 Hz, 1H), 2.02 (dJ = 1.5 Hz, 3H), 1.25 (d] = 7.1 Hz, 4H) ®C-NMR
(101 MHz; CDCl) : a 207. 1, 190. 3, 141. 0, 140. 3, 126.
26.3,17.4

Enone 446 'H-NMR (400 MHz; CDC}) : 7.28 (d,J = 2.2 Hz, 1H), 7.20 (d] = 2.2 Hz,
1H), 5.82 (s, 1H), 5.36 (s, 1H), 5.27 (quintét 1.4 Hz, 1H), 3.88 (s, 3H), 1.47 &= 1.2 Hz,
3H); 3¢ NMR (101 MHz;CDCly) : ua 169. 5, 161. 9229, 118.8, 1®B/.2, 13 7.
84.6, 56.3, 16.2

Tricycle 447. *H-NMR (400 MHz; CDC}) : 7.26 (d,J = 2.7 Hz, 1H), 7.14 (d) = 2.7
Hz, 1H), 3.80 (s, 3H), 2.59 (qd,= 6.6, 1.2 Hz, 1H), 2.38 (dd,= 8.6, 4.6 Hz, 1H), 1.40 (d,=
6.6 Hz, 3H), 1.35 (s, 3H), 1.2@dd,J = 8.6, 4.8, 1.3 Hz, 1H), 0.05 (= 4.7 Hz, 1H) **C-NMR
(101 MHz; CDCl) ua 198. 5, 157. 5, 135. 8, 133. 9, 131.

21.5,20.6, 125HRMS (ENm/z2 51 . 08 3 3  [4dsCIOL(N+H)+ P50.0761F



Preparation of amine of amine 45:

Me /\% 12e Me
Me. H,N (1.2 eq) Me
~ BrettPhos (286) (5 mol%) -
BrettPhos Precat. (287)(5 mol%) H
(6] Cl S N\/\
LIHMDS ~
1,4-dioxane, 80 °C, 24 h
OMe OMe
443 448

Amine 45. To an oven dried vial equipped with a magnetic stir bar was added aryl
chloride (16 mg, 0.06 mmol), BrettPhos (286) (2 mg, 0.003 mmol), BrettPhos preca&8R)st (
(2 mg, 0.003 mmol); the system was evacuated and backfilled with nitrogen (3 x). To the vial
was added 1qDioxane (0.7 mL), allylamine (6ni, 0.07 mmol) and lithium
bis(trimethylsilyl)amide (0.5 M in 1;4ioxane, 0.3 mL, 0.15 mmol). Vial was immediately
placed in a preheated oil bath (80 °C). After 24 hours the reaction solution was cooled to room
temperature. TLC was used to monitor reacfoogress after 24 hours but reaction was not
monitored until this point. TLC plates were developed with 10% EfBé&x and visualized by
UV lamp andp-anisaldehyde. Reaction solution was quenched with saturated! Nblution (1
mL) and diluted with dichloromethane (2 mL). Phases were separated and the organic layer was
dried over anhydrous MgSCand concentrated. Cile residue was purified with silica gel
chromatography (gradient elution 5- 10- 20% EtOAc/Hex) to afford amings5 (2 mg, 12%
yield) the mass balance of the material appears correspond to loss of the chloride ‘&hd the
NMR spectra matches that of indanariy.

Amine 455. 'H-NMR (300 MHz; CDC}) : 6.58 (d,J = 2.2 Hz, 1H), 6.33 (d] = 2.3 Hz,
1H), 5.975.84 (m, 1H), 5.24 (dd] = 17.3, 1.4 Hz, 1H), 5.18 (dd= 10.3, 1.5 Hz, 1H), 5.11 (dt,
J=1.2, 0.6 Hz, 1H), 4.98.98 (m, 1H), 3.81 (s, 3H), 3.43 (d= 3.4 Hz, 1H), 2.4&@.39 (m,

1H), 1.57 (tJ=0.7 Hz, 3H), 1.31 (d] = 7.4 Hz, 3H).
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Appendix 1

Spectra Relevant to Chapter 2
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Figure A.1.1 *H NMR (300 MHz, CDCJ) of CompoundL07
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Figure A.1.2 'H NMR (300 MHz, DMSQds) of CompoundL08
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Figure A.1.3*H NMR (300 MHz, CDCJ) of CompoundL09
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Figure A.1.4*H NMR (300 MHz, CDCJ) of CompoundL10
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Figure A.15'H NMR (300 MHz, CDCJ) of CompoundL11
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Figure A.1.7 *H-NMR (300 MHz, CDC}) of CompoundL17
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Figure A.1.10 'H-NMR (400 MHz, CDC}) of Compoundl22
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Figure A.1.12 *H-NMR (300 MHz, CDC}) of CompoundL30

