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Abstract of the Dissertation
Development and Application of Chiral Biphenol-basd Diphosphinite Ligands to Pd-

Catalyzed Asymmetric Allylic Substitution Reactions
by
Yang Zang
Doctor of Philosophy
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2014

In the past decade, libraries of chiral biphenadaaphosphite, phosphoramidite, and
diphosphinite ligands have been designed and deselin our laboratory. These ligands are
easy to prepare and fine-tunable through modificatif the groups at the 3,3’-positions and the
substituents attached to the phosphorous atomsefbine, our chiral ligand system is suitable
for new and specific asymmetric reactions to folldve rapid progress in modern synthetic
organic chemistry, e.g., the asymmetric allylic ®ithtion reactions. As an exploration of the
scope of the applications of our chiral ligands, stedied the Pd-catalyzed asymmetric allylic
etherification in the most critical step to intr@@uthe chiral centers to the key intermediates for
the total synthesis of (-)-galanthamine. Galantm@nan amaryllidaceae alkaloid, is a centrally
acting reversible inhibitor of acetylcholinesterasfiich has been used for the treatment of mild
to moderate Alzheimer’s disease.

We also applied our highly efficacious biphenoldzhsliphosphinite ligands to the Pd-
catalyzed asymmetric allylic amination for the $wdis of chiral bicyclic and tetracyclic

alkaloids, the similar intermediates to amaryllielae alkaloids such as crinine, montanine,



lycorine and pancratistatin. These alkaloids exédiantitumor, antibacterial, antifungal,
antiviral, antimalarial, antidepressive and antiadsive activities.
Additionally, cyclopentenediynes and cycloheptepeds substrates were synthesized.

One of the substrates was investigated in the RiafBlyzed [2+2+2+1] cycloaddition reaction.



TABLE OF CONTENTS

LIST OF FIGURES ...ttt et e e e e et e et e e e e e e e Vil
LIST OF SCHEMES........otiiiiiiiiiii ettt e e e e e e e s e st be e e e e e e eesaseeeeeaeaeseannnsnsnnes viii
LIST OF TABLES ... ...ttt ettt e e ettt et e e e e s e s menee e e e e e e bbb n b e e e eeeeeeannans X
LIST OF ABBREVIATIONS .....ceeiiiiiiiei ittt ettt e ettt a e e e e e st re e e e s e snnnne e e eeeeas Xi
ACKNOWLEDGMENTS ...ttt rmmmee sttt e e e e e e e s rmmne e e e e e e e e anes Xiii
Chapter 1
Introduction and Synthesis of Bidentate Phosphoroukigands for Asymmetric Synthesis
81.1 History of phosphorous ligands for asymmesyiethesis ............ooovviiiiiiiiiieeeeniinieeee, 2
81.2 Development of chiral biphenol-based diphasiphiligands.............ccccceeeiiiiiiiiit 5
81.3 RESUIS ANU QISCUSSION ......ueuetteees o et eeeeeeeeeeeeeeeasesseseesssssssseeeeeaaaaaeaaaeaaaaeeaeaeeeeeeees 7
§1.3.1 Synthesis of enantiopure 5,5’,6,6'-tetramieihl’-biphenyl-2,2’-diol ...................... 7
§1.3.2 Synthesis of enantiopure 3,3'-diphenyl-5,%'-tetramethyl-1,1’-biphenyl-2,2’-diol
.......................................................................................................................... 10
§1.3.3 Synthesis oR}-5,5’,6,6'-tetramethyl-3,3’-bis(phenylethynyl)biphyl-2,2’-diol ... 10
§1.3.4 Synthesis of enantiopure 3,3',5,5,6,6’-harthyl-1,1’-biphenyl-2,2’-diol ............ 11
§1.3.5 Synthesis of enantiopure 3,3’-bis(substitdtenzyl)-5,5’,6,6’-hexamethyl-1,1’-
DIPNENYI-2,27-dI0] ... 12
§1.3.6 Synthesis of enantiopure biphenol-basedodipihinite ligands.............cccccceeiiiinnes 13
LS A O o (o4 [ 153 o RO PPPUPR 15
81.5 EXPErMENTAI SECTION .. .uuutuiiittiititimmmmmeest it e s s e ebsssasnssnnsnnsnna 15
81.6 REIEIEINCES ... .ttt e e e e e e e e e e e e e e e e ne e eeeaaeeeeeaans 45
Chapter 2

Pd-Catalyzed Asymmetric Allylic Etherification Using Chiral BOP Ligands and Its
Application for The Formal Total Synthesis of (-)-Galanthamine

§2.1 Introduction of galanthamine ..........ccuuiiiiiii e 48
§2.2 Pd-catalyzed asymmetric allylic substitutieaations ...............ccccviiiiiiinieece 51
§2.3 RESUILS aNd iSCUSSION .......vveive o s esteeenteesteessteeaseeesseeesssenssnassesssseeansessnsesssseens 54
§2.3.1 SYNthesis Of SUDSIIALES.............commmenseveesiieeeiieestie et e e eee et eaee e sreeenneeenees 54
§2.3.2 Pd-catalyzed asymmetric allylic etherifioBti..............ccocuviiiiiiiiiiiiiii e 56
§2.3.3 Synthesis of the benzofuran intermediate...............oooociiiiiiiiiieeeeee s 61
S @0 Vo (01T o USSR 62



82.5 EXPErMENTAI SECTION .. .uuutuiiiitiititimmmmmeest i e sms s be b abssbasnesebnnnnnne 62
82.6 REIEIEINCES ... .ttt e e e e e et e e e e e e e e e et aeeeeaeeaeeeaans 73

Chapter 3

Pd-Catalyzed Asymmetric Allylic Amination Using Chiral BOP Ligands and Its
Application for The Syntheses of Bicyclic and Tricglic Alkaloids

83.1 Introduction of amarylidaceae alkalOidS . ...oocevviiiiiiieieie e 77

83.2 RESUILS aNd iSCUSSION .......veeiee oo s ereeesteesaeesseeaseaessseesssensnnasseessseeasessnseessseens 81
83.2.1 SYNthesis Of SUDSIIALES.............cormmenseeeesiieesieestie et e e eee e eaee e sreeenneeenees 81
83.2.2 Pd-catalyzed asymmetric allylic amination.............ccccoeeiiiiiiiiiiiiiiieies e 81
§3.2.3 Synthesis of bicyclic and tricyclic alkal®id...............cccccooiiiiiiiiiiiiic e 85

e I @0 g Vo (01T o RSSO USRR 89

83.4 EXPEriMENtal SECHION ..ottt e e e e e e e e e e s nn e eeeeeeas 89

83.5 REIEIEINCES ... ..ottt e e e e e e e e e et e e e e e e e e e e e e araraaeeaeeeas 104

Chapter 4

The Synthesis of Enediynes and Their ApplicationsotRh(l)-Catalyzed [2+2+2+1]
Cycloaddition Reactions

4. L INITOAUCTION - ettt et e e e e e e e e e e e e e e e e e e e e e e e e e e aaees 108
84.2 RESUILS ANA QISSCUSION .....uiunite o et e e e et et e e e et e e e ee s s sssemta s et seansesnseansennss 110
84.2.1 Synthesis Of @NEAIYNES.........o o et e e 110
84.2.2 Rh(l)-catalyzed [2+2+2+1] cycloaddition M@IC................eevrrerreereereeiieniniiennnns 112
B .3 CONCIUSIONS . ..o e et e e e e e e 113
84.4 EXPENMENTAL SECTION .. ..uutuitiiiiititmmmmmes it e sme e asbsbeesbsnessnnnnne 113
B D RO EIEINCES .. e e e e et 120
BIB IO G R A PHY .o e e ettt e 122
YA d o = T ][O 0 TR 130

Vi



LIST OF FIGURES

Chapter 1
Figure 1-1.Bidentate phoSphorous ligands...............ceeeeeeriiiiiiiiiiiiesis e 3
Figure 1-2.BINAPO-LYPE lIGANGS ......uuuuiiiiiiieeieeieeteeeeeeeeaeebeeeeeeeeneesnensessrnnenneeeeeees 5
Figure 1-3.Palladiumm-allyl COMPIEXES ..o e 5.
Figure 1-4.Fine-tunableBOP Ligands ..........coooiiiiiiiiiiii e 6
Figure 1-5.BOP 1igand lIDFAry .......ooeeeeiieiiiiiieiee e 14
Chapter 2
Figure 2-1.(-)-Galanthamine, (-)-morphine and its derivativesS..................eeeueeeeiiinieiiinnnnnnn. 48
Chapter 3
Figure 3-1.Amarylidaceae alkaloids ..............oooviiiiiiiiieiiiiiiiiie e 77
Figure 3-2.The absolute configuration of (BFLAD........cccooiiiiiiiiii s 86
Figure 3-3.A molecular modeling study of crinene aggl-crinene .............cccooooeeeie. 8.8
Chapter 4
Figure 4-1.Caribenol A and Caribenol B...........oooo oo 108

Vii



LIST OF SCHEMES

Chapter 1
Scheme 1-1Asymmetric hydrogenation of atropic acid..........cccccevvvviviiiiiiiiiiiieiieeeeeeeeeeee 2.
Scheme 1-2Asymmetric Synthesis of L-DOPA..........ooo o e 3
Scheme 1-3Asymmetric synthesis of enantiomerically pure mehth...............ccooeeiiiiiinininn. 4
Scheme 1-4Enantioselective synthesis of 1-vinyltetrahydroigogline.............cccccvviiiiinnnnen. 6
Scheme 1-5Enantioselective synthesis of cyclohexenyl aming...............oouvvviiiiiiiiiiiiiiiiiiinnns 7
Scheme 1-6Synthesis of racemic biphenbi3 ... 8
Scheme 1-7Synthesis of diastereomeric phosphates... e e O
Scheme 1-8Synthesis of enantiopure biphendB-1- 3and R) 1- 3 ........................................... 9
Scheme 1-9Synthesis of enantiopure biphendB-1-7 and R)-1-7.........euvuveveiiiiiiinieiiiiiiiiiinnns 9
Scheme 1-10Synthesis of enantiopure diphenyl biphenols ......c........ooviiiiiiiiiiiiiiiiiiie 10
Scheme 1-11Synthesis OfRR)-1-13.. ... s 11
Scheme 1-12Synthesis of enantiopure hexamethyl biphenols..............cccoooiiiiiiin. 11
Scheme 1-13Synthesis of enantiopure bis(substituted-benzyh®nols ............ccccevvviiiennenee. 13
Scheme 1-14General procedure for BOP ligand SYNtheSIS ceeeeeeeiiviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiee 14
Chapter 2

Scheme 2-1Sanochemia’s synthesis of (-)-galanthamine. ...l 9.4
Scheme 2-2Trost’s synthesis of (-)-galanthamine........cccooooiiiiiiii e 50
Scheme 2-3Total synthesis of (F)-lyCorane......... ... e 51
Scheme 2-4Pd-catalyzed intramolecular asymmetric allylic aation ..., 52
Scheme 2-5Mechanism of Pd-catatalyzed allylic substitutioadons ..............ccccceevvveeeneneee. 53
Scheme 2-6A molecular modeling study of theallyl Pd(I1)/(S)-L1a complex................... 54
Scheme 2-7Synthesis Of SUDSIFALES...........ooiiiiii e e 55

Scheme 2-8Synthesis of the benzofuran intermediate... .o oeeeeeeeeeiieii 81

Chapter 3

Scheme 3-10verman’s total synthesis of pancracine.............c.cc.oevviiiiiiiiiiiiiiiiiiiiiiiieeienes 78
Scheme 3-2Weinreb’s enantioselective total synthesis of (gAtANINE ..............evvveviiiiiiinnnnee 79
Scheme 3-3Mori’s asymmetric total synthesis of (+)-crinaming...........cooeeeeeeiiiieee. 80
Scheme 3-4Pd-AAA reactions for the syntheses of bicyclic andyclic alkaloids ................. 80
Scheme 3-5Synthesis Of SUDSIFAtES..........oooiiiiii e e 81
Scheme 3-6Synthesis of the tricyclic alkaloBF20...............oooiiee 87
Scheme 3-7SYNtheSIS OBPI-CIHINENE ......u.uiuiiiiiiiiiiiiiiei ettt et et e e e e e e eeeeeeeeeeeeeeeeeeeeees 87
Scheme 3-8Synthesis of the tricyclic alkaloBl24................oe 88

viii



Chapter 4

Scheme 4-1Rh(I)-catalyzed CO-SIiCaT reaction...........ccceeeeivveeerrierreiieieeiieeeeienerenenenennn. 109
Scheme 4-2Rh(l)-catalyzed [2+2+2+1] cycloaddition reactiondeB................euevvvevenininnnnnns 109
Scheme 4-3Rh(l)-catalyzed [2+2+2+1] cycloaddition reactiondeb.............ccccvvvvvvniininnnnnns 109
Scheme 4-4Synthesis of diyne DromMIdesS.............uwwtm e e e eee e 110
Scheme 4-5Synthesis of cyclopentenediynNes.......ccooo e, 111
Scheme 4-7Synthesis of cycloheptenediynNes.......ccooo e, 112
Scheme 4-8Rh(l)-catalyzed [2+2+2+1] cycloaddition reactiondebf..............cccccvvvivennnnn. 113



LIST OF TABLES

Chapter 2
Table 2-1.Preliminary study of BOP ligands ..., 56
Table 2-2.Initial screening Of SUDSIIAES ........ ... o e 57
Table 2-3.EffeCt Of SOIVENTS .......oiiiiiiiiieiei e s 58
Table 2-4.Screening of BOP lIQandsS..............uuuuut e teeieeiieiiiiiiiisiienesineneneneneenemseneeeeeees 59
Table 2-5.0Optimization of BOP ligands and cONditioNS..............cueevieiiiiiiiiiiiiiiiiiiiiieeeeeee 60
Chapter 3
Table 3-1.Initial screening of allylic SUDSEIates ... eeeeeieeieiiiee 82
Table 3-2.Screening of BOP [IQandS...........uuuuuuues e eeveeiveneserenenineneneneneenneneen e 83
Table 3-3.Optimization of Pd-catalyzed AAA reaction.....ccccceeeeeeeeieiiie i 84
Table 3-4.Pd-catalyzed AAA rEACLIONS...........ciii i i e e e e e e e e e eeeeeeens 85



Ac
Ache
AcOEt
atm
BINAP
Boc
BOP
bp

brs
calcd.
CAMP
Celite®
COD
(6{0)

d

DCE
DCM
DIOP
DIPAMP
DMAP
DMSO
DMF
L-DOPA
DPPBA
dppp
Du-PHOS
ee

El

ESI

Et

Et,O

g
GC-MS
h
HPLC
HRMS
Hz

J

L
LC-MS
Me

LIST OF ABBREVIATIONS

acetyl

acetylcholine esterase

ethyl acetate

atmosphere
2,2’-bis(diphenylphosphino)-1,1’-binapthyl
tert-butyl carbonate

biphenol-based diphosphinite

boiling point

broad singlet

calculated
methylcyclohexyl-o-anisylphosphine
diatomaceous earth filter reagefGelite Corp.
1,5-cyclooctadiene

carbon monoxide

doublet

1,2-dichloroethane

dichloromethane
(+)-2,3-O-isopropylidene-2,3-dihydroxy-1,4{@ghenylphosphino)butane
ethane-1,2-diybis[(2-methoxyphenyl)phenylppbane]
4-dimethylaminopyridine

dimethylsulfoxide

dimethylformamide
(S-2-amino-3-(3,4-dihydroxyphenyl)propanoic acid
diphenylphosphino benzoic acid
diphenylphosphino propane

(+)-1,2-bis[(8 59-2,5-dimethylphospholano]benzene
enantiomeric excess

electron impact

electrospray ionization

ethyl

ethyl ether

gram

gas chromatography mass spectrometry
hour

high performance liquid chromatography
high resolution mass spectrometry

hertz

coupling constant
liter

liquid chromatography mass spectrometry
methyl

Xi



MeOH
min
mmol
mol

mg
MHz

mp
Ms
MW
NMR
2-Ns
Ph
ppm

q
Red-Al°
rt

S

t
TBDMS
TBDPMS
TEA
TFA
THF
TIPS
TLC

Ts

methanol

minute

millimole

mole

molarity

milligram

mega hertz

milliliters

melting point

mesylate

molecular weight

nuclear magnetic resonance
2-nitrobenzenesulfonylate
phenyl

parts per million

quartet

sodium bis(2-methoxyethoxy)aluminumhydride
room temperature

singlet

triplet
tert-butyldimethylsilyl
tert-butyldiphenylsilyl
triethylamine

trifluroacetic acid
tetrahydrofuran
triisopropylsilyl

thin layer chromatography
tosylate

Xii



ACKNOWLEDGMENTS

First and foremost, | would like to express mycsiely gratitude to my advisor Professor
Iwao Ojima for giving me the opportunity to do rasgh in his laboratory. | thank him for his
guidance, encouragement, patience and supportdgihoott my entire graduate career. | truly
appreciate his mentorship. |1 would like to thank WMEC members: Professor Jonathan G.
Rudick and Professor Joseph W. Lauher for theigiil comments, advice and support on my
research and committee meetings. | benefited &daot the discussions with them. | especially
like to thank Professor Yu Chen to take the timeséove as my Outside Member. A special
thank to Mrs. Patricia Marinaccio “The Ojima GroMpm” for the laughs, hugs, and advice. |
would also like to thank Mrs. Roxanne Brocknergtaying an integral part in helping the Ojima
group. | wish to thank Mrs. Yoko Ojima for warmlyelgoming us into her home in

Thanksgivings and summers.

| would like to thank my mentors: Dr. Chi-Feng Lidr. Gary Teng and Dr. Chih-Wei
Chien for all their help over the years. | wouldalike to thank the past and present Ojima
group members for creating a relaxed but intellbtustimulating research environment: Dr.
Edison Zuniga, Dr. Kunal Kumar, Dr. William Bergé@y. Alexandra Athan, Dr. Joshua Seitz,
Dr. Divya Awasthi, Dr. Jacob Vineberg, Bora Parkupga Haranahalli, Simon Tong, Changwei
Wang, Brendan Lichtenthal, Xin Wang, Yaozhong Zhavigo Zong and Su Yan. A special
thank goes to Tao Wang and Longfei Wei for being emgellent labmates, suitemates and
friends during my years in the Ojima group. It laéso been a pleasure for knowing Dr. Tadashi
Honda and working with the members of the Hondaugr®r. Suqing Zheng and Dr. Wei Li. |
would also like to thank Dr. Gary Teng and Brendartenthal for taking the time to proofread

my dissertation.

| wish to thank the faculty members of the ChemidDepartment and especially
Professor lwao Ojima, Professor Kathlyn A. Parl@ngfessor Nancy S. Goroff and Professor
Daniel P. Raleigh for giving great lectures during first-year course work. | would also like to
express my gratitude to Professor Frank W. Fowtet Brofessor Dale G. Drueckhammer to

serving as ACC members replacement during my coteeniheetings. | am grateful for the help

Xiii



of Dr. Jim Maracek, Dr. Francis Picart and Dr. BBlazsicska for their assistance in NMR
spectroscopy and mass spectrometry. | would aksotdi thank the entire staff of the chemistry
department’'s main office especially Mrs. KatheriHaghes for keeping me on track with

program requirements.

Last but not least, | would like to give my despgratitude to my entire family, my
grandparents, my parents, my uncles and aunts.KTkan for caring me, supporting me,
inspiring me and encouraging me for all these years

Xiv



Chapter 1

Introduction and Synthesis of Bidentate Phosphoroukigands for

Asymmetric Synthesis

81.1 History of phosphorous ligands for asymmeyigthesis .............uueuvereimiiiiemiiiiiiiiiieneeene 2
§1.2 Development of chiral biphenol-based diphasipdiligands.............ccccoiiiiiiiiiiinn. 5
81.3 RESUILS ANGU QISCUSSION ......ueteeeeses s et eeeeeeeeeeeeeeeasessessesssssssseeeeeaaeaeeaaeaaaaaaeaaseeeeeeees 7
§1.3.1 Synthesis of enantiopure 5,5’,6,6'-tetramleihl’-biphenyl-2,2’-diol ...................... 7
§1.3.2 Synthesis of enantiopure 3,3'-diphenyl-5,%'-tetramethyl-1,1’-biphenyl-2,2’-diol
.......................................................................................................................... 10
81.3.3 Synthesis oRj}-5,5",6,6'-tetramethyl-3,3’-bis(phenylethynyl)biphyl-2,2’-diol ... 10
§1.3.4 Synthesis of enantiopure 3,3',5,5,6,6’-harthyl-1,1’-biphenyl-2,2’-diol ............ 11
81.3.5 Synthesis of enantiopure 3,3’-bis(substitddenzyl)-5,5,6,6’-hexamethyl-1,1’-
DIPhENYI-2,27-di0] ... 12
81.3.6 Synthesis of enantiopure biphenol-basedodipiinite ligands.............cccccceiinnnne 13
SN I @0 T Vo (01T o SO 15
81.5 EXPEriMENTAl SECLON........eeiuiietiteeeemseeeiteeeeeesteeete e st eeste e s teesaeesasessseeanseeaneeeenseennees 15
81.6 REIEIEINCES .. eccuiieiiie ettt eerete ettt e st et e et e et e e te e ss e naeesteeanseeantaeanteeanseenneeenns 45



81.1 History of phosphorous ligands for asymmetrisynthesis

Asymmetric synthesis is defined by IUPAC as “a cluafrreaction (or reaction sequence)
in which one or more new elements of chirality Bmemed in a substrate molecule and which
produces the stereoisomeric (enantiomeric or diesigomeric) products in unequal amourits.”
The recent decades have witnessed asymmetric sygtiast development. Today, asymmetric
synthesis plays an important role in the field bhpnaceuticals and agrochemicals, which is
accomplished by chiral auxiliaries, chiral pool #esis, biocatalysis, and enantioselective
catalysis. Among these approaches, enantioselecaitaysis is widely used in industrial-scale
syntheses due to the high efficacy of chiral catalyat low concentratiorfs. These catalysts are
usually made of transition metals and chiral ligamdhich create an asymmetric environment for

the transformation of prochiral compounds to chénadl non-racemic ones.

Metal-catalyzed enantioselective catalysis invavichiral ligands was pioneered by
William S. Knowles in 1968. He replaced the tripfiehosphine in Wilkinson’s catalyzed with
chiral (-)-methylpropylphenylphosphine (69% optipakity). This modified catalyst was applied
to the asymmetric hydrogenation of atropic acidjngj hydratropic acid in 15% ee (Scheme 1-
1).> Although the enantioselectivity was moderate, hisrtkwdemonstrated that asymmetric
synthesis had entered the modern age. Several laars more efficient chiral phosphine
ligands, such as CAMPand DIPAMP were developed by optimization of chiral
methylpropylphenylphosphine and employed in the mencial synthesis of 3,4-
dihydroxyphenylalanine (L-DOPA), a drug used faating Parkinson’s disease (Scheme 1-2).
’ For the work on chirally catalysed hydrogenatieaations, Knowles shared the Nobel Prize in
Chemistry in 2001.

COOH RhCIP*, i:: :COOH
*
% H, (1 atm)
|

p*= /\/PW[J

Scheme 1-1Asymmetric hydrogenation of atropic acid



chOWCOOH [Rh(COD)(R,R-DIPAMP)|BF, H300D/YCOOH
NHAc
AcO NHAC Ha AcO
H+
Ph,
=

[ OMe
HO COOH
MeQ = D/Y
Ph
NH
& o 2
R,R-DIPAMP L-DOPA

Scheme 1-2Asymmetric synthesis of L-DOPA

In the following years, a good number of chiral gpleorous ligands were designed and
prepared, e.g. DIOPBINAP,? Du-PHOS!® DPPBA™ (Figure 1-1). All of them are bidentate
with C,-symmetry. Compared to monodentate phosphorousdgyabidentate ones are able to
form more rigid complexes with center metals bylatien, leading to the good performance on
the asymmetric hydrogenation of various prochitdissrates bearing carbon-carbon and carbon-
heteroatom double bonds. Therefore, bidentate digadominate the field of asymmetric

synthesis to date.

O— .~ PPh; OO
>< :k NH HN
O PPh, PPh2
PPh, Ph,P

DIOP BINAP Du-PHOS DPPBA

Figure 1-1.Bidentate phosphorous ligands

Among theseC,-symmetrical diphosphorous ligands, BINAP which labinapthalene
skeleton turned out to be well suited for the dednaiindustrial synthesis. Each year 3000 tons

of enantiomerically pure menthol are produced bkabago International Corporation using
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((9-BINAP)Rh(COD) catalyst (Scheme 1-%)Due to the development of the feasible BINAP
ligands, Ryoji Noyori shared half of the Nobel Rrim Chemistry in 2001 with William S.

Knowels.

)\/\)\/\ Rh(S-BINAP)(COD) )\/\/‘\/\
X NN, X NEt,

|
Q.

(1R,2S,5R)-Menthol

Scheme 1-3Asymmetric synthesis of enantiomerically pure mehth

Because of the great efficacy of BINAP ligands, ynahiral bidentate phosphorous
ligands were designed and developed based on #ffelds of astropisomeric biaryt§.A good
example is BINAPO (Figure 1-2)eported by Grubbs in 1977.At the beginning, it was
supposed to be an alternative to BINAP for traasithetal-catalyzed asymmetric hydrogenation.
However, BINAPO did not demonstrate the same efficas BINAP. A plausible reason is that
the chelating ring (9-membered ring) of metal-BINABomplex is larger than that of the metal-
BINAP complex making the conformation more flexible® make it more rigid, Chan modified
the biaryl skeleton by using gHbinapthol (Figure 1-23>!® Meanwhile, Zhang introduced
substituents on the 3,3'-positions of the binaptmolety (Figure 1-2}/*® These modifications
result in higher enantioselectivity in certain asyetric hydrogenation reactions. Interestingly,
BINAPO was found to be more effective in Pd-catatyzasymmetric allylic substitution
reactions-”?* The large chelating ring renders not only a flexitonformation but also a large
bite angle (P-M-P) which makes the BAnoiety moving towards the palladiutrallyl complex
(Figure 1-3).



R

D, OO
OPPh, OPPh,
g ' g R

BINAPO R = H, Me, Ar

OPPh,

C oo

Grubbs Chan Zhang

Figure 1-2.BINAPO-type ligands

~ T Q7 g/z/ﬁ\g/%\
- . | _ -

N R

C

OPPh,

PPh, OPPh,

(I, C

Figure 1-3.Palladiumz-allyl complexes

81.2 Development of chiral biphenol-based diphosphite ligands

Discovery of simple and fine-tunable chiral ligaridsa specific reaction is more popular
in the asymmetric synthesis than a super ligandlffarrganic reactions. Based on this concept,
we have been developing a new class of chiral lipkleased diphosphinite ligands (BOP
ligands) since 2008 (Figure 1-4). One of the salieatures of BOP ligands is their fine-tuning
capability through modification of the substitueatghe 3,3’-positions of the biphenyl moiety as
well as the aromatic groups attached to the phosghetoms (Figure 1-4). Different substituents
have different steric and electronic effects. Aiddially, The methyl groups at the 5,5,6,6'-

positions “acting as a lock” freeze the rotationtlod biphenol backbone (Figure 1-4). Indeed,
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these novel BOP ligands have exhibited excellefitasfy in intramolecular and intermolecular
palladium-catalyzed asymmetric allylic aminatiom{RAA) reaction?>** For example, 96% ee
was achieved in the synthesis of 6,7-dimethoxyritetrahydroisoquinoline which is a key
intermediate for the total synthesis of marine ratproducts, Schulzeines A-C (Scheme £34).
The same enantioselectivity was obtained in theialgtep for the synthesis of Strychnos indole
alkaloids compared to only 84% ee when BINAPO ligwere used (Scheme 1%5§*

Figure 1-4.Fine-tunableBOP Ligands

PO NHCOCF, PO
Pd,(dba)s/L*
_ NCOCF;
0CO,C,H; >

oP OP K

R 96% ee
L*= O

OPAr2 R =3,5-Me,CqHs

OPAr,  Ar=4-MeCgH,
¢

P = 4- methoxybenzyl

HO

N
H

OSO;Na

Schulzeine A (C11b-HB; R = Me, R? = H)
Schulzeine B (C11b-Ha; RY, R? = H)
Schulzeine C (C11b-HB; RY, R% = H)

Scheme 1-4Enantioselective synthesis of 1-vinyltetrahydroisogline
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0] "0
H

(-)-Strychnine

Scheme 1-5Enantioselective synthesis of cyclohexenyl amine

81.3 Results and discussion
81.3.1 Synthesis of enantiopure 5,5",6,6’-tetrameyt1,1’-biphenyl-2,2’-diol

Starting from 3,4-dimethylphenal-1, racemic 3,3’-ditert-butyl-5,5’,6,6'-tetramethyl
1,1’-biphenyl-2,2’-diol(+)-1-3 was prepared in 58% isolated yield for two st&arst, Friedel-
Crafts alkylation was carried out at 80 under 20 psi of 2-methylpropene in the preserice o
catalytic amount of sulfuric acid to givet@-butyl-4,5-dimethylphenoll-2. Without further
purification, crudel-2 was directly used in the oxidative coupling step@fford (4)-1-3. The
pure product was obtained by washing with water angpared for the following optical
resolution (Scheme 1-6).



OH 20 psi OH K,Cry05, H,SO, O
sto4 80°C HOAC, 60 °C OH
; OH
100% conversion 58% in two steps O
1-1 -

(+)-1-3

Scheme 1-6Synthesis of racemic biphenol){%-3

The chiral auxiliary, (-)-menthyl dichlorophosphite5 was synthesized by treatment of
(-)-menthol with phosphorus trichloride. Additioh (@)-1-3to 1-5in a dichloromethane solution
followed by oxidation gave two diastereomeric phwdps1-6 and1-6’ (Scheme 1-7).

PCl, 1. (¥)-1-3, EtzN O 09
CH,Cl, CH,Cl, o: POMen*
H OH i 1h H OPCl2 2. H,0,, CH,Cl, O
PN PN

1-4 1-5

1-6
1-6'

Scheme 1-7Synthesis of diastereomeric phosphates

Phosphatel-6 was collected first by recrystallization in aceéicid. After the mother
liguor was removed, the solid residue enriched whth other diastereomer was recrystallized in
methanol to give phosphafe6’. Their diastereomeric purities were determined® ¥ NMR.
Only one signal was found in each spectrum indigathat they are diastereomerically pure.
Subsequently, the menthol chiral auxiliaries imhesd phosphates were removed through Red-
Al® reduction. The enantiopure bipheno®-1-3 and R)-1-3 were obtained in good vyields
(Scheme 1-8).



