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Abstract

Access to novel opioid receptor binding ligandsingortant as chronic pain
continues to be a pervasive problem in healthcHne. hasubanan (HB) alkaloids have
been identified as potential candidates for selectpioid receptor binding. These
alkaloids are a family of compounds, primarily eteld from the flowering plants of the
sp Stephania which have been used for centuries in traditioma&dicinal remedies.
While morphine and HB alkaloids share several stinat features, the natural occurring
HB alkaloids have a configuration opposite to thfamnorphine. The unnatural antipodes
of the HB alkaloids have a similar spatial oriematto morphine, making then
increasingly attractive as potential analgesicapeutics. Based on these observations we
were inspired to develop a synthetic strategy #tlatvs access to both the natural and
unnatural enantiomers for several of the HB alldafaimily members.

Chapter One provides a detailed background on gath the involvement of the
opioid receptors. Chapter Two covered the isolatiod biosynthetic proposals of the HB
alkaloids as well as a discussion of synthetic reffohat have been carried out and a
structural analysis of the HB alkaloids. ChaptereEhwill cover our own synthetic

efforts toward the synthesis of the HB alkaloidecor



Table of Contents

ACKNOWIEAGEMENTS ...ttt s e e e e e e e e e e e eeees i
[D7=To [[or=1 (o o [P PPPPPPPPPRPPPP ii
ADSTIACT ...ttt ————————— e e e e e aeeeees ii
Table Of CONTENTS ... e e e e e bbb e e e \Y
LISt OF TADIES ...ttt e e e e e e e e e Vi
BT o] (S0 ) T [ P Vil
LISt OF SCNEMES ...t e e s vili
LiSt Of ADDIEVIALIONS .....coiiiiiiiiiiiiii ittt e e Xi
CHAPTER 1 INRODUCTION AND BACKGROUND........ccctttiiiiiiiiiiiiiieeeeeeeeeeeeeenne 1
I T IV F= U g BT =T 0 = o S 3
1.1.1 Classification and etiology .......ccoo oo e 3
1.1.2.8 ACULE VS. CRIONIC....ccoiiiiiii et e e 3
1.1.1.0 NOCICEPLIVE PAIN ...vvviiiiiiieiee e eeeeemiee et 4
1.1.1.c NeuropathiC PaiN ......ccccoee e e i ceeeeeeece e 5
1.1.2 Traditional chronic pain management appraache...........cccvvvvvvvvvvinnicnnennn. 5
1.1.3 Analgesics utilized in pain MaNagemMeNt .. ...ccovvvveeeiiiiieer e, 8
L.1.3 8 NSAIDS ...ttt et et e ettt et e e e e e e e e e e e e e s s s e asanb bbb aeaeeeaaeeeeeeaannnnns 8
1.1.3.0 ANAlgesSiC adJUVANTS ...........uuuwt e eeeeeeeennnnase e e e e e eeeeeeeeeeeeeessnennnsesnnes 10
I o3 @ o] o] [0 PP 12
D22 @ o] o] o I = ToT=T o] (0] =SS 14
1.2.1 Background and development of receptor phespteores...........ccccceeeeeeennnn. 14
1.2.2 Receptor structure and fUNCLION .........ccooevieieeiiiiiiieee e 17
1.2.3 Receptor pharmacolOogy ........coooeiiiiiiiiiiiiiiiiie e 18
1.2.4 ClOSING rEMATKS .....coeie e eeeeeee e e e e e e e e e e e aaaaaaaea e 19
CHAPTER 2 THE HASUBANAN ALKALOIDS .....ooviiiiiiiee e 21
P20 R 1 11 o o (3 Tox 1o o [ USRS 21
2.1.1 Isolation and structural elucidation ...........ccccccoeeeeeiiiiiiiiiiiieeeen, 21
2.1.2 BIOSYNINESIS ....cvveiiiiiiiiie ettt e e e e ee e e e e eeeeeneeee 24
2.1.2.a Biosynthesis of MOrphinB.l) .........cccceeieiiiieeeiiieiieieeeerre e 24
2.1.2.b Biosynthetic studies of hasubanonR@)(............ccceeevveeiiiiiiiiiiiiiiiiinnnns 24
2.2 SYNTNETIC STUIES ...evvviiiiiiiie e 26
2.2.1 Schultz’s synthesis of (+)-cepharamine (2.33).........cccooviiriiiiiiiiiiiiinnnenn 72
2.2.2 Reisman synthesis of (-)-8-demethoxyrunaning...............cccccevvvvvvvvnnnnnnnns 30
2.2.3 Herzon enantioselective synthesis of (-)-basanine, (-)-runanine, and (-)-
(0 =T F= Ao\ T = 34
2.2.3.a RetrosynthetiC analysSiS...........ooueeeieiiiiiiiiiiie e 34
2.2.3.b Synthesis of Diels-Alder add@Ch7............ccoovvvviiiiiiiiiiiiii e, 36
2.2.3.c Completion of (-)-hasubanoni2el}, (-)-runanineZ.2), and (—)-delavayine
......................................................................................................................... 37
2.2.3.d Completion of (+)- periglaucing Bi... ... . oo 39
2.3 Biological Implications of Structural Similarities.............cccccvvvvvvvcieennnnn..... 40,

iv



2.3.1 Opioid receptor binding StUIES ...... .o ieeeeiiiiiiiiiiiii e eeeeeeeee 41

2.3.2 Receptor binding analySiS .........cciccccccieeieeeeeeeeerr e e e 41
2.3.3 ClOSING REMAIKS .....cciiiiiiiiie et sttt e e e et e e e e e eenn e s 44
CHAPTER 3 PROGRESS TOWARD THE HB ALKALOID CORE .... ....ccccvvvveeeee. 46
3.1 SYNLNELIC SIrAtEOY ...uuuuiiiie e e e e e ee e e sttt ss e e e e e e e e e e e e eeeeeeeeeeenneeeeessnnnnes 46
3.1.1 RetrosynthetiC analySis ............oocemmmmeriiiiiiee e 46
3.1.2 Possible dearomatization SCENATOS. ..uuueeeeuvvrriiiriiiiiiiiiiieieeeeeeeeee e e s ians a7
3.2 Synthesis of dearomatization substrate .............ccooviiiiiiiii e, 49
3.2.1 Construction of C ring moiety from gallic@Cl..............ovvvviiiiiiiiiiinnennnnl 05
3.2.1.a Demethylation attempPts ........ooooi 50
3.2.1.b Mono-benzylated SUDSLrate .........ccooeveeeeeiiiiccee e 51
3.2.2 Sonogashira coupling Strategy .......ccccceeeeeeeieiiiiiieer e 52
3.2.2.a Attempted coupling of methyl benzoate gdive .................coovvvviivinnnnnnnnn. 52
3.2.2.b Attempted coupling of benzylic nitrile degiive .............ccccoeeeeiiiiiiie. 54
3.2.3 Construction of C ring moiety from isovamilli.................cccoeeieiiiiiiiinennnnnn. 75
3.2.4 Suzuki-Miyaura coupling Strategy. .....ccuueveeeemiiiiieeeeeeeeeeeeeeeeeeeeieiaes 58
3.2.4.a Aryl-Potassium trifluoroborate Suzuki congl..................ccoovvviieiiiiiiiinnnnns 58
3.2.4.0 Aryl-SP SUZUKi COUPIING ......vveeieeieeeee et cemeee st n e 60
3.2.5 Heck coupling Strat@Qgy ..........ceeeiiccceeeeerrineiiiiisseeeeeeeeeeeeeeeesennnnnnnnnnnsnnnns 62
3.2.5.a Initial attempts and optimization.............oeveviiiiiiiiiiiie e, 62
3.2.6 Completion of Dearomatization PreCurSor...........cccovvvvvvieeeviiiiiniiinnneeenn 6 6
3.2.6.a Global Hydrogenation Strategy.......cccooeueuuiiiiiieeiee e 66
3.2.6.0 MUItI-StEP SLrAtEQY ...vuuieiiie i e e e e e e e e e e e e e e e eeeaeeeees 68
3.3 Dearomatization/Acid Catalyzed CycClization ...............euveiiiiiiiiiiniiiiiiiiiiieiiiinns 69
3.3.1 Discussion of dearomatization Strategy.me.....covvveererrverriiiiiiieeeeeeeeeeen, 69
3.3.2 Results of dearomatization...........ccccceeiiiiiiiiiiiiiiiiir e eeee e 71
3.3.2.a Treatment of tosyl-amiBe62with hypervalent iodide(lll) reagents ....... 17
3.3.2.b Treatment of Troc-carbam&té3with hypervalent iodide(lll) reagents ... 73
3.3.3 Acid catalyzed conjugate addition .... .. ooeeeeeeeeeeeeeeeieeiiii e 74
.34 FULUIE WOTK ... ettt e e e e e e e e e e eeeeeeeeeenees 76
3.3.5 ClOSING REMAIKS .....uuiiiiee i e e e ettt s e e e e e e e e e e e e e eeeeeeeeaeeeeens 77
RETEIENCES ... ettt r e e e eee e e e e e e e e e e e e e e e eeeeeeeneeees 78
EXPERIMENTAL APPENDIX ..uviiiiiiiiiiiieeeee ettt ae e 90
SPECTRAL APPENDIX.....utitttiiiiiiiititeieee ettt e e e e e 144



List of Tables

Table 1.1.Examples of NSAIDs and mechanism of action................ccccceeeeeieveiininnnnnn. 9
Table 1.2.Examples of analgesic adjuvants and drug classes..........ccccccvvciinnennn. 11

Table 1.3.Examples opioids used in pain Management. . ..ooeeeeeeeeeeeeeeeeeenneennnn. 13

Table 3.1.Attempts at Sonogashira Coupling.........ccceeeeeeuiiiiiniiieee e 53
Table 3.2.Heck reaction CONAItIONS. ...........uuviiiieieiieiiiiiiiieeeee e 63
Table 3.3.Hydrogenation SCreeNING. ...........ccuuuut e eeeeeeeeeinnnrinnaaaaaaeeeaeaeeaeeeeess 67
Table 3.4Treatment of tosyl-amine 3.62 with hypervalent d&fill) reagents. ............ 72

Vi



Table of Figures

Figure 1.1.Pain classification by duration and etiology.-...........couuuviiiiiiiiiiiineeeeeeeeeee, 3
Figure 1.2. Approaches to pain management. ...........cuuuuuuiiiiieeeeeeeeee e 6
Figure 1.3.The WHO analgesic ladder............ooo oo 7.

Figure 1.4.(a) Structural differences between MOR agonistsartdgonists. (b) Generic
3-point pharmacophore for OR reCEPLOrS. ..o 15
Figure 2.1.Representative members of the hasubanan famédikafoids. ................... 21
Figure 2.2.Proposed structures of hasubanoning (2.1)..«ceeeeieeeeeeiiiivrniniiiinnnannn. 22
Figure 2.3.Numbered morphinan and hasubanan skeletons. ........ccccccvvvveiinnnnn. 22
Figure 2.4.Predicted electrophilic aromatic substitutionhe Friedal-Crafts reaction. 30
Figure 2.5. Activated iminium 2.60 ............uuuuuuuimiareeeeeiiiiiaaa e e e e e e e e eeeeeeeeeeenannes 36
Figure 2.6. Structural similarities of longanine (2.5) and kmoworphinan enantiomer
SINOCOCUINNG (2.72) . ceeeeeeeeiiiiiiieee e ettt e s e e e e e e e e e e e eeeeeeeeeeaeeeeesnnnnnes 41
Figure 2.7.(a) Energy-minimized structure of (—)-morphinel{l(b) Energy-minimized
structure oBNENASUDANONINEG . ......oooiiiiiiii e e 42

Figure 2.8. Crystal structure of DOR with naltrinole bounéidapted from PDB file

AEJA ...ttt e e e e e e e et ettt eaaaeeeeeeeaearaanna 43
Figure 3.1.Proposed aryl-Spalkyl SUzuki COUPIING. .......ccovivieeeirieeeee e, 60
Figure 3.2.Proposed Heck coupling of styrene and 3.46.............coooovvviiiiviiinninnnnnn. 62