268



OH

OMe

OMe

ppm

Figure A.1.13*H-NMR (300 MHz, CDC}) of CompoundL31

264



CO,Et

OMe

OMe

ppm

Figure A.1.14'H-NMR (400 MHz, CDC}) of Compoundl32
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Figure A.1.16 *C-NMR (101 MHz, CDC}) of CompoundL32
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Figure A.1.19°C-NMR (101 MHz, CDC}) of CompoundL33
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Figure A.1.22*C-NMR (101 MHz, CDC}) of Compoundl34
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Figure A.1.25"*C-NMR (101 MHz, CDC}) of Compound.35

27z



CO,H
Me “Me
OMe
OMe
) N |
I ! I ! I ! I ! [ ! I
ppm 10 8 6 4 2

Figure A.1.26 'H-NMR (300 MHz, CDC}) of CompoundL36
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Figure A.1.27 *H-NMR (300 MHz, CDC}) of Compoundl41
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Figure A.1.28'H-NMR (400 MHz; CDC}) of CompoundL43
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Figure A.1.29FTIR (thin film/NaCl) Spectrum o€ompoundl43

Figure A.1.30*C-NMR (101 MHz, CDC}) of Compound.43
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Figure A.1.32FTIR (thin film/NaCl) of Compoundl45

Figure A.1.33"*C-NMR (101 MHz, CDC}) of Compoundl.45
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Figure A.1.35FTIR (thin film/NaCl) of Compound 46

Figure A.1.36 *C-NMR (101 MHz, CDC}) of Compoundl.46
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Figure A.1.37 *H-NMR (400 MHz; CDC}) of CompoundL47
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Figure A.1.38 FTIR (thin film/NaCl) of Compound47
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Figure A.1.39"*C-NMR (101 MHz, CDC}) of Compoundl47
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Figure A.1.40'H-NMR (400 MHz;CDCl;) of CompoundL48
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Figure A.1LA1FTIR (thin film/NaCl) of Compound48

Figure A.1.42**C-NMR (101 MHz, CDC}) of Compound.48
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Figure A.1.43*H-NMR (400 MHz; CDC}) of CompoundL49
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Figure A.144 FTIR (thin film/NaCl) of Compound49

Figure A.1.45"*C-NMR (101 MHz, CDC}) of Compound.49
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Figure A.1.46 'H-NMR (400 MHz; CDC}) of CompoundL50
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Figure A.1.48"*C-NMR (101 MHz, CDC}) of Compaind 150
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Figure A.1L50FTIR (thin film/NaCl) of Compound42

Figure A.151C-NMR (101 MHz, CDC}) of CompoundL42
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Figure A.152*H-NMR (300 MHz; CDC}) of CompoundL57

291



2939.79
646.3

w
g
1606.11
1455.90
1373.29
1314.46
1228.78
1180.23
1070.40
975.70
858.28

= 1787.05
1667.82

3000 2000 1000
Wavenumbers (cm-1)

Figure A.153FTIR (thin film/NaCl) Spectrum of Compouridb7

Figure A.1.54"*C-NMR (101 MHz, CDC}) of Compoundl.57
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Figure A.155*H-NMR (400 MHz; CDC}) of CompoundL58
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Figure A.157 *C-NMR (101 MHz, CDC}) of CompoundL58
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Figure A.158*H-NMR (300 MHz; CDC}) of CompoundL59
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Figure A.159FTIR (thin film/NaCl) of Compound 59
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Figure A.161FTIR of Compound.60

Figure A.1.62**C-NMR (101 MHz, CDC}) of Compound.60
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Figure A.1.64 FTIR (thin film/NaCl) of Compound 61
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Figure A.1.65C-NMR (101 MHz; CDC}) of CompoundL61
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Figure A.1.66 '"H-NMR (400 MHz; CDC}) of CompoundL62
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Figure A.1.67 FTIR (thin film/NaCl) of Compound 62
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Figure A.1.68'H-NMR (300 MHz; CDC}) of CompoundL73
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Figure A.1.69'H-NMR (300 MHz; CDC}) of CompoundL74
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Figure A.1.70 'H-NMR (300 MHz; CDC}) of CompoundL75
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Figure A.1.71'*H-NMR (500 MHz; CDC}) of Compound.76
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Figure A.1.72FTIR (thin film/NaCl) Spectrum o€ompoundlL76

MH-V-147SM

‘Sample Name:
MH-IV-147SM

Data Collected on:
nano-inovasoo

Avchive directon
Ihome/_dataiwalkup/mwhaley

‘Sample director
MH-IV-147SM_20110817_01

FidFile: CARBON_01

Pulse Sequence: CARBON (s2pul)
Salvent: cdci3
Data collected on: Aug 17 2011

Temp. 25.0 C/298.1K
Sample #1, Operator: mwhaley

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.042 sec

Width 31446.5 Hz

128 repetiions

OBSERVE C13, 125.7686754 MHz
DECOUPLE H1,500.1757973 MHz
Power 40 dB.