O o\iqvowl " Red-Al ont
. en ed-
O o toluene O OH
/ 82%

1-6 (S)-1-3
o) Q 65% recovery
~“POMen" (recrystallized from AcOH)

\ |O o\%OM * . |O o

” en ed-
O o toluene O OH

85%

1-€ (R)-1-3

57% recovery
(recrystallized from AcOH)

Scheme 1-8Synthesis of enantiopure biphendB-1-3 and R)-1-3

The tert-butyl groups at the 3,3’-positions d§)€1-3 and R)-1-3 were removed in the
presence of aluminum chloride via a Friedel-Crafnsfer reaction. With the common
intermediates §-1-7 and R)-1-7 in hand, various chemical modifications were made b
introduce of different groups at the 3,3’-positioiswas noteworthy that toluene acted as a

scavenger af-butyl carbocation in the reacti¢g8cheme 1-9)

O AICl;, CH5NO, O
OH toluene, 0 °C OH
OH OH
SUEERDe

(S)-1-3 (S)-1-7

Scheme 1-9Synthesis of enantiopure biphendB-1-7 and R)-1-7 (only Sconfiguration is
shown for simplicity)



§81.3.2Synthesis of enantiopure 3,3’-diphenyl-5,5",6,6’-teamethyl-1,1’-biphenyl-2,2’-diol

Bromination of §-1-7 afforded §-3,3’-dibromo-5,5’,6,6’-tetramethyl-1,1’-biphenyl-
2,2’-diol ((9-1-9) in 92% vyield. Because the direct Suzuki coupliginprotected$)-1-9 with
phenylboronic acid gave 3,3-diphenyl bipherfgl1-11in a relative low yield, 9-1-9 was first
methylated by dimethyl sulfate and then coupledhwihenylboronic acid. The desired product
(9-1-11 was obtained by removal of protecting groups witrg All the steps gave excellent
yields (Scheme 1-10). In the same manrRk1¢11was prepared’

Br Br
O O KOH, BuzNHSO, O
OH Bry, CHC|3 OH Mest4

OMe
OH
O o2 O OH  ch,cl,-H,0 (1:1) O OMe
0
Br 91% Br
(S)-1-7 (S)-1-9 (S)-1-8

PhB(OH), (2.2 eq) Ph
Pd(PPhs), (0.06 eq)

O Ph
BBr; (2.2 eq) OH

NaHCO; (6 eq) OMe
DME-H,0, reflux, 16 h ‘ OMe pcMm,0°C,1.5h O OH
93%
96% Ph 0 Ph
(S)-1-10 (S)-1-11

Scheme 1-10Synthesis of enantiopure diphenyl biphenols

§1.3.3 Synthesis ofR)-5,5’,6,6’-tetramethyl-3,3’-bis(phenylethynyl)biphenyl-2,2’-diol

The enantiopureR)-5,5’,6,6’-tetramethyl-3,3’-bis(phenylethynyl)biphyl-2,2’-diol (R)-
1-13 was synthesized fronR)-1-7 as shown in Scheme 1-11. lodination Bf-{-7, followed
by Sonogashira coupling of unprotect&)-1-12 with phenyl acetylene gave the desired product
(R)-1-13in moderate yield (Scheme 1-11).
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O | =
OH _ ICI(22¢eq) O OH  phenyiaceiyiens O oH
O OH  pewm, i, 12h OH " pgcL,(PPhy),, Cul OH
70% O benzene, rt, 18 h O
' 55% A
(R)-1-7 (R)-1-12 (R)-1-13

Scheme 1-11Synthesis ofR)-1-13

81.3.4 Synthesis of enantiopure 3,3",5,5’,6,6’-hemeethyl-1,1'-biphenyl-2,2’-diol

Protection of $-1-7 was carried out in a water/dichloromethane systesingu
tetrabutylammonium iodide as a phase-transfer ysttalSubsequently, introduction of
chloromethyl groups at 3,3-positions gave anotloenraon intermediate§-1-15in 85% yield.
(9-1-15was subjected to LiAlldreduction, followed by deprotection using BBo afford the
hexamethyl biphenolgj-1-17in 91% vyield (Scheme 1-12). In the same manri®1{17 was
prepared?®

C C Cre
OH KOH, TBAI, Me;SO, OMe (HCHO),, (con) HCI OMe
O O ch,Cl,H,0 (1) O OMe " Hypo, (85%), AcOH O OMe

92% 85% cl

(S)-1-7 (S)-1-14 (S)-1-15

LiAIH, (2.5 eq) I OMe BBr3 (2.2 eq) O OH
THF, reflux, 3.5 h OMe  pcem, 0°c, 1.5 h OH
90% 91%

(S)-1-16 (S)-1-17

Scheme 1-12Synthesis of enantiopure hexamethyl biphenols
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81.3.5 Synthesis of enantiopure 3,3’-bis(substitudebenzyl)-5,5’,6,6'-hexamethyl-1,1’-
biphenyl-2,2’-diol

The chloromethylated biphenol§){1-7 and R)-1-7 reacted with a series of aryl
magnesium bromide reagents generatedtu, through a copper(l)-mediated cross-coupling, to
give the corresponding methylated intermediag<l{18a,(R)-1-18f and R)-1-18i-l in good to
excellent yield$* Subsequent removal of the methyl groupslii8 with BBr; gave final
products, bis(substituted-benzyl) biphenols in gamdxcellent yields. Because the considerable
self coupling of the excess Grignard reagents oeduit was difficult to separate the byproducts
and the desired produdtS)-1-18b-¢ (S-1-18gand §)-1-18h) through column chromatography.
Thus, methylated intermediateS)-1-18b-¢ (§-1-18gand §-1-18h were washed with water
and the resulting oils were directly used for teetrsteps (Scheme 1-13).

Cs e Cr>
OCH ArMgBr (3 eq.) OCH OH
3 CuCl(25%mol) 3 BBr3 (2.2 eq)
OCH; OCHj OH
0 CH,Cl,, 0 °C
O cl THF, 0 °C-50 °C O Ar 2Cl, O Ar

(S)-1-7 (S)-1-18 (S)-1-19
Ar = @ (9-1-18a95% ©-1-19a90%
Ar= (9-1-18bcrude (9-1-19b93%
(two steps)
Ar = (9-1-18ccrude (9-1-19¢89%
(two steps)
Ar = (S-1-18dcrude (9-1-19d84%

(two steps)
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(R)-1-18f80%
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(R)-1-18i98%

(R)-1-18] 85%

(R)-1-18k 93%

(R)-1-18182%

81.3.6 Synthesis of enantiopure biphenol-based dipsphinite ligands
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(9-1-19€94%
(two steps)

(R)-1-19f93%

(9-1-19988%
(two steps)

(9-1-19h87%
(two steps)

R)-1-19191%

R)-1-19j 89%

R)-1-19k 94%

R)-1-19198%

Scheme 1-13Synthesis of enantiopure bis(substituted-benzyhénols (onlys configuration is

With the above enantiopure biphenols in hand, weswea position to create a library of
BOP ligands. They were prepared following the protdor the synthesis of BINAPO ligands

described by Miwako Mori® as illustrated in Scheme 1-14. The coupling ofnépaure



biphenols with chlorodiarylphosphine proceeded dimgo Finally, the pure BOP ligands were
successfully obtained through column chromatographgilica gel pretreated with triethylamine.
The library of ligands is shown in Figure 1-5. Angghem, §)-L1b-e,(S-L1g, (9-L1h, (9-L2e
(9-L3e and R)-L3eare newly developed by the author.

CC O
OH CIPAr,, DMAP

OPPh,
‘ OH NEt;, DCM, 0 °C O OPPh,
R R

Scheme 1-14General procedure for BOP ligand synthesis

OPPh, OPPh; OPAr,
OPPh2 ‘ OPth OPAl’Z
‘ R R i R
(S)-LImR=H (S)-L2i Ar=4-MeCgH,4
(S)-L1a R=Ph (R-LImR=H (R)-L2i Ar=4-MeCgH,
(R)-Lla R =Ph (S)-L1n R =Me (R)-L3i Ar=4-MeOCgHy4
(S)-L1b R = 4-biphenyl ES;HO S = EL (R)-L4i Ar=4-CF3CeH,
(S)-L1c R = 3,5-t-Bu,CgHs3 -L1p R=Ph — 35
(S)-L1d R = 2,6-Et,CeHy (R)-L1g R =C=CPh R =3,5-MexCeHs
(S)-Lle R = 2,4,6'Me3C6H2 R
(R)-L1f R=1-Np
(S)-L1g R = 1-(2-MeNp) O
(S)-L1h R =1-(2-i-PrNp) OPAr,
(R)-L1i R =3,5-Me,CeHs OPAr, OPAr,
(R)-L1j R =4-t-BuCgH, OPAr,
(R)-L1k R =4-MeCgH,4 O
(R)-L1l R =2-Np R
(S)-L2e Ar =tolyl
(S)-L3e Ar = m-xylyl (R)-L2n Ar = tolyl
(R)-L3e Ar = m-xylyl (R)-L3n Ar = m-xylyl

R= 2,4,6-M93C6H2

Figure 1-5.BOP ligand library (onh& configuration is shown for simplicity)
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81.4 Conclusions

A library of fine-tunable BOP ligands was desigraed developed in our lab. The newly
synthesized BOP ligands have been studied formlercular asymmetric allylic substitution

reactions. Some of them give promising resultswaitidbe discussed in later chapters.

81.5 Experimental section

General Methods.'H, **C, and*'P NMR spectra were measured on a Bruker Avance
500 (500 MHz forH; 125 MHz for**C), a Bruker Avance 400 (400 MHz f1; 100 MHz for
13¢: 162 MHz for®'P), or a Varian Gemini-2300 300 MHz (300 MHz fét; 75 MHz for*C;
121.5 MHz for*'P) NMR spectrometer in a deuterated solvent usisigiual protons (CH@IH,
7.26 ppm;*3C, 77.0 ppm) as the internal standard or phosplamid as the external reference
(*'P 0.00 ppm). Melting points were measured on a Esomoover Capillary melting point
apparatus and are uncorrected. Optical rotatiorre weeasured on a Perkin-EImer Model 241
polarimeter. TLC analyses were performed using M€ Alufolien 60ks, aluminum pre-
coated silica gel plates. Flash column chromatdgrapvas carried out using Silicyle
SiliaFlashP6d® silica gel (particle size 40 _68m). Low-resolution mass spectrometry was
performed on Agilent 6890GC/5973 mass selectivealet. High-resolution mass spectrometric
analyses were carried out at the Mass Spectrorhatygratory, University of lllinois Urbana-
Champaign, Urbana, IL or by ICB&DD at Stony Brookitkersity. Unless otherwise noted all
reactions were carried out under argon or nitrogenosphere in oven-dried glassware using

standard Schlenck techniques.

Material. Solvents were reagents grade and freshly driegasted and distilled before
use. AnhydrousN,N-dimethylformamide (DMF) and acetonitrile were puased from Acros
Organic and used without further purification. Clieads and reagents were purchased from
VWR, Fisher Scientific or Sigma-Aldrich and usedheiut further purification unless otherwise

noted.
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2-tert-Butyl-4,5-dimethylphenol (1-2)

OH

In an autoclave with a glass liner and stirring, I3ar4-dimethylphencol-1 (100.5 g, 0.82
mol) andconcentrated sulfuric acid (0.5 mL) were added. dhi@clave was pressurized with 2-
methylpropene (20 psi) and heated to°@0with stirring for 6 h. The autoclave was cooled t
room temperature and then opened. The crude predagipure enough to be used for the next
step. GC-MS: 100% conversion, M.W.: 178 m/z

(+)-3,3'-Di-tert-butyl-5,5",6,6'-tetramethyl-1,1’-biphenyl-2,2’-diol ((+)-1-3)

OH
OH

Potassium dichromate (75.0 g, 0.246 mol) dissolived solution of sulfuric acid (150
mL) and water was carefully added to an acetic #8@D mL) solution of Zert-butyl-4,5-
dimethyl-phenoll-2 (crude product from the previous step). The reaotias stirred at 68C for
30 min and then cooled to room temperature. Theuréxwas filtered, and the brown solid was
washed with water and methanol. The resulting seéd stirred in methanol at°C for 15 min,
and isolated by filtration to give a colorless dd84.3 g, 58% in two steps). mp 160.0-16Z0
'H NMR (300 MHz, CDCJ) 6 1.38 (s, 18H), 1.80 (s, 6H), 2.24 (s, 6H), 4.72), 7.12 (s, 2H);
3C NMR (75 MHz, CDCJ) 6 15.7, 20.1, 29.7, 34.7, 121.1, 128.1, 128.7, 13B84.1, 150.4. All
data were consistent with literature valées.
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Preparation and resolution of 1-6 and 1-6’

(O N
_POMen*
(@)

A solution of (R,2S5R)-(-)-menthol1-4 (37.1 g, 238 mmoljn CH,Cl, (67 mL) was
added to a solution of phosphorous trichloride 948.357 mmol) in ChLCl, (134 mL) over 30
min at 0°C. Then the solution was stirred at room tempeeafar another hour. After the
volatiles were removeith vacuo, the resulting oil was redissolved in &, (126 mL), to which
a CHCI; (253 mL) solution of BN (99 mL, 714 mmol) and-3 (84.3 g, 238 mmol) was added
over 30 min. The mixture was stirred at room terapee for 2 h and then filtered. The
remaining solution was cooled to°G. HO, (35% in water, 145 mL) was added slowly. The
biphasic mixture was stirred for 2 h. The orgamigelr was washed with water (150 mL), brine
(150 mL), and dried over anhydrous MgSQOhe solution was filtered and concentrated by
rotary evaporatioto afford an off-white solid (111 g, 90%)3'P NMR (121 MHz, CDGJ) 1-6:
-4.98;1-6': -4.46.

The diastereomeric mixture of compouridé and1-6’ (111 g, 203 mmol) was dissolved
in a minimum amount of hot acetic acid. White cajstwere obtained after standing at room
temperature overnight. The crystals were washel eatd acetic acid and dried vacuo. They
were recrystallized in refluxing acetic acid againgive purel-6 (43.1 g, 65%, >99% de¥'P
NMR (121 MHz, CDCY) ¢ -4.98. The mother liquor from the first crystadlion was
concentratedn vacuo to afford1-6’. The solid residue was recrystallized from hot ME© give
purel-6' (37.5 g, 57%, >99% deJ'P NMR (121 MHz, CDG)) § -4.46. All data were consistent

with literature value&®
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(9)-3,3-Di-tert-butyl-5,5",6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((S)-1-3)

OH
O OH

Resolved 9-1-6 (32.5 g, 58.6 mmol) was dissolved in toluene imand bottom flask
equipped with an addition funnel. Red®A{70% wt. in toluene, 45 mL) was added into the
addition funnel and then added dropwise to the jphat® solution at 6C. The reaction was
stirred at room temperature for 16 h and quenchddwater (60 mL) and sodium hypochlorite
(5% in water, 60 mL). The mixture was filtered thgh Celit€ and was washed with toluene.
The separated organic layer was washed with sotiygmochlorite (5% in water, 160 mL) and
brine (160 mL) and then dried over Mg&Ohe drying agent was removed by filtration, amel t
solvent was evaporated. The menthol was removeesated washing with cold MeOH until
the minty odor disappeared. Th®-(0-3 was collected by filtration and dried vacuo (16.9 g,
82%). White solid; mp 160.5-162°C; 'H NMR (300 MHz, CDC}) ¢ 1.39 (s, 18H), 1.81 (s, 6H),
2.25 (s, 6H), 4.80 (s, 2H), 7.13 (s, 2H¢ NMR (75 MHz, CDC)) § 15.7, 20.1, 29.7, 34.7,
121.1, 128.1, 128.7, 133.4, 134.1, 150.4. All dketge consistent with literature valu@s.

The synthesis ofR)-1-3 followed the same procedure (11.7 g, 85% vyieldhité/solid;
mp 160.0-162.6C; 'H NMR (300 MHz, CDG) 6 1.39 (s, 18H), 1.81 (s, 6H), 2.25 (s, 6H), 4.80
(s, 2H), 7.13 (s, 2H)**C NMR (75 MHz, CDC)) 5 15.7, 20.1, 29.7, 34.7, 121.1, 128.1, 128.7,
133.4, 134.1, 150.4. All data were consistent Vifémature value$>

(9)-5,5',6,6'-Tetramethyl-1,1"-biphenyl-2,2"-diol ((S)-1-7)

I OH
‘ OH
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To a solution of §-1-3 (3.98 g 11.4 mmol) in toluene (57 mL) af®, a solution of
AICI3 (2.40 g, 18.3 mmol) in toluene (10 mL) and nitréname (22 mL) was added dropwise by
addition funnel over 30 min. The mixture was stira@ 0°C for another 30 min. The reaction
was quenched by slowly addition of water (30 mL)eTaqueous layer was extracted withCEt
(3 x 20 mL). The combined organic layers were wdshkigh brine (50 mL) and then dried over
anhydrous Ng50O,. The solution was concentrated under reduced ymeess give crude§)-1-7.
The crude product was recrystallized from hexandgST, to afford pure $-1-7 as a white
solid (2.32 g, 86%). mp 197.0-198°C; [a]p** -54.0 € 1.00, CHCl,); *H NMR (300 MHz,
CDCl) 6 1.90 (s, 6H), 2.26 (s, 6H), 4.53 (s, 2H), 6.82)&, 8.1 Hz, 2H), 7.14 (d) = 8.4 Hz,
2H); *C NMR (75 MHz, CDC}J) § 16.2, 19.8, 112.6, 120.2, 129.2, 131.2, 136.9,9.54ll data
were consistent with literature valu@s.

The synthesis ofR)-1-7 followed the same procedure (3.19 g 83% yield).tévkolid;
mp 196.0-197.6C; [0]p?* +48.0 (CHCI,, ¢ 1.00);*H NMR (300 MHz, CDCJ) § 1.90 (s, 6H),
2.26 (s, 6H), 4.53 (s, 2H), 6.82 (@i= 8.1 Hz, 2H), 7.14 (d] = 8.4 Hz, 2H)*C NMR (75 MHz,
CDCl) 6 16.2, 19.8, 112.6, 120.2, 129.2, 131.2, 136.9,95All data were consistent with
literature value$®

(9)-3,3-Dibromo-5,5',6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((S)-1-9)

BI'

OH

Br
To a solution of §-1-7 (0.708 g, 3.0 mmol) in CHEI(21 mL), a solution of Br(0.36
mL, 7 mmol) in CHCJ (4 mL) was added dropwise over 20 min. The sotutias stirred at
room temperature for 1.5 h. The reaction was quethefith saturated sodium sulfite solution
(20 mL). The aqueous layer was extracted with efBier 30 mL). The combined organic layers
were washed with water (50 mL) and brine (50 mLd #ren dried over anhydrous ;. The
solution was concentrated under reduced pressuaéfdal an off-white solid §-1-9 (1.11 g,
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93%). mp 172.0-173.8C; [a]p>* +12.0 (CHClI,, ¢ 1.00);*H NMR (300 MHz, CDC}) 6 1.86 (s,
6H), 2.25 (s, 6H), 5.12 (s, 2H), 7.34 (s, 2H¢ NMR (75 MHz, CDC)) § 16.3, 19.8, 106.7,
123.6, 130.7, 132.7, 136.8, 147.7. All data wenesistent with literature valué.

The synthesis ofR)-1-9 followed the same procedure (1.83 g, 85% yieldf-vihite
solid; mp 171.5-173.6C; [0]p** -11.0 € 1.00, CHCl,); *H NMR (300 MHz, CDC}) § 1.86 (s,
6H), 2.25 (s, 6H), 5.12 (s, 2H), 7.34 (s, 2K NMR (75 MHz, CDCJ) § 16.3, 19.8, 106.7,
123.6, 130.7, 132.7, 136.8, 147.7. All data wemsisient with literature valués.

(9)-3,3-Dibromo-5,5',6,6’-tetramethyl-2,2’-dimethoxy-1,1’-biphenyl ((S)-1-8)

EBr

OMe

i OMe

Br

To a biphasic mixture of§-1-9 (1.12 g, 2.80 mmol), potassium hydroxide (0.478.4,
mmol) and BUNHSQO, (95 mg, 0.28 mmol) in C¥€Cl,-H,O (1:1, 20 mL), dimethyl sulfate (0.78
mL, 8.4 mmol) was added dropwise. The mixture wiaised at room temperature overnight and
then separated by a separation funnel. The aquagerswas extracted with GBI, (3 x 25 mL).

The combined organic layers were washed with &emL) and dried over anhydrous 1S&).
After filtration, the remain solution was concem#h under reduced pressure and the crude
product was triturated with methanol to giv®-1-8 (1.09 g, 91%) as a white solid. mp 150.5-
152.5°C; [o]p?* +38.0 € 1.00, CHCly); *H NMR (300 MHz, CDCJ) 6 1.83 (s, 6H), 2.26 (s, 6H),
3.50 (s, 6H), 7.39 (s, 2H}*C NMR (75 MHz, CDCJ) § 16.6, 20.0, 60.2, 113.8, 133.0, 133.5,
134.2, 113.60, 152.6. All data were consistent Vifémature value$®

The synthesis ofR)-1-8 followed the same procedure (0.95 g, 93% vyieldhité/solid;
mp 151.0-152.60C; [o]p?* -39.1 (CHCl,, ¢ 1.00);*H NMR (300 MHz, CDCJ) § 1.83 (s, 6H),
2.26 (s, 6H), 3.50 (s, 6H), 7.39 (s, 2K} NMR (75 MHz, CDGJ) 6 16.6, 20.0, 60.2, 113.8,
133.0, 133.5, 134.2, 113.60, 152.6. All data wemssistent with literature valué.
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(9)-3,3-Diphenyl-5,5,6,6'-tetramethyl-2,2’-dimethoxy-1,1’-biphenyl ((S)-1-10)

Ph

OMe

i OMe

Ph

A suspension 0f§)-1-9 (1.11 g, 2.60 mmol) and Pd(PJH185 mg, 0.156 mmol) in
DME (25 mL) was stirred at room temperature for Bh. To this solution, a mixture of
phenylboronic acid (698 mg, 5.72 mmol) and sodiucadonate (1.30 g, 15.6 mmol) in water
(15 mL) was added at the same temperature. Theairaixtas refluxed for 16 h with stirring. The
mixture was then cooled to room temperature angtedil with ether. The organic layer was
washed with brine (50 mL) and dried over anhydidesSO,. The drying agent was removed by
filtration and the solution was concentrated undestuced pressure. The crude product was
purified by column chromatography on silica gelx@ees/EA= 20:1) to give§-1-10 (1.06 g,
96%) as a white solid. mp 57.0-580; [a]p** +148.4 ¢ 1.00, CHCL,); *H NMR (300 MHz,
CDCly) 6 1.98 (s, 6H), 2.34 (s, 6H), 3.20 (s, 6H), 7.192(4), 7.36 (m, 6H), 7.62 (m, 4HJ>C
NMR (75 MHz, CDC}) ¢ 17.1, 20.4, 60.5, 126.8, 128.6, 129.4, 131.5, 13BR.4, 132.9, 135.8,

139.7, 153.5. All data were consistent with litaratvalues®

The synthesis ofR)-1-10followed the same procedure (0.771 g, 95% yiélite solid,;
mp 55.5-56.8C; [o]p** -141.7 (CHCI,, ¢ 1.00)*H NMR (300 MHz, CDC}) 6 1.98 (s, 6H), 2.34
(s, 6H), 3.20 (s, 6H), 7.19 (s, 2H), 7.36 (m, 6FAB2 (m, 4H);**C NMR (75 MHz, CDC}) &
17.1, 20.4, 60.5, 126.8, 128.6, 129.4, 131.5, 1313@.4, 132.9, 135.8, 139.7, 153.5. All data
were consistent with literature valu@s.
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(9)-3,3-Diphenyl-5,5,6,6’-tetramethyl-1,1’-biphenyl2,2’-diol ((S)-1-11)

Ph

OH

OH
X,
To a solution of §-1-10(1.062 g, 2.50 mmol) in Ci€l, (20 mL), BBg(1.0 M solution
in CH,Cly, 5.5 mL) was added dropwise at®over 20 min. The mixture was stirred at the same
temperature for 1.5 h, and then quenched by slaadlying water (20 mL). The mixture was
separated and the aqueous layer was extractedetinén (3 x 20 mL). The combined organic
layers were washed with brine (50 mL) and driedrasghydrous Ng5O,. The solution was
concentrated under reduced pressure. The resultinde product was purified by column
chromatography on silica gel (hexanes/AcOEt = 6thive §)-1-11(0.915 g, 93%) as a white
solid. mp 155.0-156.8C; [a]p?* +77.0 € 1.00, CHCL,); *H NMR (300 MHz, CDC}) 6 1.99 (s,
6H), 2.32 (s, 6H), 4.88 (s, 2H), 7.23 (s, 2H), 7(88 2H), 7.43 (m, 4H), 7.59 (m, 4HYC NMR
(75 MHz, CDC}) ¢ 16.5, 19.8, 121.6, 125.8, 127.1, 128.4, 129.1,4,2832.1, 136.4, 137.9,
148.5. All data were consistent with literaturenes?

The synthesis oR)-1-11followed the same procedure (0.694 g, 96% yiad)ite solid;
mp 153.5-155.0C; [o]p?* -87.3 (CHCl,, ¢ 1.10);*H NMR (300 MHz, CDCJ) § 1.99 (s, 6H),
2.32 (s, 6H), 4.90 (s, 2H), 7.23 (s, 2H), 7.33 2i), 7.43 (m, 4H), 7.59 (m, 4H}*C NMR (75
MHz, CDCk) ¢ 16.5, 19.8, 121.6, 125.8, 127.1, 128.4, 129.1,4,282.1, 136.4, 137.9, 148.5.

All data were consistent with literature valiés.

(R)-3,3'-Diiodo-5,5',6,6’-tetramethylbiphenyl-2,2’-diol ((R)-1-12)

X
OH

OH
I
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To a solution ofR)-1-7 (236 mg, 1.0 mmol) in 10 mL CElI,, a solution of ICI (1.1 mL,
1M in CHCI,, 2.2 eq.) was added dropwise at room temperatege 20 min. The solution was
stirred at the same temperature for 12 h. The isolutas quenched by adding saturatedS®
water solution (50 mL). The aqueous layer was etdh with CHCI, (30 mL x 3). The
combined organic layers were washed with water {80, brine (30 mL) and dried over
anhydrous MgS® The solution was concentrated under reduced ymessd the crude product
was purified by column chromatography on silica @&xanes/AcOEt = 20:1) to givR)f1-12
(338 mg, 70%) as a white solid. mp 213.5-21%0 [o]p?* +52.6 € 0.95, CHCl,); *H NMR
(300 MHz, CDC}) 6 1.86 (s, 6H), 2.23 (s, 6H), 4.96 (s, 2H), 7.562(4); *C NMR (75 MHz,
CDClg) ¢ 16.3, 19.5, 80.6, 122.2, 131.5, 137.8, 139.3, 15AI6data were consistent with

literature valueé?

(R)-5,5',6,6'-Tetramethyl-3,3'-bis(phenylethynyl)-1,1-biphenyl-2,2'-diols ((R)-1-13)

Phenylacetylene (0.17 mL, 1.5 mmol) was addedsiaspension of PdgPPh), (21 mg,
0.03 mmol), Cul (17 mg, 0.09 mmol), and){1-12 (247 mg, 0.5 mmol) in benzene (5 mL) at
room temperature. Diisopropylamine (0.14 mL, 1.0cat)mvas then added to the mixture and
stirred at the same temperature for 18 h. The aquyer was separated and extracted with
Et,O (15 mL x 3). The combined organic layers werehedswith water (20 mL), brine (20 mL),
and dried over anhydrous MgaQOrhe drying agent was removed by filtration ane solvent
was concentrated under reduced pressorgive the crude product as a light yellow solid.
Further purification by flash column chromatograptty silica gel (hexanes/AcOEt = 10:1)
afforded pure R)-1-13 as a light yellow solid (121 mg, 55% yield): mp ¥35.0°C; [o]p*
+130.5 € 1.0, CHCl,); 'H NMR (300 MHz, CDCY) § 1.99 (s, 6H), 2.29 (s, 6H), 5.54 (s, 2H),
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7.36 (m, 8H), 7.53 (m, 4H)**C NMR (75 MHz, CDCJ) 6 16.8, 19.8, 20.9, 84.1, 95.2, 106.8,
122.5, 123.1, 128.5, 129.0, 131.5, 132.3, 138.@2.315All data are in agreement with the
literature value$?

(9)-5,5",6,6'-Tetramethyl-2,2’-dimethoxy-1,1’-bipheny ((S)-1-14)

I OMe
i OMe

To a mixture of §-1-14(2.47 g, 10.0 mmol), potassium hydroxide (1.65@Y52nmol)
and tetrabutyl ammonium iodide (0.2 g, 1.0 mmol)CH,Cl,-water (1:1, 130 mL) was added
dimethyl sulfate (2.85 mL, 30 mmol) and the biphasixture was stirred at room temperature
overnight. The mixture was separated and the agukeayer was extracted with GEl, (2 x 50
mL). The combined organic layers were washed wigttew (150 mL), ammonium hydroxide
(150 mL) and brine (150 mL), and dried over anhydrMgSQ. The solution was concentrated
under reduced pressure and the crude product wdeg@uy column chromatography on silica
gel (hexanes/ AcOEt = 15:1) to giv®{1-14 as a white solid (2.28 g, 84%). mp 112.0-11&0
[a]p®* -56.5 € 1.00, CHCI,); '"H NMR (300 MHz, CDC}) § 1.84 (s, 6H), 2.27 (s, 6H), 3.67 (s,
6H), 6.75 (dJ = 8.7 Hz, 2H), 7.12 (d] = 8.1 Hz, 2H);"*C NMR (75 MHz, CDC}) § 16.3, 19.9,
55.9, 108.4, 126.8, 128.5, 128.9, 136.6, 155.5dalh were consistent with literature valts.

The synthesis 0fR)-1-14 followed the same procedure (2.53 g, 92% yield)itévbolid;
mp 110.5.5-111.6C; [0]p**+51.1 € 1.00, CHCL,); *H NMR (300 MHz, CDGJ) 6 1.84 (s, 6H),
2.27 (s, 6H), 3.67 (s, 6H), 6.75 (@iz 8.1 Hz, 2H), 7.12 (d] = 8.1 Hz, 2H):*C NMR (75 MHz,
CDCl3) 6 16.3, 19.9, 55.9, 108.4, 126.8, 128.5, 128.9,68,3b5.5. All data were consistent with

literature value$®
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(9)-3,3-Dichloromethyl-5,5",6,6'-tetramethyl-2,2’-dimethoxy-1,1’-bipheny! ((S)-1-15)

l Cl

OMe

i OMe

Cl

To a solution of concentrated HCI (18.5 mL), 85%4P8,(18.5 mL), glacial acetic acid
(18.5 mL) and $-1-14 (2.01 g, 7.44 mmol) was added paraformaldehyd® ¢4.163 mmaol).
The solution was stirred at 8G for 48 h. The solution was cooled to room tempeeaand then
extracted with toluene (3 x 50 mL). The combinedamic layers were washed with water (100
mL), saturated N&O; (100 mL) and brine (100 mL), dried over anhydrdgSO,. The drying
agent was filtered and the solution was concerttrateler reduced pressure to give crugelf
15. The crude $-1-15is purified by column chromatography on silica ¢etxanes/AcOEt =
30:1) to afford a white solid (2.32 g, 85%). mp 1109.0°C; [0]p>* +68.0 € 1.00, CHCl,); *H
NMR (300 MHz, CDC}) ¢ 1.94 (s, 6H), 2.29 (s, 6H), 3.36 (s, 6H), 4.56J¢; 10.8Hz, 2H),
4.81 (d,J = 11.1 Hz, 2H), 7.27 (s, 1H), 7.37 (s, 1M NMR (75 MHz, CDCJ) ¢ 16.9, 20.3,
41.7, 60.9, 127.9, 128.3, 131.2, 131.5, 132.7,63754.1. All data were consistent with

literature value$®

The synthesis ofR)-1-15followed the same procedure (2.92 g, 85% vyieldhité/solid;
mp 106.0-108.6C; [a]p** -66.0 (CHClI,, ¢ 1.00);*H NMR (300 MHz, CDCY) ¢ 1.95 (s, 6H),
2.30 (s, 6H), 3.38 (s, 6H), 4.57 (¥ 10.8Hz, 2H), 4.82 (d] = 11.1 Hz, 2H), 7.27 (s, 1H), 7.37
(s, 1H);*C NMR (75 MHz, CDC}) 6 16.9, 20.3, 41.7, 60.9, 127.9, 128.3, 131.2, 13133, 7,
137.6, 154.1. All data were consistent with litaratvalues®

(9-3,3',5,5',6,6’-Hexamethyl-2,2’-dimethoxy-1,1'-bihenyl ((S)-1-16)

I OMe
i OMe
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To a suspension of LIAIH(0.19 g, 5 mmol) in THF (5 mL), a solution db{1-15

(0.734 g, 2.0 mmol) in THF (2.5 mL) was added driganat room temperature. The mixture was
refluxed for 3.5 h with stirring and then quenchegth THF/water (3:1) at 6C. To the biphasic
mixture, HSOJ/H2O (1:1, 4 mL) was added and stirred for 30 mincatnm temperature. The
agueous layer was extracted with ether (3 x 15 b combined organic layers were washed
with water (30 mL), and dried over anhydrous MgSThe drying agent was filtered and the
solution was concentrated under reduced pressine.ciiude product was purified by column
chromatography on silica gel (hexanes/AcOEt = 2thDive §)-1-16(0.535 g, 90%) as a white
solid. mp 72.5-74.6C; '"H NMR (300 MHz, CDCJ) ¢ 1.87 (s, 6H), 2.25 (s, 6H), 2.28 (s, 6H),
3.33 (s, 6H), 7.00 (s, 2H}’C NMR (75 MHz, CDC}) ¢ 16.3, 16.8, 20.3, 59.7, 127.6, 131.4,
131.5, 131.9, 133.6, 154.2. All data were conststéth literature value$®

The synthesis ofR)-1-16 followed the same procedure (0.407 g, 81% yidldhite
solid; mp 73.0-75.0C; 'H NMR (300 MHz, CDCJ) 6 1.87 (s, 6H), 2.25 (s, 6H), 2.28 (s, 6H),
3.33 (s, 6H), 7.00 (s, 2H}*C NMR (75 MHz, CDCJ) ¢ 16.3, 16.8, 20.3, 59.7, 127.6, 131.4,
131.5, 131.9, 133.6, 154.2. All data were conststéth literature value$®

(S) -3,3',5,5,6,6'-Hexamethyl-1,1’-biphenyl-2,2"-did ((S)-1-17)

O OH
‘ OH
To a stirred solution of§-1-16 (0.535 g, 1.8 mmol) in Cil, (20 mL), BB (1.0 M
solution in DCM, 4 mL) was added dropwise over 38 at 0°C. The mixture was stirred at the
same temperature for 1.5 h, and then quenched égltw addition of water (20 mL). The
mixture was separated and the aqueous layer waacted with ether (3 x 20 mL). The
combined organic layers were washed with brine 80 and dried over anhydrous MEO;.
The solution was concentrated under reduced prsdure crude product was purified by

column chromatography on silica gel (hexanes/AcOE0:1) to give §-1-17(0.444 g, 91%) as
a white solid. mp 137.0-138%C; [0]p?! -48.0 € 1.00, CHCl,); *H NMR (300 MHz, CDC}) §
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1.85 (s, 6H), 2.23 (s, 6H), 4.53 (s, 2H), 7.002(4); 3¢ NMR (75MHz, CDC}) o 15.9, 16.2,
19.8, 119.9, 121.4, 128.4, 132.8, 133.8, 149.8dath were consistent with literature valés.