Vil



List of Schemes

Scheme 2.1Structure elucidation of hasubanoninge (2.1)u...ccccoovveiiiiiiiiiiiiiiiiiiiiiiiees 23
Scheme 2.2Biosynthesis of morphine (1.1).......coooe oo 42
Scheme 2.3Proposed biosynthesis of hasubanonine (2.1)..e.ooooeeeieiiiieiiiiiiiinnnnn. 25
Scheme 2.4Conversion of the morphinan skeleton to the hasambakeleton. ............. 26
Scheme 2.5Asymmetric Birch reduction and alkylation of bendde 2.24. ................ 27
Scheme 2.6Radical cyclization of A—B—C riNg SYSIEM.... e iieeiiiiiiriiiiiiianeeeeeeeeene 28
Scheme 2.7Completion of (+)—cepharamine..............ccceeeeeiieeeieeeeiiieiieeeen 29
Scheme 2.8Synthesis of cyclohexadienone 2.38. ..., 31
Scheme 2.9Construction of the requisite pyrroliding riNg...........coevvvvviiiiiiiinineeeeeenn. 32
Scheme 2.10Completion of the synthesis of (—)-(8)-demethoxymine (2.44)........... 32
Scheme 2.11Rearrangement of epoxide 2.43 to cepharatineteke®51 ................... 33
Scheme 2.12Herzon retrosynthetic plan for analog synthesis. ...........ccccoeeeiii 34
Scheme 2.13Proposal for mitigating rearrangement of 2.52...........ccccevviiiiiieniinnieene. 35
Scheme 2.14Synthesis of key Diels-Alder adduct 2.57. ..o, 36
Scheme 2.15Completion of the synthesis of (—)-hasubanoning)(2.......................... 37
Scheme 2.16Completion of (-)-runanine (2.3) and (-)-delavay{@.4). ...................... 38
Scheme 2.17Completion of (+)-periglaucing B ...........ooooiriiiiiiiiiiiiiiiii e 39
Scheme 3.10xidative dearomatization for the formation of thB core...................... 46
Scheme 3.2Construction of the common intermediate 3.2............ccccvvviiiiiiiiiieeneenn. 47
Scheme 3.3Possible scenarios for the dearomatization of.3.2..............ccccooviiinienn. 48
Scheme 3.4Regioselectivity of LA promoted aryl migration..............ceeeeeeeeieeeeennnnnns 49

viii



Scheme 3.5Selective demethylation of trimethoxy-methyl gal8.12. ....................... 50

Scheme 3.6Desymmetrization of methyl gallate. ... 51
Scheme 3.7Regioselective bromination of 3.16. .......cccceeeiiiiiiiiiiiiin 52
Scheme 3.8Corey-Fuchs olefination of 4-methoxybenzaldehyde........................... 53

Scheme 3.9Attempted Sonogashira coupling of nitrile 3.24..............cooeeiiiiiiiiiiiinns 54
Scheme 3.10Preparation of aryl iodide 3.26. ..........oeeeiiiiiiiiiiiiiiii e 55
Scheme 3.11Preparation of aryl iodide 3.35. ... 56
Scheme 3.12Preparation of C ring from isovanillin. .............cccciiiiiiiiiiiin 57
Scheme 3.13Attempted Sonogashira coupling of 3.39 and 3.21...........ovvvveeininnnn. 58

Scheme 3.14(a) Conversion of alkyne 3.21 to potassium trifalmwrate 3.40. (b) Suzuki

coupling of 3.39 and alkynyl trifluoroborate 3.40..........cccooeeviiiiiiiiiiiiiie, 59
Scheme 3.15Preparation of aryl bromide 3.49 and borane 3.43..................c.cooee. 61
Scheme 3.16Further optimization of the Heck coupling. ..o cooevveeeeieiiiiiiiiiiiinnnnnn. 64
Scheme 3.170ptimized Heck Couplings with oxygenated styrenes....................... 64
Scheme 3.18Heck coupling of gallic acid derived substrate 3.18..................ccccoe. 65
Scheme 3.19Nitro olefin formation. ...........cc.uuuiiiiiieeee e 66
Scheme 3.20Completion of dearomatiztion PreCursor. ... oooeeeeeeeeeiieeeeeevieennne... 68
Scheme 3.21Possible scenarios for the dearomatization ofr@vsited. ..................... 69
Scheme 3.22Examples of hypervalent iodine(lll) mediated C—Nhbdormation........ 71

Scheme 3.24Treatment of Troc-carbamate 3.63 with hypervaledide(lll) reagents. 73
Scheme 3.25Dearomatization of gallic acid substrate 3.59...........ccccvviiiiiiiiiinnnnnn. 74

Scheme 3.26Acid catalyzed conjugate addition. .........cccceeoiiiiiinieneee e 75



Scheme 3.27Trapping of theortho-quinone 3.71



Ac
AcOH
AIBN
ag.

Ar

Bn

BOC
BP or bp
br

t-Bu

bu

calcd
cat.
conc.
COX-2
D

d

DCE
DDQ
DEPT
DBDMH
DIBAL-H
DIPEA
DMAP
DMF
DMA

List of Abbreviations

acetyl

acetic acid

azobisisobutyronitrile

aqueous

generic aryl group

benzyl

tert-butyloxycarbonyl

boiling point, °C

broad

tertiary-Butyl

butyl

calculated

catalytic amount

concentrated

cycloxygenase-2

deuterium

doublet

1,2-dichloroethane
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
Distortionless enhancement by polarizatiandfer
1,3-dibromoN,N-dimethylhydantoin
diisobutylaluminum hydride
N,N-di-iso-propylethylamine
4-dimethylaminopyridine
N,N-dimethylformamide

N,N-dimethylacetamide
Xi



DMSO dimethylsulfoxide

DOR delta §) opioid receptor

dr diastereomeric ratio

ee enantiomeric excess

El electron impact ionization

equiv equivalent(s)

ESI electrospray ionization

ex excess

FCC flash column chromatography

GC gas chromatography

GPCR G-protein coupled receptor

GRK G-protein coupled receptor kinase

h hour

HB hasubanan

HRMS high-resolution mass spectrometry

Hz hertz

IBX 1-hydroxy-1,2-benziodoxol-3{)-one 1-oxide

IC inhibitory concentration

IR infrared spectroscopy

KOR kappa) opioid receptor

LA Lewis acid

LAH lithium aluminum hydride

M molar (concentration, moles/L)

M generic metal, usually group 1 or 2, possiblyhwi
ligands

m-CPBA 3-chloroperoxybenzoic acid

Me Methyl

min minutes

mol mole

mol % molecular percentage

Xii



MOM
MP or mp
MS
MOR
NBS
nM
NMR
NOE
NSAID
Nu

[O]

Pd

Ph
PhH
PIDA
PIFA
Piv
ppm
PPTS
i-Pr
pyr
Quant.

rt

sat'd

SSRI

taut.
TBAF

methoxymethyl

melting point, °C

mass spectrometry

mu () opioid receptor
N-bromosuccinimide

nanomolar

nuclear magnetic resonance spectroscopy
nuclear Overhauser enhancement/effect
non-steroidal anti-inflammatory drug
nucleophile
oxidation

palladium

phenyl

benzene

phenyliodine diacetate
[bis(trifluoroacetoxy)iodo]lbenzene
pivaloyl

parts per million (NMR spectroscopy)
pyridiniunp-toluenesulfonate
iso-propyl

pyridine

Quantitative

generic substituent

room temperature

singlet

saturated

selective serotonin reuptake inhibitor
triplet

tautomerization

tetran-butylammonium fluoride

Xiii



TBS
TCA
TFA
TFE
TfOH
THF
TIPS
TLC
T™MS
TROC
Ts

tertiary-butyldimethylsilyl
tricyclic antidepressant
trifluoroacetic acid
2,2,2-trifluoroethanol
triloromethanesulfonic acid
tetrahydrofuran
triisopropylsilyl

thin layer chromatography
trimethylsilyl
2,2,2-trichloroethoxycarbonyl
4-tosyl (4-toluenesulfonyl)
generic atom, possibly substituted

Xiv



CHAPTER 1
INRODUCTION AND BACKGROUND

Pain is defined as an unpleasant sensory and emabgmperience associated with
actual or potential tissue damdg€he prevalence of chronic pain in the United Stage
estimated to be 35.5 % or 105 million people; castestimated $100 billion USD per
year in health-care expenditures and is the masnoan ailment for which patients seek
medical attentiod® The experience of pain is highly subjective, witidividuals
developing pain thresholds through experiencesjafy or pathology in early life. This
inherit patient variability complicates clinicarategies for pain management with 50 %
of individuals seeking treatment dissatisfied viftair present treatment optiohs.

Despite recent advancements in the use of analgadjovants and the
controversial selective cyclooxygenase 2 (COX-2)ibrors, the mainstays of pain
management continue to be non-steroidal anti-intkatory drugs (NSAIDs), and opioid
analgesics:® Unfortunately, many of these can be ineffectuananaging pain and are
further marred by adverse effects including theeptal for abuse or dependence.
Therefore, there is a major unmet challenge inidieatification of compounds that can
more effectively manage chronic pain, with feweverde side effects. We feel this
challenge is best met through the synthesis of Inceenpounds derived from the

hasubanan (HB) family of alkaloids.
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The HB alkaloids, primarily isolated from the viSéephania japonicehave been
used in traditional medicinal remedies for censifféThere has been significant interest
in the HB alkaloids due to the close resemblanab@HB skeleton to that of morphinan
alkaloids? Additionally, recent studies by Quinn and co-waskeevealed an affinity of
HB alkaloids for binding opioid receptors, whicle@ommon targets of several analgesic
drug classe¥’

There have been numerous synthetic studies of Belkaloids, but none have
established the analgesic potential of the HB alklal and only a few of these synthetic
routes are amenable to the necessary structuraitpcitudies’™* The goal of this
dissertation research is to develop a synthetatesiy that allows for the rapid synthesis
of several HB alkaloids derivatives, which is reqdi to complete a full biological
evaluation of the HB alkaloids.

This introduction (Chapter One) will provide bacgnd on the current approaches
to pain management including by a description o&lgesic drug classes and their
respective mechanisms of action. Chapter Two, prtivide an overview of the HB
alkaloids and a discussion of the structural sintiéss between morphine and the HB
alkaloids and the biological implications. Finaliyhapter Three will provide an in depth
analysis and discussion on the synthetic work tieat involved in making these HB

derivatives.
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1.1Pain Managemen

1.1.1Classification and etiolog
While severakaxcnomies for pain existhe most commonly utilized is depict
below (Figure 1.1); Werepain is categorized by both duration, acutesu: chronic and

by etiology,nociceptive vs. neuropath'®

Pain
Acute Chronic
Nociceptive Nociceptive Neuropathic
| | :
Noxious Stimuli Arthritis
Tissue Damage Infection Central Peripheral
Cancer Inflammation

| |

Stroke Diabetic
Multiple Neuropathy
Sclerosis Spinal Pancreatitis
Injury Cancer
J J

Figure 1.1.Pain dassification by duration and etiolc.

1.1.1.a Acute vs.I€onic
Acute and chronic are terms commonly used to desdhe duratioc of painful
sensations. In general, acute pain resolvethin weeks of the initial ons, whereas

chronic pain is continuous, lo-term pain,which can last months ceven years. The
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demarcation between acute and chronic pain is stwaearbitrary, and typically ranges
from three months to six monthSAcute pain is highly receptive to treatment, asesal
classes of analgesics, including NSAIDs and weakidg, are known to be clinically
effective.

The complexity of chronic pain has represented pmndilemma for clinicians,
with one in three adult Americans seeking treatni@enthronic pain annually/. Chronic
pain often has both adaptive (necessary for sujvaral non-adaptive components. This
multifactorial nature requires physicians to cossithe origin of pain when developing
treatment plan$® Below is a brief description of the most commorinpatiologies,

nociceptive and neuropathic pain.

1.1.1.b Nociceptive pain

Nociceptive pain is frequently described as stadpbgmicking, burningthrobbing
or cramping. It is instigated through the stimuwatof specialized sensory neurons, called
nociceptors, by noxious stimuli such as, extremksemperature, or mechanical or
chemical excitation. This type of pain serves agaaning to protect individuals from
potential injury as illustrated by the automatispense of pulling away caused by briefly
touching a hot surface. Nociceptive pain is oftebcategorized as somatic, derived from
skin and deep tissue, or as viscealginating from internal organs. Due to high
concentrations ofociceptors in somatic tissues, chronic nociceppae is typically

localized, as in arthritis, which results from degeative or inflammatory processes
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within the joints'® Nociceptive pain is often effectively managed WitBAIDs, or as in

the case of post-operative pain, with a combinatioNSAIDs and weak opioids.

1.1.1.c Neuropathic pain

Neuropathic pain results from actual damage tovendibers themselves in the
central or peripheral nervous systéhiThis damage can lead to nerve dysfunction,
causing numbness, weakness and/or loss of reflexasmmon descriptions
accompanying neuropathic pain include “burninghdsting” or “shock-like” sensations.
Central nervous system disorders of the brain oraggord, such as multiple sclerosis,
and stroke frequently lead to neuropathic pain. Bgento peripheral nerves associated
with amputation, radiculopathy, carpal tunnel symde also precipitate neuropathic
pain?* The most common cases of chronic neuropathic painde diabetic neuropathy,
post-herpetic neuralgia, fibromyalgia, and loweckpain due to disc herniatiGhThere
is a complex interplay between etiology, pathopblpgly, and symptoms of neuropathic
pain. Therefore, if one agent is not effective, gbyans often use combination therapies

that may mediate analgesia through different coraptsof the involved pain pathways.