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time 34 min
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Plomame: CARBON_01_plot01

Figure A.1.73C-NMR (126 MHz, CDC}) of CompoundL76
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Figure A.1.74*H-NMR (500 MHz; CDC}) of CompoundL77
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Figure A.1.75FTIR (thin film/NaCl) Spectrum of Compourid7
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‘Sample Name:
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Data Collected on:

Ihome/_dataiwalkup/mwhaley
Sample director

MH-IV-147_20110817_01
FidFile: CARBON_01

Pulse Sequence: CARBON (s2pul)
Salvent: cdcf:
Data collected on: Aug 17 2011

Temp. 25.0 C/298.1K
Sample #2, Operator: mwhaley

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acq. ime 1.042 sec

Width 31446.5 Hz

256 repetiions

OBSERVE C13, 125.7686754 MHz
DECOUPLE H1,500.1757973 MHz
Power 40 dB.

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time 34 min
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Plotname: CARBON_01_plot01

Figure A.1.76 "*C-NMR (126 MHz, CDC}) of Compound.77
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Figure A.1.77 *H-NMR (500 MHz; CDC}) of Compound.79
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Figure A.1.78 FTIR (thin film/NaCl) Spectrum of Compourid9

MH-IV-153

‘Sample Name:
MH-IV-153

Data Collected on:
nano-inovas00

Archive director
Ihome/_datajwalkup/mwhaley

‘Sample director
MH-IV-153_20110817_01

FidFile: CARBON_01

Pulse Sequence: CARBON (s2pul)
Salvent: cdcl3
Data collected on: Aug 17 2011

Temp.25.0 C/298.1K
Sample #3, Operator: mwhaley

Relax. delay 1,000 sec
Puise 45.0 degrees

Acq. time 1.042 sec

Width 31446.5 Hz

1000 repetitions

OBSERVE C13, 1257686754 MHz
DECOUPLE H1, 500.1757973 MHz
Power 40 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time 34 min
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Plotname: CARBON_01_ploto1

Figure A.1.79**C-NMR (126 MHz, CDC}) of Compound. 79
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Figure A.1.80*H-NMR (500 MHz; CDC}) of CompoundL80
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Figure A.1.81FTIR (thin film/NaCl) Spectrum of Compouri80

MH-IV-154

‘Sample Name:
MH-IV-154

Data Collected on:
nano-inovas00

Archive director
Ihome/_datajwalkup/mwhaley

Sample director
MH-IV-154_20110817_01

FidFile: CARBON_01

Pulse Sequence: CARBON (s2pul)
Salvent: cdcl3
Data collected on: Aug 17 2011

Temp.25.0C/298.1K
Sample #4, Operator: mwhaley

Relax. delay 1,000 sec
Puise 45.0 degrees

Acq. time 1.042 sec

Width 31446.5 Hz

2880 repetitions

OBSERVE C13, 1257686754 MHz
DECOUPLE H1, 500.1757973 MHz
Power 40 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time 2 hr, 50 min

220 200 180 160 140 120 100 80 60 40 20 0  ppm

Plotname: CARBON_01_ploto1

Figure A.1.82"*C-NMR (126 MHz, CDC}) of Compound.80

31

(#})



OH

OH

Br

CHO

I

ppm

Figure A.1.83'H-NMR (500 MHz; CDC}) of CompoundL83
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Figure A.1.84FTIR (thin film/NaCl) Spectrum of Compouri83

MH-IV-155

‘Sample Name:
MH-IV-155

Data Collected on:
nano-inovas00

Archive director
Ihome/_datajwalkup/mwhaley

‘Sample director
MH-IV-155_20110818_01

FidFile: CARBON_01

Pulse Sequence: CARBON (s2pul)
Salvent: cdcl3
Data collected on: Aug 18 2011

Temp.25.0C/298.1K
Sample #9, Operator: mwhaley

Relax. delay 1,000 sec
Puise 45.0 degrees

Acq. time 1.042 sec

Width 31446.5 Hz

8064 repeitions

OBSERVE C13, 1257686754 MHz
DECOUPLE H1, 500.1757973 MHz
Power 40 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time 5 hr, 41 min
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Plotname: CARBON_01_ploto1

Figure A.1.85"*C-NMR (126 MHz, CDC}) of Compound.83
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Figure A.1.86 'H-NMR (300 MHz; CDC}) of CompoundL89
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Figure A.1.88'H-NMR (300 MHz; CDC}) of CompoundL88
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Appendix 2

Spectra Relevant to Chapter 3
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Figure A.2.1*H NMR (300 MHz, CDCJ) of Compound®37
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Figure A.2.2*H NMR (400 MHz, CDCJ) of Compound®238
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