The synthesis ofR)-1-17 followed the same procedure (0.311 g, 82% yiéldite solid;
mp 136.0-137.5C; [o]p** +41.0 € 1.00, CHCl,); *H NMR (300 MHz, CDCJ) 6 1.85 (s, 6H),
2.23 (s, 6H), 4.54 (s, 2H), 7.00 (s, 2K NMR (75MHz, CDC}) 6 15.9, 16.2, 19.8, 119.9,
121.4, 128.4, 132.8, 133.8, 149.8. All data wemsisient with literature valué,

(9)-3,3-Dibenzyl-2,2’-dimethoxy-5,5",6,6'-tetramethy-1,1’-biphenyl ((S)-1-18a)

O Ph

OMe

i OMe

Ph

To a solution of §-1-17 (0.367 g, 1.0 mmol) in THF (10 mL) containing Q4B mg,
0.25 mmol), a solution of phenyl bromide in THF (140 eq) was added at’G. The solution
was stirred over 30 min and then warmed to roonperature with stirring for another 30 min.
The solution was heated to 8D for 10 h. The mixture was quenched with aqueokigQ\
solution (40 mL) and the aqueous layer was extdaati¢gh CH,Cl, (3 x 40 mL). The combined
organic layers were washed with water (80 mL) arideb(80 mL), dried over MgSQ The
drying agent was filtered and the solution was eotratedin vacuo. The crude product was
purified by column chromatography on silica gelx#ees/AcOEt = 80:1) to giveS(1-18a
(0.413 g, 95%) as a white foamu]§*! -20.6 € 1.00, CHCl,)."H NMR (300 MHz, CDC}) ¢
1.89 (s, 6H), 2.22 (s, 6H), 3.20 (s, 6H), 3.99)d,15.3 Hz, 2H), 4.06 (d] = 15.0 Hz, 2H), 6.92
(s, 2H), 7.23 (m, 10H)*C NMR (75 MHz, CDC}) ¢ 16.4, 19.8, 35.7, 60.0, 121.6, 125.6, 127.1,
128.4, 129.2, 129.3, 132.1, 136.4, 137.9, 148 Udada were consistent with literature valdés.

In the same manneRR)-1-18fand R)-1-18i-l were synthesized
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(R)-3,3'-Bis(naphthalene-1-ylmethyl)-2,2’-dimethoxy-5%6’,6,6’-tetramethyl-1,1’-biphenyl
((R)-1-18f)
o,
OMe
] OMe
R
R =1-Np
White foam; 80% vyield; dJp** +26.0 € 1.00, CHCl,).*H NMR (300 MHz, CDCJ) ¢
1.93 (s, 6H), 2.13 (s, 6H), 3.40 (s, 6H), 4.48)g,15.6 Hz, 2H), 4.55 (d] = 15.6 Hz, 2H), 6.80
(s, 2H), 7.31 (dJ = 8.7 Hz, 2H), 7.46 (m, 6H), 7.77 (@= 8.4 Hz, 2H), 7.85 (m, 2H), 8.11 (m,
2H); **C NMR (75 MHz, CDCJ) ¢ 16.6, 20.1, 32.6, 60.3, 124.5, 125.3, 125.7, 125288,
126.9, 128.8, 130.2, 130.8, 131.8, 132.0, 132.1.8,3134.4, 137.7 153.9All data were

consistent with literature valués.

(R)-3,3'-Bis(3,5-dimethylbenzyl)-2,2’-dimethoxy-5,5%,6’-tetramethyl-1,1’-biphenyl ((R)-1-
18i)

o6

OMe

] OMe

R

R= 3,5'Me2C6H3

White foam; 98% vyield; d]p** +14.0 € 1.00, CHCl,); *H NMR (300 MHz, CDC}) ¢
1.89 (s, 6H), 2.21 (s, 6H), 2.27 (s, 12H), 3.265(4), 3.97 (dJ = 15.0 Hz, 2H), 3.90 (dl = 15.0
Hz, 2H), 6.82 (s, 2H), 6.84 (s, 4H), 6.90 (s, 2H)G NMR (75 MHz, CDC}) 6 16.5, 20.1, 21.4,
35.7, 60.0, 126.8, 127.3, 130.9, 131.1, 131.8,9,3134.3, 137.5, 141.5, 154.0. All data were

consistent with literature valués.
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(R)-3,3'-Bis(4+tert-butylbenzyl)-2,2’-dimethoxy-5,5’,6,6’-tetramethyl-1,1’-biphenyl  ((R)-1-
18j)

X

OMe

! OMe

R

R = 4't'BUC6H4

White foam; 85% yield*H NMR (300 MHz, CDC}) § 1.30 (s, 18H), 1.90 (s, 6H), 2.22
(s, 6H), 3.24 (s, 6H), 3.96 (d= 15.6 Hz, 2H), 4.02 (dl = 15.0 Hz, 2H), 6.93 (s, 2H), 7.15 ,
= 7.8 Hz, 4H), 7.29 (d) = 8.4 Hz, 4H);13C NMR (75 MHz, CDCJ) ¢ 16.7, 20.1, 31.4, 34.3,
35.2, 60.3, 125.2, 128.5, 130.9, 131.2, 131.8 13488.5, 148.4, 154.3. All data were consistent

with literature value$g?

(R)-3,3'-Bis(4-methylbenzyl)-2,2’-dimethoxy-5,5’,6,6'tetramethyl-1,1’-biphenyl ((R)-1-18Kk)

X
OMe

l OMe
R
R:4'MEC6H4

White foam; 93% yield*H NMR (300 MHz, CDC}) 6 1.88 (s, 6H), 2.21 (s, 6H), 2.31 (s,
6H), 3.23 (s, 6H), 3.95 (d,= 15.3 Hz, 2H), 4.01 (dl = 15.6 Hz, 2H), 6.91 (s, 2H), 7.08 @F
8.4 Hz, 4H), 7.12 (d) = 8.1 Hz, 4H)*C NMR (75 MHz, CDC}) J 16.5, 20.2, 21.0, 35.3, 60.1,
128.9, 129.1, 129.3, 131.0, 131.1, 131.8, 134.5,23138.7, 153.9. All data were consistent

with literature value$g?
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(R)-3,3'-Bis(naphthalene-2-ylmethyl)-2,2’-dimethoxy-56’,6,6’-tetramethyl-1,1’-biphenyl

((R)-1-18I)
X
OMe

! OMe

R
R =2-Np
White foam; 82% yield; q]p>* +24.3 € 1.00, CHCL,); *H NMR (300 MHz, CDC}) ¢
1.92 (s, 6H), 2.21 (s, 6H), 3.26 (s, 6H), 4.17)g,15.0 Hz, 2H), 4.23 (d] = 15.0 Hz, 2H), 6.95
(s, 2H), 7.42 (m, 6H), 7.66 (s, 2H), 7.78 (m, 6HE NMR (75 MHz, CDC}) 616.6, 20.1, 35.9,
60.1, 125.1, 125.7, 126.9, 127.0, 127.4, 127.6,712127.8, 130.6, 131.3, 131.8, 131.9, 133.6,
134.5, 139.2, 154.1. All data were consistent \iiérature value$?

(9)-3,3-Dibenzyl-5,5",6,6'-tetramethyl-1,1’-bipheny}2,2’-diol ((S)-1-19a)

To a solution of §-1-18a(0.458 g, 1.0 mmol) in CiLl, (20 mL), BBg(1.0 M solution
in DCM, 2.2 mL) was added dropwise at® over 20 min. The mixture was stirred at the same
temperature for 1.5 h, and then quenched by the& atidition of water (20 mL). The mixture
was separated and the aqueous layer was extradtiedether (3 x 20 mL). The combined
organic layers were washed with brine (50 mL) andddover anhydrous N&0O,. The solution
was concentrated under reduced pressure. The gowoduct was purified by column
chromatography on silica gel (hexanes/AcOEt = 8@olyive §)-1-19a(0.379 g, 90%) as a
white solid. Mp 105.0-106.8C; [a]p?* -11.2 € 1.00, CHCl,); *H NMR (300 MHz, CDCY) ¢
1.85 (s, 6H), 2.20 (s, 6H), 3.94 @ 15.3 Hz, 2H), 4.01 (d} = 15.0 Hz, 2H), 4.69 (s, 2H), 6.94
(s, 2H), 7.23 (m, 10H):*C NMR (75 MHz, CDC}) 6 16.3, 19.9, 35.7, 120.3, 124.8, 125.8, 128.3,
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128.9, 128.8, 132.5, 134.8, 141.0, 149.4. All deege consistent with literature valuds.

In the same manneR)-1-19fand R)-1-19i-l were synthesized

(R)-3,3'-Bis(naphthalene-1-ylmethyl)-5,5’,6,6'-tetranethyl-1,1’-biphenyl-2,2’-diol ((R)-1-19f)

X
OH
l OH
R=1-Np
White solid; 93% vyield; mp 151.5-1530; [o]p?* -28.5 € 1.30, CHCL,); *H NMR (300
MHz, CDChk) 6 1.89 (s, 6H), 2.11 (s, 6H), 4.39 @@= 15.6 Hz, 2H), 4.48 (d] = 15.6 Hz, 2H),
4.79 (s, 2H), 6.81 (s, 2H), 7.33 @z 6.9 Hz, 2H), 7.45 (m, 6H), 7.76 (@= 8.4 Hz, 2H), 7.87
(m, 2H), 8.11 (m, 2H)**C NMR (75 MHz, CDC}) § 16.1, 19.7, 32.4, 120.2, 124.1, 124.3, 125.5,
125.6, 125.8, 126.8, 126.9, 129.0, 132.1, 132.3.913134.6, 136.9, 149.2. All data were

consistent with literature valués.

R

(R)-3,3'-Bis(3,5-dimethylbenzyl)-5,5",6,6'-tetramethy-1,1’-biphenyl-2,2’-diol ((R)-1-19i)

o8

OH
l OH

R = 3,5-Me,CgH3

White solid; 91% yield; mp 49.5-50%€C; [¢]p** -10.0 € 1.00, CHCL,); *H NMR (300
MHz, CDCk) 6 1.86 (s, 6H), 2.20 (s, 6H), 2.26 (s, 12H), 3.86)(d 15.3 Hz, 2H), 3.93 (d] =
14.7 Hz, 2H), 4.69 (s, 2H), 6.82 (s, 2H), 6.854¢d), 6.94 (s, 2H)**C NMR (75 MHz, CDC}) §
16.1, 19.7, 21.3, 35.6, 120.4, 124.8, 126.5, 12128,8, 132.4, 134.5, 137.7, 140.9, 149.5. All

data were consistent with literature val@és.

R
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(R)-3,3'-Bis(4+tert-butylbenzyl)-5,5,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((R)-1-19j)

o
OH
O OH
R
R = 4't'BUC6H4
White foam; 89% yield; d]p>* +12.0 € 1.00, CHCL,); *H NMR (300 MHz, CDC}) ¢
1.30 (s, 18H), 1.86 (s, 6H), 2.20 (s, 6H), 3.92)d, 15.0 Hz, 2H), 3.98 (d] = 15.0 Hz, 2H),
4.69 (s, 2H), 6.97 (s, 2H), 7.17 @z 8.4 Hz, 4H), 7.30 (d] = 8.4 Hz, 4H):**C NMR (75 MHz,

CDCl) 0 16.2, 19.7, 31.4, 34.3, 35.2, 120.4, 124.7, 12528.3, 128.9, 132.5, 134.6, 137.9,

149.5. All data were consistent with literaturenes>*

(R)-3,3'-Bis(4-methylbenzyl)-5,5’,6,6’-tetramethyl-11’-biphenyl-2,2’-diol ((R)-1-19Kk)

o
OH
‘ OH
R
R:4-M8C6H4
White foam; 94% yield; d]p?* -18.5 € 0.40, CHCL,). 'H NMR (300 MHz, CDCJ) ¢
1.85 (s, 6H), 2.20 (s, 6H), 2.32 (s, 6H), 3.91)g,15.0 Hz, 2H), 3.97 (d] = 15.3 Hz, 2H), 4.63
(s, 2H), 6.94 (s, 2H), 7.09 (d,= 8.4 Hz, 4H), 7.14 (dJ = 8.1 Hz, 4H);**C NMR (75 MHz,

CDCly) ¢ 16.1, 19.7, 21.2, 35.5, 120.6, 125.1, 128.9, 12828.4, 132.5, 134.7, 135.3, 138.1,

149.6. All data were consistent with literaturenes®*
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(R)-3,3'-Bis(naphthalene-2-ylmethyl)-5,5’,6,6'-tetranethyl-1,1’-biphenyl-2,2’-diol ((R)-1-19)

X
OH

lOH

R=2-Np

R

White solid; 98% yield; mp 86.5-883C; [¢]p** -16.0 € 1.00, CHCL,); *H NMR (300
MHz, CDChk) 6 1.88 (s, 6H), 2.20 (s, 6H), 4.11 @z 15.0 Hz, 2H), 4.17 (d] = 15.3 Hz, 2H),
4.69 (s, 2H), 6.98 (s, 2H), 7.43 (m, 6H), 7.6724d), 7.78 (m, 6H)**C NMR (75 MHz, CDC}))
§16.2, 19.7, 35.9, 120.4, 124.6, 125.1, 125.8, 12628.8, 127.6, 127.8, 127.9, 128.9, 132.0,
132.5, 133.6, 134.7, 138.5, 149.5. All data wemsisient with literature valués,

(9)-3,3-Bis(2,4,6-tri-methylbenzyl)-5,5",6,6'-tetranmethyl-1,1’-biphenyl-2,2’-diol ((S)-1-19e)

CC,
OH
‘ OH
R
R = 2,4,6'M€3C6H2
A solution of mesitylmagnesium bromide in tetralgfdran (THF, 1 M, 3 mL) was
added at 6C to a solution of §-3,3"-bis(chloromethyl)-2,2’-dimethoxy-5,5’,6,6etramethyl-
1,1’-biphenyl (366 mg, 1 mmol) in THF (10 mL) comtiag Cul (48 mg, 0.125 mmol) over 30
min. The mixture was warmed up to room temperaame stirred for an additional 30 min and
then at 50C for 10 h. The reaction was quenched with aquéttCl solution (20 mL) and the
reaction mixture was extracted with @k, (20 mL x 3). The combined organic layers were

washed with water (40 mL) and brine (40 mL), drsaetr anhydrous MgSf)and concentrated

in vacuo. The resulting oil was directly used toe hext step without further purification.
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BBr; (2.2 mL, 1 M solution in CkCl,;) was added dropwise over 20 min to a stirred
solution of the previous crude product in £y (20 mL) at 0°C. The mixture was stirred at 0
°C for 1.5 h. The reaction was quenched by the siddition of water. The aqueous layer was
extracted with EO (20 mL x 3). The combined organic layers werehedswith water (40 mL)
and brine (40 mL), dried over anhydrous,8i@,, and concentrated in vacuo. The crude product
was purified by flash chromatography on silica @relxanes/AcOEt = 50:1 to 30:1) to affof)-(
1-19e (476 mg, 94% over two steps) as a white solid. r@p-186°C; [a]p** -20.0 € 0.30,
CH.Cly); *H NMR (400 MHz, CDC}) § 1.87 (s, 6H), 2.12 (s, 6H), 2.25 (s, 12H), 2.336(3),
3.95 (d,J = 17 Hz, 2H), 4.00 (dJ = 17 Hz, 2H), 4.76 (s, 2H), 6.45 (s, 2H), 6.9348); °C
NMR (100 Hz, CDGJ) ¢ 16.0, 19.9, 20.0, 20.9, 28.2, 119.7, 123.5, 12828.8, 129.8, 133.6,
133.9, 135.4, 137.2, 149.5; HRMS (EI+) calcd fagHG20, [M]* 506.3185, found 506.3193 (
= 1.6 ppm).

In the same manner, chiral biphenof;1-19b-d and §-1-19gh were synthesized.

(9)-3,3-Bis(4-phenylbenzyl)-5,5’,6,6’-tetramethyl-11’-biphenyl-2,2’-diol ((S)-1-19b)

Cr”
OH
C
R
R = 4-biphenyl
White solid; yield 93%; mp 141-14C; [o]p?* +10.8 € 0.65, CHCL,); 'H NMR (400
MHz, CDCk) 6 1.94 (s, 6H), 2.28 (s, 6H), 4.06 @z 15.2 Hz, 2H), 4.11 (d] = 15.2 Hz, 2H),
4.72 (s, 2H), 7.06 (s, 2H), 7.38 (m, 6H), 7.46 aH), 7.57 (dJ = 7.8 Hz, 4H), 7.63 ()= 7.8
Hz, 4H);*C NMR (100 Hz, CDGJ) § 16.3, 19.9, 35.6, 120.5, 124.7, 127.1, 127.1, 12I28.8,

129.1, 129.2, 132.6, 134.9, 138.9, 140.3, 141.8,t4HRMS (El+) calcd for gH3s0, [M]*
574.2872, found 574.28649 € -0.5 ppm).
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(9)-3,3-Bis(3,5-ditert-butylbenzyl)-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((S)-1-19c)

CL,
OH
i OH
R
R= 3,5-t-BU2C6H3
White solid; yield 89%; mp 80-8°C; [o]p?* +40.0 € 0.45, CHCL,); *H NMR (400 MHz,

CDCls) 6 1.29 (s, 36H), 1.88 (s, 6H), 2.21 (s, 6H), 3.92)(d 15.2 Hz, 2H), 4.04 (d] = 15.2 Hz,
2H), 4.62 (s, 2H), 6.97 (s, 2H), 7.10 (s, 4H), 7(862H);*C NMR (100 Hz, CDG) ¢ 16.2,
19.8, 31.5, 34.8, 36.2, 119.9, 120.6, 122.9, 12228.8, 132.5, 134.4, 140.0, 149.5, 150.6;
HRMS (EI+) calcd for GeHe202 [M] ™ 646.4750, found 646.4743 € -1.1 ppm).

(9)-3,3-Bis(2,6-diethylbenzyl)-5,5",6,6’-tetramethyi1,1’-biphenyl-2,2’-diol ((S)-1-19d)

CL,
OH
i OH
R
R = 2,6'Et2C6H3
White solid; yield 84%; mp 170-17°C; [o]o>* -14.9 € 0.47, CHCI,); *H NMR (400
MHz, CDChk) ¢ 1.19 (t,J = 7.5 Hz, 12H), 1.90 (s, 6H), 2.12 (s, 6H), 2.65J& 7.5 Hz, 8H),
4.05 (d,J = 17.2 Hz, 2H), 4.12 (d] = 17.2 Hz, 2H), 4.81 (s, 2H), 6.45 (s, 2H), 7.17X& 7.5
Hz, 4H), 7.26 (t) = 7.5 Hz, 2H);**C NMR (100 Hz, CDGJ) 6 15.4, 16.0, 19.8, 26.4, 27.1, 119.6,

124.4, 126.2, 126.6, 128.8, 130.3, 133.9, 135.3,414149.2; HRMS (El+) calcd forsgHs0>
[M]* 534.3498, found 534.349A & -1.3 ppm).
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(9)-3,3-Bis(2-methylnaphthalen-1-ylmethyl)-5,5’,6,6°tetramethyl-1,1’-biphenyl-2,2’-diol
(($)-1-199)

R = 1-(2-MeNp)

White solid; yield 88%; mp 127-12%; [a]p>* -12.2 € 0.74, CHCl,); *H NMR (400
MHz, CDCk) 6 1.89 (s, 6H), 2.02 (s, 6H), 2.54 (s, 6H), 4.474(3), 4.94 (s, 2H), 6.42 (s, 2H),
7.43 (m, 6H), 7.76 (d) = 8.4 Hz, 2H), 7.85 (d) = 6.9 Hz, 2H), 8.00 (dJ = 8.4 Hz, 2H);"*C
NMR (100 Hz, CDCJ) 6 16.1, 19.8, 20.5, 27.4, 119.8, 123.8, 124.3, 12126.0, 126.6, 128.4,
129.0, 129.2, 130.5, 132.6, 133.1, 133.4, 134.2,513149.2; HRMS (El+) calcd for 46H340,
[M]* 550.2872, found 550.2863 €& -1.6 ppm).

(9)-3,3-Bis(2-isopropylnaphthalen-1-ylmethyl)-5,5’,66’-tetramethyl-1,1’-biphenyl-2,2’-diol
((9)- 1-19h)

R =1-(2--PrNp)

White solid; yield 87%; mp 125-12€; [0]p**-12.9 € 0.3, CHCl,); *H NMR (400 MHz,
CDCls) 6 1.32 (t,J = 7.7 Hz, 12H), 1.89 (s, 6H), 2.02 (s, 6H), 3.46 gH), 4.49 (d) = 18.6
Hz, 2H), 4.54 (d,) = 18.6 Hz, 2H), 4.94 (s, 2H), 6.45 (s, 2H), 7.43 4H), 7.57 (d,) = 8.8 Hz,
2H), 7.82 (m 4H), 7.99 (dl = 8.8 Hz, 2H);"*C NMR (100 Hz, CDGJ) ¢ 16.1, 19.8, 23.9, 23.9,
26.6, 29.8, 119.7, 123.9, 124.5, 124.7, 124.9, 2627.3, 128.3, 128.9, 130.8, 131.8, 132.4,
133.1, 134.1, 144.8, 149.0; HRMS (El+) calcd fagHGeO. [M]* 606.3498, found 606.350% (
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= 1.5 ppm).

(9)-2,2’-Bisdiphenylphosphinoxy-3,3’-bis(2,4,6-tri-méhylbenzyl)-5,5’,6,6'-tetramethyl-1,1’-
biphenyl ((S)-L1e)
CL.
OPPh,
l OPPh,

R
R = 2,4,6-Me3CGH2

A solution of chlorodiphenylphosphine (221 mg, 1 atynin CH,Cl, (2 mL) was added
slowly over 20 min to a solution of an enantiopbnghenol §-1-19e(202 mg, 0.4 mmol), 4-
N,N-dimethylaminopyridine (DMAP) (5 mg, 0.04 mmol),datriethylamine (TEA) (0.3 ml, 2.5
mmol) in CHCl, (4 mL) at 0°C. The mixture was stirred at the same temperdituradditional
2 h. The reaction mixture was then concentratechouo. The residue was dissolved in ether (4
mL) and filtered through a pad of CefiteThe filtrate was concentrated again and the crude
product was purified on a silical gel column pratesl with TEA by using hexanes/AcOEt (50:1)
as the eluent to afford-L1e (248 mg, 71%), as a white foam. mp 95%7 [0]p** +127.6 €
0.29, CHCl); *H NMR (400 MHz, CDCJ) 6 1.79 (s, 6H), 1.83 (s, 6H), 2.03 (s, 12H), 2.28 (s
6H), 3.49 (d,J = 16.8 Hz, 2H), 3.66 (d] = 16.8 Hz, 2H), 6.06 (s, 2H), 6.82 (s, 4H), 7.18 (M
12H), 7.38 (m, 8H)**C NMR (100 Hz, CDG) & 16.7, 20.0, 20.9, 29.9, 127.7, 127.9, 128.2,
128.5, 129.0, 129.2, 130.2, 130.3, 131.4, 134.4,21335.1, 137.2, 151.5P NMR (121.5 Hz,
CDCls) 6 108.75; HRMS (ESI+) calcd forggHg:0:P, [M + H]* 875.4147, found 875.4164
1.8 ppm).

In the same manner, BOP ligandS)-(1a-d, (S-L1gh, (R)-L1f, (R)-L1li-m, (S-L1n,
(R)-L1lo-pand §)-L2-3ewere synthesized.
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(9)-2,2’-Bisdiphenylphosphinoxy-3,3’-dibenzyl-5,5’,6’-tetramethyl-1,1’-biphenyl ((S)-L1a)
O Ph
OPPh,

! OPPh,

Ph
White Solid; 70% yield; mp 75.0-77°C; [o]p>* +101.0 € 1.00, CHCl,); *H NMR (400
MHz, CDCk) 6 1.75 (s, 6H), 1.85 (s, 6H), 3.49 @@z 15.9 Hz, 2H), 3.65 (d] = 15.8 Hz, 2H),
6.39 (s, 2H), 6.96 (m, 4H), 7.28 (m, 26F%® NMR (161.9 MHz, CDG) ¢ 109.1. All data were

consistent with literature valués.

(9)-2,2’-Bisdiphenylphosphinoxy-3,3’-bis(4-phenylbeng)-5,5’,6,6’-tetramethyl-1,1’-
bipheny! ((S)-L1b)

Cr

OPPh,
i OPPh,
R = 4-biphenyl

White solid; yield 70%; mp 85-87C; [a]p>* +130.0 ¢ 0.29, CHCI,); 'H NMR (400
MHz, CDCk) 6 1.80 (s, 6H), 1.90 (s, 6H), 3.55 (= 15.9 Hz, 2H), 3.72 (d] = 15.9 Hz, 2H),
6.48 (s, 2H), 7.02 (d] = 8.0 Hz, 4H), 7.16 (m, 12H), 7.39 (m, 18H), 7.88J = 8.0 Hz, 4H);
13C NMR (100 Hz, CDG) 6 17.0, 19.9, 36.0, 126.7, 126.9, 127.7, 127.8,7,2828.7, 128.8,
128.9, 129.5, 129.8, 130.6, 131.1, 131.6, 134.9,3,340.3, 141.2, 151.8P NMR (121.5 Hz,
CDCls) 6 110.63; HRMS (ESI+) calcd forggHs70.P, [M + H]* 943.3834, found 943.3858
2.5 ppm).
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(9)-2,2’-Bisdiphenylphosphinoxy-3,3’-bis(3,5-ditert-butylbenzyl)-5,5’,6,6’-tetramethyl-1,1’-
biphenyl ((S)-L1c)

L

OPPh,
i OPPh,
R= 3,5't-BUZCGH3

White solid; yield 81%; mp 81-8%; [o]p*! +77.1 € 0.48, CHCI,); *H NMR (400 MHz,
CDCly) 6 1.33 (s, 36H), 1.75 (s, 6H), 1.82 (s, 6H), 3.57)(d 15.4 Hz, 2H), 3.69 (d] = 15.4 Hz,
2H), 6.48 (s, 2H), 6.94 (m, 4H), 6.99 (s, 4H), 7(r) 2H), 7.21 (m, 6H), 7.29 (m, 6H), 7.42 (m,
4H); *3C NMR (100 Hz, CDGQJ) § 16.9, 19.8, 31.5, 34.7, 36.8, 119.4, 123.4, 12123,7, 128.2,
128.7, 129.1, 129.8, 130.4, 130.9, 131.3, 134.8,214150.1:*P NMR (121.5 Hz, CDG) ¢
109.45; HRMS (ESI+) calcd for igHg10:P; [M + H]* 1015.5712, found 1015.5728 € 1.6

ppm).

(9)-2,2’-Bisdiphenylphosphinoxy-3,3’-bis(2,6-diethylienzyl)-5,5’,6,6’-tetramethyl-1,1’-
biphenyl ((S)-L1d)

Cr

OPPh,

l OPPh,

R

R= 2,6'Et2C6H3

White solid; yield 74%; mp 80-82C; [0]p?! +125.8 ¢ 0.31, CHCI,); 'H NMR (400
MHz, CDChk) § 1.07 (t,J = 7.5 Hz, 12H), 1.81 (s, 6H), 1.84 (s, 6H), 2.45J& 7.5 Hz, 8H),
3.58 (d,J = 16.9 Hz, 2H), 3.81 (d] = 16.9 Hz, 2H), 6.08 (s, 2H), 7.07 (#i= 7.6 Hz, 4H), 7.21
(s, 14H), 7.41 (m, 8H)*C NMR (100 Hz, CDGJ) § 15.3, 16.6, 20.0, 26.3, 29.0, 126.0, 126.3,
127.7, 127.9, 128.4, 128.7, 129.0, 130.2, 130.3,413134.0, 135.8, 143.2, 151 8P NMR
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(121.5 Hz, CDG)) ¢ 108.84; HRMS (ESI+) calcd for ¢ggHesO.P, [M + H]™ 903.4460, found
903.4478 A = 2.0 ppm)

(R)-2,2’-Bisdiphenylphosphinoxy-3,3’-bis(naphthalen-lylmethyl)-5,5’,6,6’-tetramethyl-
1,1’-biphenyl ((R)-L1f)

X

OPPh,
OPPh,
l R

R=1-Np
White solid; yield 81%; mp 114.0-116°C; [a]p** +148.1 € 1.00, CHCL,); 'H NMR
(400 MHz, CDC}) ¢ 1.84 (s, 6H), 1.87 (s, 6H), 3.91 @7 16.4 Hz, 2H), 4.19 (d] = 16.4 Hz,
2H), 6.39 (s, 2H), 7.07 (m, 14H), 7.38 (m, 14HY{Z(d,J = 8.2 Hz, 2H), 7.82 (m, 4H)}'P
NMR (161.9 Hz, CDCI3) 108.7. All data were consistent with literatureves®*

(9)-2,2’-Bisdiphenylphosphinoxy-3,3’-bis(2-methylnaplthalen-1-ylmethyl)-5,5',6,6’-
tetramethyl-1,1’-biphenyl ((S)-L19)

Cr
OPPh,
i OPPh,
R = 1-(2-MeNp)
White solid; yield 78%; mp 109-11°C; [o]p?* +106.2 € 0.65, CHCl,); *H NMR (400
MHz, CDCh) J 1.68 (s, 6H), 1.75 (s, 6H), 2.31 (s, 6H), 4.06X¢, 16.8 Hz, 2H), 4.17 (d] =
16.8 Hz, 2H), 6.04 (s, 2H), 7.06 (m, 4H), 7.13 @H), 7.35 (m, 16H), 7.52 (m, 4H), 7.68 (s
8.4 Hz, 2H), 7.82 (m, 4H)**C NMR (100 Hz, CDGJ) & 16.8, 19.9, 20.5, 29.4, 124.5, 124.7,

125.9, 126.4, 127.9, 128.2, 128.8, 129.0, 129.9,8/2130.3, 130.4, 131.6, 132.4, 133.0, 133.8,
134.4, 134.5, 143.2, 151.5%> NMR (121.5 Hz, CDG) ¢ 110.15; HRMS (ESI+) calcd for
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CeaHs70.P> [M + H]* 919.3834, found 919.3842 & 0.9 ppm).