1.1.2 Traditional chronic pain management approache

The treatment of chronic pain can be challengingabse it is a complex
condition influenced by genetic makeup as well aysmplogical and psychological
factors. These factors are further complicatedneydoexistence of both nociceptive and
neuropathic pain. For instance, a cancer patient egerience pain from tumor

encroachment, inflammatory pain due to tissue danagd neuropathic pain resulting
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from radiation or chemothera-induced neuropathies. Pain treatments are tailrdioe
individual, with a multidisciplinary approach, combigi several of the methc (Figure

1.2).

Interruption of Pain Pathways
Local Anaesthetics

Analgesic Drugs

T

Neurosurgery
Neurolytic Agents(heatand -
Approaches =~ cold)

el

: Pain .

. Management

" Immobilization
Orthopedic Surgery

F

Psychological

Figure 1.2. Approaches to pain managernr.

Physicians treat psychological factof painwith cognitive behavioratherapies
and analgesic adjuvants such as tricyclic antideamet<> Nociceptive pain may b
treated solely or in combination with surgery, intiaation, NSAIDs and weak opioid
Additionally, local anesthetics and some anticonvulsants (sodibanne- blocking
drugs) are used as analgesic adjuvants for thiertesd of pain. These pharmacotheraj
presumably produce frequency and vol-dependent blockade of sodium channels
damagedeurons, relieving some pain associated with soeneopathic pai®* However,

no current pharmaceuticals timally address chronic neuropathic p?® Therefore,
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management of neuropathic pain often requires abowtion of drugs from different
substance classes to produce adequate pain relief.

Several clinicians adhere to the guidelines laid ou the World Heath
Organization’s (WHO) Analgesic Ladder (Figure 1f8) developing pain management
plans?®® The WHO analgesic ladder provides a three-stepuesgipl approach for

analgesic administration based on pain severity.

Increasing pain

B

Figure 1.3.The WHO analgesic ladder.

The ladder recommends initial treatment of painhwion-opioids, such as
NSAIDs and acetaminophen. If pain persists, treatm&ith a weak opioid, in
combination with a non-opioid analgesic is recomdsehfollowed by a strong opioid,

until the patient is free of pafl. At each stage of the treatment ladder, adjuvant
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medications, such as antidepressants or anticamvslsmay also be given to aid in
alleviating patient pain and anxiety. Although metcadvancements in the development of
non-opioid analgesics have occurred, it is evidbat opioids remaithe mainstay of

chronic pain management.
1.1.3 Analgesics utilized in pain management

1.1.3.a NSAIDs

Compounds such as aspirin and ibuprofen, act byupmlting the synthesis of
prostaglandins by inhibiting the cyclooxygenaseyemzs COX-1 and COX-2. This
inhibition of prostaglandin synthesis results ire thnalgesic, anti-pyretic and anti-
inflammatory properties of these drugs. Most NSAI&re nonselective inhibitors of
COX-1 and COX-2, but newly developed agents havemgneater affinity for the COX-
2 isoform®® Acetaminophen, which does not show anti-inflammataffects, is also
sometimes classified as an NSAID, but its modeatioa for inhibiting prostaglandin
synthesis has not been fully elucidaté@he structures and mechanism of action of the
most commonly utilized NSAIDs are shown in Tabl&. IThe most commonly reported
side effects of NSAIDs are those involving the @ict. Additionally, chronic or acutely
toxic acetaminophen exposure can lead to liver cttyithrough hepatocellular

necrosis®3!
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Table 1.1.Examples of NSAIDs and mechanism of action.

Compound Mechanism of Action
(0} OH
(6] Me
T)/ Non-selective inhibitor of COX-1 and COX-2 enzymes
Aspirin
Me
Me °
o OoH Non-selective inhibitor of COX-1 and COX-2 enzymes
Ibuprofen

H
N Me
oy " _ _ _
. © Inhibitor of prostaglandin synthesis; unknown meuhian

Acetaminophen

(¢]
HoN 7
2! S/
/7
O \©\
_N
N7

Celecoxib

CFs  Selective Inhibitor of COX-2 enzyme

The adverse Gl side effects of NSAIDs are attridutethe reduced prostaglandin
levels in the gastrointestinal mucosa, which desgganucus and bicarbonate secretions,
thereby reducing their protective effects agairts &cidic gastric environment. In
addition, NSAIDs can be directly toxic to the gasimucosa, leading to ulceration, and
potentially fatal bleeding in the most extreme s&5&elective COX-2 inhibitors cause
less Gl toxicity than non-selective COX-1 and COMRibitors, but several large studies

have shown an increase in cardiovascular toxiaigluding myocardial infarction and
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stroke, associated with some selective COX-2 inhibi?> These selective inhibitors
were withdrawn from the market between 2004 and52b6cause of this toxicity.

Celecoxib is one of the main drugs in this cla#keshployed®

1.1.3.b Analgesic adjuvants

The term adjuvant analgesic describes any drug avigimimary indication other
than pain, but with analgesic properties in somaditions>* Adjuvants are usually co-
administered with other analgesics such as NSAIm$ @pioids, although some have
been shown to have analgesic properties when asteied aloné&® Tricyclic
antidepressants (TCAs) and selective serotonin takap inhibitors (SSRIs) are
commonly used as adjuvant therapy. The explicit wayvhich antidepressants are
effective in pain management remains unknown, buitipbe mechanisms are likely to
be involved It is speculated that analgesia is mediated througbition of
neurotransmitter reuptake in the synaptic clefteSéh mechanisms are related to pain
signaling in descending spinal pain pathw#y¥.Common side effects of TCAs are
sedation, and anticholinergic consequences suchirgsmouth, constipation, postural
hypotension and weight gaifl.While SSRI side effects are generally more mildnth
TCAs, there is the risk of weight gain with the determ use of SSRIs, as well as sexual
dysfunction®®

Local anesthetics and some anticonvulsants areuslst as analgesic adjuvants.
These pharmacotherapies presumably produce a gealtygendent blockade of calcium

and/or sodium channels on damaged neurons, allyigabme pathologies associated
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with neuropathic paifi’ Local anesthetics are often highly sedating anee e small
therapeutic window before reaching toxicity, soithaese as analgesic therapies is
primarily restricted to hospital or clinical setisy or administered with controlled release
transdermal patches. Side effects of anticonvusardlude drowsiness, dizziness and
less commonly gastrointestinal symptoms and mildpperal edema. All these effects
require close monitoring and regularly require desadjustment. The structures and
drug classes of commonly prescribed analgesic adjsvare listed in Table 1.2.

Table 1.2.Examples of analgesic adjuvants and drug classes.

Compound Drug Class

O . O Tricyclic antidepressant inhibit the reuptake of serotonin

_Me and norepinephrine at the synapse

I
Amitriptyline Me

I\I/Ie
Me/N O
\©\ Selective serotonin reuptake inhibitor inhibit the reuptake
CF,4

of serotonin at the synapse

Fluoxetine
Me
N
\HAN/\Me
e kMe Local anesthetic inhibitor of voltage-gated sodium channels
Lidocaine
Oond

‘I on Anticonvulsant: inhibitor of voltage-gated calcium channels

NH,
Gabapentin
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1.1.3.c Opioids

Opioids play a unique role in society, with a higtéracing back to 3400 BC,
Mesopotamia; where the Sumerians used the juice troripe seed pods of the poppy,
Papaver Sommniferynto treat pain and other ailments. In 1805, FradSertirner
isolated morphine (named from the Greek god ofrdgdrom opium, helping transform
the landscape of modern medicfleCenturies later, opioids continue to be the
cornerstone of treatment for moderate to severe pai

Opioids exert their analgesic properties through bimding of opioid receptors
within the central nervous system. The binding loése receptors produces signals
causing a hyperpolarization of neuronal cell memésa and the suppression of
neurotransmitter release, resulting in analgesian@&tous natural, semisynthetic, and
synthetic opioids have been commercialized for ,otednsdermal and intravenous
administration (Table 1.3). The single entity fotations on the market include
morphine (Avinza™, Kadian™, MS Contin™), oxycodon€OxyContin™),
hydromorphone (Dilaudid™), oxymorphone (Opana™ntdayl (Duragesic™, Actiq™,
Fentora™), and methadone. Additionally several doatibn opioid/NSAID products,
such as those containing hydrocodone and acetalenogVicodin™, Lorset™) or

ibuprofen (Vicoprofen™), tramadol and acetaminoplfeitracet™), oxycodone and

! The term opioid refers to all compoundsthat bind to the opioid receptors.
Conventionally, the terropiatecan be used to describe those opioids that aréoalka
derived from the opium poppy. Opioids include semiketic opiates, endogenous
peptides, as well as synthetic opioids.
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acetaminophen or aspirin (Percocet™ or Percodaafit),those containing codeine and
acetaminophen are frequently used for the treatofectironic pairf*

Table 1.3.Examples opioids used in pain management.

MeO

Natural

HO™"
(—)-Morphine (—)-Codeine

HO

Semi-synthetic

() (0)
(—)-Oxycodone (—)-Hydromorphone (—)-Oxymorphone

N
Synthetic F Me
\HAMG mMe oM  Me

0

Fentanyl Methadone

Opioids are far from benign medications, their lbegn use is associated with
significant side effects, including sleep apffeeonstipatiorf® hyperalgesi&? tolerance,
and addictiorf®> Tolerance and addiction are particularly troubtesagiven the rate of
overdose deaths in the United States has morettipded since 1998° and the aberrant
behaviors associated with addiction lead to sigaift criminal activity.

Since the time of morphine’s isolation, scientlsise attempted to develop opioids

with a reduced propensity to cause the side effesgsciated with long-term use. Many
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of these attempts have been based on flawed omiplete hypotheses of tolerance
development. As was the case of both diacetylmamphitrade name Heroin) and
sustained release oxycodone (trade name OxyCom@oh) initially was marketed as
more effective and less habit forming than morpAindow, both are come of the most
highly sought after opioid drugs of abuse.
Our understanding of the molecular mechanisms Uyidgropioid analgesia as

well as tolerance and dependence has improvedlygmedh the study of the opioid
receptors. The remainder of this chapter will foonghe insights into drug development

gained through research of opioid receptor chemistr

1.2 Opioid Receptors

1.2.1 Background and development of receptor pharnw@phores

In 1973, three independent teams identified opateling membrane receptors
within the brain’®>° Two years later scientists discovered endogeneptiges that bind
to these receptors: enkephalifisendorphin, endomorphins, and dynorphih¥. By
1976, scientists proposed the existence of thrparate opioid receptor subtypes, p
(MOR), 5 (DOR) andk (KOR),>***which differ in their function and ligand specific

The speed at which these discoveries were madeimascedented compared to
the discovery of other class of drugs. Early oseagchers observed the importance of

subtle structural differences between agonistsaautagonists (Figure 1.4 (A)).
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Merely converting amN-methyl to anN-allyl substituent transformed the agonist
(-)-morphine {.1) to (-)-nalorphine X.2), an opioid with partial antagonistic properties.
The same modification of the agonist (-)- oxymomuhd@l.3) leads to the full opioid
receptor antagonist (-)-naloxonel.4). By contrast, antagonists for most
neurotransmitters and other drugs vary greatlyrircgure.

A three-point pharmacophore of MOR binding was tmwed (Figure 1.4 (B))
based on specific spatial orientation of criticahdtional groups>°® These functional
group requirements included a phenol, a hydrophodgon, and an amine. The size of
the N-substituent dictated the compound’s potency amsd agonist vs. antagonist

properties.

@ o

HO

(—)-Morphine (1.1) (—)-Nalorphine (1.2) (—)-Oxymorphone (1.3) (—)-Naloxone (1.4)
MOR agonist MOR antagonist MOR agonist MOR antagonst

(b)

Phenol

\ Hydrophobic region

Figure 1.4.(a) Structural differences between MOR agonistsatdgonists. (b) Generic
3-point pharmacophore for OR receptors.
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Scientists used this knowledge to prepare largebeusnof radiolabelled opiates with
widely varying potencies and efficacies, allowinigerh to rapidly probe receptor
pharmacology and other fundamental aspects drixgtact’

The advent of gene cloning and characterizationthéur evolved our
understanding of opioid receptors allowing the rentendogenous opioid system,
including peptides and receptors to be characratethe molecular level by the mid
90s>® Generation of chimeric receptors aided in ideimifyreceptor regions important
for binding, while site-directed mutagenesis stadieere used to implicate individual
residues involved in ligand bindifig.This knowledge produced a significantly more
detailed pharmacophore in which specific bindinigiactions were proposed. One such
proposal suggests that the phenol (Figure 1.4,iB¢)yacts with a trans-membrane helix
histidine residue, the amine interacts with an dapa residue and the hydrophobic
region fits into a pocket of hydrophobic residuged Section 1.2.2 for a description of
receptor structurey.

Recently, after decades of studies, the crystatstres of MOR® DOR®* and
KOR® with antagonist bound were disclosed, confirmireyesal of the binding
hypotheses and revealing new insights into receptmformation, For example, the
presence of extraneous molecules, such as watéinwle opioid binding pocket. These
structures will allow for the development of sopicasted computer-based binding

models, which will hopefully lead to drug discovery
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1.2.2 Receptor structure and function

The opioid receptors, MOR, DOR, and KOR resembtalopsin and belong to
the y subfamily of class A G-protein-coupled recepto&PCR)®® Each contains an
extracellularN-terminus, seven counter-clockwise bundled transibrane helices, and
an intracellular C-terminu¥:®* Overall MOR, DOR, and KOR show 70 % amino acid
sequence identity. The most homology occurs with& seven trans-membrane helical
core, which contains the opioid binding pocKeThree extracellular loops, including the
N-terminal domain, differ strongly between receptarsd likely form a protein gate that
selects agonists or antagonists entering the hynplotket, thereby contributing {g 9,
andk selectivity®

As with all GPCRs, opioid receptors convey extriatat signals within the cell
through conformational modulation of the cytoplasmomains that interact with the G
protein® All three ORs interact with inhibitory G proteimg the G/G; type. Opioid
induced analgesia occurs when ligand binding meslifihe helical packing of the
receptor, rearranging the positioning of trans-memé domains. This helical movement
modifies the receptor’s intracellular structure,srdpting the receptor-G protein
interaction, catalyzing a nucleotide exchange ¢l G, which leads to inhibition of
adenylyl cyclase, neuronal hyperpolarization vitivation of K channels, and inhibition
of neurotransmitter release via inhibition oCehannels.

Following activation, receptors are decoupled friv@ G protein through rapid

phosphorylation by GPCR kinases (GRKs) and subsédueding by arrestin, resulting
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in receptor desensitizati6A Arrestin additionally recruits clathrin and ottmponents

of the endocytic machinery, leading to endocytasfisthe receptor, thus attenuating
receptor signaling by removing ligand-receptor ctaxes from the cell surface. The
receptors are re-sensitized by rapid recyclingheoglasma membrane. There have been
studies suggesting that ligands with the greatddictive potential, promote interactions
with G, more strongly than they promote interactions vaittestins, leading researchers
to believe that receptor trafficking plays a criiciae in the development of tolerance

and dependence associated with the use of opioigsfr®®

1.2.3 Receptor pharmacology

The discrepancies in biological responses to timelibg of opioids are due to
differences in activity between the opioid receptofhe cloning of MOR, DOR and
KOR receptors was an important step in probingeh@senomena. Mice with genetic
deletions of each of these receptors, as well as tacking two or three of the receptors
have been generated, which has allowed researtth@entify unique pharmacological
implications for each receptor.

The most extensive investigations have involved MKf®ckout mice. These
studies have established that MOR is primarily oesfble for analgesia elicited by
morphine and a variety of other opioids. Furtherkvshowed that deletion of MOR
abolishes tolerance and physical dependence tohime}y

Studies with KOR and DOR knockout mice have beao ékeen fruitful. KOR

was shown to mediate dysphoric activities and foeeewas found to be useful in the
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treatment of addiction by opposing the pleasuredrdwesponse associated with MOR
agonists’® DOR was shown to be very distinct from MOR and K@h implications in
the regulation of emotional responses and as welhaiolytic and antidepressant activity,
leading to potential interest in the field of pskathc disorders! Selective DOR
antagonists have also been shown to block the dgwent of morphine tolerance and
dependendé giving rise to promising combination therapiesrieuropathic pain without

the adverse side effects associated with MOR.

1.2.4 Closing remarks
The tools of molecular biology and computational delong have greatly

augmented insights into receptors and their ligatdsortunately, the pharmacologic
alterations observed with the three different rémepubtypes have failed to address the
two key problems to be resolved: 1) what is theirgabf the addictive process and 2) is
there a rational approach to the design of a ldskcting opioid based on differential
influences within the opioid receptors? Thus theent challenges in developing new
opioid analgesics are remarkably similar to thokeoat 40 years ago, when opioid
receptors were first identified. This conclusionomsly bolstered by the pharmaceutical
industry’s inability to develop treatments for chio pain without the negative side
effects associated with traditional MOR agonistsuddevelopment strategies, which
have shown negligible success, continue to focusalaly on reformulation or drug
combinations to attenuate the adverse side effdctfironic pain is to be successfully

treated, drug developers must look beyond improwffgcacy and potency of MOR
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agonists and consider additional properties thigctinet receptor signaling, including
receptor trafficking and signaling through non-caical pathways such as arrestin.

The identification of novel opioid receptor ligandsth unique selectivity is
needed in order to probe developing strategiesoimndtream signaling pathways. We
feel strongly that this need is be met by invesiigpathe binding interactions between the

HB alkaloids and the opioid receptors and furthedging their downstream effects.
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CHAPTER 2
THE HASUBANAN ALKALOIDS

2.1 Introduction

2.1.1 Isolation and structural elucidation

The HB alkaloids constitute, a large family ofural products, primarily isolated
from the vineStephania japonicaThe greater than seventy HB family members which
share a common aza[4.4.3]propellane core. The yamilivided among four subclasses
defined by the oxidation pattern of the C-ring (e 2.1). Runanine2(2) and
delavayine 2.3) are the most closely related to the parent comgdasubanonine (1),
with minor variations in A-ring substitutions, wikes cepharamin.4) and longanine

(2.5) vary in oxidation at the C8 position.

OMe / (0]

OMe OMe OMe OMe OMe
hasubanonine (2.1) runanine (2.2) delavayine (2.3) cepharamine (2.4) longanine (2.5)

Figure 2.1.Representative members of the hasubanan familikaloads.

The premier family member hasubanoniel), was isolated by Kondo and co-

workers in 19574 The structure o2.1, however, was not elucidated until over a decade
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after initial discosuré.Due to the close structural resemblance to theohioan alkaloids,
the structure of hasubanonine was initially assigag a morphinan analog,6 (Figure

2.2). In 1956, the structure was errantly amentladed on biogenetic considerations to

75
2.7.
MeO MeO
MeO MeO
NMe N NMe
X : NH
MeO (0] MeO OMe
OMe (0]
2.6 2.7 Morphinan Skeleton

Figure 2.2.Proposed structures of hasubanonihé)(

The structure was not corrected until the mid-19@@gn Tomita and co-workers
noted that the'H NMR spectrum of hasubanonine lacked the chaiatiterCo—H
resonance associated with the ethanamine bridgleeomorphinan skeletor?2.@). This
prompted the proposal of the hasubanan skeletattate g.9), which possesses a five-
membered pyrrolidine ring as opposed to the six bexed piperidine found in the

morphinan alkaolid$®

Morphinan Skeleton (2.8) Hasubanan Skeleton (2.9)

Figure 2.3.Numbered morphinan and hasubanan skeletons.
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The authors confirmed their proposed structuredsymarison of the physical and
spectral properties of hasubanonine deriva2ing with known morphine derivative.14
(Scheme 2.1). Preparation of compou2d3 commenced with sodium borohydride
reduction of hasubanonine, followed by acid catdlyloss of methanol, to yield enone
2.12 Further reduction oR.12 with zinc amalgam in concentrated hydrochloricdaci
afforded the fully saturated ami@el3

Scheme 2.1Structure elucidation of hasubanoni2elj.

MeO MeO

1.NaBH, MeO

2.HBr
NMe

OMe
hasubanonine (2.1)

214

The NMR spectra 02.13confirmed the presence of the proposed five-meetber
pyrrolidine D—ring, with no signals attributableda ethanamine bridge. The authors also
noted that the physical properties of compouds3 and 2.14 are identical with the
exception of specific rotation2.13 is antipodal to2.14 indicating an absolute
configuration opposite to that of morphine. Thuse tistructure and absolute

stereochemistry of (-)-hasubanoni@el] was unambiguously assigned.
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2.1.2 Biosynthesis
Due to the similarities in structure, early studie® the biosynthesis of the HB
alkaloids were first directed by the knowledge llsaed through the investigations into

the biosynthesis of (—)-morphing.{).

2.1.2.a Biosynthesis of morphiriel(

The concept of phenolic oxidative radical coupliisga central theme in the
biosynthesis of morphine (Scheme Z2)The tyrosine derived 1-benzylisoquinoline
intermediate, R)-reticuline @.15, undergoes oxidation to giv2.16 with resonance-
stabilized radicals at the ortho- position of theriAg and paraposition of the C—ring.
Coupling of the intermediate radicals, followed Hearomatization leads to the dienone
salutaridine 2.17. With the major framework established, subsequeytlization,
demethylation and reduction completes the biosywmhaf morphine.1).

Scheme 2.2Biosynthesis of morphinel(1).

Meom MeO
[0] 0 . Radical
= . i

_— =

> "NMe Coupling

MeO MeO

(R)-reticuline (2.15) 2.16 Salutardine (2.17) Morphine (1.1)

2.1.2.b Biosynthetic studies of hasubanonih®) (
To identify the radical cyclization precursor inettHB biosynthetic pathway,

Battersby and co-workers, performed feeding expemis with severaf*C-labelled
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synthetic derivatives &.15"""®Based on these studies, dihydoxyisoquinolh8 was
identified as an essential precursor for radicalizgtion. The authors also concluded
that the timing of thé&-methylation was not pivotal, as secondary aminN-onethylated
isoquinolines were both successfully incorporated the alkaloid.
Little is known about the origins of the “enantiame& precursors2.15and2.18

Both the morphinan and HB alkaloids are derivednftgrosine dimerization products. It
has been suggested the same mechanistic pathwhgresd by both alkaloid families for
the generation o2.15and2.18 but that the presence of different enzymes resuihe

formation of antipodal substrates.

MeO MeO MeO
HO : ﬁ (6]

X NH Radical
MeO Coupllng MeO

2.18 219 2.20 hasubanonine (2.1)
Scheme 2.3Proposed biosynthesis of hasubanonihg) (

OMe

There is also limited information about the ringiraction of morphinan dienone
2.2Q or its antipode, to form the hasubanan skeleSymthetic investigations by Kirby
have shown that the alkalokd21, bearing the morphinan framework, can be conveded
the hasubanan framework through an aziridiniumrinegliate, by treatment with silver

acetate (Scheme 2.4).
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Scheme 2.4Conversion of the morphinan skeleton to the hasabakeleton.

AgOAc

—g

AcOH
33%

2.21 2.22 2.23

Presumably, the coordination of the allylic iodidethe silver metal generates a
transient allylic carbocation. The tertiary aminedaergoes an intramoleculagZ-type
substitution to give aziridinium ioB.22 which is opened by an acetate anion at the less
substituted position to providz23in 33 % vyield. Kirby speculates that the formatadn
a similar aziridinium intermediate followed by enzatic reduction is involved in HB

alkaloid biosynthetic pathway.

2.2 Synthetic Studies

The challenging structures of the hasubanan altslbave garnered significant
attention from the scientific community, with syatit studies dating back to the 1960s.
Racemic syntheses of hasubanoni@)° metaphaniné*®?and cepharamin@@),2*°
as well as numerous partial and formal synthesesthar hasubanan alkalof§s” have

been reported. More recently, there has been agesce of interest in the HB alkaloids,

with several disclosures of enantioselective sys#hewithin the last four years. The
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discussion of this section will be focused on thesantioselective syntheses of the HB

alkaloids.

2.2.1 Schultz’'s synthesis of (+)-cepharamine (2.33)

In 1998, Schultz reported the first asymmetric Bgsts of a HB alkaloid. Inspired
by the structural resemblance to the morphinani@itksy Schultz prepared the unnatural
enantiomer, (+)-cepharamiffeaturing a highly convergent strategy dependppntan
asymmetric Birch reduction-alkylation protocol. Taate this is the only reported
synthesis of an unnatural HB alkaloid.

Scheme 2.5 highlights the asymmetric Birch reductiBenzamine2.24, was
prepared according to literature procedures in $teps from commercially available 2-
bromo-5-methoxybenzoic acid; Birch reduction 24 with potassium in Nl (1),
THF/t-BuOH (1 equiv) at —78 °C, followed by additionloBr and the alkylation reagent
2.25provided 1,4-cyclohexadier#e26,as a single diastereomer, in 95 % vyield.

Scheme 2.5Asymmetric Birch reduction and alkylation of benzde?.24

(0] OMe
MeO MOMO
N
K+, NHg, THF, t-BuOH O
(1 equiv), =78 °C, LiBr B
r
10) OMe
O MeO MeO
N
MOMO 1 ‘
Br
2.25
OAr
2.26

OMe
2.24
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With the success of the asymmetric Birch reductlm authors set out to close

the A—B—C ring system utilizing a radical mediatsalization to form both the C9-C14

and C12-C13 bonds of (+)-cepharamiBs38 (Scheme 2.6).

Scheme 2.6Radical cyclization of A—B—C ring system.