(9)-2,2’-Bisdiphenylphosphinoxy-3,3’-bis(2-isopropyl@phthalen-1-ylmethyl)-5,5’,6,6’-
tetramethyl-1,1’-biphenyl ((S)-L1h)

o
OPPh,
i OPPh,

R = 1-(2-i-PrNp)

White solid; yield 71%; mp 106-10%; [o]p** +162.2 € 0.37, CHCI,); *H NMR (400
MHz, CDCk) 6 1.20 (d,J = 6.8 Hz, 6H), 1.27 (d] = 6.8 Hz, 6H), 1.73 (s, 6H), 1.78 (s, 6H), 3.26
(m, 2H), 4.12 (dJ = 17.1 Hz, 2H), 4.26 (dl = 17.1 Hz, 2H), 6.13 (s, 2H), 7.09 (m, 4H), 7.16 (m
2H), 7.29 (m, 6H), 7.39 (m, 4H), 7.52 (m, 10H), 7 @n, 4 H), 7.88 (dJ = 7.6 Hz, 2H);"*C
NMR (100 Hz, CDGJ) ¢ 16.7, 19.9, 23.8, 23.9, 28.6, 29.6, 123.8, 12#25,3, 125.9, 127.0,
127.9, 128.1, 128.7, 129.0, 129.4, 129.7, 130.3,513131.9, 132.2, 133.0, 134.4, 143.2, 144.5,
151.2;*P NMR (121.5 Hz, CDG) 6§ 109.95; HRMS (ESI+) calcd for ggHesOoP, [M + H]*
975.4460, found 975.4490 € 3.1 ppm).

(R)-2,2'-Bisdiphenylphosphinoxy-3,3’-bis(3,5-dimethyenzyl)-5,5",6,6 -tetramethyl-1,1’-
bipheny! ((R)-L1i)

@

OPPh,

] OPPh,

R

R = 3,5'M62C6H3

White foam; yield 76%™H NMR (400 MHz, CDC}) 6 1.76 (s, 6H), 1.87 (s, 6H), 2.25 (s,
12H), 3.49 (dJ = 15.6 Hz, 2H), 3.66 (d] = 15.6 Hz, 2H), 6.46 (s, 2H), 6.68 (s, 4H), 6.80 (s
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2H), 7.23 (m, 20H)*'P NMR (161.9 Hz, CDG) 6 110.5. All data were consistent with literature

values?®

(R)-2,2'-Bisdiphenylphosphinoxy-3,3’-bis(4tert-butylbenzyl)-5,5’,6,6’-tetramethyl-1,1’-
biphenyl ((R)-L1j)
R
O OPPh,
OPPh,
(L
R = 4-t-BuCgH,
White solid; yield 80%; mp 71.0-73°C; [0]p*? -100.5 € 1.00, CHCl,); *H NMR (400
MHz, CDCk) 6 1.29 (s, 18H), 1.75 (s, 6H), 1.85 (s, 6H), 3.48)(d,15.7 Hz, 2H), 3.63 (d] =
15.8 Hz, 2H), 6.41 (s, 2H), 6.92 (d,= 8.2 Hz, 4H), 7.15 (m, 24H}P NMR (161.9 MHz,
CDCls) 6 110.2. All data were consistent with literaturenes®*

(R)-2,2'-Bisdiphenylphosphinoxy-3,3’-bis(4-methylbenyl)-5,5’,6,6 -tetramethyl-1,1’-

bipheny! ((R)-L1Kk)
X,
OPPh,

] OPPh,

R
R= 4'MeC6H4

White foam; yield 73%H NMR (400 MHz, CDC{) 61.75 (s, 6H), 1.85 (s, 6H), 2.32 (s,
6H), 3.48 (dJ = 16.0 Hz, 2H), 3.63 (d] = 16.0 Hz, 2H), 6.44 (s, 2H), 6.90 (@i= 8.0 Hz, 4H),
7.03 (d,J = 8.0 Hz, 4H), 7.22 (m, 20H¥'P NMR (161.9 MHz, CDG) ¢ 110.7. All data were

consistent with literature valués.
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(R)-2,2'-Bisdiphenylphosphinoxy-3,3’-bis(naphthalen-2ylmethyl)-5,5’,6,6’-tetramethyl-
1,1’-biphenyl ((R)-L1l)

@

OPPh,

l OPPh,

R
R=2-Np

White solid: yield 71%; mp 119.0-121°C; [o]p?* -145.3 € 1.00, CHCl,); 'H NMR
(400 MHz, CDCH) § 1.79 (s, 6H), 1.86 (s, 6H), 3.66 (#l= 15.9 Hz, 2H), 3.84 (d] = 15.9 Hz,
2H), 6.45 (s, 2H), 7.11 (m, 12H), 7.41 (m, 15HBF (m, 7H);*'P NMR (161.9 Hz, CDG) ¢
109.4; All data were consistent with literatureues®*

(R)-2,2'-Bisdiphenylphosphinoxy-5,5’,6,6’-tetramenthy-1,1’-bipheny! ((R)-L1m)

! OPPh,
] OPPh,

White foam; yield 77%;d]p*? +38.2 € 1.00, CHCl,); *H NMR (300 MHz, CDC}) ¢
1.81 (s, 6H), 2.15 (s, 6H), 6.87 = 7.8 Hz, 2H), 7.03 (dJ = 8.1 Hz, 2H), 7.18 (m, 20H}'P
NMR (121.5 MHz, CDGJ) 6 109.5. All data were consistent with literaturéues?*

(R)-2,2'-Bisdiphenylphosphinoxy-3,3’-diphenyl-5,5",66’-tetramenthyl-1,1’-biphenyl  ((R)-
L1p)

Ph

OPPh,

! OPPh,

Ph
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White solid; yield 71%; mp 69.0-71%C; *H NMR (300 MHz, CDCJ) ¢ 1.80 (s, 6H),
1.99 (s, 6H), 6.87 (s, 2H), 7.18 (m, 30I§|1):;> NMR (121.5 MHz, CDG) ¢ 109.5. All data were
consistent with literature valués.

(9)-2,2’-Bis[bis(p-tolyl)phosphinoxy]-3,3’-bis(2,4,6-tri-methylbenzy)-5,5,6,6'-tetramethyl-
1,1’-biphenyl ((S)-L2€)

CC.

OPAr,

i OPAr,

R
R= 2,4,6'Me306H2

Ar =tolyl

White solid; yield 78%; mp 110-11C; [o]p?* +119.4 € 0.31, CHCI,); *H NMR (400
MHz, CDCk) § 1.82 (s, 6H), 1.87 (s, 6H), 2.07 (s, 12H), 2.284), 2.32 (s, 6H), 2.33 (s, 6H),
3.54 (d,J = 16.8 Hz, 2H), 3.70 (d] = 16.8 Hz, 2H), 6.12 (s, 2H), 6.87 (s, 4H), 7.01)¢& 7.8
Hz, 4H), 7.06 (d,J = 7.8 Hz, 4H), 7.32 (m, 8H}*C NMR (100 Hz, CDGJ) ¢ 16.7, 19.9, 20.9,
21.3, 21.3, 29.9, 128.0, 128.5, 128.6, 129.4, 13088.5, 131.2, 134.1, 134.5, 135.0, 137.2,
138.2, 138.6, 152.3°P NMR (121.5 Hz, CDG) ¢ 110.40; HRMS (ESI+) calcd forggHgsOP,
[M + H]" 931.4773, found 931.4794 € 2.7 ppm).

(9)-2,2’-Bis[bis(m-xylyl)phosphinoxy]-3,3’-bis(2,4,6-tri-methylbenzy)-5,5’,6,6’-tetramethyl-
1,1’-biphenyl ((S)-L3e)

Cr

OPAr,

i OPAr,

R

R= 2,4,6'M€306H2
Ar = m-xylyl
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White solid; yield 75%; mp 114-11%; [o]p?* +104.8 € 0.21, CHCI,); *H NMR (400
MHz, CDCk) 6 1.72 (s, 6H), 1.83 (s, 6H), 2.03 (s, 12H), 2.201@H), 2.22 (s, 12H), 2.27 (s,
6H), 3.43 (dJ = 16.6 Hz, 2H), 3.71 (dl = 16.4 Hz, 2H), 6.10 (s, 2H), 6.82 (s, 4H), 6.834(4),
7.04 (s, 4H), 7.08 (s, 4H}°C NMR (100 Hz, CDG) § 16.6, 19.9, 20.8, 21.3, 21.4, 29.6, 126.8,
127.8, 128.2, 128.5, 130.3, 130.5, 130.9, 133.9,813135.0, 136.8, 136.9, 137.1, 151%
NMR (121.5 Hz, CDGJ)) 6 111.25; HRMS (ESI+) calcd for ¢gH770:P> [M + H]* 987.5399,
found 987.5406A = 0.7 ppm).
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Chapter 2

Pd-Catalyzed Asymmetric Allylic Etherification Using Chiral BOP
Ligands and Its Application for The Formal Total Synthesis of (-)-

Galanthamine

§2.1 Introduction of galanthamine ... 48
§2.2 Pd-catalyzed asymmetric allylic SUDSEItUtioaations ................eeueeiiiiiiiiiiiieeeeee e 51
82.3 RESUIS ANA QISCUSSION ......ueteieestt s ettt eeeaeeeeeeseseesessesssssseeeeeaaaaaeaeaeaaaaaaaeeeeeeees 54
§2.3.1 Synthesis Of SUDSIIALES...........iiceeemeeieiieiieiieieeieeiteieebee e beeeene e e e e eeeeeeeeeeees 54
§2.3.2 Pd-catalyzed asymmetric allylic etherifioRti................cccoii e 56
§2.3.3 Synthesis of the benzofuran intermediate...............oooeciiiiiiiii e 61
Y2 S O o o4 [ 153 o RO PPPURR 62
82.5 EXPEIMENTAl SECLON........eeiiiietiteceeemmsieeetteeeeeesie e st e e st e e ste e st eeesaeenaseesseeanseesneeeenseeanees 62
82.6 REIBIEINCES ... .ttt ettt e e e e e ernr e e e e e e e e e nn e aeeaeeaeeeaans 73

47



82.1 Introduction of galanthamine

Galanthamine (Figure 2-1), an amaryllidaceae alédl* has been used for the treatment
of mild to moderate Alzheimer's disease and othemuory impairmentd.|t is a reversible
inhibitor of acetylcholinesterase (Aché)and less toxic than other Ache inhibitors, such as
physostigmine and tarcif’€. Because the isolation from natural sources isotesjiexpensive,
and insufficient for clinical use, many chemicahtheses have been report&d® In addition, a
biomimetic synthesis through phenol coupling folkmvby dynamic resolution has been
performed on a pilot scale (Scheme 2°1)Although thepara-para oxidative coupling o2-3
was blocked by introduction of a bromine protectiggpup, moderate yields -4 were
obtained. The bromine was removed by Lialldter. Interestingly, enantiopure (-)-narwedine
(>99% ee) was transformed from racemic narwedinegu®.5% of (-)-narwedine as a crystal
seed. This successful process is based on two pileste(i) narwedine crystallizes as a
conglomerate and (ii) an equilibrium between (9wwedine and (+)-narwedine through a retro-

Michael reaction.

/1, O O
OH OR
OH
(-)-galanthamine (-)-morphine R=H: (-)-codenine

R=Me: (-)-thebaine

Figure 2-1.(-)-Galanthamine, (-)-morphine and its derivatives

In the 2% century, some approaches to the asymmetric togathesis of (-)-
galanthamine have been report&é One of the most efficient methods was reported tmgt et
al., wherein the critical chiral centers were credtgdPd-catalyzed intermolecular asymmetric
allylic etherification (Pd-catalyzed AAEY?? The best result achieved so far in the key step
using his “modular” diphosphine ligand, DPPBA, w&8% ee and 72% vyield, and
recrystallization was required in the subsequey & afford the key intermedia2el3(96% ee),

bearing a tricyclic benzofuran skeleton with a ahijuaternary carbon (Scheme Z2pllylic
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oxidation by selenium dioxide provided alcol®14 with the desired stereochemistry. The one
pot reductive amination constructed the final hye#mzazepine ring to give (-)-galanthamine
with 6% epimerization. In additior®-13 is a versatile intermediate for the syntheses pf (-
morphine and its derivatives, (-)-codeine and{ebaine (Figure 2-Ff. Accordingly, this useful
process to provid2-13still needs substantial improvement in its enaefedivity and chemical

yield to be more practical

MeQ  OMe MeQ  OH , O
~ 3. tyramine, NaBH, 7
1. Bry, 90-92% 90%-95% HQ <NJ_QOH

2. HZOSO4 . 4, HCOOEt, 80-91% MeO
CHO  65%-72% B  CHO

Br
2-1 2.2 2.3
Br OMe OMe
5. Kz[Fe(CN O 6. Propylene glycol \eN 8. 1% seed (-)-narwedine
fc[)-54(,% el oHen 75%-85% o _ EtsN, EtOH, 70%-80%
- = o
7. LiAlH,, then HCI, >99% ee
78%-92%
e} (@]
2.4 (+)-narwedine
O oMe O OMeg L-selectrid H |O o
retro-Micheal . L-selectride
. MeN MeN
MeN then HBr ©)
OH reaction N / 5 . ) / 5
‘0, r ’,,
‘ ‘ 97%-99% ‘
0 o OH
(-)-narwedine (-)-galanthamine-HBr
6.9-19.1%

overall yields

Scheme 2-1Sanochemia’s synthesis of (-)-galanthamine
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MeOZC\©

COuMe NH HN o

MeO OTroc DPPBA MeO Br
PPh, Ph,P

[Pd(ally)Cl],, EtsN, CH,Cl, CHO
2-5a 2-6 72% 2-8 (88% ee)
Troc = trichloroethyl chloroformate 1 %'éﬂ'\{';?/g’)

85% | 2) DIBAL-H/
toluene
K@ HOH,C
1) ACH, PhsP
Pd(OAc), DIAD, Et,0 \O
_ deep
: 2) TsOH (20%) MeO
N AgCO; \©i THF, H,0 \©:
CHO CHO 3) recrystallization CH(OCHy),

91%
2-13 2-12 (96% ee) 76%, -10

MeO

(ACH = acetonecyanohydrin)
SeOZ, NaH2PO4
dioxane, 57%

OMe OMe O OMe
O DIBAL-H, then N
OHC MeNH, ag. NaH,PO4 >/
i, O "
NC ‘ HO ‘
OH
2-14 2-15 2-16
NaCNBH3J
OMe OMe
vl I
~ ~
\///,, O + \//I/, O
! epi 6% 62%
OH OH

(-)-galanthamine

Scheme 2-2Trost’s synthesis of (-)-galanthamine
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82.2 Pd-catalyzed asymmetric allylic substitution@actions

Pd-catalyzed allylic substitution reactions weirstfpioneered by Tsuji in 1965.The
scope of the reaction was expanded gradually trighenyl phosphine was introduced by Trost
in 1973%° His work led to a good number of asymmetric afly$ubstitution strategies which
were fulfilled by using chiral phosphine ligandss Aentioned in Chapter 1, our BOP ligands
were successfully applied to the asymmetric syishefsSchulzeine A-C and (-)-strychnife®®
Additionally, a library of monodentate phosphorait@digands was developed in our lab. They
have proven to be very effective in many catalgiymmetric transformatiorf&> especially
:31-33

Pd-catalyzed asymmetric allylic substitution reaasi
Scheme 2-4.

as illustrated in Scheme 2-3 and

|\/|eoochNH OBz

Pd(OAC),/L* COOMe
&0 - O < ﬁ
OBz

OBz
>99% ee

OMe

(+)-y-lycorane

Scheme 2-3Total synthesis of (+)-lycorane
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MeO
Meom\WTFA Pd,dbag/L* O
NTFA L* = o.. /
MeO —"oco,ph  CHXCl MeO o" ™
~ @

96% ee
OMe MeO e O R
MeO NHTFA Pd,dbas/L* L* = O, N/
» NTFA T
o MeO 0o \
MeO OCO,C(Me)CH,
AN R
91% ee R =1-Np

Scheme 2-4Pd-catalyzed intramolecular asymmetric allylic aation

The catalytic cycle of asymmetric allylic substitut reactions is outlined in Scheme 2-5.
First, a Pd(0) catalysipproaches and coordinates to the olefin. Secoxidatove addition
(ionization) occurs and the leaving group is exqeello form ar-allyl Pd(Il) complex. In this
step, palladium is at an anti position to the legwyroup. The nucleophile then adds to the
allyl Pd(ll) complex and followed by decomplexatioeleasing the desired product and
regenerates the Pd(0) catalyst. It is notewortlay the nucleophiles are divided into hard and
soft types based on the pKas of their conjugatésatiard nucleophiles with pKas greater than
25, bind to the palladium first, leading to a sytaek on the allylic substrate. On the other hand,
soft nucleophiles with pKas less than 25, attaekathylic substrate directly from the back of the

palladium?®

For most of the allylic substrates, each step edttepfinal one affects enantioselectivity.
However, the allylic substratg-6 in the Pd-AAE reaction for the total synthesis (ef
galanthamine, formed a symmetrieallyl complex. Therefore the nucleophilic additistep

determined the enantioselectivity.
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R._~__Nu R
e o

Pd(0O)L, R'

Decomplexation Complexation
L,(O)Pd, Rj/\ﬂpd(O)Lz PAO)L
R.__~__Nu A R_A~__X
\/\R/I or ol \/\R(
A
Nucleophilic addition oxidative
addition
@
PA(INL, |_
R X
S) '
Nu R

Scheme 2-5Mechanism of Pd-catalyzed allylic substitution teats

A similar allylic substrat@-7awas used in the Pd-AAA reaction for the total sgsihk of
(-)-strychniné®® A molecular modeling study of a cationic Pd(41a complex with then-
allyllic 2-TIPS-O-methylcyclohexenyl was made in our lab (MM2/PM3r f@nergy
minimization)?® The result indicated that the bulky TIPS group weasicial for the
enantioselectivity (Scheme 2-6). The steric repulddetween the TIPS group and the benzyl
group at the 3-position of the biphenyl moiety, ledan unfavorable conformer B. Thus the
nucleophiles preferred to attack from the righesid complex A to givé product
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AE=0 Nucleophile B AE = +14.6 KJ/mol
favorable r unfavorable
NHTs
B \ OTIPS B | OTIPS
' Ts ' Ts
S product R product

Scheme 2-6. A molecular modeling study of theallyl Pd(11)/(S)-L1a complex.

82.3 Reaults and discussion

§2.3.1 Synthesis of substrates

We investigated the AAE reaction of pheeb and allylic carbonate®-7 instead o2-6
in Trost’s synthesis. Since the ester moiet-6fwas reduced to a hyroxymethyl group later in
Trost's synthesis, we decided to use a protectddolxymethyl group in the allylic carbonat2s
7 from the beginning. It was reported that the meedsger moiety at the 2-position {6 was
essential for the reaction to take place undertB&asnditions, and no reactions took place when
other substrates bearing nonester moieties wetteea?-positiorf> We have recently useti7a
and 2-7b for the successful intermolecular AAA reactfdriThus the carbonate®7a-c were
prepared according to the reported procedure (Seh&in). Glutaraldehyde was reacted with
trimethyl phosphonoacetate through Horner-Wadswairtimons reaction and aldol

condensation to give the cyclic alcoll7. It was then subjected to DIBAL-H reduction to
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afford the diol2-18. The hydroxymethyl group 02-8 was protected by TIPS, TBDMS or
TBDPS, followed by the coupling of the secondardioxyl group with vinyl chloroformate to
give the corresponding carbonafga-c. Bromination and lodination of isovaniline affocti2-

5a and2-5b respectively (Scheme 2-7). The phenoaf& was prepared by simple treatment of
2-5a with NaH.

HO
’ CO,Me
(MeO),PCH,COOCH;4 OH OH
OHC._ ~_CHO DIBALH
K2CO3, Hzo toluene
46% 83%
2-17 2-18
RO RO
silyl chloride OH vinyl chloroformate O\H/O\/
Py, DCM o)
R =TIPS 2-19a R =TIPS 2-7a
TBDMS 2-19b TBDMS 2-7b
TBDPS 2-19c TBDPS 2-7c

OHC OHC
NaH
Br,, Fe Br OMe Br OMe
NaOAc
AcO/ OH ONa
OHC 2-5a 2-5¢
0,
OMe \ 75% 99%

OH

ICI, pyridine  OHC

I OMe
OH

2-5b
67%

Scheme 2-7. Synthesis of substrates
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§2.3.2 Pd-catalyzed asymmetric allylic etherificatin

Preliminary study of BOP ligands was performed gsiarbonate-7a under conditions
nearly identical to those used for the previoudparted intermolecular Pd-catalyzed AAA
reaction?® Thus, the reactions were carried out in DMF atilastate concentration of 0.025 M
with a Pd(dba)/ligand ratio of 1:3. Results are summarized inlg&s1.

Table 2-1.Preliminary study of BOP ligands

OMe OTIPS OTIPS

OMe OTIPS
OH+ O\H/OV/ sz(ﬂb?.%% r;)o(;l R @O\é + é
Lo B © DMF, tt, 12 h L Br
2-5a 2-7a (+)-2-9a 2-20a
(1.1eq)
entry ligand conv (%) (+)-2-9a(% ee? 2-9a:2-204

1 R)-L1q >95 8 (+) 64:36

2 R)-L1p >95 32 (+) 88:12

3 (R)-Lla >95 53 (+) 84:16

4 R)-L1f >95 54 (+) 80:20

2 Determined byH NMR.
® Determined by HPLC using Chiralcel OJ after déatlgn with TBAF.

As Table 2-1 shows, the aryl eth@9awere obtained in good yields in all reactions, but
together with byproducf-20a It is interesting to note that the formation ofsthype of
byproduct was not reported by Trost, who uge8linstead of2-7.?>*2 The phenylethynyl and
phenyl groups at the 3,3-positions, elR)-1q and R)-L1p, stretched out, leading to a weak
steric repulsion with the bulky silyl group of cariates. AccordinglyR)-L1q and R)-L1p gave
lower enantioseletivities thaR)-L1a and R)-L1f.
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Since R)-L1f had the best performance in the preliminary studyas used for the
initial screening of the allylic substrat@s7/a-cand nucleophile2-5a-c(Table 2-2). Palladium-
catalyzed reaction of iodophen®i5b and carbonat@-7a failed to produce any of the desired
cyclohexenyl ether (Table 2-2, entry 1). Using pilate 2-5c as the nucleophile accelerated the
reaction significantly, but enantioselectivity dessed to 42% ee (Table 2-2, entry 2). An
increase in enantioselectivity for the formation(®j-2-9awas observed as the size of the silyl
group increased (Table 2-2, entries 3-5). SwitchimegPd-catalyst precursor Pd(0) {(lba)) to
Pd(Il) ([Pd(allyl)Cl}) increased the enantioselectivity to 80% ee (Tdb entry 6). All
reactions except the first two completed withinhlat room temperature. Lowering the reaction
temperature to 6C slightly increased the enantioselectivity to 82eo(Table 2-3, entryl), but

the reaction was naturally slowed down.

Table 2-2.Initial screening of substrates

OMe OR OMe OR OR
OR o)
o. O [Pd] (2.5 mol %)
©: + hif ~F (R)-L1f (7.5 mol %) \é +
X 0o DMF, rt, 12 h Br
CHO CHO
2-5aR=H, X=Br 2-7a R=TIPS (+)-2-9a R =TIPS 2-20a
2-5b R=H, X=1  2.-7b R=TBDMS (+)-2-9b R=TBDMS 2-20b
2-5c R=Na,X=Br 2-7¢c R=TBDPS (+)-2-9c R=TBDPS 2-20c
(1.1eq.)
entry  substrates catalyst conv (%)  (+)-2-9 (% eel 2-9:2-20
1 2-5b, 2-7a Pd(dba) no reaction - -
X 2-5¢c,2-7a  Pd(dba) >05 42 (+) 75:25
3 2-5a,2-7a  Pd(dba) >95 54 (+) 80:20
4 2-5a,2-7b  Pdy(dba) >95 62 (+) 79:21
5 2-5a3,2-7c  Pdy(dba) >95 72 (+) 82:18
6 2-5a, 2-7c  [Pd(allyl)Cl], >95 80 (+) 85:15

abSee the footnotes of Table 2-The reaction was completed within 5 h
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The effect of solvents on this reaction was alsangred, using2-7c as the allylic
substrate and [Pd(allyl)Glhs the catalyst precursor, at 0 °C for 24 h. Aslef&bshows, the
reactions run in CECN and CHCI, gave (+)2-9c with 86% ee, but with only 46-65%
conversion (Table 2-3, entries 2 and 3). It wasitbthat phenoR-5a precipitated out in these
solvents at §C. Then, the addition of 1.1 equivalents of triéinyine (TEA) was found to solve
or improve this problem and the reactions proceaedech more smoothly, especially in gEN
(Table 2-3, entries 4 and 5).

Table 2-3.Effect of solvents

OTBDPS _OTBDPS

OTBDPS
[Pd(allyl)Cl],
O~ (R)-LIf
©i é/ ~solvent ©i \é é
0°C, 24h

2-5a 2-7c (+)-2-9¢c 2-20¢
(1.1 equiv)

entry solvent conv (%) (+)-2-9c(% ee¥ 2-9¢:2-208

1 DMF >95 82 (+) 90:10
2 CHCN 65 86 (+) 92:8
3 CHCl 46 86 (+) 93:7
£ CHCN >05 84 (+) 89:11
5  CH.Cl 76 84 (+) 91:9

3P See the footnote of Table 2°1.1 equiv of TEA was added.

Next, BOP ligands were screened usiyjc as the allylic substrate, GAN as the
solvent and TEA (1.1 equiv) as the additive 8ETor 24 h. The results are summarized in Table
2-4 (The result wherR)-L1f from Table 2-3 was used is included for compafistirshould be
noted that, at this point, we screen&-BOP ligands since the intermedia2el?2 for (-)-

galanthamine should have the (§-(configuration, and thug-9 should also have the (-¥)(
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configuration, which was found to be achieved binggS-BOP ligands based on the results

shown above.

As Table 2-4 shows,§-L1b bearing a 4-phenylbenzyl group at the 3,3’-posgion
afforded 2-9c with 78% ee (Table 2-4, entry 2), which was clésethe results using 3,3'-
unsubustitued ligand§-L1a (Table 2-4, entry 1). However, the introduction &f bulky
substituent at theneta position, i.e., 3,5-dtert-butylbenzyl group at the 3,3-positions, i.€5)-(
L1c resulted in a substantial decrease in enanticibaty as well as conversion (Table 2-4,
entry 3). In contrast to thgara andmeta substitutions, a significant increase in enantexseity
was observed when ligands bearing artho-substituted benzyl group, including 2,6-
disubstituted and 2,4,6-trisubsituted benzyl groupgese used at the 3,3’-positions, i.&)-(1d-

h (Table 2-4, entries 4-8). It should be noted thatintroduction of very bulky benzyl groups,
such as 2-methylnaphth-1-yimethylS[{L1g], and 2-isopropylnaphth-1-ylmethyl L 1h],
slightly reduced the reaction rate and productcteiéy, but enantioselectivity was not affected
(Table 2-4, entries 7 and 8). Among the BOP ligasd®ened, §)-L1e gave the best result
(Table 2-4, entry 5). ThusSf-L1e was selected for further optimization. At this gowe also
ran the reaction with§-L1ein DMF and found that the same enantioselecti\8i26 ee) was
obtained without addition of TEA, and the produelestivity was improved to 94.6 (see Table
2-5, entry 1).

Table 2-4.Screening of BOP ligandls

entry ligand  conv (%  2-9c(% ee}® 2-9¢:2-208°

1 (9-Lla >95 79 () 92:8
2 (S-L1b >95 78 (-) 92:8
3 (9-L1c 78 69 (-) 87:13
4 (9-L1d 90 90 (-) 90:10
5 (S-L1e >95 91 () 92:8
6 R)-L1f >95 84 (+) 89:11
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7 9-L1g 89 90 (-) 89:11

8 (9-L1h 83 90 (-) 88:12

®Reactions were run usirgz7¢(0.025 M), [Pd(allyl)CJ] (2.5 mol %) with a BOP ligand
(7.5 mol %) and 1.1 equiv of TEA in GEN at 0°C for 24 h.

b¢See the footnote of Table 2-1

For further optimization of)-L1e two new BOP ligands bearirgtolyl [(S-L2¢ and
mxylyl [(S)-L3€ groups in the diarylphosphorus moieties were giesil and prepared. Their
efficacy was evaluated under the same conditionth@se employed for ligandSf¢Lle As
Table 4 shows, the introduction of p-tolyl group [©-L2€ slightly decreased the
enantioselectivity (88% ee) and reaction rate (@&hb, entry 2), while that of m-xylyl group
[(9-L3¢g considerably increased the enantioselectivity9%o ee with very good product
selectivity (93:7), but slowed down the reactioalfle 2-5, entry 3). Accordingly, the reaction
was run at higher concentration 2f7c (0.1 M), which gave a moderate increase in conesrsi
(Table 2-5, entry 4). Thus, this substrate conegiotn was used in the subsequent reactions as
well. To our delight, 97% ee with full conversior96% by'H NMR analysis wherein n2-7c
was observed) after 36 h was achieved by incredabmdPd catalyst precursor loading to 5 mol
% (Table 2-5, entry 5). When the reaction was rumoam temperature, the reaction was
completed within 12 h an&-9cwas obtained with 94% ee (Table 2-5, entry 6). iddiof TEA

at 0°C accelerated the reaction, but enantioselectivity 94% ee (Table 2-5, entry 7).

Table 2-5.Optimization of BOP ligands and conditidhs

entry ligand time (h) conv (%j  (-)-2-9c(% ee}® 2-9c:2-208°
1 (S-Lle 24 >95 91 (-) 94:6
2 (9-L2e 24 85 88 () 95:5
3 (9-L3e 24 41 97 () 93:7
& (9-L3e 24 51 97 () 89:11
5¢  (9-L3e 36 >95 97 (-) 91:9
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6" (9-L3e 12 >95 94 (-) 83:17

79 (9-L3e 12 >95 94 (-) 83:17

@Reactions were run usirgz7c (0.025 M), [Pd(allyl)CJ] (2.5 mol %) with a BOP ligand (7.5 mol %) in DM 0
°C."°See the footnote of Table At 0.1 M concentration 62-7c. °5 mol % [Pd(allyl)Cl}and 15 mol % $-L3e
‘At room temperaturél.1 equiv TEA was added.

§2.3.3 Synthesis of the benzofuran intermediate

OMe OTBDPS OMe OTBDPS
[Pd(allyl)Cl],
OH é/o\n/ov/ (S)-L3e o,
* (o]

Br O DMF, 0°C Br
CHO (1.2 equiv) 97% CHO
2-5a 2-7¢ 2-9c (97% ee)

99% | TBAF

“~cnN Ag2CO3 Meo\@i 2) Na_cN MeO Br
CHO 90% 71 %
o ° CHO
2-11

2-13

CN
HOH,C
Pd(OAc), 1) MsCl \©
dppp o TEA o
Br
CH
2-12

Scheme 2-8Synthesis of the benzofuran intermediate

With the optimized conditions for the asymmetrilylad etherification, we prepared (-)-
2-9cwith 97% ee and 97% isolated yield using a sligtuess o2-7c (1.2 equiv) to increase the
product yield; i.e., phend-5abecame the limiting reactant under these condit{@theme 2-8).
Deprotection of (-2-9cwith TBAF afforded allylic alcohoR-11in 99% yield. The nitrile2-12,
was prepared in good yield (71% for two steps)reatment o2-11 with MsCI/TEA and then
NaCN in DMSO. The crucial tricyclic key intermedia?-13 for the total synthesis of (-)-

galanthamine was obtained in 90% yield throughamtrlecular Heck reaction. Thus, the critical
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intermediate2-13 was obtained via 5 steps in 61% overall yield frarBa As compared to
Trost’'s original work (42 % vyield for 6 steps fro&i5a), our synthesis o2-13 has made
significant improvement in that substantial enhameet of enantioselectivity (97% ee vs 88% ee)
was achieved in the AAE step so that recrystalbrabf 2-12 was not necessary and the

protection and deprotection of aldehydeZ-9¢is not required.