OMe

MOMO !
Br

Enol ether hydrolysis and reduction26 with NaBH, gave a mixtures(1:1) of
diastereomerically related alcohols. Protectiontied phenolic hydroxyl group as the
formate ester and allylic oxidation wittert-butyl hydrogen peroxide and CuBr gave
enone2.27. Ketalization of2.27 under aprotic conditions provided the radical ation
precursor2.28. The formation of the A-B-C ring system occurredupreatment o2.28

with AIBN and tributyltin hydride, in refluxing tolene. Basic hydrolysis of the formate

ester gave.29

1. AIBN, Bu3SnH,
PhH, reflux

OMe
OAr

1. BF3'OEt2, OMOM
Bu,NFxH,0, DCM O

(6]
2.NaBH,, THF Br
3. t-BuOOH, CuBr, PhH
89%

(TMSOCH,),,
TMSOTf
90%

~ 2.Na,CO3 MeOH,
H,O, THF
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Completion of the synthesis commenced with the \adfficient Hofmann-type
rearrangement d2.29to give the cyclic carbama®30 (Scheme 2.7). Formation of the
cis-fusedN-methylpyrrolidine ring was then effected in onegesimental operation by
treatment 0f2.30 with lithium aluminum hydride in refluxing THF. San oxidation of
2.31 provided a ketone, which was immediately conveiteéd the enolate under O-
alkylation conditions and reacted with Mel to affoenol ether2.32 Finally, acid-
catalyzed ketal and MOM ether hydrolysis proceedeithout disruption of the enol
ether, to give (+)-cepharamin2.83 in 97 % vyield.

Scheme 2.7Completion of (+)—cepharamine

OMe
OMe
OAr OR OAr OR
o 1. NaNH,, NHa, (O
THF -33°C to 25 °C o
¢}
2. Bry, NaOMe, MeOH,
H,0, THF 0 NH
0 93% \H/
(@)
2.29 (e}
2.30
OMe OMe
MOMO LiAIH ,,
MOMO o THEF, reflux
(o ( 99%
1. Swern Oxidation o
e}
2. KH, Mel, DMF, 25 °C HO
MeO 85% MeN
MeN e
2.32 MeO 2.31

PTSA, acetone HO l

H50, reflux

97% ‘
OMe

NMe

o

(+)-cepharamine (2.33)
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Although the authors mentioned the structural srties between (-)-morphine
(2. and (+)-cepharamin® 33 and expressed interest in probing the biologacaivity

of this unnatural HB alkaloid, there have beenemmorts of these biological studies.

2.2.2 Reisman synthesis of (-)-8-demethoxyrunanine
More recently, the Reism&n group reported a unified strategy for the
enantioselective syntheses of the HB alkaloid ¢deBethoxyrunanine2(44), and the
structurally related alkaloids, (-)-cepharatine@,and D. This strategy called for the
construction of an appropriate azapropellane gskejetfollowed by systematic
introduction of the peripheral oxidations, as diethby the target
MeO OMe  compound.
O The authors envisioned formation of the azapropellakeleton
from the intramolecular Friedel-Crafts reactioraadihydroindolone

O
O /I\> substrate, such as the one depicted in Figure 2.3.
14 Me

Figure 2.4.Predicted electrophilic aromatic substitution ie #riedal-Crafts reaction.

The regioselectivity of the Friedal-Crafts reactimould be controlled by the
steric factors driving the electrophilic aromatidostitution, directing substitution to the
less sterically encumbered para-position. The sterger at C14 was to be installed

using the previously develop&dstereoselective alkylation of a mono-ketal-deriwed
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tert-butanesulfide 2.36 Scheme 2.8) with an organometallic reagent, sickerignard
2.317.

The desiredN-tert-butanesulfinimine,2.36 was prepared from commercially
available pheno?.34 (Scheme 2.8). Phen@l34 was dearomatized with the hypervalent
iodide reagent, PIDA to give an intermediate cyekddienone, which was trapped as the
N-tert-butanesulfinimine2.36 Addition of Grignard reager2.37 at low temperatures
followed by anin situ N-methylation provided sulfinamid2 38 which was isolated as a
single diastereomer, 96:4 dr, in 77 % yield. Théhars noted that the hydrolysis of the
dimethyl acetal occurs during the mildly acidic wap without detectable quantities of
undesired dienone-phenol rearrangement products.

Scheme 2.8Synthesis of cyclohexadieno2e38

o P
' OMe t+Bu'S
\

S ~
OH tBu” N Meo\@\/ . NMe
Br ! Br MgBr " Br

1. PIDA, MeOH, 0 °C

. 2.37 _
2. Ti(OEt),, THF, then THF, -78 °C; then
2.35, (1.1 equiv), Mel, HMPA; then . OMe
OMe 70°C,72h MeO OMe aq. AcOH 0]
74% over 2 steps
2.34 2.36 2.38
0
HaN- “t:Bu
2.35

The requisite pyrrolidine ring was constructed ithi@e-step sequence, beginning
with a Pd-catalyzed cross coupling between vinghiide2.38 and ethoxyvinylstannane
2.49to give enol ethe2.40in 90 % yield (Scheme 2.9). Brief exposure2040to 1M
HCIl in THF at O °C resulted in cleavage of the imalinide and promoted intramolecular

condensation to form an indolone. Chemoselectidaaton of the indolone with sodium
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borohydride and acetic acid furnished the desirbgdioindolone2.41, in 96 % vyield

over two steps.

Scheme 2.9Construction of the requisite pyrrolidine ring.

0 0
/y /7
t-Bu“"S\ t-Bu"'S\ Me
- NMe EtO  SnBug . NMe . N
e Br \—/ -, “
2.39 AN 1. HCI, THF, 0 °C
[Pdx(dba)g] (5 mol %) OFt
AsPhg (20 mol %) 2. m%';'_;" AcOH,
MeO OMe DMF, 100 °C MeO OMe MeO OMe
0 0 0
2.38 2.40 2.41

The authors had hoped to perform the pivotal azsgane-forming Friedel-
Crafts reaction by treating.41 with a Lewis acid. Unfortunately treatment2#1 with
the Lewis acid BEROEL led low to moderate yields of the desired azagdlape.
Happily, turning to the use of a strong Brgnsteid,asuch as TfOH, markedly increased
the yields to 97 % (Scheme 2.10).

Scheme 2.10Completion of the synthesis of (-)-(8)-demethoxynine .44

BU4NOMe
B
THF
68%

OMe

(—)-8-demethoxy-
runanine (2.44)

With the azapropellane core formed, the authorslies the C7 methoxy group

by treating2.42 with tert-butylhydroperoxide (TBHP) and Triton B in THF torin the
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epoxide2.43 It was noted that epoxid243, was unstable in the presence of silica gel,
leading to rearrangement products, therefore Howias utilized for the purification of
epoxide. Additionally epoxid2.43was found to have a strong affinity for rearraiggio
the cepharatine skeletdh51 (Scheme 2.11). Presumably through a nitrogen-assist
epoxide opening,2.45 followed by B-elimination to give enol2.50 which is
subsequently trapped to form the hemiamih8ll bearing the cepharatine skeleton.

Scheme 2.11Rearrangement of epoxi@43to cepharatine skeletéh51

Despite issues with stability, (-)-8-demethoxymina Q.44 was afforded from
epoxide2.43 by treatment with tetrabutylammonium methoxideisTéoncise synthesis
provided access to the natural product in 9 stepa the commercially available phenol
2.34 in a 19 % overall yield. To date this is the s$bsr reported synthesis of a HB
alkaloid however, it is not without limitations.

The formation of indolon@.41 (Scheme 2.9) required extensive experimentation
and all attempts at isolation of the desiEsN-methyl- indolone resulted in failure,

increasing the difficulty for pursuing analogs begr non-methyl N-alkyl groups.
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Additionally, there were significant stability isss with epoxide2.43 during the

installation of the C7 methoxy group (Scheme 2.11).

2.2.3 Herzon enantioselective synthesis of (—)-hd&nonine, (-)-runanine, and (-)-

delavayine

2.2.3.a Retrosynthetic analysis

Coinciding with the Reisman synthesis of (-)-8-ddrmryrunanine, Herzon and
co-workers® disclosed a unified route to several HB alkaloidluding the parent
compound (-)-hasubanoning.1), as well as, (-)-runanin€.@Q), (-)-delavayine 4.3,
and (+)-periglaucine B.

While slightly longer, the Herzon strategy is maraenable to analog synthesis.
This was accomplished through the developmentstfeaegy in which the A and B rings
of the hasubanan skeleton are formed through thetiom of a pro-nucleophile, such as
2.53 and the azaquinon2.52 (Scheme 2.12). The pro-nucleophRe53 serves as a
branching point for incorporation of the varyingeae substitution patterns found in the
A ring of the HB alkaloids. The azaquinon252 contains the trioxygenated
cyclohexanone fragment common to the C ring of i alkaloids as well as the
electrophilic sites (labeled a and b) for attachioéi2.53

Scheme 2.12Herzon retrosynthetic plan for analog synthesis.

O ’ f
X p—
MeO Me
OMe



CHAPTER 2. THE HASUBANAN ALKALOIDS 35

The authors noted that bicyclic azaquinones such2&® are unstable,
isomerizing to 5-hydroxyindole2(54) by a proposed tautomerization and a 1,5-hydrogen
atom shift, as shown (Scheme 2.13). The authorsnpth to mitigate this pathway
through the transient introduction of a quaternegpter on the azaquinone (at position
b). The introduction of this quaternary center wade accomplished by a Diels-Alder
reaction of azaquinon@.55 and 5-trimethylsilylcyclopentadien2.56 a Staudinger
reaction would then afford the tetracyclic imiges7. Following bond formation to the
imine (position a), the unsaturation required faldiion to position b was to be
regenerated by a retro-cycloaddition reaction, eeng 2.57 functionally equivalent to
2.52 Additionally, it was envisioned that the cyclopame fragment of.57 would
provide a handle for stereocontrol through an easelective Diels-Alder reaction.

Scheme 2.13Proposal for mitigating rearrangement2ab2

(0] b o HO HO
tautomerization — [1,5] N\
= ~ = ~ —_—
MeO a N MeO N shift MeO H
OMe OMe OMe
2.52 2.54
- - ™S

@- ™S

o) Ng 256 o b
1. Diels-Alder
MeO o 2. Staudinger  MeO a N

Reaction




CHAPTER 2. THE HASUBANAN ALKALOIDS 36

2.2.3.b Synthesis of Diels-Alder addad7

The synthesis of the key Diels-Alder add@di7 began with the preparation of 5-
(2-azidoethyl)-1,2,3-trimethoxybenzen2.589 which was available in three steps from
commercial reagents. Subsequent oxidatior2.68 with hydrogen peroxide in formic
acid afforded quinon2.55in a 48 % yield (Scheme 2.14). The regio- andestszlective
Diels—Alder reaction oR.55 with 5-trimethylsilylcyclopentadiene2(56 was mediated
by the protonated form of the Corey—Bakshi—Shileat@zaborolidin€.59, producing the
endo adduct in 93 % ee. Staudinger reduction of thdsbAéder adduct provided the
imine 2.57.

Scheme 2.14Synthesis of key Diels-Alder adduz7.

HPh

O_\\Ph TMS

Ng Ng N O
1 ©/ Br o
H,0,, HCO,H : ‘
MeO 22 TR L 5 o+ QTMS 2.59 _ -
46% TfOH (20 mol%) ~ MeO
MeO OMe 2. P(CHg)3, Et50,
2.55 2.56

MeO OMe
2.58 OMe 0to24°C 2.57
78%, 93% ee

At this point, alkylation of imine2.57 with the appropriately substituted A-ring
T™™S appendage would provide access to several HB adlsaés well as
set the crucial C14 stereocenter. Howewes,7 needed to first be

Moo =% activated toward addition to the carbon-nitrogeitoond (Figure
e

fg’f e 2.4). This was done by treatment with methyl ttélat — 60 °C.

Figure 2.5.Activated iminium2.60
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The temperature profile of this step was found écchitical; lower temperatures
resulted in incomplete methylation, whereas furtiherming promoted rapid retro-
cycloaddition of the iminium sa.6Q With the optimal activation conditions determined
the syntheses of (—)-hasubanoniBd) (-)-runanineZ.2), (-)-delavayine4.3), and (+)-

periglaucine B could be completed.

2.2.3.c Completion of (-)-hasubanoni2el}, (-)-runanine 2.2), and (-)-delavayine

Scheme 2.15Completion of the synthesis of (-)-hasubanonih#) (

T™S
Br OMe
(6] /\©10Me 0
Li 7 2.61
N* —90°C MeO
Me 62%
Br 1. PhH, 135 °C
0 — 86%
1. TfOH, MeCN 2. Crabtree's cat.
0to24°C TFA, H,, 82%
MeO Rl/I
2. BusSnH, AIBN e OMe
PhH, 90 °C OMe  Meo
3. [RhCI(PPh3);] 2.63
OMe TFA, H,
Hasubanonine (2.1) 61%

The completion of the synthesis of (-)-hasubanonipd) (Scheme 2.15)
commenced with the treatment of the iminium a0 with the acetylide2.61 at — 90
°C, resulting in the formation of the 1,2-additiproduct2.62in 62 % vyield as a single
detectable diastereomer (verified iy NMR analysis). The relative stereochemistry of
the addition produc®.62 was assigned by elaboration to (-)-hasubanorérig &nd X-

ray crystallography of later intermediates. Retyoloaddition of2.62 was achieved, in
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an 86 % vyield by heating in toluene at 135 °C. Cbsetective hydrogenation using
Crabtree’s catalyst furnished the cis alk@@3 A three-step sequence comprising acid-
mediated cyclization, de-bromination, and hydrogiena provided synthetic (-)-
hasubanonine2(1). This synthetic pathway was used to prepare betnunanine 2.3)
and (-)-delavayine with minimal modifications (Soie2.16)

Scheme 2.16Completion of (—)-runanine2(3) and (-)-delavayine2(4).