82.4 Conclusions

A new series of BOP ligands have been developadetttabit excellent efficacy when
applied to the Pd-catalyzed AAE reaction, leadiog the formal total synthesis of (-)-
galanthamine. The results presented here furtherodstrate the advantages of readily fine-
tuning capability of our BOP ligands for a specifimcess in a variety of catalytic asymmetric
reactions, including the AAE reaction. Further amions of BOP ligands as well as other

biphenol-based chiral phosphorus ligands are destin the next chapter.

82.5 Experimental section

General Methods.'H, *C, and*’P NMR were measured on a Bruker Avance 500 (500
MHz for*H; 125 MHz for*3C), a Bruker Avance 400 (400 MHz fo; 100 MHz for**C), or a
Varian Gemini-2300 300 MHz (300 MHz fdH; 75 MHz for **C) NMR spectrometer in a
deuterated solvent using residual protons (GH, 7.26 ppm;=C, 77.0 ppm) as the internal
standard. Analytical HPLC in normal phase was edrout with a Shimadzu LC-2010A HPLC
system using a Chiralcel OJ, or Chiralcel ODH atiedy column. Melting points were measured
on a Thomas Hoover Capillary melting point appasand are uncorrected. Optical rotations
were measured on a Perkin-Helmer Model 241 polaem&LC analyses were performed using
Merck DC Alufolien 60Fks, aluminum pre-coated silica gel plates. Flash colum
chromatography was carried out using Silicyle SilzshP6( silica gel (particle size 40_§8n).
High-resolution mass spectrometric analyses wemgieda out at the Mass Spectrometry

Laboratory, University of lllinois Urbana-Champajgdrbana, IL or by ICB&DD at Stony
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Brook University. Unless otherwise noted all reas were carried out under argon or nitrogen

atmosphere in oven-dried glassware using standdrigigk techniques.

Material. Solvents were reagents grade and freshly drieghs$ed and distilled before
use. AnhydrousN,N-dimethylformamide (DMF) and acetonitrile were puased from Acros
Organic and used without further purification. Clieads and reagents were purchased from
VWR, Fisher Scientific or Sigma-Aldrich and usedheiut further purification unless otherwise

noted.

2-Bromoisovanillin (2-53)

OMe
OH

Br
CHO

To a suspension of isovanillin (5.0 g, 32.9 mmal)hydrous sodium acetate (5.45 g, 66.4
mmol), and iron powder (0.15 g) in glacial acetiada(30 mL), a solution of bromine (1.8 mL,
35.1 mmol) in acetic acid (6 mL) was added dropveiseoom temperature over 15 min. After
the addition was completed, the reaction mixturs stared at the same for 1 h, and then poured
into ice water (200 mL). The white precipitate wadlected, washed with cold water (50 mL),
and dried in the air to giva-5a(5.38 g, 71%) as a off-white sollth NMR (300 MHz, DMSO-
d6) 6 3.45 (brs, 1H), 3.97 (s, 3H), 7.19 @z 8.0 Hz, 1H), 7.45 (dJ = 8.0 Hz, 1H), 10.15 (s,
1H). °C NMR (75 MHz, DMSO€6) 6 56.8, 110.6, 113.7, 122.3, 125.4, 144.4, 153.6,3LAll

data were consistent with literature resffts.

2-lodoisovanillin (2-5b)

OMe
OH

I
CHO
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Isovanillin (3.04 g, 20.0 mmol) was dissolved irrigine (12 mL) and cool to éC. A
solution of ICI (1.03 mL, 20.0 mmol) in 1,4-dioxarf20 mL) was added dropwise, and the
resulting solution was protected for light and &l to warm to room temperature. The solution
was stirred at the same temperature for 6 d. Aéeroval of the solvent in vacuo, water (60 mL)
was added. The mixture was acidified to pH 1 wdhHCI (6 M, 3 mL). The aqueous layer was
extracted with ethyl acetate (3 x 60 mL). The orgdayer was washed with saturated aqueous
NaSO, (2 x 40 mL), water (2 x 60 mL) and brine (60 mLh€Tsolution was dried over Mg30
After the solution was concentrated in vacuo, thugle product was recrystallized with MeOH to
afford 2-5b (3.65 g, 67%) as a off-white solitH NMR (300 MHz, CDC}) § 4.00 (s, 3H), 6.30
(s, 1H), 6.93 (d,J = 8.4 Hz, 1H), 7.54 (dJ = 8.4 Hz, 1H), 10.03 (s, 1H}’C NMR (75 MHz,
CDClk) ¢ 56.9, 88.5, 110.3, 124.2, 129.0, 145.9, 150.9,119All data were consistent with
literature resultg?

Sodium 2-bromo-3-formyl-6-methoxyphenolate (2-5c)

OMe
ONa

Br
CHO

To a solution of 2-bromoisovanillin (1.16 gpnol) in THF was added NaH (0.12 g) at
room temperature. The solution was stirred at #rmaestemperature for 1 h. The solvent was
removedin vacuo to afford 2-5c (1.26 g, 99%) as a yellow solitH NMR (300 MHz, BO) &
3.73 (s, 3H), 6.79 (dl = 8.4 Hz, 1H), 7.04 (d] = 8.4 Hz, 1H), 9.91 (s, 1H).

Methyl 6-hydroxycyclohex-1-enecarboxylate (2-17)

OH

Q/COZMe
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To a solution of 50% aqueous glutaraldehyde (20 mMDO mmol), trimethyl

phosphonoacetate (16.2 mL, 100 mmol) was addedaisepat the room temperature over 2h.
After the addition was completed, 6.4 M aqueou£®; (40 mL, 250 mmol) was added
dropwise at the same temperature over anotheBéreaction mixture was stirred at the same
temperature for 2 d, and then was diluted wigotnd extracted with ED twice. The combined
organic layer was washed with brine, dried over Mg3\fter the drying agent was removed by
filtration, the resulting solution was concentratedier reduced pressure to give cr@eEr. The
pure compound was obtained as a colorless oil (§,08%) by distillation at 4 mmHg, SZ.
'H NMR (300 MHz, CDCJ) § 1.63 (m, 1H), 1.81 (m, 3H), 2.16 (m, 1H), 2.28 (dHt 20 Hz,
4.9 Hz, 4.9 Hz, 1H), 2.73 (broad s, 1H), 3.76 {),3.53 (t,J = 5.0 Hz, 1H), 7.09 (t] = 4.0 Hz,
1H); 3¢ NMR (75 MHz, CDCJ) ¢ 17.5, 26.2, 30.1, 52.0, 63.4, 132.2, 143.7, 16&IPdata
were consistent with literature resuffs.

2-(Hydroxymethyl)cyclohex-2-enol (2-18)

OH
Q/\OH

A solution of DIBAL-H (1.0 M, 84 mL) in tolueneas added to a solution 217 (4.59
g, 28 mmol) in toluene at -7&. The solution was stirred at the same temperdturd8 h. To
this solution was added MeOH (1.1 mL) and satur&edhelle’s salt (150 mL). Then AcOEt
was added and the organic layer was washed witerwdtied over anhydrous p&0O, and
concentrated. The residue was purified by colummmatography (hexanes/AcOEt = 1:2) to
give 2-18 (0.83 g, 83%) as a colorless dHf NMR (300 MHz, CDCJ) § 1.55-1.81 (m, 4H),
1.98-2.13 (m, 2H), 2.33 (broad s, 2H), 4.16Xg, 12.0 Hz, 1H), 4.21 (d] = 12.0 Hz, 1H), 4.31
(t, J= 4.4 Hz, 1H), 5.82 () = 3.8 Hz, 1H):*C NMR (75 MHz, CDC}) ¢ 18.0, 25.0, 31.4, 65.5,

65.8, 127.7. All data were consistent with literattesult$®
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2-tert-Butyldiphenylsiloxymethyl-2-cyclohexenol (2-19c)

OH

Q/\OTBDPS

A solution of 2-hydroxymethyl-2-cyclohexen@-18 (1.3 g, 10 mmol),tert-butyl-
diphenylsilyl-chloride (2.8 g, 10 mmol) and imidé&d2 g, 30 mmol) in THF (16 mL) was
stirred at C for 1.5 h. Then AcOEt (50 mL) was added and tlyamic layer was washed with
water (20 mL), dried over N&Q4, and concentrated in vacuo. The residue was pdrifly
column chromatography on silica gel (hexanes/Ac©mBt1) to afford2-19c (3.3 g, 90%) as a
colorless oil.*H NMR (400 MHz, CDCYJ) ¢ 1.10 (s, 9H), 1.58 (m, 1H), 1.78 (m, 4H), 2.08 (m,
1H), 2.86 (s, 1H), 4.20 (d,= 11.9 Hz, 1H), 4.31 (m, 2H), 5.70 (brs, 1H), 7(42 6H), 7.73 (d,

J = 7.4 Hz, 4H);™*C NMR (100 Hz, CDGQ) ¢ 17.8, 19.1, 25.2, 26.8, 31.0, 66.0, 68.3, 127.2,
127.7, 127.7, 129.7, 129.7, 133.0, 133.0, 135.6.613137.2; HRMS (ESI+) calcd for
C23H310,Si [M + H]" 367.2093, found 367.2103 £ 2.7 ppm).

In the same manne2;19aand2-19bwere synthesized

2-Triisopropylsiloxymethyl-2-cyclohexenol (2-19a)

OH

©/\0T|Ps

Colorless oil; 87% yieldH NMR (300 MHz, CDC}) § 1.03 (m, 21H), 1.53 (m, 1H),
1.80 (m, 3H), 1.95 (m, 1H), 2.01 (m, 1H), 2.92 @, 1H), 4.25 (m, 3H), 5.72 (broad & 4.0
Hz, 1H);**C NMR (75 MHz, CDC}) 6 11.8, 17.9, 25.1, 30.9, 66.3, 68.2, 126.5, 13&l5data

were consistent with literature resuffs.
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2-tert-Butyldimethylsiloxymethyl-2-cyclohexenol (2-19b)

OH

Q/\OTBDMS

Colorless oil; 89% vyield'H NMR (300 MHz, CDCJ) 6 0.03 (s, 6H), 0.85 (s, 9H), 1.45
(m, 1H), 1.67 (m, 3H), 2.01 (m, 1H), 3.06 (s, 1416 (M, 3H), 5.69 (broadd,= 3.7 Hz, 1H);
13C NMR (75 MHz, CDCJ) ¢ -5.6, 17.7, 25.1, 30.9, 35.8, 57.4, 126.5, 13Al6.data were

consistent with literature resufts.

2-tert-Butyldiphenylsiloxymethylcyclohex-2-enyl ethenyl arbonate (2-7c)

OTBDPS
O\H/O\/
(e}

To a solution 02-19¢(2.9 g, 8 mmol) and pyridine (7 mL) in GEll, (24 mL) was added
vinyl chloroformate (0.7 mL, 8 mmol) at®C. The resulting solution was stirred at®for 1 h.
After removal of the solvent, the residue was pedifoy column chromatography on silica gel
(hexanes/AcOEt = 30:1) to affor2t7c (3.2 g, 91%) as a colorless otH NMR (400 MHz,
CDCl3) 6 1.06 (s, 9H), 1.74 (m, 3H), 2.08 (m, 3H), 4.10J«12.8 Hz, 1H), 4.23 (d]=12.8 Hz,
1H), 4.56 (ddJ=1.9, 6.2 Hz, 1H), 4.90 (dd,= 1.9, 13.9 Hz, 1H), 5.37 (brs, 1H), 5.97 (brs, 1H)
7.10 (dd,J = 6.2, 13.9 Hz, 1H), 7.40 (m, 6H), 7.67 @z 7.0 Hz, 4H):"*C NMR (100 Hz,
CDCl3) 0 17.58, 19.10, 24.69, 26.69, 28.18, 64.91, 71.72%)727.53, 127.56, 129.47, 129.50,
129.53, 133.30, 133.41, 133.54, 135.44, 135.46,6242154.25; HRMS (ESI+) calcd for
CoeH3,0,SiNa [M + NaJ 459.1968, found 459.197A £ 0.7 ppm)

In the same manne2;7aand2-7b were synthesized
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2-Triisopropylsiloxymethylcyclohex-2-enyl ethenyl arbonate (2-7a)

OTIPS
o\mo\/
o}

Colorless oil; 91% yield'H NMR (300 MHz, CDG}) 6 1.05 (m, 21H), 1.72 (m, 3H),
2.05 (m, 3H), 4.14 (d] = 13.8 Hz, 1H), 4.25 (d] = 13.8 Hz, 1H), 4.55 (ddl = 2.1, 6.3 Hz, 1H),
4.90 (dd,J = 2.1, 12.0 Hz, 1H), 5.29 (broaddt= 4 Hz, 1H), 6.03 (broad m, 1H), 7.10 (dds
6.3, 13.8 Hz, 1H)*C NMR (75 MHz, CDC}) § 11.9, 17.9, 24.7, 28.3, 64.4, 71.9, 97.3, 128.5,
134.2, 142.7, 152.4. All data were consistent \iigtature result$®

2-tert-Butyldimethylsiloxymethylcyclohex-2-enyl ethenyl arbonate (2-7b)

OTBDMS
o\mo\/
o}

Colorless oil; 88% vyield'H NMR (300 MHz, CDCJ) 6 0.05 (s, 6H), 0.89 (s, 9H), 1.73
(m, 3H), 2.05 (m, 3H), 4.06 (d,= 17.2 Hz, 1H), 4.17 (d] = 17.2 Hz, 1H), 4.56 (dd = 2, 6.4
Hz, 1H), 4.90 (ddJ = 2, 14 Hz, 1H), 5.27 (broadd= 4 Hz, 1H), 6.00 (m, 1H), 7.10 (dd= 6,
14 Hz, 1H);**C NMR (75 MHz, CDCJ) § -5.5, 17.7, 24.7, 25.9, 28.3, 64.3, 71.2, 97.3.42
134.0, 142.7, 152.4. All data were consistent \iigtature result$®

(-)-2-Bromo-3-(2-(tert-butyldiphenylsiloxy)methyl)cyclohex-2-enyloxy)-4-nethoxy

benzaldehyde ((-)-2-9c)

OTBDPS
OMe
O,
Br
CHO
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A solution of2-7¢ (105 mg, 0.24 mmol) in DMF (1 mL) was added to lson of 1 (46
mg, 0.20 mmol)[Pd(allyl)Cl]; (3.6 mg 5 mol%) and§}-3e (30 mg, 15 mol%) in DMF (1 mL) at
0 °C, which was preincubated for 15 min. The solutias kept stirred at the same temperature
for 36 h. The reaction mixture was diluted withttig ether and washed with water (3 x 10 mL).
The aqueous layer was extracted with diethyl e(Bex 10 mL). The combined organic layers
were dried over anhydrous pBO, and concentrated in vacuo. The residue was pdrifieflash
chromatography on silica gel (hexanes/AcOEt = 20tolafford (-)2-9c (112 mg, 97%) as a
colorless oil. §]p?* -59.8 € 0.28, CHCl,); *H NMR (400 MHz, CDC}) 6 1.06 (s, 9H), 1.56 (m,
2H), 2.12 (m, 4H), 3.66 (s, 3H), 4.35 M7 13.8 Hz, 1H), 4.43 (d] = 13.8 Hz, 1H), 4.81 (brs,
1H), 6.10 (brs, 1H), 6.85 (d,= 8.4, 1H), 7.37 (m, 6H), 7.67 (m, 5H), 10.25 (s)):1**C NMR
(100 Hz, CDCY) 6 18.1, 19.3, 25.1, 26.9, 28.3, 55.7, 65.4, 75.7, ,1123.5, 125.7, 127.3, 127.5,
127.6, 127.6, 129.5, 129.5, 133.7, 133.9, 135.5,6,335.6, 144.8, 158.4, 191.4; HRMS (ESI+)
calcd for GiH3604SiBr [M + H]" 579.1566, found 579.156A £ -0.9 ppm).

In a similar manner, allylic etherification prodsc{+)2-9aand (+)2-9b, were obtained

using R)-L1f as the chiral ligand.

(+)-2-Bromo-4-methoxy-3-(2-(triisopropylsiloxymethy)-cyclohex-2-enyloxy)benzaldehyde
((+)-2-9a)

OMe OTIPS
O *
Br
CHO
Colorless oil;'H NMR (500 MHz, CDC}) § 1.06 (d,J = 7.6 Hz, 18H), 1.10 (m, 3H),
1.59 (m, 2H), 2.02 (m, 3H), 2.22 (m, 1H), 3.9238l), 4.38 (d,J = 13.9 Hz, 1H), 4.48 (d] =
13.9 Hz, 1H), 4.85 (brs, 1H), 6.09 (brs, 1H), 6(84J = 8.6 Hz, 1H), 7.70 (d] = 8.6 Hz, 1H),
10.28 (s, 1H)**C NMR (125 MHz, CDGJ) § 12.0, 17.7, 18.0, 25.1, 28.3, 55.9, 64.6, 75.8,1,1

123.7, 125.7, 126.4, 127.6, 136.1, 144.7, 158.5,5i9HRMS (ESI+) calcd for GHa04SiBr
[M]+ 496.1644, found 496.164% (= 0.2 ppm).
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(+)-2-Bromo-3-(2-tert-butyldimethylsiloxymethyl)cyclohex-2-enyloxy)-4-méhoxy
benzaldehyde ((+)-2-9b)

OMe OTBDMS
O
Br
CHO
Colorless oil;'"H NMR (500 MHz, CDCJ) ¢ 0.04 (s, 6H), 0.90 (s, 9H), 1.55 (m, 2H),
2.08 (m, 4H), 3.92 (s, 3H), 4.35 (brs, 2H), 4.86&(4H), 6.03 (brs, 1H), 6.93 (d= 8.7 Hz, 1H),
7.70 (d,J = 8.7 Hz, 1H), 10.27 (s, 1H}*C NMR (125 MHz, CDGJ) 6 -5.4, -5.2, 18.1, 18.4,

25.1, 25.9, 28.2, 56.0, 64.5, 75.6, 110.7, 12326,7, 127.1, 127.5, 136.2, 144.7, 158.5, 191.5;
HRMS (ESI+) calcd for gH2104SiBr [M]" 454.1175, found 454.117@ € 0.8 ppm).

2-Triisopropylsiloxymethylcyclo-hexa-1,3-dieng2-20a)

OTIPS

Colorless liquid*H NMR (300 MHz, CDCY) 6 1.15 (m, 21H), 2.15 (m, 4H), 4.18 (s, 2H),
5.72 (brs, 1H), 5.86 (M, 2H}*C NMR (75 MHz, CDGJ) § 12.2, 18.2, 22.2, 22.8, 65.6, 119.8,
124.5, 127.0, 135.7. All data were consistent \igrature resulté®

2-tert-Butyldimethylsiloxymethylcyclo-hexa-1,3-dieng2-20b)

OTBDMS

Colorless liquid;'H NMR (300 MHz, CDCY): 6 0.08 (s, 6H), 0.90 (s, 9H), 2.14 (m, 4H),
4.10 (s, 2H), 5.68 (brs, 1H), 5.86 (m, 2H). All @atere consistent with literature resfts.
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2-tert-Butyldiphenylsiloxymethylcyclo-hexa-1,3-diene (2-2c)

OTBDPS

Colorless liquid:'H NMR (300 MHz, CDCJ): 1.03 (s, 9H), 2.13 (m, 4H), 4.12 (s, 2H),
5.68 (s, 1H), 5.83 (m, 2H), 7.38 (m, 6H), 7.67 @H); *°C NMR (75 MHz, CDCY)  19.3, 22.0,
22.4, 26.8, 65.9, 120.0, 124.4, 126.8, 127.6, 12K88.8, 135.0, 135.6. All data were consistent

with literature resulté?

(-)-2-Bromo-3-(2-(hydroxymethyl)cyclohex-2-enyloxy}-methoxybenzaldehyde ((-)-2-11)

OMe (%OH
O,
o4
CHO
To a solution of (-2-9¢ (90 mg, 0.16 mmol) in THF (1.6 mL) was added tetra
butylammonium fluoride (1 M in THF, 0.2 mL) dropwisit room temperature. The mixture was
stirred at the same temperature for 1 h. After neahof the solvent, the residue was purified by
column chromatography on silica gel (hexanes/Ac©Rt1) to afford (-)2-11 (54 mg, 99%) as
a white solid. §]p** -106.5 ¢ 0.40, CHCl,); *H NMR (400MHz, CDC}): 6 1.50 (m, 2H), 2.03
(m, 3H), 2.24 (m, 1H), 3.98 (s, 3H), 4.27 §&5 12.4 Hz, 1H), 4.38 (dl = 12.4 Hz, 1H), 4.95 (t,
J=4.1 Hz, 1H), 6.04 (brs, 1H), 6.99 @ 8.7 Hz, 1H), 7.74 (d] = 8.7 Hz, 1H), 10.29 (s, 1H);
13C NMR (100 MHz, CDGJ): 6 18.5, 25.2, 28.2, 56.3, 65.9, 77.3, 110.9, 12426,2, 127.8,
130.5, 136.3, 144.2, 158.1, 191.2. Enantiomers wgeparated by HPLC using Chiralcel OJ
column eluting with 95:5 hexanes/isopropanol atil8min. Retention times: major enantiomer

55.1 min. and minor 66.8 mitd NMR and®'C NMR data are in agreement with the literature

values?
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(-)-[6-(2-Bromo-3-dimethoxymethyl-6-methoxy-phenoxy-cyclohex-1-enyl]-acetonitrile ((-)-
2-12)

OMe CN
o,
Br
CHO
To a solution of (-2-11(41 mg, 0.12 mmol) and TEA (0.04 mL, 0.29 mmolp&M (1
mL) was added methanesulfonyl chloride (0.013 mlL7Gnmol), and the solution was stirred at
0 °C for 15 min. The reaction mixture was then con@atlin vacuo. The residue was dissolved
in ether and filtered through a pad of Célit&he filtrate was concentrated again. Because the

crude product was unstable and prone to decompositi was immediately used for the next

step without further purification.

To a solution of the previous crude product in & (1 mL) was added NaCN (11.8 mg,
0.24 mmol), and the solution was stirred at roompterature for 1h. Then AcOEt was added and
the organic layer was washed with water, dried NS0, and concentrated. The residue was
purified by column chromatography on silical geéXanes/AcOEt = 5:1) to afford (2-12 (30
mg, 71% over two steps) as a white solidp{* -81.0 € 0.30, CHCL,) (97% ee based on optical
rotation);'H NMR (400MHz, CDC}): § 1.60 (m, 2H), 2.01 (m, 3H), 2.25 (m, 1H), 3.35Jc;
18.1 Hz, 1H), 3.53 (dJ = 17.1 Hz, 1H), 3.99 (s, 3H), 4.82 {= 3.5 Hz, 1H), 6.15 (brs, 1H),
6.98 (d,J = 8.7 Hz, 1H), 7.74 (d] = 8.7 Hz, 1H), 10.26 (s, 1H}*C NMR (100 MHz, CDGCJ): 6
17.9, 22.7, 25.4, 28.0, 56.2, 76.1, 111.0, 1188.4, 126.4, 127.0, 127.6, 132.9, 143.9, 158.2,

191.1. All data are in agreement with the literatualues?

(-)-(2-Formyl-4-methoxy-6,7-dihydro-5&H-dibenzofuran-9a-yl)-acetonitrile ((-)-2-13)
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To a 10 mL of flask was added @)12 (30 mg, 0.08 mmol), Pd(OAg)2.9 mg, 0.012

mmol), AgCO; (70.9 mg, 0.24 mmol) and dppp (5.3 mg, 0.012 mniazdgassed toluene (1 mL)

was added and the resulting suspension was hedtelD7a°C for 24h. Direct column

chromatography on silical gel (hexanes/AcOEt = affigrd (-)2-13 (19 mg, 90%) as a colorless
liquid. [a]p?* -201.0 € 0.30, CHCL,); *H NMR (400MHz, CDC}): 6 2.00 (m, 2H), 2.22 (m, 1H),
2.38 (m, 1H), 3.13 (dJ = 17.0 Hz, 1H), 3.45 (d] = 17.0 Hz, 1H), 3.97 (s, 3H), 4.97 {t= 3.4
Hz, 1H), 5.98 (m, 2H), 6.94 (d,= 8.4 Hz, 1H), 7.38 (d] = 8.4 Hz, 1H), 9.79 (s, 1H}’C NMR
(100 MHz, CDCY): ¢ 18.8, 23.5, 26.1, 48.2, 56.2, 86.3, 111.0, 11124,0, 126.5, 130.5, 130.6,
132.0, 148.9, 150.3, 191.6. All data are in agreemiéth the literature valueg.
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83.1 Introduction of amarylidaceae alkaloids

Amaryllidaceae family consists of about 85 generd 2100 speciesTo date, nearly
500 structurally diverse alkaloids have been isoldtom these planfsAs mentioned in Chapter
2, (-)-galanthamine, one of the amarylidaceae aillal possesses acetylcholinesterase inhibitory
activities?® In addition, some representative alkaloids arenshim Figure 3-1. Most of them
exhibit biological activitie$*® Crinine-type alkaloids have been shown to be actigainst rat
hepatoma cell$.A preliminary structure-activity study revealedtta free secondary hydroxyl
group at C11 and am-5,10b-ethano bridge were essential for their lyjimial activity*®
Lycorine was found to be a potential therapeutierdgagainst acute promyelocytic leukemia
cells® Montanine and pancratistatin exhibited antiviranxiolytic, antidepressive, and
anticonvulsive activitie§™®

/0
(@)

Rl
R? i
H

Rl =H, R2 = a-OH crinine |ycorine
R! = OH, R? = a-OMe crinamine
R! = OH, R? = B-OMe haemanthamine

~

2

OH O
R! = H, R?= OMe, R® = OH, R* = H montanine o
R! = OMe, R?=H, R® = OH, R* = H coccinine pancratistatin
R!=H, R?= OH, R® = OH, R* = H pancracine
R! = H, R?= OH, R® = H, R* = OH brunsvigine

Figure 3-1. Amarylidaceae alkaloids
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Because of their diverse potential biological \attés and intriguing structures, many
chemical syntheses of these alkaloids have beemtee}3® 3 The first total synthesis of racemic
pancracine was accomplished by Overman (Scheme&?®The Overman’s intermediat®-3
bearing a 5,11-methanomorphanthridine skeleton seastructed through a tandem aza-Cope
rearrangement/Mannich cyclization 8f1 and a Pictect-Spengler cyclization 822° This
intermediate3-3 was also used in the asymmetric total synthesis)gfancracine by Anada.
Weinreb achieved the first enantioselective totahtlsesis of (-)-montanine employing an
intramolecular concerted allenylsilane imino eneliggtion of 3-4 and an intramolecular Heck

reaction of3-5as the pivotal steps (Scheme 32).

/0
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1y

pancracine Overman's intermediate
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O 0]

/=
(@) 1

<:/( * g\©;c cl ~
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“ LY

N

Bn

H
3-1

Scheme 3-10verman’s total synthesis of pancracine
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<O O :/ OH OTBS
¢} N N, H
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(-)-montanine 3-8 / 3-7
OCH,Ph OCH,Ph
H Br\H
—
— O OTBS
(@] N, H o N, H
Ts Ts
\I 3-5 3-6
OCH,Ph
PhMeZSi,,’?.%oﬂgs OCH,Ph o s
o PhMezSi«/-%oTBs NP E:
— |/ | e} Br
Br H o
@]
o—/
3-4

Scheme 3-2Weinreb’s enantioselective total synthesis of (gatanine

A Pd-catalyzed asymmetric allylic amination reactiwas also applied in the total
syntheses of crinine-type alkaloitfs* One of them was reported by Mori in 2004 (Sch&ne
3)2 The cyclohexenylamin8-9 was obtained in 82% yield and with 74% ee, followsd
carbon-ene reaction to give the key intermedsafel bearing a hydroindole moiety. FroBall,

(+)-crinamine and (-)-haemanthidine were synthesinea short sequence of steps.

The bicyclic and tetracyclic alkaloid8-@, 3-7, 3-11, etc.) serve as key intermediates for
the total synthesis of the amarylidaceae alkaldasne similar bicyclic and tetracyclic alkaloids
bearing piperonylamine skeleton (Scheme 3-4) westgded as lead compounds in our lab. To

synthesize these compounds and expand the scapg 8OP ligands, we decided to apply the
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ligands to the Pd-catalyzed asymmetric allylic aation between derivatives of piperonylamines
and carbonate®-7 (Scheme 3-4)

O’\O 0\ 0—\
® el o
TsHN
\)\OEt ., OEt _10%FeClySio, .
S S
O\[(O\/ [Pd)/(S)-BINAPO NJ\OEt N._-CHO
i - e
3-9 3-10
82% yield, 74% ee
/=0
4 A molecular sieves ©
230 °C
|5| N
60% Ts
3-11 (+)-crinamine

Scheme 3-3Mori’s asymmetric total synthesis of (+)-crinamine

~~  [Pd]/BOP Ligands
< O N
CIL R
© X OR

piperonylamine
o NR 0 NR
: :@ G T
L, O AL
X

bicyclic and tetracyclic alkaloids

Scheme 3-4Pd-AAA reactions for the syntheses of bicyclic astlacyclic alkaloids
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83.2 Results and discussion
83.2.1 Synthesis of substrates

A series of piperonylamides was prepared in our I8tarting from commercially
available piperonylamine, sulfonylamidel12a-¢ Boc-amide3-12d and trifluoroacetamid@-
12e were obtained in good to excellent yields. Bromora of these amides afforded the
corresponding 6-bromopiperonylamidid 3a-e(Scheme 3-5).

<O:©/\NH2 RSO,CI <O:©/\NH802R Br, <O:©\ANHSOZR
(e} TEA (0] (e

AcOH

Br
R=Ts 3-12a R=Ts 3-13a
=2-Ns 3-12b =2-Ns 3-13b
=Ms  3-12¢ =Ms  3-13c
(Boc),0 0
<o:©/\NH2 NaOH <Oﬁ NHBoc CFaCOOAg ¢ :@\NHBOC
o) o Br, o Br
3-12d 3-13d
<OﬁNH2 (CF3C0),0 <OﬁNHTFA Br, <0:©\ANHTFA
(@] TEA (@] AcOH (@] Br
3-12e 3-13e

Scheme 3-5Synthesis of substrates

83.2.2 Pd-catalyzed asymmetric allylic amination

Initial screening of the allylic substrates/a-cwas performed using the BOP ligan§)-(
L1le and the nucleophil®d-13a under conditions nearly the same as those usetdsuccessful
intermolecular Pd-catalyzed AAE reactitnThus, the reactions were carried out in DMF at a
substrate concentration of 0.1 M with a Bi(1eratio of 1:1.5.The results are shown in Table

3-1. The cyclohexenylamide®-14aand3-14gwere obtained in good yields and ees (Table 3-1,
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entry 1 and 2), but with the same byprodu&0 in Pd-catalyzed AAE reactioif. The size of
the silyl groups affected the reaction significgnillo reaction occurred whé&i7cwas used as
the substrate (Table 3-1, entry 3). We hypothesikatthe nucleophilic attack suffered from the
steric hindrance of the bulky TBDPS group. On thtaep hand, a slight increase in
enantioselectivity for the formation 8t14 was observed as the size of the silyl group irsgda
(Table 3-1, entry 1 and 2). The cyclohexadiene sugipressed usirigy7b as the substrate. Thus,

2-7Tbwas selected for the further study.