65%

73%

MeO VS ™S ™S 0
OMe 0 7
MeO \ 1 /@ % v/ 0
0 _— OMe 0 X o
“ L 2s4 267 L "
-————— —_—
-90°C =N -90°C
Me OMe 94% MeO \ 73% MeO Me
OMe Oome Me OMe
2.65 2.60 2.68
1. PhH, 135 °C } 1. PhH, 135 °C
86% — o | o _ 85%
2. Crabtree's cat. ! 2. Crabtree's cat.
TFA, Hy, 62% [ ; \ TFA, Hp, 81%
oo N OMe | MeO N
e e ' e
OMe OMe ' OMe O\/O
2.66 ! 2.69
1. TIOH, MeCN 1. TfOH, MeCN
0024 °C, 0t024°C,
72% 79%
2. [RhCI(PPh3),] 2. [RhCI(PPh3),]
TFA, H, TFA, Hy

OMe

OMe 3 OMe
Runanine (2.2) | Delavayine (2.3)

Again, the key iminium sal2.60 was reacted with the acetylide bearing the

appropriate A-ring substitutions (for (-)-runanire64 and for (-)-delavayine2.67).
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Retro Diels-Alder followed by reduction with Crabé’'s catalyst gave intermedia2$6
and 2.69 Thesecis alkenes were each treated with triflouroaceticdaci MeCN,
followed by reduction to yield the natural produdits 5 steps from the common

intermediate iminium sa.6Q

2.2.3.d Completion of (+)- periglaucine B

(+)-Periglaucine B bears the same A ring substitutas (-)-delavayine and
therefore was directly accessed from the alkene intermediat2.69 (Scheme 2.17)
through a formal olefin hydration/conjugate additsequence.

Scheme 2.17Completion of (+)-periglaucine B

S~
O O

°
o] — O O (¢]

O \ O Co(acac),, O, f OH HCOH o o °)

MeO N o MeO 55% ¢
Ne o  PrOH, 75°C } Moo \/

OMe o/ MeG N~ MeN

2.69 2.70 (+)-periglaucine B (2.71)

After surveying a number of conditions to effedstiransformation, the authors
found that the desired hydration prod@ctO could be formed by heating a mixture of
2.69and cobalt bis(acetylacetonate) in isopropanokueh atmosphere of oxygen. The
diastereoselectivity in the hydration step was12ii: favor of2.7Q Addition of excess
formic acid directly to the reaction mixture promdtcyclization of2.70 providing (+)-
periglaucine BZ.71) in 55 % yield.

These represent the first enantioselective sgethef (—)-hasubanonin2.(), (—

)-runanine 2.2), (-)-delavayine 4.3), and (+)-periglaucine B2(71). The route to each
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target proceeds in ten to twelve steps from comialgrcavailable reagents. Like the
Reisman synthesis this route relies on substratgralofor the formation of the
stereogenic C14 center. Additionally tNemethyl is required for activation of iminium
2.6Q limiting the type oiN-substituted analogs that can be prepared.

The authors expressed interest in studying theogichl activities of these compounds
and recently the results of cytotoxicity studies Homan gastric cancer cells were
published revealing that (-)-hasubanonir2l)( and (-)-runanine 2(2) were sub-
micromolar inhibitors of cancer cell growth.However, to date no studies on the

analgesic properties of the prepared HB alkaloalgetbeen disclosed.

2.3 Biological Implications of Structural Similarities”

The resurgence in interest in the HB alkaloid i¢ aonly based the synthetic
challenges associated with the construction ofHBeskeleton, but is also due to the
structural resemblance to the morphinan alkaldidls.discussed in the previous section,
Schulz and co-workers noted that the natural cordigon of the HB alkaloids is
“enantiomeric” to morphine, and suggested that uheatural enantiomers of the HB
alkaloids might demonstrate analgesic activitpwever, no biological activity studies of
(+)-cepharamine have been reported, nor have aalgesic studies been conducted on
the other more recently, prepared HB alkaloids.tiermore only limited studies on

isolated alkaloids have been conducted.

” This section is part of a NIH R21-R33A1 grant msal, submitted November 2012
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2.3.1 Opioid receptor binding studies

In 2010, Quinn and co-workers reported the firatdgtexamining the affinity of
natural HB alkaloids toward th& opioid receptof’ Out of the limited number of
compounds they investigated, longani@es was found to be the most potent binder to
DOR (IGo = 700 nM). In comparison, sinococulie72 a known “enantiomeric”
morphinan alkaloid, has an 4g€of 37 uM for the same receptor, Figure 2.5. This |
value is in agreement with the previous observatitat the binding affinity of (+)-
morphine is much weaker than the natural enantipf&t* highlighting the specificity of
the opioid receptors, with respect to the spatlatgment of the required functional
groups.

MeO

HO

OMe
Longanine (2.5) Sinococuline (2.72)

Figure 2.6. Structural similarities of longanin€.6) and known morphinan enantiomer
sinococuline 2.72).

2.3.2 Receptor binding analysis

Since all of the tested compounds in Quinn’s stugye isolated from natural
sources, they are of the opposite absolute cordtmgur and therefore conclusions cannot
be drawn about the analgesic properties of éheHB alkaloids from these studies.

Figure 2.6, illustrates support for the hypothdabket entHB alkaloids will bind to the
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opioid receptors. Here we show the energy-minimigedctures of (-)-morphinel ()
(Figure 2.6 (a)), anénthasubanonine (Figure 2.6 (b)). The aromatic A rrigeach
compound is oriented down and tNemethyl group of each (pink bond) to the left. As
can be seen the pharmacophore region of morphloe ffmnds) aligns remarkably well
with the A, B, and D rings oént2.73 (blue bonds). It should also be noted thatNke

methyl groups of each compound are also in a sirggatial arrangement.

rotate 90°
B —— e

y
u rotate 90°
°

Figure 2.7.(a) Energy-minimized structure of (=)-morphirielj. (b) Energy-minimized
structure oenthasubanonine .

)

@
(b)

The largest difference between the two structuneBigure 2.6 is found in the
position of the C rings (red bonds). Upon rotatthg two structures 90° so they are
viewed down the edge of the A ring, it becomesrdieat the C ring oénthasubanonine
is oriented at about a 60° angle relative to then@ of morphine. Previous studies on

morphine derives showed that modifications to then@ are generally well tolerated and
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that these modifications can give rise to the rearepelectivity often observed with
synthetic derivative’>™% This large change in C ring orientation observethwent
hasubanonine could give rise to receptor selegtote to new interactions that are not
possible with morphine-derived ligands.

We are particularly interested in developing sékectligands for DOR, as
antagonists of DOR have been indicated as promiiegapies for neuropathic pain
without the adverse side effects associated withRM®OWith the recent disclosures of
opioid receptor crystal structures we are now ablperform docking studies to better

predict binding interactions that will lead to seieity.

Figure 2.8. Crystal structure of DOR with naltrinole bounddapted from PDB file
4EJ4
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Figure 2.7 shows the interactions of the antagorafitinole (grey bounds), with
DOR®! The dashed yellow lines represent the approxim@station of the HB alkaloid
C ring, if enthasubanonine was bound in the DOR. The HB alkalorthg is positioned
closer to TM2 and TM3, whereas, the indole ringhef bound ligand is positioned closer
to TM6 and TM7. Sequence analy&fsof the DOR reveals K108 to be an interesting
target for designing ligands that are selective thus receptor. This residue is an
asparagine in MOR and a valine in KOR. Thus, iteigsonable to propose that an OR
ligand capable of projecting an acidic functionabup toward K108 would be more

selective for binding the DOR.

2.3.3 Closing Remarks

Decades after their discovery, the HB alkaloidsstiteof interest to the synthetic
community. While synthetically challenging, therpary reason for this interest has been
due to the structural similarities to the morphiraedkaloids. There have been numerous
synthetic studies on the HB alkaloids as well asmé disclosures of enantioselective
syntheses but there have been no biological stymigfermed; nor have any unnatural
analogs of the HB alkaloids been prepared anddeste

As discussed in Chapter One, there remains a &gnif need for the
identification of novel and selective opioid reaapigands. With the crystal structures of
each of the opioid receptors finally available, are now poised to develop such novel
ligands and propose that taethasubanan alkaloids and their derivatives wouldlbal

candidates. The remainder of this dissertation e#tuss our strategy for the synthesis
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of HB alkaloid analogs, particularly focusing on rouwefforts toward the

aza[4.4.3]propellane HB core.
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CHAPTER 3

PROGRESS TOWARD
THE HB ALKALOID CORE

3.1 Synthetic Strategy

3.1.1 Retrosynthetic analysis

Our planned route (Scheme 3.1) differs from previ@yntheses in that the
formation of the C12-C13 and C14—N bonds are iategr with the formation of the B
and D rings. This strategy is accomplished throtigh iodine(lll) mediated oxidative
dearomatization of an intermediate suct8as which in turn, arises from a Pd catalyzed
cross coupling of aryl-halidg.3 and appropriate coupling partn8c4. Intermediate3.2
bears both the C rin3(3 and A ring 8.4) moieties of the final product allowing us to
access a majority of the HB alkaloids through tmsimon intermediate

Scheme 3.10xidative dearomatization for the formation of thB core.

%
(RO —_ |
2~ "> H( 9-BBN)
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=
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X=0Me, H
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As discussed in Chapter Two, structural differenbesveen the HB alkaloid family
members are primarily found in the oxygen substing of the aromatic A ring (for
examples see Figure 2.1), while little variatiortws in the C ring. Based on this, we
hypothesized that the same starting material,aatlid or isovanillin, could be used for
all of the HB analogs, whereas the A ring would ednom a benzaldehyd8.6, Scheme
3.2) with varying substitutions.

Scheme 3.2Construction of the common intermedigt&

Z
U — @op—— |
N 2 ">H( 9-BBN RO
(RO), 24 (9-BBN) CHO
3.5
Coupllng
NHPG
NHPG COH
Br(I)
OMe
OMe

PG = protectmg group
X = OMe,

OMe
isovanillin Galllc Acid
PG = protectmg group

X=0OMe, H
3.1.2 Possible dearomatization scenarios
The proposed dearomatization3® could lead to one of two possible scenarios
(Scheme 3.3). The first involves initial attack ttne nitrogen to give fused bicycke6.
The use of hypervalent iodide for the formationGefN bonds has been investigat@d,
11 however, generally these reactions lead the faomabf amine spirocycles, with
limited precedence for the formation of fused bleg¢™? in our case we believe the five

membered fused bicycle. 6, will be preferential to a less stable four mensbdeamine
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112

spriocycle*'? Assuming the desired bicycle is formed, additibrad.ewis acid****°t

0
3.6 would then result in conjugate addition of thectden-rich aryl ring to provid@.1;
similar to the method used by Reisman, except, mieipated being able to perform this
sequence in a single pot without purification ad thcyclic intermediate.

Scheme 3.3Possible scenarios for the dearomatizatio. af

Q]
N attacks
first
=
RO} |
N
NHPG
OMe - >
3.2 aryl attacks

first

PG = protecting group
X = OMe, H
In the other dearomatization scenario, the arylg riserves as the initial
nucleophile leading to the formation of spirocy8l&. Treating3.7 with a Lewis acid
would then promote migration of the arene togetiwéh addition of the proximal
nitrogen. This sequence would also result in tmenédion of tetracycl®.1 While similar
migrations of arene moieties have been reportedctaur in the presence of Brgnsted
acids™® 8 all have resulted in the formation of biaryl proty To the best of our

knowledge, a nucleophile has not been used totlragationic intermediate generated

during the migration. To test the feasibility ofetlproposed regioselective Lewis acid
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promoted aryl migration, we investigated a simpledsl system (Scheme 3.4).
Treating phenoB.8 with 1 equiv. of PIDA, followed by BfOEt smoothly promoted the
desired rearrangement. Importantly the only prodingerved by NMR was the one in
which aryl ring, A, had migrated to the olefin wotlt the methoxy grou@.1Q In this
particular case, aromatization by proton loss was facile to allow the intermediate
carbocation to be trapped by a nucleophile. Fotaipaaromatization is not possible
when the aryl group iB.7 rearranges.

Scheme 3.4Regioselectivity of LA promoted aryl migration.