Table 3-1.Initial screening of allylic substrates

OR o
0
NHT [Pd(allyl)Cll, (2.5 mol %)
( j@(\ ° O\[(O\/ (S)-Lie (7.5 mol %) <O N/*(% .
0O Br o) o Ts
Br OR

R

DMF, 1t, 24 h
3-13a 2-7a R =TIPS 3-14g R = TIPS 2-20a
2-7b R =TBDMS 3-14a R=TBDMS  2-20b
(1.1eq) 2-7c R=TBDPS
entry substrate cofib) 3-14 (% ee) 3-14:2-20
1 2-7a >95% 82 72:28
2 2-7b >95% 85 85:15
3 2-7c No Reaction (N.R.) -- --

3Determined byH NMR. "Determined by HPLC using Chiralcel ODH.

Next, BOP ligands were screened using DMF asdhest at room temperature for 24 h.
The results are summarized in Table 3-2. (The resbhen §-L1le from Table 3-1 is used
included for comparison)S-L1a bearing a benzyl group at the 3,3’-positions aféat3-14a
with 80% ee (Table 3-2, entry 1). The introductadra bulky substituent at threeta position, i.e.,
the 3,5-ditert-butylbenzyl group at the 3,3’-positions, i.e$)-L1c, slightly improved the
enantioselectivity but generated more byproductbld 3-2, entry 2). Wher)-L3e the most

efficacious ligand in Pd-AAE reactioh,was employed in the reaction, the enantioselégtisi
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considerably increased to 93% ee but with a lowedyct selectivity (Table 3-2, entry 4). All

reactions were completed within a day.

Table 3-2.Screening of BOP ligands

OTBS OTBS
O
NHT Pd(allyl)Cl], (2.5 mol %
< :@f\ > O\H/O\/ [Pl L¥z7.%2n(qo| %) ) o N .
(6] B + < Ts
' o 0 Br

DMF, rt, 24 h OTBS
3-13a 2.7b 3-14a 2-20b
(1.1leq)
entry ligand con(%)  3-14& (% ee) 3-14a:2-20b

1 S-Lla >95% 80 91:9

2 (9-L1c >95% 83 85:15
3 S-L1le >95% 85 85:15
4 (S-L3e >95% 93 73:27

aPsee the footnotes of Table 3-1

For further optimization, we switched the Pd-catlgrecursor Pd (Il) [Pd(allyl)Gilo

Pd(0) Pd(dba). The same enantioselectivity was obtained (Takbe éntry 1). Lowering the
temperature to GC slightly increased the enantioselectivity to 98% but the reaction was
naturally slowed down (Table 3-3, entry 2). Lowerithe catalyst loading to 1% did not affect
the enantioselectivity, but the reaction was alswed down (Table 3-3, entry 3). To our delight,
95% ee with full conversion was achieved by runnhmgreaction at a higher concentratior2of

7b (0.2 M) (Table 3-3, entry 4). Thus, this substred@centration was used in the subsequent
reactions as well. We also ran the reaction with(§Ryl)Cl], catalyst and found that the nearly
same result was obtained (Table 3-3, entry 5). BsxePd(dba) released dba which has a
similar polarity as the desired product and it iffiallt to separate them through column

chromatography, [Pd(allyl)Gljvas selected for further study.
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Table 3-3.Optimization of Pd-catalyzed AAA reactions

oTBS OTBS
O Pd] (2.5 mol %
4 :@\/\NHTS+ o\n/o\/ (s[)-L]3((e 7.5 mol 3/0) <O N { N
e} Br o o Ts
DMF, 1t, 24 h Br OTBS
3-13a 2-7b 3-14a 2-20b
(1.1 eq.)
entry catalyst corf(%) 3-148 (% ee) 3-14a:2-20b
1 Pg(dba) >95 93 79:21
v Pdb(dba) 66 95 86:14
Pdy(dba) 68 95 75:25
£°  pdy(dba) >95 95 75:25
g [Pd(ally)Cl], >95 95 73:27

aPgee the footnotes of Table 3%At 0 °C. “1 mol% of [Pd] and 3 mol% of BOP
ligands. At 0.2 M concentration a2-7b.

The scope of the Pd-catalyzed AAA reaction wasestigated using several

piperonylamides under the optimized conditions (dal3-4). The reaction employing

sulfonylamide as nucleophiles proceeded smoothlgftord the corresponding products with

excellent enantioseletivities (Table 3-4, entrie8, 16). The nucleophil&-13c with a small

sulfonyl protecting group slightly decreased thargioselectivity to 90% ee (Table 3-4, entry 3).

The Boc protecting group is not stable in the Pidlgaed AAA reaction, since a considerable

amount of piperonylamine was observed (Table 3rdryed). Because of the strong electron

withdrawing protecting group TFA, no reaction ocegr when 3-13d was used as the

nucleophile (Table 3-4, entry 5).
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Table 3-4.Pd-catalyzed AAA reactions

OTBS oTBS
Pd(allyCl], (1 | %
< j@j\ é/ SN [ (Se; K?ze gg(morln‘;)) ) <Oj©(\g * + é
o Br

DMF, rt, 24 h OTBS
X=Br,R=Ts 3-13a

X=Br,R=2-Ns 3-13b ; X=Br,R=Ts  3-14a
X=Br,R=Ms  3-13c X=Br,R=2-Ns 3-14p 2-20b
X=Br,R=Ms 3-14c :

X=Br,R=TFA 3-13d

X=Br,R=Boc 3-13e

X=H, R=Ts 3-12a
(1.1eq)

X=H, R=Ts  3-14f

entry  substrate coi@s)  3-14 (% ee)  3-14:2-20

1 3-13a >95% 95 73:27
2 3-13b >95% 94 70:30
3 3-13c >95% 90 78:22
4 3-13d N.R. -- --
5 3-13e N.R. - -
6 3-12a >95% 93 78:22

See the footnotes of Table Netermined by HPLC.

83.2.3 Synthesis of polycyclic alkaloids

Because the 2-nitrobenzenesulfonyl protecting graam be removed readily by
thiophenof® we selecte®-13bfor the following syntheses of bicyclic and tetreliy alkaloids.
Additionally, we prepared (-3-14bwith 94% ee and isolated 96% yield using a smailkss of
2-7b (1.4 equiv) to increase the product yield; i.epeponylamide3-13b became the limiting
reactant under these conditions (Scheme 3FBg absolute configuration of (8-l4b was
determined by X-ray crystallography and the striectuas shown in Figure 3-2. Since the nitro
group is base sensitive, 4 N HCI in THF insteadBAF was used for the deprotection of 8-
14b affording allylic alcohoB-15bin 99% yield. The nitril-16 was prepared in excellent yield

through a modified Mitsunobu protoctiNext, the intramolecular Heck reaction 2416 was

85



examined under the same condition for the synthesishe benzofuran compounz-13
Unfortunately, no reaction occurred. We conjectutet the 2-nitrobenzenesulfonyl group was
too bulky. Thus, a nitrile8-18 bearing a smaller protecting group TFA was prepdrgdhe
simple deprotection and protection3fL6. The successful intramolecular Heck reactior3-df8
proved our hypothesis. Howeved;19 containing a small amount of isomers was diffidolt
purify and was directly deprotected in the presesfddaOH to give ais tetracyclic alkaloid3-
20.The relative stereochemistry 820was determined by 2D-NOESY.

Figure 3-2.The absolute configuration of (8-14b

With the tetracyclic alkaloiB-20 in hand, we decided to synthesigg-crinine. The
direct way to accomplish this is using reductiveiration to construct the five-membered ring
(Scheme 3-7). This method is similar to that regbrby Trost in his synthesis of (-)-
glanthaminé® Unfortunately, it failed to giveepi-crinene. The intermolecular reductive
amination occurred and was determined by massrspecht this point, we decided to construct
the five-membered ring first. The reductive amioatreaction preformed smoothly to gi8e21
in 64% vyield (Scheme 3-7). However, a racemic im#pB-22 instead ofepi-crinene was
obtained through the intramolecular Heck reactiime mechanism is unclear and further study
is underway. Meanwhile, another tetracyclic alkél®i24 was synthesized starting froBal4f.
Deprotection of3-14 with TBAF gave allylic alcohoB-15f in 99% vyield. Conversion of the

alcohol 3-15f to the allylic bromide3-17 proceeded smoothly in the presence of phosphorus
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tribromide. In the final step, the tetracyclic dtkd 3-24 was obtained in 70% vyield through
Friedel-Crafts alkylation.

OTBS
[Pd(allyl)Cl], (1 mol %)
{ :@\/\NHNS (S)-L3e (3 mol %) { :©\/\ ANHCI
DMF, 1t, 24 h

OTBS

3-13b 2-7b 96% 3-14b 99%

. (1.4 equiv) 94% ee
Ns = 2-nitrobenzenesulfonyl

ACH

DIAD 0
on THF K2CO3 0] Br cN TEA
91% 83% 94%

3-15b 3-17

(ACH = acetonecyanohydrin) 3-16

<O NTFA <O NH
<3©C _Pd(OAc),, dppp_ 5 ", - NaOH g ., S<H NOE
TFA
Ag,COg, toluene @ 0
CN 90% CN
58%

318 3-19 3-20

Scheme 3-6Synthesis of the tetracyclic alkalo3d20

@)

2. NaCNBH3

Sy e ¢

CN

""OH

epi-crinene epi-crinine
1.DIBAL-H

3-20
<O:©\/\H*:[\ ag. NaH,PO, < :; Pd(OAC),, dppp <O N: ;
3-21

Ag,COg3, toluene

3-17 64%

Scheme 3-7Synthesis o&pi-crinene
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< Ts THF < Ts
o] o OH  86%

OTBS
3-14f 99% 3-15f
Sea s Neves
o sr HF o NTs
70%
3-23 3-24

Scheme 3-8Synthesis of the tetracyclic alkal@e24

The molecular modeling of crinene apgi-crinene was carried out using the Spartan
program (MM2/PM3 for energy minimization) (Figure33 The energy difference between
crinene andepi-crinene was calculated to be 18.4 kJ/mol. The high strain energy oépi-
crinene causes the failure of the formatiomfcrinene through the reductive amination and the

intramolecular Heck reaction.

.y .
= i A
I\ . AT N
7\ el Ny T el W
ey sl U = Y B Y |
o & et \ W = r ¢ __ 4 1 I
L S VN K\ N ¥
™~ \\ . r—f-
: ¥ v L
N
epi-crinene AE = 18.4 kJ/mol crineneAE = 0 kJ/mol

Figure 3-3.A molecular modeling study of crinene agal-crinene
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83.3 Conclusions

The asymmetric efficacy of our novel BOP ligandsavevaluated in the Pd-catalyzed
asymmetric allylic amination reactions. The cyclodmylamides3-14a-c and 3-14f with
excellent ees were obtained using the BOP lig&d.8e Starting from these amides, chiral
polycyclic alkaloids3-20, 3-22and 3-24 were synthesized in a short sequence of stepthdfur
syntheses of the derivatives of amarylidaceae aithsl from the bicyclic and tetracyclic

alkaloids are actively underway in our laboratory.

83.4 Experimental section

General Methods.'H, *C, and*’P NMR were measured on a Bruker Avance 500 (500
MHz forH; 125 MHz for**C), a Bruker Avance 400 (400 MHz f4; 100 MHz for*3C), or a
Varian Gemini-2300 300 MHz (300 MHz fdH; 75 MHz for **C) NMR spectrometer in a
deuterated solvent using residual protons (GHE, 7.26 ppm;**C, 77.0 ppm) as the internal
standard. Analytical HPLC in normal phase was edrout with a Shimadzu LC-2010A HPLC
system using a Chiralcel OJ or a Chiralcel ODH.alftical HPLC in reverse phase was carried
out with a Shimadzu LC-2010A HPLC system using @pak AD-RH analytical column.
Melting points were measured on a Thomas Hooveill@apmelting point apparatus and are
uncorrected. Optical rotations were measured oerkifrHelmer Model 241 polarimeter. TLC
analyses were performed using Merck DC Alufoliefrg@aluminum pre-coated silica gel plates.
Flash column chromatography was carried out usitigy® SiliaFlashP6( silica gel (particle
size 40_63um). High-resolution mass spectrometric analysesewarried out at the Mass
Spectrometry Laboratory, University of Illinois Wnha-Champaign, Urbana, IL or by ICB&DD
at Stony Brook University. Unless otherwise not#demactions were carried out under argon or

nitrogen atmosphere in oven-dried glassware usargiard Schlenck techniques.

Material. Solvents were reagents grade and freshly driegasted and distilled before
use. Anhydroud\,N-dimethylformamide (DMF) and acetonitrile were phaesed from Acros

Organic and used without further purification. Clieads and reagents were purchased from
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VWR, Fisher Scientific or Sigma-Aldrich and usedheiut further purification unless otherwise
noted.

N-(Benzo[d][1,3]dioxol-5-yImethyl)-2-nitrobenzenesulfonamidg(3-12b)

O NHNs
.o8

To a solution of piperonyl amine (2.57 g, 17 mnaoiy triethylamine (2.32 ml, 42 mmol)
in dry CHCI;, (8.5 mL), a solution of 2-nitrobenzene sulfonylatide (3.02 g, 20 mmol) in
CHyCI, (7 ml) was slowly added at room temperature. T@seilting solution was stirred at the
same temperature for 2.5 h. To the mixture was é@dpieous 10% HCI, and then extracted
with CH,CI; (3 x 15 ml). The combined organic layers weredloger MgSQ. After the drying
agent was removed by filtration, the solution wasaentratedn vacuo and the residue was
purified by flash column chromatography on silical ghexanes/AcOEt = 2:1) to afford the
amide3-12b (4.8 g, 78%) as a off-white solid. mp 159-1%€0 ‘*H NMR (400 MHz, DMSO-6d)

0 3.33 (brs, 1H), 4.06 (d,= 6.2 Hz, 2H), 5.93 (s, 2H), 6.72 (m, 3H), 7.76 @Hl), 7.77 (m, 2H),
7.88 (m, 1H);**C NMR (100 MHz, DMSQ&d) § 46.0, 100.9, 107.8, 108.1, 121.1, 124.2, 131.0,
132.4, 133.2, 133.8, 146.3, 147.1, 147.4. HRMS +{ESalcd for G4H1eN3Os [M]* 354.0754,
found 354.07624 = 2.2 ppm).

In the same manne3;12aand3-12cwere synthesized.

N-(Benzo[d][1,3]dioxol-5-yImethyl)-4-methylbenzenesulfonamid€3-12a)

O NHTs
.08

White solid; 85% yield*H NMR (300 MHz, CDCY) & 2.36 (s, 3H), 3.93 (d} = 6.0 Hz,
2H), 4.66 (brs, 1H), 5.84 (s, 2H), 6.58 (m, 3HR(d,J = 8.0 Hz, 2H), 7.67 (d] = 8.1 Hz, 2H);
1BC NMR (75 MHz, CDCJ) ¢ 22.0, 47.6, 108.6, 108.9, 121.8, 127.6, 130.1,5,3(8B7.3, 143.9,
147.7, 148.3. All data are in agreement with tterditure valued>
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N-(Benzold][1,3]dioxol-5-yImethyl)methanesulfonamide (3-12c)

O NHMs
.08

White solid; 87% yield*H NMR (300 MHz, CDCJ) J 2.86 (s, 3H), 4.21 (dl = 6.0 Hz,

2H), 4.82 (brs, 1H), 5.96 (s, 2H), 6.81 (m, 3H)I dhta are in agreement with the literature
values®

N-((6-Bromobenzof][1,3]dioxol-5-yl)methyl)-2-nitrobenzenesulfonamide(3-13b)

<O:®(\NHNS
o Br

To a solution 0of3-12b (3.05 g, 10 mmol) in AcOH (10 mL) was added brom{@e53
mL) dropwise. The resulting solution was stirredr@dm temperature for 3 h. Then it was
washed with 5% N&O; solution until decolorization. The aqueous phass extracted three
times with CHCI,. The combined organic layers were dried ovesTa and concentrateih
vacuo to afford3-13b(3.56 g, 92%) as a off-white solid. mp 162-263'H NMR (500 MHz,
DMSO-6d) 6 4.19 (s, 1H), 6.05 (s, 1H), 6.94 (s, 1H), 7.16L(3), 7.85 (m, 2H), 7.95 (d,= 7.8
Hz, 1H), 7.99 (dJ = 8.1 Hz, H), 8.68 (s, 3H}*C NMR (125 MHz, DMSO6d) ¢ 47.1, 103.0,
110.3, 113.0, 113.8, 125.3, 130.2, 130.4, 133.8,8,335.0, 148.0, 148.4, 148.5. HRMS (ESI+)
calcd for G4H16N306S [M+NH,] " 431.9859, found 431.9864 € 1.2 ppm)

In the same manne3;13aand3-13cwere synthesized

N-((6-Bromobenzof][1,3]dioxol-5-yl)methyl)-4-methylbenzenesulfonamié (3-13a)

<OI:(\NHTS
o B

r

91



White solid; 92% yield; mp 156-15C; 'H NMR (500 MHz, CDCJ) 6 2.42 (s, 3H), 4.11
(d,J = 6.5 Hz, 2H), 4.87 (brs, 1H), 5.94 (s, 2H), 6(861H), 6.89 (s, 1H), 7.27 (d,= 8.0 Hz,
2H), 7.71 (d,J = 8.3 Hz, 2H);®C NMR (125 MHz, CDGJ) § 21.5, 47.4, 101.9, 110.4, 112.6,
114.1, 127.1, 128.6, 129.6, 136.9, 143.4, 147.8,114HRMS (ESI+) calcd for £H1sBrNO,S
[M+NH,]* 383.9900, found 383.9900 & 0 ppm).

N-((6-Bromobenzof][1,3]dioxol-5-yl)methyl)methanesulfonamide (3-13c)

<O:(>\/\NHMS
o B

r

White solid; 91% vyield; mp 140-14C; *H NMR (500 MHz, CDCY) § 2.86 (s, 3H), 4.30
(d,J = 6.5 Hz, 2H), 4.81 (brs, 1H), 6.00 (s, 2H), 6(841H), 7.02 (s, 1H)**C NMR (125 MHz,
CDCl) ¢ 41.2, 47.3, 101.9, 110.3, 112.8, 114.1, 128.7,5,4748.3. HRMS (ESI+) calcd for
CoH14BrN,04S [M+NH4]" 324.9852, found 324.985Q € -0.6 ppm).

tert-Butyl (6-bromobenzold][1,3]dioxol-5-yl)methylcarbamate (3-13d)

<O:E:(\NHBOC
o B

r

To a suspension of piperonylamine (3.02 g, 20 mrolwater (20 mL) was added
(Boc)O (5.68 g, 26 mmol) and NaOH (1.6 g, 40 mmol) 8£0The mixture was stirred at room
temperature for 12 h. AcOH (40 mL) was then add&Hde mixture was cooled to°C and pH
was adjusted to 2-3 with 2N HCI. The organic layes washed with 1 M KHSQvater solution
and brine and dried over p80,. After the drying agent was removed by filtratidime solution
was concentrateth vacuo to give the crude&-12d (4.6 g, 92%) as a white solid. The crude

product was directly used for the next step witheout further purification.

To a suspension @&-12d and CECOOAg in CHCl,, bromine (1.2 mL, 24 mmol) was

added dropwise at room temperature. The mixture stia®d at the same temperature for 3 h
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and then filtered. The resulting solution was wasiwith 5% NaHCQ solution and dried over
NaSOs. After the drying agent was removed by filtratidhe solution was concentrated
vacuo and the residue was purified by flash column clatmgraphy on silica gel
(hexanes/AcOEt = 6:1) to afford ti3e13d (3.6 g, 61%) as a white soltH NMR (300 MHz,
CDCls) 0 1.46 (s, 9H), 4.28 (dl = 6.2 Hz, 2H), 4.99 (brs, 1H), 5.97 (s, 2H), 6(851H), 6.99 (s,
1H); 3¢ NMR (75 MHz, CD.J) o 28.2, 44.5, 79.4, 101.6, 109.5, 112.5, 113.6,1,3147.3,
147.4, 155.6. All data are in agreement with tterditure valued®

N-((6-Bromobenzof][1,3]dioxol-5-yl)methyl)-2,2,2-trifluoroacetamide (3-13e)

<O:©\/\NHTFA
o Br

To a solution of piperonylamine (151 mg, 1.0 mmolDCM was added triethylamine
(0.34 mL, 2.5 mmol) and (GEO)O (0.18 mL, 1.3 mmol.) at 8C. The mixture was stirred at
the same temperature for 1 h, and then was dilutiéld H,O. The resulting mixture was
extracted with AcCOEt. The combined organic layeesemdried over N&Oy. After removal of
the drying agent, the solution was concentrateNaB0, to give 3-12eas a white solid. The

crude product was directly used for the next stepaut any further purification.

To a solution of3-12ein AcOH (1 mL) was added bromine (0.06 mL, 1.2 mmol
dropwise at room temperature. The resulting saluvas stirred at the same temperature for 3 h.
Then it was washed with 5% P&0O; solution until decolorization. The agueous phases w
extracted three times with GEl,. The combined organic layers were dried ovesS@a and
concentratedn vacuo to afford3-13e(243 mg, 75% over two steps) as a white solid.98499
°C;'H NMR (500 MHz, CDCJ) ¢ 4.51 (d,J = 6.1 Hz, 2H), 5.99 (s, 2H), 6.76 (brs, 1H), 6(88
1H), 7.02 (s, 1H)**C NMR (125 MHz, CDGCJ) 6 44.1, 102.1, 110.7, 113.0, 114.63, 115.8](g,
286 Hz), 128.2, 147.8, 148.7, 157.1 {o= 37.1 Hz); HRMS (ESI+) calcd for :6HsBrFNO;
[M+H]" 325.9634, found 325.9633 & -0.3 ppm).
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(-)-N-(6-Bromobenzof][1,3]dioxol-5-yImethyl)-N-(2-(tert-butyldimethylsiloxymethyl)
cyclohex-2-enyl)-2-nitrobenzenesulfonamide ((-)-34b)

.08 9
O Br OTBS

A solution of3-13b (1.2 g, 3.2 mmol)[Pd(allyl)Cl]; (11.5 mg 1 mol%) andS-L3e
(94.72 mg, 3 mol%) in DMF (15 mL) was preincubated15 min. To the solution was added a
solution of carbonat@-7b (1.7 g, 5.3 mmol) in DMF (15 mL) dropwise at rooamiperature.
The solution was stirred at the same temperaturg4d1. The reaction mixture was diluted with
diethyl ether and washed with water (3 x 10 mL)e Hgueous layer was extracted with diethyl
ether (3 x 10 mL). The combined organic layers werned over anhydrous NaO, and
concentrated in vacuo. The residue was purified flagh chromatography on silica gel
(hexanes/AcOEt = 20:1) to affor8-14b (1.8 g, 96%) as a white soliEnantiomers were
separated by HPLC using Chiralcel OJ column elutinth 99:1 hexanes/isopropanol at 1.0
mL/min. Retention times: major enantiomer 33.1 n@nd minor 40.8 min. mp 144-14%;
[a]p? -88.8 € 1.0, CHCI,): *H NMR (500 MHz, CDCY) ¢ -0.07 (s, 3H), -0.04 (s, 3H), 0.83 (s,
9H), 1.44 (m, 2H), 1.67 (m, 1H), 1.97 (m, 3H), 3(@7J = 14.6 Hz, 1H), 3.88 (d] = 14.6 Hz,
1H), 4.22 (dJ = 17.6 Hz, 1H), 4.51 (brs, 1H), 4.73 @= 17.6 Hz, 1H), 5.89 (s, 1H), 5.93 (s,
1H), 6.12 (brs, 1H), 6.91 (s, 1H), 7.61 (m, 2HE77(m, 1H), 7.99 (dJ = 7.6 Hz, 1H);**C NMR
(125 MHz, CDC}) 0 -5.5, -5.4, 18.3, 20.7, 24.4, 25.9, 29.9, 48.69563.0, 101.7, 109.1, 112.3,
112.5,124.1,128.8, 130.6, 131.6, 131.7, 133.8,681333.7, 147.3, 147.4, 14718RMS (ESI+)
calcd for G7H3sBrN,0O,SSi [M]* 638.1118, found 638.112& € 1.4 ppm).

The synthesis of (+3-14bfollowed the same procedure]§* +84.6 € 1.0, CHCL,); *H
NMR (500 MHz, CDC}) § -0.07 (s, 3H), -0.04 (s, 3H), 0.83 (s, 9H), 1.4 pH), 1.67 (m, 1H),
1.97 (m, 3H), 3.37 (dJ = 14.6 Hz, 1H), 3.88 (] = 14.6 Hz, 1H), 4.22 (d] = 17.6 Hz, 1H),
4.51 (brs, 1H), 4.73 (d = 17.6 Hz, 1H), 5.89 (s, 1H), 5.93 (s, 1H), 6.185(KLH), 6.91 (s, 1H),
7.61 (M, 2H), 7.67 (M, 1H), 7.99 (@= 7.6 Hz, 1H):*C NMR (125 MHz, CDGJ) 6 -5.5, -5.4,
18.3, 20.7, 24.4, 25.9, 29.9, 48.6, 55.9, 63.0,.71,0109.1, 112.3, 112.5, 124.1, 128.8, 130.6,
131.6, 131.7, 133.5, 133.6, 133.7, 147.3, 147.4,614
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In the same manne3;14a, 3-14c, 3-14&nd3-14gwere synthesized

N-(6-Bromobenzof][1,3]dioxol-5-yImethyl)-N-(2-(tert-butyldimethylsiloxymethyl)
cyclohex-2-enyl)-4-methylbenzenesulfonamide (3-14a)

< j@\/\Ts
o Br OTBS

White solid; Enantiomers were separated by HPL@gu€lhiralcel ODH column eluting
with 99:1 hexanes/isopropanol at 1.0 mL/min. Retentimes: major enantiomer 30.5 min. and
minor 38.3 min; mp 127-12%: *H NMR (500 MHz, CDC}) 6 -0.03 (s, 6H), 0.89 (s, 9H), 1.41
(m, 2H), 1.79 (m, 2H), 1.94 (m, 2H), 2.44 (s, 3Bl§1 (d,J = 14.1 Hz, 1H), 3.47 (d] = 14.1 Hz,
1H), 3.99 (dJ = 15.8 Hz, 1H), 4.39 (s, 1H), 4.50 @z 15.8 Hz, 1H), 5.96 (s, 1H), 6.06 (brs,
1H), 6.72 (d,J = 8.0 Hz, 1H), 6.79 (d] = 8.0 Hz, 1H), 6.93 (s, 1H), 7.30 @~ 8.0 Hz, 1H),
7.70 (d,J = 8.0 Hz, 1H);13C NMR (125 MHz, CDQJ) ¢ -5.7, -5.6, 18.2, 20.5, 21.4, 24.4, 25.8,
30.0, 48.1, 54.8, 63.4, 100.9, 107.7, 108.9, 1228,1, 127.9, 129.5, 132.3, 134.2, 138.2, 143.0,
146.7, 147.6; HRMS (ESI+) calcd forgEl;sBrNNaGsSSi [M+Na] 630.1316, found 630.1315
(A =-0.2 ppm).

N-(6-Bromobenzof][1,3]dioxol-5-yImethyl)-N-(2-(tert-butyldimethylsiloxymethyl)

cyclohex-2-enyl)methanesulfonamide (3-14c)

<@(@

OTBS

Amphorus solidH NMR (500 MHz, CDC}) ¢ 0.06 (s, 3H), 0.07 (s, 3H), 0.89 (s, 9H),
1.42 (m, 1H), 1.47 (m, 1H), 1.90 (m, 4H), 3.083kl), 4.02 (d,J = 12.7 Hz, 1H), 4.06 (d] =
12.7 Hz, 1H), 4.15 (d] = 17.3 Hz, 1H), 4.38 (d] = 17.3 Hz, 1H), 4.58 (brs, 1H), 5.95 (®z
1.4 Hz, 1H), 5.98 (dJ = 1.4 Hz, 1H), 6.92 (s, 1H), 7.26 (s, 1F)C NMR (125 MHz, CDGJ) 6 -
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5.3, -4.8, 18.3, 19.8, 24.8, 25.9, 30.5, 38.4, 4B%8, 65.4, 101.8, 109.9, 112.1, 112.4, 131.1,
132.6, 134.5, 147.5, 147.6; HRMS (ESI+) calcd fosHz,BrNNaG;SSi [M+Na] 554.1003,
found 554.1007A = 0.7 ppm).

N-(Benzold][1,3]dioxol-5-yImethyl)-N-(2-(tert-butyldimethylsiloxymethyl)cyclohex-2-enyl)-
4-methylsulfonamide (3-14f)

< :©/\Ts
0 OTBS

White solid; 94% yield (using 1.2 equiv 8f7b); Enantiomers were separated by HPLC
using Chiralcel OJ column eluting with 99:1 hexdisepropanol at 1.0 mL/min. Retention times:
major enantiomer 36.3 min. and minor 44.5 min; B8 °C; *H NMR (500 MHz, CDC}) ¢ -
0.03 (s, 6H), 0.89 (s, 9H), 1.41 (m, 2H), 1.79 @H), 1.95 (m, 2H), 2.45 (s, 3H), 3.42 @z
14.1 Hz, 1H), 3.47 (d] = 14.6 Hz, 1H), 3.99 (d] = 15.8 Hz, 1H), 4.39 (brs, 1H), 4.51 (®z
15.8 Hz, 1H), 5.96 (s, 2H), 6.06 (brs, 1H), 6.72Xd 8.0Hz, 1H), 6.79 (d] = 8.0Hz, 1H), 6.93
(s, 1H), 7.29 (dJ = 8.0 Hz, 1H), 7.70 (d] = 8.3 Hz, 1H):*C NMR (125 MHz, CDGJ) J -5.6,
18.2, 20.5, 21.4, 24.4, 25.8, 30.0, 48.1, 54.84,600.9, 107.7, 108.9, 121.6, 127.1, 127.9, 129.5,
132.3, 134.2, 138.2, 143.0, 146.7, 147.6; HRMS {FESialcd for GgH4NOsSSi [M+H]"
530.2391, found 530.2384 € -1.3 ppm).

N-(6-Bromobenzof][1,3]dioxol-5-yImethyl)-N-(2-(triisopropylsiloxymethyl)cyclohex-2-
enyl)-4-methylbenzenesulfonamid¢3-14Q)

vy

OTIPS

White solid; mp 120-122C; 'H NMR (500 MHz, CDCJ) § 0.94 (s, 21H), 1.30 (m, 1H),
1.42 (m, 1H), 1.82 (m, 2H), 1.93 (m, 2H), 2.4538l), 3.30 (dJ = 14.6 Hz, 1H), 3.44 (d] =
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14.6 Hz, 1H), 4.14 (dJ = 17.4 Hz, 1H), 4.30 (brs, 1H), 4.44 (M= 17.4 Hz, 1H), 5.94 (d] =

1.4 Hz, 1H), 5.97 (d] = 1.5 Hz, 1H), 6.92 (s, 1H), 7.27 (s, 1H), 7.31Xg 8.0 Hz, 1H), 7.74 (d,

J = 8.3 Hz, 1H);*C NMR (125 MHz, CDGJ) 6 11.7, 17.9, 17.9, 19.8, 21.4, 24.3, 30.6, 48.6,
54.9, 63.1, 101.6, 109.6, 112.0, 112.0, 121.6, 12127.2, 128.0, 129.6, 131.1, 133.2, 137.4,
143.4, 147.1, 147.3; HRMS (ESI+) calcd fog,4BrNaNQ;SSi [M+Na] 672.1785, found
672.1787 4 = 0.3 ppm).