OH HO

OMe

MeO g
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by NMR
310 7

OMe  bipa
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—_— >
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3.2 Synthesis of dearomatization substrate

Confident in our synthetic strategy we set outdaostruct the intermedia®2 for
our dearomatization studies. The biaBy2 (Scheme 3.1) is composed of the A riBd},
and C ring3.3 connected through an ethane bridge. Initially wappsed the use of a Pd
catalyzed Sonogashira cross coupling reaction tmect3.3 and3.4. Our hope was to
utilize the newly formed alkyne as an additionainpof derivatization. The A ring

moiety was to be accessed from a Corey-Fuchs aléim of a benzaldehyde bearing

™ Dr. Rodolfo Tello-Aburto conducted this experiment
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appropriate substitutions, whereas the C ring wasetderived from either isovanillin or
gallic acid. The synthetic studies began with tbheastruction of aryl halide.3 from

gallic acid.
3.2.1 Construction of C ring moiety from gallic aad

3.2.1.a Demethylation attempts

Control of the regiochemistry during halogenatioaswo be achieved through
selective protection of a singlaetahydroxyl group in gallic acid. The initial strateg
employed to achieve this desymmetrization was thenavdemethylation of the
symmetrically substituted trimethoxy-methyl gall&t&3.12(Scheme 3.5).

Scheme 3.5Selective demethylation of trimethoxy-methyl gadlat12

CO.H NHPG
Br(I)
_—
—_—
—_—
HO OH PGO OMe
OH OMe
Gallic Acid 3.3
PG = protecting group
2804 (cat)
MeOH, refl
e?,ua,;? W CO,Me CO,Me CO,Me
K2003 (4 eqUiV) 2804
Me,SO, (ex), DMF 65 °C
OH 80% Me 91% MeO OMe
OH OMe OH
3.1 3.12 3.13

To accomplish this, gallic acid was transesterifiedive methyl gallate3.11, which was
further treated with an excess of potassium carieoand dimethyl sulfate to give the

trimethylated product3.12 Unfortunately, in our hands, only thpara-demethylated
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product was isolated whe®12 was treated with sulfuric acid, and we were undble

afford the desirethetademethylation, even upon switching to Lewis acids.

3.2.1.b Mono-benzylated substrate

With the lack of success in the demethylation styat our attention turned to the
selective protection of methyl gallate (Scheme .3)rmation of the orthoformate
3.14"° allowed for mono-benzylation of the 5-hydroxyl gpowhich was accomplished
through deprotonation 08.14 with potassium carbonate followed by treatmenthwi
benzyl bromide. Hydrolysis of the orthoformate 3115 gave the mono-benzylated
methyl gallate3.16 Alternately, we found that methyl gallate coukldesymmetrized in
a single pot (Pathway B, Scheme 3.6) via catecbobrimté®* formation followed by
benzylation and hydrolysis (Scheme 3.6, pathwayB®)ng 3.16in a 68 % yield.

Scheme 3.6Desymmetrization of methyl gallate.

CO,Me  Pathway A CO,Me CO,Me
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OH o\< o\<
3.1 3.14 OM 3.15 OMe
CO.Me

then HCI, 68%

Pathway B
1. NaH, DMF, 0 °C, 30 min 2N HCI
2.B(OMe); 0°Ctort, 1 h MeOH
3. BnCl, DMF, rt, overnight, ~ BnO OH quant.
OH
3.16

The selective bromination 08.16 with 1,3-dibromo-5,5-dimethylhydantoin,

DBDMH,'*? gave mono-brominated arer3el7 in an 86 % vyield (Scheme 3.7). The
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regioselectivity of this bromination was verifieds INOE correlations between the
aromatic proton and the benzylic protons of thezlgeether. The hydroxyl groups of

3.17were then dimethylated in the presence of excetsspium carbonate and dimethyl
sulfate to give3.18 It should be noted th& 16 could be methylated prior to bromination,
however it was found that the yields were subsa#lythigher if the bromination was

performed prior to the methylation.

Scheme 3.7Regioselective bromination 8f16

NOE
CO,Me COzMe COzMe
_DBDMH, Br
CHCI3 86%
single isomer ®)<O OH
OH
3. 16 3. 17
COzMe KoCOs, DMF
Mest4, 93%
OMe
3.18

3.2.2 Sonogashira coupling strategy

3.2.2.a Attempted coupling of methyl benzoate dtvier
At this point, we were ready to attempt the propoS®nogashira coupling to

connect the A and C ring fragments. A Corey-Fucleirmtion was performed on
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commercially available 4-methoxybenzaldehyde talpoe the A ring containing alkyne

3.21(Scheme 3.8).

Scheme 3.8Corey-Fuchs olefination of 4-methoxybenzaldehyde.
o Br Br

’ PPh,, CBr,, DCM, n-Buli (2.0 eq)
-78°Ct00°C, 87% H' _78°Cto r, 76%
MeO ' MeO

MeO
3.19 3.20 3.21

Aware of the potential difficulties associated wdkidative addition to electron

rich aryl-halides:?**#*

we were not surprised that our initial conditioted to
dimerization of the alkyne (Table 3.1, entry 1).

Table 3.1.Attempts at Sonogashira Coupling.

OMe
CO,Me O
Br = COzMe/
. Pd(PPh3),Cly,(x mol%) 7
,,,,,,,,,,,,,,,,,,,,,,, -
BnO OMe MeO Cul (2 equiv.), Solvent, A O
OMe

OMe BnO
3.18 3.21 OMe
Entry Catalyst Loading Solvent A, time

1 2 mol % EINH 60 °C, 16 h
2 2 mol % EINH HW, 60 °C, 10 min
3 5 mol % EINH HW, 80 °C, 10 min
4 10 mol % EMNH uW, 80 °C, 20 min
5 2 mol % EiN uW, 80 °C, 10 min
6 5 mol % EiN HW, 100 °C 20 min
7 10 mol % EIN Reflux, 16 h
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However, we were surprised to find that the dest@apling failed regardless of catalyst
loading and the use of pW or prolonged heatfigihe starting materia8.18 and

homodimers of alkyne where the only products isalat

3.2.2.b Attempted coupling of benzylic nitrile aative

The consistent isolation of the starting mate@al,8 confirmed our suspensions
about the difficult nature of oxidative additiortanthis electron rich aromatic ring. We
sought to perturb the electronics, and reduce sainséeric bulk around the Ar—Br bond
by converting the ester into a benzylic nitrilelfme 3.9). A benzylic nitrile was chosen
as it could be readily converted into the ethananpnesent in our dearomatization
precursof3.2

Scheme 3.9Attempted Sonogashira coupling of nitlde24.

OH Br
COzMe
Br  DIBALH, THF Br 1. PPhs; DCM Br
[ >
—78°C to —40 °C, 2.NBS, 62%
BnO OMe 83% BnO OMe BnO OMe

OMe OMe OMe

3.18 3.22 3.23
OMe
N CN KCN, DMSO,
60 ° C, 70%
// Pd(PPhg3),Cl,,(10 mol%) Br
D e A
Cul (2 equiv.),DIPEA, 80 °C
BnO OMe
BnO OMe

=
OMe
OMe
MeO 3.24

3.21

The careful reduction of aryl-bromid®18 afforded the benzylic alcoho8.22

Monitoring of the temperature during this reactas crucial as increased reaction
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temperatures led to dehalogenated products. 4 displacement of the intermediate
benzylic bromide3.23 gave nitrile 3.24 which unfortunately also proved to be
incompatible with Sonogashira coupling.

In additional efforts to increase the efficiencyoxidative addition we exchanged
the Ar-Br for a more labile Ar-I bond. Originally Bormal Finkelstein reaction,
involving bromine-idodine exchange, was proposedctmverting aryl bromid@.18 to
an aryl iodide, however, all attempts were unswsfoén performing this transformation
and instead, silver trifluoroacetate was employeuhs$tall the Ar—I (Scheme 3.10).

Scheme 3.10Preparation of aryl iodid@.26

CO,Me COMe CO.Me CO.Me
K2COs (ex), DMF, __AgO;CF3 0°C 1 I
+
MeZSO4 ex), 93% I, CHCl3
BnO OMe BnO OMe
OMe OMe
3. 16 3.26 3.27

Inseparable mixture

LAH, Ether, CHQOH CH,0H
0°C. 97%

_ AgO,CFy 0°C _

, 12 CHCIs

OMe OMe OMe
3.28 3.29 3.30
1:1

Benzoate3.16 was dimethylated and treated with silver trifluacetate and iodine
in chloroform at 0 °C, giving an inseparable mietaf isomers. Fortunately, introduction
of the Ar—l on the benzylic alcoh@.28 yielded a separable mixture, however, no

selectivity was observed, with a 1:1 mixture ohmess isolated.



CHAPTER 3. PROGRESS TOWARD THE HB CORE 56

We sought to resolve the regioselectivity issueselmploying a bulkier silyl
group on the C3-hydroxyl (Scheme 3.11). Methyl aall was refluxed with
triethylorthoacetaté® and amberlyst 15E in benzene to g&@1in a 76 % vyield. The
free hydroxyl group 0f3.31 was then protected as the TIPS ether; reductiothef
benzoate ester with LAH, followed silver trifluoetate promoted iodination gave
benzylic alcohol3.34 Consecutive & displacements on the benzylic carbon afforded
benzylic nitrile3.35 Disappointingly though3.35 was also inactive toward Pd oxidative
addition.

Scheme 3.11Preparation of aryl iodid8.35

COMe COMe COMe
CH3C(OCH,CHa)g Imid., DMAP
Amberlyst 15, PhH TIPSCI, DCM, 98%
HO OH  Reflux, 76% HO o TIPSO o
o
OH OT/\OEt s SZ“FOEt
3.11 3.31 Me 32 e
LAH
Ether, 0 °C
77%
CN
CH,0H CH,0H
I 1
1. TsCl, NEtg, DMAP, DCM AGO,CFs 0°C
- -
o0 2. KCN, MeCN, uW, 100 °C I, CHCls, 20%
TIPSO X 64%, 2 steps TIPSO S o 2 3 TIPSO 0 0
‘ OEt +OEI HAOEt
335 e 334 333

** The methyl orthoformate derivative was found toumstable to iodination conditions
and premature removal of the group led to substhpdirification issues.
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3.2.3 Construction of C ring moiety from isovanilln

At this juncture, we decided to modify our syntheilan and construct the C ring
from isovanillin. The absence of tloetho-methoxy group was thought to alleviate the
oxidative addition issues associated with the gabicid substrate. Additionally,
isovanillin was substantially easier to manipulay@thetically then gallic acid; being
converted into the desired coupling partner in 8teps (Scheme 3.12).

Again, we aimed to control the regiochemistry af thalogenation by utilizing a
bulky protecting group on the C5 hydroxyl. Therefasovanillin was converted to the
silyl ether,3.36 Bromination was carried out by slow addition obtnine in chloroform
to the substrat8.36 suspended in sat'd. aq. sodium bicarbonate. It feasd that any
build up HBr caused hydrolysis of the TIPS groupjcl led to inseparable mixtures of
mono- and di-brominated products. The regiochemisif this bromination was
confirmed by analysis of the aromatic coupling ¢ants. Reduction d3.37with sodium
borohydride gave benzylic alcoh@.38 which was tosylated prior to uW assisted
cyanide displacement to yield benzylic niti@s9

Scheme 3.12Preparation of C ring from isovanillin.

0 H 9) H (o] H
Imid., DMAP Br,, NaHCO3, ag. Br
TIPSCI, CH.Cl, CHCly
HO 98% TIPSO 93% TIPSO
OMe OMe OMe
isovanillin 3.36 3.37
OH one regioisomer
NaBH,
Br Br MeOH/THF

1. TsCl, DMAP, NEt;, DCM 82%

TIPSO 2. KCN, MeCN, pW,120 °C TIPSO
0,
OMe 63% over 2 steps OMe

3.39 3.38
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With 3.39in hand, the Sonogashira reaction was attemptele(Be 3.13). Yet
again it failed, yielding alkyne dimers and stagtiawryl bromide3.39 However, we did
find that prolonged reaction times, at high tempees, yielded some de-halogenated
material, leading us to believe that oxidative &ddiis possible, albeit sluggish, with the
isovanillin scaffold. Bolstered by these findinge Wwegan to explore other Pd catalyzed
cross couplings that may prove more fruitful thiae proposed Sonogashira coupling.

Scheme 3.13Attempted Sonogashira coupling®f39and3.21

CN :—@ OMe CN

Br 3.21 Br
Pd(PPhy),Cl, (10 mol %)

,,,,,,,,,,,,, VARDDR

TIPSO NEts, Cul, reflux TIPSO
OMe OMe
3.39
CN :—@ OMe CN
Br 3.21 H
Pd(PPh3),Cl, (10 mol %)
————————————— it
TIPSO DIPA, Cul, DMA, reflux TIPSO
OMe OMe
3.39

3.2.4 Suzuki-Miyaura coupling strategy.

3.2.4.a Aryl-Potassium trifluoroborate Suzuki congl

Still weary from our initial foray into Pd catalydeeactions, we looked toward
exploiting a Suzuki-Miyaura cross coupling to aff@.2 Since 1998, there has been a
myriad of studies on development of phosphine ligaand other catalyst systems for
improving oxidative addition in Suzuki couplint§-** Inspired by these studies as well

as Molander's success with alkynyl potassium tifaborates®* we believed that a
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carefully designed Suzuki-Miyaura cross couplingldaafford our desired Sonogashira
adduct.