N-(6-Bromobenzof][1,3]dioxol-5-yImethyl)-N-(2-hydroxymethylcyclohex-2-enyl)-2-

nitrobenzenesulfonamide(3-15b)

0 N >
< Ns
o Br OH

To a solution 083-14b (1.59 g, 2.6 mmol) in THF (30 mL) was added 4N HEB mL)
dropwise at room temperature. The mixture wasestiat the same temperature for 1 h. The
aqueous layer was extracted with AcOH. The orghayer was dried over anhydrous JS&.
After removal of the drying agent, the solution veasmcentratedn vacuo and the residue was
purified by column chromatography on silica gelx@ees/AcOEt = 2:1) to afforg-15b(1.31 g,
99%) as a white solid. mp 78-78; [a]p** -114.0 € 0.88, CHCI,); 'H NMR (400MHz, CDC}):
§1.58 (m, 2H), 1.75 (m, 1H), 2.03 (m, 3H), 2.83Jd; 17.1 Hz, 1H), 2.94 (d] = 17.1 Hz, 1H),
4.27 (d,J = 17.1 Hz, 1H), 4.54 (brs, 1H), 4.74 @z 17.1 Hz, 1H), 5.89 (s, 1H), 5.93 (s, 1H),
6.21 (brs, 1H), 6.91 (s, 1H), 6.96 (s, 1H), 7.66 8i), 7.94 (d,J = 7.9 Hz, 1H)*C NMR (100
MHz, CDCk) ¢ 20.9, 24.8, 28.7, 48.4, 55.2, 64.1, 101.8, 10P12,4, 113.3, 124.2, 129.8, 131.6,
131.8, 133.5, 133.7, 133.8, 135.2, 147.4, 147.3,684HHRMS (ESI+) calcd for £H2,BrN,0O;S
[M + H]* 525.0326, found 525.0328 & 0.4 ppm).
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N-(6-Bromobenzof][1,3]dioxol-5-ylmethyl)-N-(2-cyanomethylcyclohex-2-enyl)-2-
nitrobenzenesulfonamide (3-16)

o N *
< Ns
o Br CN

To a stirred solution of triphenylphosphine (130, & mmol) in dry THF (2.5 mL) was
added dropwise diisopropyl azodicarboxylate (0.1, 15 mmol) at —2°C. The resulting
mixture was stirred for 20 min at the same tempeeatAlcohol3-15b (124 mg, 0.25 mmol) in
THF (0.5 mL) was added to the mixture and stiredZ0 min at —20C. To the solution was
added acetone cyanohydrin (0.034 mL, 0.38 mmol).i> mL of THF. The resulting solution
was stirred at —26C for 4h and then warmed to room temperature d@nedtfor additional 8 h.
Methanol (0.1 mL) was added to the solution to gbethe excess acetone cyanohydrin. The
organic solvent was removed vacuo. The residue was purified by chromatography oicagil
gel (hexanes/AcOEt = 5:1) to giv&16 (115 mg, 91%) as a white solid. mp 189-191°C;
[a]p?*-91.3 € 0.46, CHCI,); 'H NMR (500MHz, CDCJ): § 1.55 (m, 2H), 1.75 (m, 1H), 2.02 (m,
2H), 2.84 (dJ = 19.1 Hz, 1H), 2.94 (d] = 19.1 Hz, 1H), 4.27 (d] = 17.0 Hz, 1H), 4.54 (brs,
1H), 4.74 (dJ = 17.0 Hz, 1H), 5.90 (s, 1H), 5.92 (s, 1H), 6.285(HH), 6.91 (s, 1H), 6.96 (s,
1H), 7.62 (m, 1H), 7.70 (m, 2H), 7.94 @= 7.3 Hz, 1H);"*C NMR (125 MHz, CDGCJ) 6 20.8,
22.0, 24.9, 28.5, 48.2, 57.1, 101.9, 109.3, 1118,5, 117.2, 124.5, 125.5, 129.1, 131.9, 132.0,
133.5, 134.1, 134.5, 147.6, 147.7, 147.8; HRMS +EShlcd for GH21BrN:OsS [M + HJ
534.0329, found 534.0330 € 0.2 ppm).

2-(6-(6-Bromobenzofl][1,3]dioxol-5-yImethylamino)cyclohex-1-enyl)acetoitrile (3-17)

O N *
{ H
o Br CN

To a stirred solution d3-16 (267 mg, 0.5 mmol) and4C0;(207 mg, 1.5 mmol) in DMF
was added PhSH (93.5 mg, 0.85 mmol) dropwise ahrmmperature. The mixture was stirred
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for 3 h at the same temperature. The resultingisoluwvas washed with water and extracted with
ethyl acetate, dried over anhydrous,81@,. After removal of the drying agent, the solutioasw
concentratedn vacuo and the residue was purified by column chromatdgyapn silica gel
pretreated with TEA (hexanes/AcOEt = 8:1) to gsv&7 as a colorless oil (140 mg, 83% yield).
'"H NMR (500MHz, CDC}): 6 1.60 (brs, 1H), 1.81 (m, 2H), 1.91 (m, 2H), 2.1 @hl), 3.1 (brs,
1H), 3.12 (dJ = 2.2 Hz, 1H), 3.16 (d] = 2.2 Hz, 1H), 3.63 (d) = 13.3 Hz, 1H), 3.89 (d] =
13.3 Hz, 1H), 5.88 (brs, 1H), 5.89 (s, 1H), 6.96 1), 6.98 (s, 1H)*C NMR (125 MHz,
CDCl3) 0 18.2, 23.0, 25.2, 27.6, 50.9, 53.6, 101.6, 111M12,6, 114.0, 118.5, 128.4, 130.0, 132.8,
147.3, 147.4HRMS (ESI+) calcd for GH1sBrN,O, [M + H]* 349.0546, found 349.054A

0.3 ppm).

N-(6-Bromobenzof][1,3]dioxol-5-ylmethyl)-N-(2-cyanomethylcyclohex-2-enyl)-2,2,2-

trifluoroacetamide (3-18)

< TFA
o Br CN

To a solution 0f3-17 (145 mg, 0.41 mmol) in DCM was added TEA (0.14 rhlQ mmol)
and (CECO)0 (0.07 mL, 0.53 mmol) at &C. The mixture was stirred at the same temperature
for 1 h. The resulting solution was washed withexaind extracted with ethyl acetate, dried over
anhydrous Ng5O,. After removal of the drying agent, the solutioasaconcentrateth vacuo
and the residue was purified by column chromatdgyam silica gel (hexanes/AcOEt = 5:1) to
give 3-18 (174 mg, 94%)as a amorphous solidof* -72.3 € 0.39, CHCl,); *H NMR (CDCE,
400MHz):6 1.66 (m, 3.3 H), 1.96 (m, 0.7 H), 2.10 (m, 2HB3(s, 0.35H), 2.86 (s, 0.35H), 2.89
(s, 1.3 H), 4.14 (dJ = 16.0 Hz, 0.65H), 4.46 (d,= 17.0 Hz, 0.35H), 4.62 (brs, 1H), 4.68 Jd;
17.0 Hz, 0.35H), 4.77 (dl = 16.0 Hz, 0.65H), 5.95 (s, 0.65H), 5.97 (s, 0.6%64)2 (s, 0.7H),
6.12 (brs, 0.35H), 6.39 (s, 0.65H), 6.55 (s, 0.656{y2 (s, 0.35H), 6.98 (s, 0.65H), 7.01 (s,
O.35H);13C NMR (100 MHz, CD() ¢ 20.5, 21.0, 21.8, 22.0, 24.7, 24.8, 26.6, 29.19,440.7,
56.9, 56.9, 102.0, 102.2, 107.3, 108.4, 112.7,8,11712.8, 113.4, 116.0 (4,230 Hz), 116.4 (q,

J =229 Hz), 116.4, 117.1, 124.2, 125.0, 127.5, 12¥32.4, 135.1, 147.6, 147.8, 147.8, 148.3,
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157.9, 158.2 (g) = 35.7 Hz); HRMS (ESI+) calcd for 1gH:7BrFsN2Os [M + H]* 445.0369,
found 445.03704 = 0.2 ppm).

cis-2-(3,4,4a,5,6,11b-Hexahydro-[1,3]dioxolo[4,8phenanthridin-11b-yl)acetonitrile (3-20)

To a 10 mL of flask was adde®#18 (120 mg, 0.32 mmol), Pd(OA£)11.6 mg, 0.05
mmol), AgpCOs; (284 mg, 1.0 mmol) and dppp (21 mg, 0.05 mmol)gédsed toluene (4 mL)
was added and the resulting suspension was heiafeld 8C for 24h. The mixture was filtered
and the resulting solution was concentratedvacuo. The residue was purified by column
chromatography on silical gel (hexanes/AcOEt = @figrd 3-19 (49 mg, 58%) as a colorless oil,
containing a small amount of isomers}f* -80.0 € 1.5, CHCl,); *H NMR (500MHz, CDC}):

0 1.81 (m, 2H), 2.20 (m, 1H), 2.33 (m, 1H), 2.55Q8H), 2.59 (s, 0.6H), 2.61 (s, 0.6 H), 4.14 (d,
J=10.9 Hz, 0.6H), 4.29 (d,= 18.2 Hz, 0.6H), 4.57 (d,= 16.8 Hz, 0.4H), 4.82 (m, 0.8H), 5.06
(d,J=18.2 Hz, 0.6H), 5.95 (brs, 3H), 6.11 (m, 1H),45(5, 0.4H), 6.58 (s, 0.6H), 6.82 (s, 0.6H),
6.86 (s, 0.4H); HRMS (ESI+) calcd fordEl16FsN2Os [M + H]* 365.1108, found 365.1114 E

1.1 ppm).

To a stirred solution d3-19 (36 mg, 0.1 mmol ) in EtOH was added 2 M NaOH (0L
at room temperature. The solution was stirred agatrat the same condition. After removal of
the solvent, the residue was purified by columrootatography on silical gel pretreated with
TEA (hexanes/AcOEt = 1:1) affor8-20 (24 mg, 90%) as a colorless oik]§?° -74.7 € 1.5,
CH.Cly); 'H NMR (500MHz, CDC}): 6 1.84 (m, 3H), 2.17 (m, 2H), 2.69 @z= 21.1 Hz, 1H),
2.92 (d,J=21.1 Hz, 1H), 3.22 (ddl= 10.4 Hz,J = 4.0 Hz, 1H), 3.94 (d] = 19.8 Hz, 1H), 4.02
(d, J=19.8 Hz, 1H), 5.84 (s, 2H), 5.91 (s, 2H), 6.471¢d), 6.81 (s, 1H)**C NMR (100 MHz,
CDCl3) 0 22.9, 24.5, 30.8, 40.0, 45.7, 54.6, 100.9, 10808,6, 117.8, 128.0, 128.6, 130.6, 131.3,
146.3, 146.8; HRMS (ESI+) calcd fordEl17N-O, [M + H]* 269.1285, found 269.1282 € -1.1

ppm).
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1-(6-Bromobenzof][1,3]dioxol-5-yImethyl)-2,3,5,6,7,7a-hexahydro-Hi-indole (3-21)

soa

r

*

To a solution 0f3-17 (33 mg, 0.1 mmol) was added toluene (1.5 mL) ah8AD-H

(0.15 mL, 1.0 M in hexane) at —78. The solution was stirred at that temperaturedforand it
was then warmed to . The solution was stirred for additional 2 hret same temperature. To
the solution were added methanol (5 mL) and a ®wmiubf sodium monobasic hydrogen
phosphate in water (2 mL) at°C. The heterogeneous solution was stirred at rasmpeérature
for 2 h. The flask was cooled ta°G and NaCNBH (64 mg, 1.0 mmol) was added. The solution
was stirred at room temperature for 8 h. The exbe€3NBH; was destroyed by addition of 2 M
HCI. Nitrogen was bubbled through the solution3dn. The pH was adjusted to basic (pH>12)
using 50% NaOH. The resulting mixture was extraetéd methylene chloride (6 x 10mL). The
combined organic layer was dried over anhydrougSa and concentrateth vacuo. Flash
column chromatography (10% to 20% MeOH in{H) provided3-21 (21 mg, 64% yield) as a
white solid. Enantiomers were separated by HPL@gu€lhiralcel AD-RH column eluting with
30:70 water/acetonitrile at 1.0 mL/min. Retentionds: major enantiomer 6.5 min. and minor
8.1 min;*H NMR (500 MHz, CDC4): 6 1.16 (m, 1H), 1.48(m, 1H), 1.83 (m, 1H), 2.14 (rhl)4
2.37 (m, 2H), 2.68 (brs, 1H), 3.03 (m, 1H), 3.35J¢& 13.8 Hz, 1H), 3.96 (dl = 13.8Hz, 1H),
5.42 (brs, 1H), 5.93 (s, 2H), 6.96 (s, 1H), 7.00L(3); *C NMR (125 MHz, CDC}): § 20.4, 25.0,
28.0, 28.0, 52.2, 57.7, 64.4, 101.4, 110.4, 112121, 118.4, 131.8, 140.2, 146.9, 147.2. All

data are in agreement with the literature vaflies.

1-(Benzof][1,3]dioxol-5-ylmethyl)indoline (3-22)
ST
0
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To a 10 mL of flask was adde®21 (16 mg, 0.05 mmol), Pd(OAg£)1.8 mg, 0.008
mmol), AgCO; (43 mg, 0.15 mmol) and dppp (3.4 mg, 0.008 mniadgassed toluene (0.5 mL)
was added and the resulting suspension was heiafdd) 8C for 24h. The mixture was filtered
and the resulting solution was concentratedvacuo. The residue was purified by column
chromatography on silical gel (hexanes/AcOEt = L@fford 3-22 (9 mg, 71%) as a colorless ail.
'H NMR (500 MHz, CDC}): § 3.00 (t,J = 8.3 Hz, 2H), 3.33 (t) = 8.3 Hz, 2H), 4.19 (s, 2H),
5.98 (s, 2H), 6.54 (dl = 7.9 Hz, 1H), 6.71 (m, 1H), 6.85 (m, 2H), 6.911(8!), 7.10 (m, 2H)**C
NMR (125 MHz, CDC}): ¢ 28.5, 53.5, 53.5, 101.0, 107.1, 108.1, 108.4,8,1%721.0, 124.5,
127.3, 130.1, 132.4, 146.7, 147.9, 152.5. All datain agreement with the literature valds.

N-(Benzo[d][1,3]dioxol-5-yImethyl)-N-(2-hydroxymethylcyclohex-2-enyl)-4-methylbenzene
sulfonamide (3-15f)

il

To a solution of3-14f (106 mg, 0.2 mmol) in THF (2.0 mL) was added TBAFM in
THF, 0.25 mL) dropwise at room temperature. Thetanexwas stirred at the same temperature
for 1 h. After removal of the solvent, the residuas purified by column chromatography on
silica gel (hexanes/AcOEt = 2:1) to affdBell5f (82 mg, 99%) as a white solid. mp 112-PC3
'H NMR (500MHz, CDC}): 6 1.60 (m, 4H), 1.93 (brs, 2H), 2.42 (s, 3H), 2.Bss( 1H), 3.60 (d,
J=12.9 Hz, 1H), 3.89 (d = 12.9 Hz, 1H), 4.22 (d] = 15.6 Hz, 1H), 4.36 (d] = 15.6 Hz, 1H),
4.60 (brs, 1H), 5.93 (m, 3H), 6.66 (= 8.0 Hz, 1H), 6.71 (d] = 8.0 Hz, 1H), 6.81 (s, 1H), 7.25
(d, J = 8.1 Hz, 1H), 7.62 (dJ = 8.3 Hz, 1H);"*C NMR (CDCk, 100 MHz):6 20.8, 21.4, 24.5,
27.9, 47.6, 53.6, 64.1, 100.9, 107.6, 109.0, 12126,8, 129.5, 130.9, 131.1, 136.1, 137.8, 143.2,
146.7, 147.4; HRMS (ESI+) calcd for2NOsS [M + HJ" 416.1526, found 416.1526 E 0

ppm).
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6-(4-Methylbenzenesulfonyl)-6,6a,7,8,9,11-hexahydisH-[1,3]dioxolo[4',5":4,5]benzo[1,2-
e]lbenzolblazepine (3-24)

o~ ()
¢
O NTs

To 3-15f (180 mg, 0.43 mmol) in THF was added PE8 mg, 0.14 mmol) at &C. The
solution was stirred at the same temperature tor The mixture was quenched with water, and
then extracted with ether. The organic layer wasddover sodium sulfate and concentrated
vacuo. Flash column chromatography providéd23 (176 mg, 96%) as a colorless oil
contaminated with a small amount of impurfty. NMR (500MHz, CDCY): § 1.46 (m, 2H), 1.80
(m, 2H), 1.96 (m, 2H), 2.43 (s, 3H), 3.61 (brs, 2818 (d,J = 15.4 Hz, 1H), 4.30 (d] = 15.4
Hz, 1H), 5.93 (s, 1H), 6.14 (brs, 1H), 6.67 (m, 26181 (s, 1H), 7.29 (d,= 8.0 Hz, 2H), 7.74 (d,

J = 8.0 Hz, 2H);13C NMR (125 MHz, CDC}): ¢ 20.1, 21.4, 25.1, 28.3, 34.7, 48.4,53.6, 100.9,
107.7, 109.2, 122.2, 127.2, 129.6, 131.1, 133.3,9,3.38.0, 143.2, 146.9, 147.5; HRMS (ESI+)
calcd for G,H,24BrNNaQ,S [M + NaJ 500.0502, found 500.0494 & -0.6 ppm).

To 3-23 (135 mg, 0.28 mmol) in THF was added Z(89 mg, 0.28 mmol) at &C. The
solution was stirred at the same temperature fom20 The mixture was quenched with water,
and then extracted with ether. The organic layes dréed over sodium sulfate and concentrated
in vacuo. Flash column chromatography provid8&24 (78 mg, 70%) as a colorless oil.
Enantiomers were separated by HPLC using ChirdlBeRH column eluting with 50:50 water/
acetonitrile at 1.0 mL/min. Retention times: magoantiomer 21.5 min. and minor 30.4 miA;
NMR (CDChk, 500MHz):6 1.63 (m, 4H), 1.98 (brs, 2H), 2.09 (m, 1.2H), 2(823.3H), 2.57 (d,

J = 15.8 Hz, 0.7H), 3.03 (d, = 15.8 Hz, 0.7H), 3.25 (d =16.6 Hz, 0.3H), 4.32 (m, 2H), 4.59
(m, 1H), 5.70 (brs, 0.7H), 5.74 (brs, 0.3H), 5.83J = 9.0 Hz, 0.6H), 5.91 (d] = 23.6 Hz,
1.4H), 6.30 (s, 0.6H), 6.59 (s, 1.4H), 7.01J¢ 8.0 Hz, 0.6H), 7.05 (dl = 8.0 Hz, 1.4H), 7.32
(d,J=8.3 Hz, 0.6H), 7.38 (dl = 8.3 Hz, 1.4H),13C NMR (125 MHz, CDC}): 6 20.9, 21.1, 21.3,
24.8, 29.2, 30.0, 34.1, 41.2, 46.7, 46.8, 58.(®,58)0.6, 100.9, 105.5, 108.2, 109.3, 119.9, 120.9,
126.8, 126.9, 128.2, 128.6, 128.8, 130.0, 130.2,01.3133.3, 134.6, 137.5, 137.6, 142.4, 142.5,
145.0, 145.4, 145.8, 146.5; HRMS (ESI+) calcd fosHz,NO,S [M + H]" 398.1421, found
398.1426 A = 1.3 ppm).
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Chapter 4

The Synthesis of Enediynes and Their ApplicationsotRh(l)-
Catalyzed [2+2+2+1] Cycloaddition Reactions
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84.1 Introduction

Polycyclic skeletons are widely found in a variet§ bioactive compounds,e.g.
Caribenol A and Caribenol B (Figure 44 he development of highly efficient methods foe th
synthesis of these building blocks has attractedhninterest in modern organic chemistry. One
of the most efficient methods is the transition aheatalyzed cycloadditiohwhich generates
polycyclic cores from linear unsaturated startingtenials often in a single step. To date, many
higher order cycloaddition reactions including [2221]° [2+2+2+2]% [3+3+1f,

[4+2+2]°1 [5+2+1}?!3and [5+1+2+1} processes were reported.

Caribenol A Caribenol B

Figure 4-1.Caribenol A and Caribenol B

A series of Rh(l)-catalyzed [2+2+2+1] cycloaddisofor the formation of fused seven-
membered rings have been developed in the Ojinaasdry>°®*>*8 Among them, syntheses of
tricyclic and tetracyclic compounds employing linegediyne as the substrates have been the
most extensively studietf'’ The carbonylative silylcarbotricyclization (CO-%iT) of
enediynest-1 bearing a terminal alkyne moiety provided 5-7ibytrlic products4-2 in good to
excellent yields (Scheme 4-Y).Interestingly, CO-SiCaT reactions using enediynéth all
internal alkynes failed to afford the desired prcidd-4, while they were achieved through Rh-
catalyzed [2+2+2+1] cycloaddition in the absencéafrosilane (Scheme 4-25.Further study
discovered that these two reactions underwentrdiffeprocess.Based on the success of the
formation of 5-7-5 tricyclic compounds, we decidedexpand the scope of the Rh-catalyzed
[2+2+2+1] cycloaddition. Thus, enediynes bearindhoayclic rings were prepared, and some of
them were subjected to the Rh-catalyzed [2+2+2+#Adloaddition to give 5-7-n-5 fused

tetracyclic compounds (Scheme 423§:%°
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— O
X cat. Rh(acac)(CO),

N— R3SiH, CO (2 atm)
THF, 22 °C
// X Y

4-1 4-2

X,Y = C(CO,Et),, C(CH,0Me),, C(CH,0Bn),, NTs, O

Scheme 4-1Rh(l)-catalyzed CO-SiCaT reaction

——R
X cat. [Rh(COD)CIl], R

| — CO (1 atm)
Y o
solvent, 50-80 °C
// X Y

4-3 4-4

R = Me, Ph, TMS, PhMe,Si

X,Y = C(CO,Et),, C(CH,OMe),, C(CH,0Bn),, NTs, O

Scheme 4-2Rh(l)-catalyzed [2+2+2+1] cycloaddition reaction4e8

—=— R o
X cat. [Rh(COD)CI], R

- CO (2 atm)

N )
Y
X Y
n
45 4-6
n=0,1,2

R = Me, Ph, TMS, PhMe,Si
X,Y = C(CO,Et),, NTs, O

Scheme 4-3Rh(l)-catalyzed [2+2+2+1] cycloaddition reactiondeb
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84.2 Results and disscusion

84.2.1 Synthesis of enediynes

Diethyl-2-(but-2-ynyl)malonatd-7 was coupled with 1,4-dibromobut-2-yde9 in the
presence of NaH to give the diyne bromildOain good yield (Scheme 4-4). THé-tosyl
tethered diyne bromidé-10b was obtained from the coupling BfFbutynyl-N-tosylamide4-8
with 4-9 using KCQO; as the base (Scheme 4-4).

_ . _ NaH EtO,C —
T\ /T\
CH(COzEt)Z Br Br THF, 1t EtOZC —

Br
4-7 4-9 85% 4-10a
— =\ K2COs, TsN =
NHTs Br Br CH4CN, reflux — \
Br
4-8 4-9 73% 4-10b

Scheme 4-4Synthesis of diyne bromides

The sodium hydride mediated coupling of diyne ho®m4-10a with diethyl 2-
(cyclopent-2-enyl)malonated-11 afford the cyclopentenediyné-5a in 89% vyield. The
cyclopentenediynegl-5b and 4-5c were obtained from the reactions Nfcyclopent-2-enyl

sufonamidegl-12 with diyne bromide4-10aand4-10h respectively (Scheme 4-5).

EtO,C._CO,Et EtO,C -

EtOZC = NaH
EtO,C = CO,Et
EtOZC = THF, rt CO.Et
2

89%

4-10a
4-5a
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EtO,C —
+
EtO,C =

Br
4-10a
S
TsN n
\;\
Br
4-10b

NHTs

EtO,C =
EtO,C =

K,COg,
NTs
@ CH3CN, reflux
81%
4-12
4-5b
Vo
NHTs K,CO4 TsN
CH3CN, reflux NTs

4-12

78%

o

4-5¢

Scheme 4-5Synthesis of cyclopentenediynes

The cycloheptenediyné-5d was synthesized by the treatment4etOawith diethyl 2-

manner (Scheme 4-6).

EtO,C

Br

4-10a

EtO,C

+

CO,Et

4-13

111

(cyclohept-2-enyl)malonatd-13 in the presence of NaH. The cycloheptenediyn®e was
synthesized according to the same procedure (SchAeBheThe KCO; mediated coupling o4-
10b with sulfonamide4-14 gave bis-NTs-tethered substradeSf in moderate yield. The
cycloheptenediynd-5g bearing a malonate and sulfonamide tether washegized in the same

EtO,C
NaH

EtO,C — CO,Et

THF, 1t
CO,Et

73%

4-5d



EtO,C.__CO,Et S

NaH TsN L
TSN - — CO,Et
THF, 1t
! CO,Et
76%
4-10b
4-5e
NHTs S
K.CO TsN
TsN - \——
CH3CN, reflux
53%
4-10b
EtO,C
— NHTs
EtOZCX K,COs, EtO,C
+
— Ts
EtO,C - CH3CN, reflux
Br
80%
4-10a 4-14

4-5¢

Scheme 4-7Synthesis of cycloheptenediynes

84.2.2 Rh(l)-catalyzed [2+2+2+1] cycloaddition redion

The cycloheptenediyned-5f was investigated in the Rh(l)-catalyzed [2+2+2+1]
cycloaddition by the author. The reaction was earout in DCE at 60C under 1 atm CO. This
condition was optimized by Alexandra A. Athan iret®jima groug®?° The 5-7-7-5 fused
tetracyclic product-6f was obtained in 41% yield with a small amount ef422] side product
(Scheme 4-7).
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TSN [Rh(CO),Cll, (5 mol%) Q
- CO (1atm)
NTs
DCE, 60 °C, 24 h *
TsN NTs TsN NTs
41% 10%
4-5f 4-6f 4-15

Scheme 4-8Rh(l)-catalyzed [2+2+2+1] cycloaddition reactiondebf

84.3 Conclusions

Cyclopentenediynes and cycloheptenediynes substwatee synthesized in moderate to
good vyields for the formation of 5-7-5-5 and 5-B-7#used tetracyclic products. One of the
substrates was applied to the Rh(l)-catalyzed [242} to give the tetracyclic produdt6f in

moderate yield. Further optimization of the coradis is underway in our laboratory.

84.4 Experimental section

General Methods.'H, **C, and*’P NMR were measured on a Bruker Avance 500 (500
MHz for*H; 125 MHz for**C), a Bruker Avance 400 (400 MHz f4; 100 MHz for*3C), or a
Varian Gemini-2300 300 MHz (300 MHz fdH; 75 MHz for **C) NMR spectrometer in a
deuterated solvent using residual protons (GHE, 7.26 ppm;**C, 77.0 ppm) as the internal
standard. Melting points were measured on a Thd#waser Capillary melting point apparatus
and are uncorrected. Optical rotations were medsamea Perkin-Helmer Model 241 polarimeter.
TLC analyses were performed using Merck DC Alufol&OFs4 aluminum pre-coated silica gel
plates. Flash column chromatography was carriedusintg Silicyle Sili&lashP6( silica gel
(particle size 40_63m). High-resolution mass spectrometric analysesvearried out at the
Mass Spectrometry Laboratory, University of lllisoUrbana-Champaign, Urbana, IL or by
ICB&DD at Stony Brook University. Unless otherwiseted all reactions were carried out under

argon or nitrogen atmosphere in oven-dried glasswsing standard Schlenck techniques.
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Material. Solvents were reagents grade and freshly driegasted and distilled before
use. AnhydrousN,N-dimethylformamide (DMF) and acetonitrile were puased from Acros
Organic and used without further purification. Cleads and reagents were purchased from
VWR, Fisher Scientific or Sigma-Aldrich and usedheiut further purification unless otherwise
noted. 4-11*°, 4-12° 4-13° and 4-14° were prepared according to the procedure prewjousl
reported in our laboratory.

Diethyl 2-(4-bromobut-2-ynyl)-2-(prop-2-ynyl)malonate (4-10a)

EtO,C —
Etozc><;\
Br
To a suspension of NaH (60% dispersion in mineitaD.5 g, 12 mmol) and in THF (40
mL), diethyl 2-(but-2-ynyl)malonatet-7a (2.5 g, 12 mol) was added dropwise at room
temperature. The mixture was stirred at the sammpéeature for 1 h, and then transferred to a
solution of 1,4-dibromobut-2-yné-9 (7.5 g, 35 mmol) in THF (50 mL) over 2.5 h. The mpe
was stirred at room temperature for 18 h, and thered with water. The aqueous layer was
extracted with EO. The combined organic layers were dried over drdvys MgSQ, and
concentratedn vacuo. The residue was purified by column chromatography silica gel
(hexanes/AcOEt = 10:1) to affor#+10a (3.4 g, 85%) as a yellow oifH NMR (300 MHz,
CDCl) 6 1.28 (t,J = 7.2 Hz, 6H), 1.75 () = 2.7 Hz, 2H), 2.88 (q] = 2.7 Hz, 2H), 3.02 (1) =
2.1 Hz, 2H), 3.87 (t) = 2.1 Hz, 2H), 4.25 (q] = 7.2 Hz, 4H);*C NMR (75 MHz, CDC}) ¢ 3.5,
14.0, 14.7, 22.7, 23.0, 56.7, 61.7, 61.9, 72.92,789.1, 82.2, 168.9. All data are in agreement
with the literature value$?

N-(4-Bromobut-2-ynyl)-N-(but-2-ynyl)-4-methylbenzenesulfonamid€4-10b)
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To a suspension of KOs (375 mg, 2.72 mmol) and 1,4-dibromobut-2-yh8 (865 mg,
4.22 mmol) in CHCN (7 mL), N-(but-2-ynyl)-4-methylbenzenesulfonamiderb (308 mg) was
added dropwise at room temperature. The mixturestrtaged under reflux overnight. The crude
reaction mixture was filtered over Cefiteand concentrateih vacuo. The residue was purified
by column chromatography on silica gel (hexanesfic©10:1) to affordt-10b (352 mg, 73%)
as colorless oi"H NMR (300 MHz, CD.4) 6 1.75 (t,J = 2.4 Hz, 3H), 2.50 (s, 3H), 3.78 {t=
2.1 Hz, 2H), 4.12 (¢) = 2.4 Hz, 2H), 4.27 (d] = 2.1 Hz, 2H), 7.40 (d] = 8.4 Hz, 2H), 7.80 (d,
J= 8.4 Hz, 2H);*C NMR (75 MHz, CDC}) § 3.4, 13.7, 21.5, 36.5, 37.0, 71.3, 79.6, 80.4),82.
127.9, 129.4, 135.3, 143.7. All data are in agreemiéth the literature values’

1-(Cyclopent-2-en-1-yl)-1,16,6-tetracarbethoxydeca;8-diyne, (4-5a)

EtO,C —

EtO,C = CO,Et
CO,Et

To a suspension of NaH (60% dispersion in mineitai8 mg, 1.2 mmol) in THF (6 mL)
was added diethyl 2-(cyclopent-2-enyl) malondtgl (363 mg, 1.60 mmol) in THF (6 mL) at
room temperature. The resulting mixture was stifeed30min at the same temperature. Diyne
bromide4-10a(550 mg, 1.60 mmol) in THF (3 mL) was added andrttieture was then stirred
at the same temperature for 18 h. The reactionumaxtas diluted with water and extracted with
Et,O. The organic layers were washed with brine, doedr anhydrous MgSQ filtered and
concentratedn vacuo. The residue was purified by column chromatography silica gel
(hexanes/AcOEt = 10:1) to give5aas a light yellow oil (433 mg, 89%)H NMR (300 MHz,
CDCl3) 6 1.20 (m, 12H), 1.70 (m, 4H), 2.00 (m, 1H), 2.25 @Hl), 2.78 (m, 2H), 2.90 (m, 2H),
2.90 (m, 2H), 3.57 (m, 1H), 4.20 (m, 8H), 5.78 @hi); *C NMR (75 MHz, CDG}) ¢ 3.4, 14.0,
14.0, 22.7, 22.8, 23.3, 25.1, 31.7, 48.6, 56.09,581.1, 61.2, 61.6, 73.2, 78.4, 78.7, 131.5, 132.1
169.0, 169.9, 170.0. All data are in agreement tighliterature values.

In the same mannet;5d and4-5ewere synthesized.
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1-(Cyclohept-2-en-1-yl)-1,1,6,6-tetracarbethoxydeed,8-diyne (4-5d)

EtO,C

EtO,C = CO,Et
CO,Et

Yellow oil; 73% yield;"H NMR (300 MHz, CDCJ) ¢ 1.29 (m, 14H), 1.73 (m, 5H), 1.86
(m, 1H), 2.00 (m, 1H), 2.15 (m, 1H), 2.26 (m, 1B)30 (m, 2H), 2.90 (m, 4H), 3.19 (m, 1H),
4.21 (m, 8H), 5.72 (m, 1H), 5.82 (m, 1HfC NMR (75 MHz, CDC}) § 3.6, 14.1, 22.9, 23.6,
26.3, 27.9, 29.9, 31.6, 42.6, 56.9, 60.4, 61.44,681.8, 73.5, 77.5, 78.6, 78.8, 131.7, 132.9,
169.2, 170.0, 170.0. All data are in agreement wighliterature value®.

6-Aza-1-(cyclohept-2-en-1-yl)-1,1-dicarbethoxy-6-fnethylbenzenesulfonyl)deca-3,8-diyne
(4-5e)

/%
TsN
= CO,Et

CO,Et

Yellow oil; 76% vyield; 1H NMR (300 MHz, CDG)  1.23 (m, 8H), 1.60 (s, 3H), 1.65(m,
3H), 1.98 (m, 1H), 2.15 (m, 2H), 2.42 (s, 3H), 2(802H), 3.12 (m, 1H), 4.05 (m, 4H), 4.15 (m,
4H), 5.65 (M, 1H), 5.82 (m, 1H), 7.28 (= 8.4 Hz, 2H), 7.68 (d] = 8.1 Hz, 2H):*C NMR (75
MHz, CDCk) 6 3.5, 14.2, 14.2, 21.7, 23.5, 26.2, 28.0, 30.0, 33657, 36.7, 43.0, 60.4, 61.6,
61.6, 71.7, 75.8, 81.6, 81.8, 128.1, 129.4, 13232,8, 135.7, 143.6, 169.9, 170.0. All data are in

agreement with the literature valuf8s.
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1-Aza-1-(cyclopent-2-en-1-yl)-6,6-dicarbethoxy-1-(nethylbenzenesulfonyl)nona-3,8-diyne
(4-5b)
EtO,C —

NTs

®

To a suspension di-(cyclopent-2-ynyl)-4-methylbenzenesulfonamidel2 (230 mg,
0.97 mmol) and KCO; (268 mg, 1.94 mmol) in C}N (10 mL) was added a solution of the
diyne-bromide2-12 (335 mg, 0.97 mmol) in CK¥CN (10 mL) at room temperature. The mixture
was refluxed overnight. The mixture was then coatecbom temperature, filtered over Celite
and concentrateth vacuo. The residue was purified by column chromatographysilica gel
(hexanes/AcOEt = 10:1) to give5bas a yellow oil (393 mg, 81%) NMR (300 MHz, CDC})
§ 1.23 (m, 6H), 1.77 (m, 4H), 2.03 (m, 1H), 2.20 (th), 2.40 (m, 1H), 2.43 (s, 3H), 2.77 (m,
2H), 2.83 (m, 2H), 3.90 (M, 2H), 4.15 (m, 4H), 5(@2, 1H), 5.44 (m, 1H), 5.97 (m, 1H), 7.32 (d,
J=8.7 Hz, 2H), 7.79 (d) = 8.7 Hz, 2H);13C NMR (75 MHz, CD(.J) 6 3.4, 14.0, 21.5, 22.7,
22.9, 27.3, 31.3, 32.6, 56.5, 61.7, 64.1, 73.12,783.9, 79.6, 127.5, 129.1, 129.4, 136.3, 137.7,
143.0, 168.9. All data are in agreement with tterditure value$’

In the same mannet;5c, 4-5fand4-5gwere synthesized.

1,6-Bis(4-methylphenylsulfonyl)-1-(cyclopent-2-en-¥1)-1,6-diazadeca-3,8-diyne (4-5c)

/%
TsN

NTs

Yellow oil; 78% yield;*H NMR (300 MHz, CDCY) 6 1.67 (m, 4H), 2.06 (m, 1H), 2.35
(m, 2H), 2.48 (s, 3H), 2.53 (s, 3H), 3.99 (m, 6512 (M, 1H), 5.40 (m, 1H), 6.03 (M, 1H),7.33
(m, 4H), 7.72 (m, 4H)**C NMR (75 MHz, CDCY) § 3.4, 21.5, 27.4, 31.4, 32.4, 36.4, 36.7, 64.1,
71.3, 76.4, 81.8, 81.9, 127.4, 127.9, 129.0, 12128,5, 135.4, 136.5, 137.5, 143.4, 143.7. All
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data are in agreement with the literature vafdes.

1,6-Bis(4-methylphenylsulfonyl)-1-(cyclohept-2-en-¥l)-1,6-diazadeca-3,8-diyne (4-5f)

Yellow oil; 53% vyield;'"H NMR (300 MHz, CDC}) ¢ 1.35 (m, 2H), 1.61 (m, 6H), 1.69
(m, 1H), 2.03 (m, 1H), 2.16 (m, 1H), 2.41 (s, 6H))0 (m, 6H), 4.52 (m, 1H), 5.40 (m, 1H),
5.72 (m, 1H), 7.28 (m, 4H), 7.70 (m, 4HJC NMR (75 MHz, CDC}) ¢ 3.4, 21.6, 21.6, 26.4,
27.6, 28.3, 33.2, 33.4, 36.5, 36.8, 59.6, 71.40,791.8, 81.9, 127.4, 128.0, 129.6, 132.7, 133.1,
135.5, 137.9, 143.4, 143.8. All data are in agreemith the literature valued.

1-Aza-1-(cyclohept-2-en-1-yl)-6,6-dicarbethoxy-1-{nethylbenzenesulfonyl)nona-3,8-diyne
(4-59)

EtO,C —
EtO,C =

NTs

O

Yellow oil; 80% yield;"H NMR (300 MHz, CDCJz) § 1.25 (m, 6H), 1.32 (m, 1H), 1.47
(m, 1H), 1.75 (m, 6H), 1.87 (m, 1H), 2.04 (m, 1R)18 (m, 1H), 2.42 (s, 3H), 2.79 (m, 2H),
2.86 (m, 2H), 4.10 (m, 2H), 4.21 (m, 4H), 4.51 (Hl), 5.50 (m, 1H), 5.72 (m, 1H), 7.30 @F
8.5 Hz, 2H), 7.76 (dJ = 8.5 Hz, 2H);"*C NMR (75 MHz, CDC}) 6 3.4, 14.0, 21.5, 22.8, 23.0,
26.3, 27.5, 28.2, 33.1, 33.5, 56.6, 59.5, 61.88 @R.1, 78.8, 78.9, 79.4,127.4, 129.4, 129.6,
132.4, 133.3, 143.0, 169.0. All data are in agreemiéth the literature valued.
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11-Methyl-2,5-bis(4-methylbenzenesulfonyl)-1,2,3,3h4,5,5a,6,7,8,9,9a-dodecahydro-Ho
heptaleno[10,1bc:2,3-c'Jdipyrrol-10-one (4-6f)

0]

TsN NTs

Cycloheptenediynd-5f (105 mg, 0.2 mmol) and [Rh(CO)€(3.3 mg, 0.01 mmol) in
DCE (4 mL) were combined in a 10 mL round bottoask. The flask was transferred to an
autoclave and purged with CO and released 4 tiastion: Purging with CO must be done
in a ventilated fume hood.The autoclave was then purged to 1 atm of CO. €hetion was
stirred at 60°C for 24 h, and then cooled to room temperature Jés was released from the
autoclave in a ventilated fume hood. The solutiaas wemovedn vacuo and the residue was
purified by column chromatography (hexanes/AcOBtE to afford4-6f (46 mg, 41% vyield) as
a white solid.*H NMR (500 MHz, CDCJ) § 1.19(m, 1H), 1.45 (m, 3H), 1.68(s, 3H), 1.75(m,
1H), 1.86 (m, 3H), 2.18 (s, 3H), 2.45 (m, 1H), 2(483H), 2.88 (m, 1H), 3.20 (m, 1H), 3.35 (m,
1H), 3.45 (m, 1H), 3.70(m, 4H), 6.93 @= 8.0 Hz, 2H), 7.42 (m, 4H), 7.71 (@= 8.2 Hz, 2H);
3¢ NMR (125 MHz, CDGJ) ¢ 16.4, 21.2, 21.6, 24.4, 28.1, 28.1, 38.7, 50.72,581.7, 52.0,
52.3, 61.2, 125.7, 127.1, 128.0, 129.7, 130.0,Q,3P33.3, 133.9, 134.4, 135.0, 143.4, 144.4,
202.2; HRMS (ESI+) calcd for 4H3gN30sS; [M + NH4]" 584.2247, found 584.223% (= 1.4

ppm).

7-Methyl-2,9-bis(4-methylbenzenesulfonyl)-1,2,2a,23,4,5,6,6a,8,9,10-dodecahydro-2,9-

diaza-cycloheptafd]-as-indacene (4-15)

TsN NTs

Colorless oil; 10% yield*H NMR (400 MHz, CDC}) § 1.27 (m, 1H), 1.32 (m, 1H), 1.45
(s, 3H), 1.47 (m, 3H), 1.65 (m, 1H) 2.20 (m, THWR(s, 6H), 4.00 (M, 4H), 4.53 (M, 1H), 5.42
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(m, 1H), 5.76 (m, 1H), 7.30 (m, 4H), 7.72 (m, 4EC NMR (100 MHz, CDCJf) o 3.3, 21.5,
26.2, 27.4, 28.1, 33.1, 33.2, 36.5, 36.6, 59.42,716.8, 81.7, 81.8, 127.2, 127.9, 129.3, 129.5,
132.6, 133.0, 135.3, 137.7, 143.3, 143.6. HRMS {EShlcd for GoHagNzOsS, [M + NH.]*
556.2298, found 584.2303 & 0.9 ppm).
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Molecular Sructure and Crystallography Data for Compound 3-14b

data_import
audit_creation_method SHELXL-97
_chemical_formula_sum

'C28 H35 Br N2 O7 S Si'
_chemical_formula_weight 651.64

loop_
_atom_type_symbol
_atom_type_description
_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag
_atom_type_scat_source
'C' 'C' 0.0181 0.0091
‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"
'H'" 'H'" 0.0000 0.0000
‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"
‘Br' 'Br' -0.6763 1.2805
‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"
'N' 'N'  0.0311 0.0180
‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"
'0" 'O' 0.0492 0.0322
‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"'
'S'" 'S'" 0.3331 0.5567
‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"
'Si" 'Si* 0.2541 0.3302
‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"

loop_

_symmetry_equiv_pos_as_Xyz
.y, 2'
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x+1/2, -y, z+1/2'
'x+1/2, -y+1/2, -z7'
X, y+1/2, -z+1/2'

_cell_length_a 22.1193(14)
_cell_length_b 15.0919(14)
_cell_length_c 9.3304(8)
_cell_angle_alpha 90.00
_cell_angle_beta 90.00
_cell_angle_gamma 90.00
_cell_volume 3114.7(4)
_cell_formula_units_Z 4
_cell_measurement_temperature 295(2)
_exptl_crystal_density_diffrn 1.390
_exptl_crystal_density _method 'not measured'
_exptl_crystal_F_000 1352
_exptl_absorpt_coefficient_mu 3.179
_diffrn_ambient_temperature 295(2)
_diffrn_radiation_wavelength 1.54184
_diffrn_radiation_type CuK\a
_diffrn_radiation_source ‘fine-focus sealed tube’
_diffrn_radiation_monochromator  graphite
_diffrn_reflns_number 8035
_diffrn_reflns_av_R_equivalents  0.0729
_diffrn_reflns_av_sigmal/netl 0.0728
_diffrn_reflns_limit_h_min -26
_diffrn_reflns_limit_h_max 22
_diffrn_reflns_limit_k_min -18
_diffrn_reflns_limit_k_max 12
_diffrn_reflns_limit_|_min -6
_diffrn_reflns_limit_|_max 11
_diffrn_reflns_theta_min 4.00
_diffrn_reflns_theta_max 73.96
_reflns_number _total 5069
_reflns_number_gt 3419
_reflns_threshold_expression >2\s(1)

_computing_structure_refinement  'SHELXL-97 (Sheldrick, 2008)'
_refine_special_details
Refinement of F*2” against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on F*2*, conventional R-factors R are based

on F, with F set to zero for negative F*2". The threshold expression of
Fr2n > 2\s(FM27) is used only for calculating R-factors(gt) etc. and is
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not relevant to the choice of reflections for refinement. R-factors based
on F"2" are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.

_refine_ls_structure_factor_coef Fsqd
_refine_Is_matrix_type full
_refine_ls_weighting_scheme calc
_refine_ls_weighting_details
‘calc w=1/[\s"2"(Fo"2")+(0.1513P)"2"+1.1456P] where P=(Fo"2"+2Fc/ 2")/3'
_atom_sites_solution_primary direct
_atom_sites_solution_secondary difmap
_atom_sites_solution_hydrogens geom
_refine_Is_hydrogen_treatment mixed
_refine_ls_extinction_method none

_refine_|s_abs_structure_details
'Flack H D (1983), Acta Cryst. A39, 876-881"
_refine_Is_abs_structure_Flack 0.01(5)

_refine_Is_number_reflns 5069
_refine_Is_number_parameters 357
_refine_Is_number_restraints 0
_refine_Is_R_factor_all 0.1161
_refine_Is_R_factor_gt 0.0918
_refine_Is_wR_factor_ref 0.2709
_refine_Is_wR_factor_gt 0.2368
_refine_Is_goodness_of fit ref 1.040
_refine_ls_restrained_S_all 1.040
_refine_ls_shift/su_max 0.041
_refine_ls_shift/su_mean 0.001
loop_

_atom_site_label
_atom_site_type symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
_atom_site_symmetry_multiplicity
_atom_site_calc_flag
_atom_site_refinement_flags
_atom_site_disorder_assembly
_atom_site_disorder_group
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Bri Br -0.50208(5) -0.38039(9) -1.02736(13) 0.1054(5) Uani 1 1d . . .

S5 S -0.67257(8) -0.48415(14) -0.5935(2) 0.0651(5) Uani1 1d . . .
018 0 -0.7250(2) -0.4379(4) -0.5440(8) 0.0811(18) Uani11d . ..
017 0 -0.6773(3) -0.5447(5) -0.7087(8) 0.094(2) Uani 1 1d . . .
N3 N -0.6213(3) -0.4129(4) -0.6385(6) 0.0573(15) Uani1 1d . . .
021 0 -0.4513(2) -0.3929(5) -0.4185(9) 0.093(2) Uani11d . . .
01 O -0.7632(3) -0.2886(5) -1.0389(8) 0.097(2) Uani 1 1d.. . .
C18 C -0.6451(3) -0.5402(5) -0.4395(9) 0.0601(18) Uani11d . . .
03 O -0.7044(4) -0.2488(6) -1.2319(8) 0.107(3) Uani 1 1d . . .
C24 C -0.6193(4) -0.3741(5) -0.8985(9) 0.0632(18) Uani1 1 d . . .
C6 C -0.6106(3) -0.3355(5) -0.5363(9) 0.0582(17) Uani11d. ..
H6 H -0.6307 -0.3493 -0.4454 0.070 Uiso 1 1 calc R . .

C27 C -0.6713(5) -0.2902(6) -1.1329(10) 0.080(3) Uani 1 1d . . .
C25 C -0.6807(4) -0.3558(6) -0.8995(10) 0.073(2) Uani11d.. . .
H25 H -0.7052 -0.3719 -0.8227 0.087 Uiso 1 1 calc R . .

C26 C -0.7046(4) -0.3137(6) -1.0163(10) 0.072(2) Uani 1 1d.. . .
C11 C -0.5438(3) -0.3248(5) -0.5069(9) 0.0609(18) Uani11d . ..
C21 C -0.6057(4) -0.6134(6) -0.4485(12) 0.077(2) Uani11d. . .
C20 C -0.6658(3) -0.5150(6) -0.3092(10) 0.067(2) Uani11d. ..
H20 H -0.6943 -0.4698 -0.3039 0.080 Uiso 1 1 calc R . .

C19 C -0.6459(4) -0.5542(7) -0.1836(12) 0.085(3) Uani11d . . .
H19 H -0.6607 -0.5351 -0.0956 0.102 Uiso 1 1 calc R . .

C28 C -0.6095(4) -0.3090(7) -1.1402(10) 0.078(3) Uani1 1d . . .
H28 H -0.5859 -0.2946 -1.2194 0.094 Uiso 1 1 calc R . .

C30 C -0.5162(4) -0.2512(6) -0.5216(12) 0.087(3) Uani11d.. . .
H30 H -0.4746 -0.2506 -0.5078 0.104 Uiso 1 1 calc R . .

C22 C -0.5880(5) -0.6532(7) -0.3197(16) 0.099(4) Uani 1 1d . . .
H22 H -0.5638 -0.7037 -0.3226 0.119 Uiso 1 1 calc R . .

C2 C -0.7648(5) -0.2534(8) -1.1813(13) 0.100(4) Uani 1 1 d . . .
H2A H -0.7887 -0.2915 -1.2430 0.120 Uiso 1 1 calc R . .

H2B H -0.7829 -0.1949 -1.1809 0.120 Uiso 1 1 calc R . .

C23 C -0.6054(5) -0.6197(9) -0.1894(14) 0.096(3) Uani11d . . .
H23 H -0.5891 -0.6426 -0.1053 0.115 Uiso 1 1 calc R . .

C5 C -0.5463(5) -0.1662(7) -0.5596(17) 0.112(4) Uani11d . . .
H5A H -0.5342 -0.1209 -0.4918 0.134 Uiso 1 1 calc R . .

H5B H -0.5331 -0.1477 -0.6542 0.134 Uiso 1 1 calc R . .

C1 C -0.5129(3) -0.4093(7) -0.4536(12) 0.083(3) Uani 1 1d . . .
H1A H -0.5339 -0.4313 -0.3695 0.099 Uiso 1 1 calc R . .

H1B H -0.5151 -0.4545 -0.5273 0.099 Uiso 1 1 calc R . .

C8 C -0.6378(5) -0.2505(7) -0.5941(15) 0.100(3) Uani 11 d . . .
HS8A H -0.6383 -0.2545 -0.6978 0.120 Uiso 1 1 calc R . .

H8B H -0.6796 -0.2477 -0.5624 0.120 Uiso 1 1 calc R .

C29 C -0.5857(4) -0.3514(6) -1.0186(10) 0.077(2) Uani11d .

Si1 Si -0.39788(13) -0.4640(3) -0.4560(6) 0.1281(15) Uani 1 1 d .
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C31 C -0.5887(4) -0.4182(7) -0.7746(10) 0.077(2) Uani1 1d.. . .
H31A H -0.5826 -0.4802 -0.7981 0.092 Uiso 1 1 calc R . .

H31B H -0.5491 -0.3916 -0.7621 0.092 Uiso 1 1 calc R . .

C35 C -0.3294(5) -0.4227(12) -0.372(2) 0.146(6) Uani 1 1 d . . .
C36 C -0.6112(6) -0.1742(10) -0.559(4) 0.240(17) Uani1 1d . . .
H36A H -0.6248 -0.1591 -0.4627 0.288 Uiso 1 1 calc R . .

H36B H -0.6270 -0.1290 -0.6223 0.288 Uiso 1 1 calc R . .

C33 C -0.3893(9) -0.460(3) -0.660(2) 0.31(2) Uani11d . ..
H33A H -0.4133 -0.5062 -0.7022 0.465 Uiso 1 1 calc R . .

H33B H -0.3476 -0.4689 -0.6847 0.465 Uiso 1 1 calc R . .

H33C H -0.4026 -0.4037 -0.6946 0.465 Uiso 1 1 calc R . .

C34 C -0.4191(8) -0.5739(10) -0.386(4) 0.27(2) Uani1 1d. . .
H34A H -0.4323 -0.5683 -0.2885 0.409 Uiso 1 1 calc R . .

H34B H -0.3847 -0.6127 -0.3903 0.409 Uiso 1 1 calc R . .

H34C H -0.4513 -0.5980 -0.4430 0.409 Uiso 1 1 calc R . .

022 0 -0.5982(4) -0.7238(5) -0.6153(14) 0.136(4) Uani 1 1d. . .
N4 N -0.5834(4) -0.6490(6) -0.5810(12) 0.093(3) Uani11d . . .
C37 C -0.3161(8) -0.3273(14) -0.441(3) 0.243(14) Uani 1 1d. . .
H37A H -0.2884 -0.3337 -0.5200 0.364 Uiso 1 1 calc R . .

H37B H -0.2986 -0.2893 -0.3701 0.364 Uiso 1 1 calc R . .

H37C H -0.3532 -0.3019 -0.4752 0.364 Uiso 1 1 calc R . .

023 0 -0.5492(5) -0.6027(7) -0.6502(12) 0.131(3) Uani 1 1d. . .
C38 C -0.2779(8) -0.4916(17) -0.395(3) 0.268(16) Uani11d . . .
H38A H -0.2670 -0.5172 -0.3045 0.401 Uiso 1 1 calc R . .

H38B H -0.2434 -0.4627 -0.4361 0.401 Uiso 1 1 calc R . .

H38C H -0.2917 -0.5374 -0.4586 0.401 Uiso 1 1 calc R . .

C7 C -0.3434(9) -0.423(3) -0.214(2) 0.27(2) Uani1 1 d . . .

H7A H -0.3826 -0.3977 -0.1985 0.402 Uiso 1 1 calc R . .

H7B H -0.3135 -0.3892 -0.1641 0.402 Uiso 1 1 calc R . .

H7C H -0.3430 -0.4831 -0.1796 0.402 Uiso 1 1 calc R . .

loop_

_atom_site_aniso_label

_atom_site_aniso_U 11

_atom_site_aniso_U_ 22

_atom_site_aniso_U_33

_atom_site_aniso_U_ 23

_atom_site_aniso_U 13

_atom_site_aniso_U 12
Brl 0.0685(6) 0.1551(11) 0.0927(8) 0.0018(8) 0.0269(6) -0.0164(6)
S5 0.0399(8) 0.0849(11) 0.0706(11) 0.0072(11) -0.0088(9) -0.0089(8)
018 0.031(2) 0.100(4) 0.112(5) 0.032(4) -0.004(3) 0.004(2)
017 0.088(4) 0.108(5) 0.087(4) -0.003(4) -0.043(4) -0.022(4)
N3 0.044(3) 0.086(4) 0.042(3) -0.003(3) -0.002(3) -0.013(3)
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021 0.038(2) 0.118(5) 0.124(6) -0.002(5) -0.012(3) 0.006(3)
01 0.068(4) 0.140(6) 0.083(4) 0.030(5) -0.010(4) -0.011(4)
C18 0.038(3) 0.078(4) 0.064(5) 0.007(4) 0.000(3) -0.006(3)
03 0.099(5) 0.151(7) 0.072(4) 0.043(5) -0.018(4) -0.028(5)
C24 0.062(4) 0.074(4) 0.054(4) -0.009(4) -0.001(4) -0.019(4)
C6 0.042(3) 0.076(4) 0.057(4) -0.005(4) -0.003(3) -0.001(3)
C27 0.090(6) 0.087(5) 0.063(5) 0.011(5) -0.016(5) -0.037(5)
C25 0.057(4) 0.102(6) 0.059(4) 0.008(5) -0.003(4) -0.009(4)
C26 0.063(5) 0.094(6) 0.060(5) -0.001(5) -0.004(4) -0.017(4)
C11 0.042(3) 0.081(4) 0.059(4) 0.000(4) 0.000(3) -0.006(3)
C21 0.058(4) 0.067(4) 0.106(7) -0.001(5) 0.001(5) -0.004(4)
C20 0.044(4) 0.081(5) 0.076(5) 0.006(5) -0.002(4) -0.013(4)
C19 0.056(4) 0.108(7) 0.091(7) 0.027(6) 0.000(5) -0.015(5)
C28 0.079(6) 0.098(6) 0.058(5) -0.004(5) 0.002(5) -0.030(5)
C30 0.058(4) 0.091(6) 0.111(8) 0.008(6) 0.006(5) -0.011(4)
C22 0.068(5) 0.080(6) 0.150(11) 0.039(7) -0.018(7) 0.003(5)
C2 0.096(7) 0.109(7) 0.097(8) 0.032(7) -0.049(7) -0.017(6)
C23 0.074(6) 0.122(8) 0.093(7) 0.027(8) -0.004(6) 0.002(6)
C5 0.090(7) 0.096(7) 0.150(12) 0.004(8) 0.021(8) -0.021(6)
C1 0.042(4) 0.106(6) 0.100(7) 0.012(6) -0.019(4) 0.001(4)
C8 0.087(7) 0.088(6) 0.126(9) -0.015(7) -0.038(7) 0.008(5)
C29 0.071(5) 0.088(5) 0.071(5) -0.012(5) -0.005(5) -0.031(4)
Si1 0.0560(14) 0.136(3) 0.192(4) -0.029(3) 0.001(2) 0.0135(15)
C31 0.049(4) 0.111(6) 0.069(5) -0.018(5) 0.005(4) -0.003(4)
C35 0.061(6) 0.193(14) 0.183(16) 0.061(13) 0.009(8) 0.034(8)
C36 0.081(8) 0.127(11) 0.51(5) 0.12(2) -0.016(17) -0.006(8)
C33 0.115(14) 0.65(7) 0.168(18) -0.19(3) 0.037(13) 0.03(2)
C34 0.112(11) 0.120(10) 0.59(6) 0.14(2) -0.03(2) 0.021(9)
022 0.114(6) 0.095(5) 0.198(10) -0.046(6) -0.012(7) 0.018(4)
N4 0.076(5) 0.089(5) 0.115(7) -0.018(6) 0.005(6) 0.020(4)
C37 0.103(11) 0.199(18) 0.43(4) 0.02(3) 0.00(2) -0.064(12)
023 0.124(7) 0.124(6) 0.144(8) -0.036(6) 0.050(7) 0.008(6)
C38 0.106(12) 0.29(3) 0.41(4) 0.01(3) 0.07(2) 0.115(16)

C7 0.129(14) 0.55(6) 0.122(13) 0.08(2) -0.033(12) 0.09(3)

_geom_special_details

All s.u.'s (except the s.u. in the dihedral angle between two I.s. planes)

are estimated using the full covariance matrix. The cell s.u.'s are taken

into account individually in the estimation of s.u.'s in distances, angles

and torsion angles; correlations between s.u.'s in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell s.u.'s is used for estimating s.u.'s involving I.s. planes.
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loop_

_geom_bond_atom_site_label 1
_geom_bond_atom_site_label 2
_geom_bond_distance
_geom_bond_site_symmetry 2
_geom_bond_publ_flag

Brl C29 1.902(10) . ?

S5017 1.414(7) . ?
S5 018 1.431(6) . ?
S5 N3 1.619(6) . ?
S5 C18 1.774(8) . ?
N3 C31 1.462(10) . ?
N3 C6 1.526(10) . ?
021 C11.422(9) . ?
021 Si1 1.635(7) . ?
01 C26 1.367(11) . ?
01 C2 1.431(13) . ?
C18 C20 1.354(12) .
C18 C21 1.410(11) .
03 C27 1.334(11) . ?
03 C2 1.420(14) . ?
C24 C25 1.387(11) .

C24 C29 1.388(13) . 2

C24 C31 1.496(13) .
C6 C11 1.512(9) . ?
C6 C8 1.515(13) . ?
C27 C26 1.361(13) .
C27 C28 1.398(14) .
C25 C26 1.368(13) .
C11 C30 1.275(12) .
C11 C11.530(12) . ?
C21 C22 1.399(16) .
C21 N4 1.435(14) . ?
C20 C19 1.384(13) .
C19 C23 1.335(15) .
C28 C29 1.404(13) .
C30 C5 1.488(16) . ?
C22 C23 1.373(17) .
C5 C36 1.441(17) . ?
C8 C36 1.33(2) . ?

?
?

?
?

?
?
?

?

?

Si1 C35 1.813(17) . ?
Si1 C34 1.843(17) . ?

Si1 C331.91(2) . ?
C35C71.51(3) . ?
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C35 C38 1.56(2) . ?
C35 C37 1.60(3) . ?
022 N4 1.219(12) . ?
N4 023 1.214(13) . ?

loop_
_geom_angle_atom_site_label 1
_geom_angle_atom_site_label 2
_geom_angle_atom_site_label 3
_geom_angle
_geom_angle_site_symmetry 1
_geom_angle_site_symmetry 3
_geom_angle_publ_flag

017 S5018120.1(4) . .?

017 S5 N3 106.5(4) .. ?

018 S5N3109.14)..7

017 S5C18109.4(4)..7?

018 S5C18104.4(4)..7?

N3 S5C18 106.7(3) . . ?

C31 N3 C6 120.6(6) . . ?

C31 N3 S5122.3(6)..7

C6 N3 S5 117.0(5) .. 7

C1021Si1121.9(7)..7

C26 01 C2105.6(8)..7?

C20C18C21118.9(8)..7

C20 C18 S5118.5(6) .. ?

C21C18S5122.5(7)..7

C2703C2105.3(7)..7?

C25C24 C29118.0(9) .. 7

C25C24 C31122.5(8)..7

C29C24 C31119.5(8)..7

C11C6C8111.3(7) .. 7

C11 C6 N3 110.2(6) . .7

C8 C6N3111.4(7)..7

03 C27C26112.2(9)..7

03 C27C28126.7(9) .. ?

C26 C27 C28121.1(9)..7

C26 C25C24 118.4(8) .. 7

C27 C26 01108.6(9) ..7

C27 C26 C25123.3(9)..7

01C26 C25128.1(8)..7

C30C11 C6122.7(8) . .7

C30C11 C1123.2(7)..7

C6 C11C1114.06)..7
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C22 C21 C18 117.3(10) . . ?
C22 C21 N4 118.8(9) . . ?
C18 C21 N4 123.8(9) .. ?
C18 C20 C19 122.2(8) . . ?
C23 C19 C20 119.7(11) . . ?
C27 C28 C29 114.7(9) .. ?
C11 C30 C5124.2(9) . . ?
C23C22C21121.6(9) . . ?
03C201107.7(8) .. ?
C19 C23 C22 119.8(11) . . ?
C36 C5 C30 111.8(10) . . ?
021 C1C11110.9(8) .. ?
C36 C8 C6 117.8(11) .. ?
C24 C29 C28 124.4(9) . . ?
C24 C29 Brl 119.9(7) . . ?
C28 C29 Brl 115.7(7) . . ?
021 Si1 C35 106.7(6) . . ?
021 Sil C34 109.4(8) . . ?
C35 Si1 C34 111.7(10) . .
021 Sil C33 105.4(10) . .
C35 Si1 C33 109.5(10) . .
C34 Si1 C33 113.8(17) . .
N3 C31 C24 115.0(7) . . ?
C7 C35C38 106.2(18) . . ?
C7 C35C37 116(2) .. ?
C38 C35 C37 114.2(16) . . ?
C7 C35 Si1 104.3(14) . . ?
C38 C35 Sil 108.9(16) . . ?
C37 C35 Sil1 106.9(12) . . ?
C8 C36 C5 120.7(16) . . ?
023 N4 022 124.1(12) . . ?
023 N4 C21 117.2(9) .. ?
022 N4 C21 118.7(12) . . ?

_diffrn_measured_fraction_theta _max 0.964
_diffrn_reflns_theta_full 73.96
_diffrn_measured_fraction_theta full 0.964
_refine_diff_density_max 1.232
_refine_diff_density min  -0.733
_refine_diff_density_rms 0.098
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