To this end, alkyn&.21 was smoothly converted to trifluorobor&&0 (Scheme
3.14 (a)) in a two-step process of deprotonatiod @apping with trimethyl borate
followed by exchange with potassium bifluoride. Treerystallized trifluoroborate was
then coupled with aryl-bromid&.39in the presence of Pd(OA¢K3POy, and the bulky
phosphine ligand S-Phos (Scheme 3.14 (b)). To eligid, the Suzuki coupling afforded
a very modest yield of our desired addB@ctl however, further optimization efforts
failed to increase the yields.

Scheme 3.14(a) Conversion of alkyn8.21to potassium trifluoroborat@4Q (b) Suzuki
coupling of3.39and alkynyl trifluoroborat8&.40,

KF4B

(@) A 1. n-BuLi, B(OMe)3 A
2. KHF, aq -
OMe 73%
3.21 3.40 OMe
®) OMe
CN
BFaK CN O
Br = Pd(OAC)5 S-Phos, KsPO,, =
* THF/H,0, reflux, 16 h O

TIPSO MeO 14% TIPSO

OMe

3.39 3.40 O 3.41
PCy2
MeO ! OMe

SPhos

Continuing our misfortune, efforts to reduce thehgic nitrile in 3.4 to a

primary amine were met with substantial decompasitA cursory NMR analysis of the
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decomposition products indicates instability in #ikyne moiety, however a thorough

investigation of these products was not conducted.

3.2.4.b Aryl-sp Suzuki coupling

The instability of3.41was thought to have played a role in our futiker@pts to
optimize the yields of the coupling reaction. Witis in mind we began looking into the
coupling of a completely saturated system, sudih@®ne depicted in Figure 3.1, where

an aryl-sp bond is made and the secondary amine is alreatslled.

NHBoc NHBoc OMe
N
Br + ] s >
NaOH, THF O
PGO MeO PGO

OMe 3.43 OMe
3.42 3.44

Figure 3.1.Proposed aryl-spalkyl Suzuki coupling.

Aryl bromide 3.42 would again come from isovanillin. We envisionegtalling
the secondary amine through a Henry reaction fabbdwy reduction of the nitro olefin
and protection. From our previous work with isoMami it was known that the TIPS
ether was fairly acid labile and it was presumeat t# more robust protecting group
would be needed for the preparation 22 After considerable experimentation we
determined that benzyl protection of isovanillinuie provide the requisite steric bulk
for the regioselective bromination while being rebenough to withstand acidic reaction

conditions.
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Deprotonation of isovanillin with potassium carbtatollowed by the addition of
benzyl bromide yielde®.45 (Scheme 3.15). Bromination &.45 occurred smoothly
giving 3.46 as a single isomer. Henry reaction &#6 with ammonium acetate in
nitromethane provided nitro olefir8.47. Considerable experimentation went into
determining optimal nitro olefin reduction conditea Treatment 08.47 with LAH and
DIBALH afforded a dehalogenated primary amine, whiliBH, failed to completely
reduce the nitro group. Ultimately, it was foundatttzinc/amalgam in acidic ethanol
smoothly reduced the nitro olefin to the primaryimn3.48 in an 85 % vyield. The
primary amine was immediately protected as the 8obamate3.49 Borane3.43 was
prepared from the reaction of 4-methoxystyrene @iBBN dimer'3?

Scheme 3.15Preparation of aryl bromid&49and boran&.43

NO,
o H o H =
Brz, NaHCO3 Br NOQCHS Br
> —_—
CHCl, NH,OAc
BnO 93% BnO 92% BnO
OMe OMe OMe
3.45 NH, 3.46 NHBoc 347
Zn/Hg Br Boc,0, THF Br
. .
EtOH, HCI 96%
85% BnO BnO
OMe OMe
3.48 3.49

9-BBN
THF, rt, 2 h
MeO MeO

3.43
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Although the synthesis of the coupling partners swacessful, the desired Suzuki
coupling was not. Numerous iterations of reactionditions again failed to produce the
desired adduct, a summary of our attempts can tedfin the experimental appendix.
Including converting the borar@43into a potassium trifluoroboratd* Though unlike
our previous endeavors we saw substantial dehadtigenof starting material, indicating
that the oxidative addition to the benzyl proteasaVanillin was more significantly more
facile. Our focus continued on the preparation aia@e stable coupling adduct with the

oxidative addition issues apparently resolved.
3.2.5 Heck coupling strategy

3.2.5.a Initial attempts and optimization

Finding the alkyne containing adduct to be unstadote inability to directly
couple the sh-ethane bridged A ring to our isovanillin scaffolel us to consider a Heck
coupling®® between the previously prepared aryl brom&lé6 and an appropriately

substituted styrene (Figure 3.2) to fo8n2.

O M O~ __H

1
Br X Pd Catalyzed XN

Heck Coupling
BnO = BnO

OMe OMe
3.46 3.50

Figure 3.2.Proposed Heck coupling of styrene &6

A model system was developed for the screeningeattion condition$>%’

where aryl bromid&.46 was dissolved in DMA followed by the addition opalladium
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catalyst, styrene, and base. Three different csttadystems at various loadings were

63

screened: ligand-free Pd(OAcPd(OAc) with a P6-tol);ligand, and PA[PEPPSI] with

sodium formate. We also performed a simple scréérases (Table 3.2). These studies

identified ligand-free Pd(OAg)conditions that afforded the stable coupling ad@.us1

in an impressive, un-optimized 65 % yield. Highlyceuraged by these results we set out

to further optimize the reaction with the styrene.

Table 3.2.Heck reaction conditions.

O~__H
Br N Pd catalyst
* ligand, base
DMA, A
OMe
3.46 i-Pr 3.51
i-Pr ’4\N
s
&pa-ci
N
g
Cl
PA[PEPPSI]

Entry Pd catalyst BaSe Ligand/additive Temp Yield
1 Pd(OAc)? K.CGO;3 none 125 °C 65 %
2 Pd(OAc)® KsPOy none 125 °C 23 %
3 Pd(OAc)® EtsN none 125 °C 10 %
4 Pd(OAc)? EtzN P(-tol)3 (10 mol %) 125 °C 43 %
5 Pd[PEPPSI] EtzN NaCQH (10 mol %) 125 °C 9%
6 Pd[PEPPSI] Et;N NaCQH (10 mol %) 80 °C 0%
7 Pd[PEPPST] EtsN NaCQH (10 mol %) 125 °C 50 %

22 mol % catalyst loading,5 mol % catalyst loading2 equiv of base
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The yields were increased, up to 72 % (Scheme 3wllgn the reaction solvent,
DMA, was dried over mol sieves and rigorously degds Additionally it was found that
higher temperatures (>160 °C) and pW heating lachtiesirable by-products.

Scheme 3.16Further optimization of the Heck coupling.

O~__H ©/\
(2 equiv)

Br  Pd(OAc), (5 mol%)

K5CO3 (2 equiv)
BnO DMA, 125°C,25h BnO
OMe 72%

3.46

Next the optimized conditions were used with elattrich styrenes, similar to
those found in the A ring of the natural produdike reaction proved compatible with
3,4-dimethoxystryene3(54) and 4-methoxysytrene, giving yields from 65 %98&7%.

Scheme 3.170ptimized Heck Couplings with oxygenated styrenes.

MeO

X
(o) H
MeO 354 (2 equiv)
Br Pd(OAc), (5 mol%)
KzCO3 (2 equiv)

BnO DMA, 125 °C, 2.5h

OMe 64%

3.46

X
N el
MeO (2 equiv)

Br  Pd(OAc), (5 mol%)

KoCO3 (2 equiv)
BnO DMA, 125 °C,2.5h BnO

OMe 98% OMe
3.46 3.53

Emboldened by these positive results, we set opetéorm the coupling on the

elusive gallic acid derived substré&e8 The initial attempts of direct coupling between
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4-methoxystyrene and the methyl benzoate substvate unsuccessful yielding only
dehalogenated starting material. Not easily disaged,3.18 was reduced with sodium
diisobutylt-butoxyaluminum hydrid€® to give aldehyde3.55 in a single step. The
aldehyde3.55 was then subjected to the optimized coupling domab. Initially the
reaction was thought to be a failure with a mayooit the aldehyd&.56 remaining after
heating at 125 °C overnight we presumed that theasenhindered substrate was again
plagued with oxidative addition issues. Howevecl@se examination of the crudel
NMR revealed that a small amount 266 was produced. Increased temperatures (150
°C) and longer reaction slightly improved the react It should also be noted that our
attempts to directly couple nitro olefi8.47 or an unprotected phendlo 4-
methoxystyrene were unsuccessful.

Scheme 3.18Heck coupling of gallic acid derived substrat&8

O._ _OMe /©/\ 0. OMe
MeO (2 equiv)

Br

Pd(OAG), (5 mol%) H
7777777777 HKemmmmm
KoCO3 (2 equiv)
Bno OMe " DMA., 150 °C, 16 h  BnO OMe
OMe OMe
3.18
O~__OMe O~ __H @
MeO (2 equiv)
Br NaAIH(OtBu)iBu, Br Pd(OAc)» (5 mol%)
THF, —78 °C K,COj (2 equiv)
BnO OMe 88% BnO OMe DpDMA, 150 °C,16 h BnO
OMe OMe 40%
3.18 3.55

Although the barriers to oxidative addition were completely removed, this was

the first Pd catalyzed reaction to gain accessdallec acid derived coupling adduct. We
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were also pleased to find that these alkene preduete considerably more stable then

their alkyne counterparts finally allowing us taass our dearomatization precursor.

3.2.6 Completion of Dearomatization Precursor

With the A and C rings coupled together we turnedaitention to the installation
of the ethylamine moiety. Henry reaction on theplmg adducts cleanly generated the
nitro olefins3.57, 3.58 and3.59(Scheme 3.19).

Scheme 3.19Nitro olefin formation.

MeN02, NH4OAC

120 °C

OMe

3.57 Ry=H, R,=OMe, 98%
3.58 Ry=H, Rp=H, 97%
3.59 Ry=OMe, Ry=H, 70%

3.2.6.a Global Hydrogenation Strategy

In our previous work, zinc amalgam in acidic etHaaiforded the reduction of
the nitro olefin to the ethylamin8,48 It was anticipated that these conditions woultl no
be suitable for these substrates due to the itisyabi the stilbene in presence of acidic

protons'3

We had also learned from our previous studies titad olefins could be
reduced under acidic Pd catalyzed hydrogenatioditions. This led to the proposal of a
global hydrogenation strategy, where the formatibethylamine coincides with benzyl

ether cleavage and hydrogenation of the stilbene.&lieved this reaction sequence
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would be feasible, if the stilbene were fully hygemated prior to the introduction of
acid.

Our initial studies indicated that the stilbene vialéy hydrogenated within the
first 30 min of reaction time, regardless of solvehoice. Therefore, we devised a
system where after 30 mins of reaction time, HCk vealded to hopefully drive the
reduction of the nitro olefin (Table 3.3).

Table 3.3.Hydrogenation Screening.

NH,

OMe

Hp PA/C (xmol%), O oM

Solvent, time
HO
OMe

Entry Conditions Result
1 Pd/C (10 mol %), HCI, MeOH decomp.
2 Pd/C (10 mol %), HCI, THF decomp.
3 Pd/C (10 mol %), 200 PSI, MeOH/THF R—MO
4 Pd/C (10 mol %), 700 PSI, MeOH/THF R—MO
5 Pd/C (20 mol %), 700 PSI, MeOH/THF R—MO

6 Pd/C (10 mol %), 200 PSI, QiHMe; 18 %

Contrary to our hypothesis, we found the saturhtad/l product to also be acid sensitive

leading to undetermined decomposition productsrigmntl and 2). Because of this acid
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sensitivity we attempted to drive the reduction tbe vinyl nitro by increasing
hydrogenation pressures in a Parr bomb reactor.

Unfortunately reduction of the nitro group was aohieved without some proton
source, even with increasing the pressures up @oP&] (entries 4-5). The addition of a
weak proton source such as trimethyl ammonium aldoafforded the fully reduced
amine and the crude NMR indicated that the conwersias clean, however there were

significant issues with isolation of the amine prodleading us to abandon this route.

3.2.6.b Multi-step strategy

Instead we employed a multi-step strategy, whieeenitro olefin is first reduced
with LAH and protected, followed by hydrogenatidintioe double bond and benzyl ether
(Scheme 3.20).

Scheme 3.20Completion of dearomatiztion precursor.

1. LiAlH4, THF, reflux

2. TsCl or TrocCl, Et3N

OMe

PG OMe 3.60 PG = Ts, 72% (2 steps)
HN ™ O 3.61 PG = Troc, 55% (2 steps)

10 mol% Pd/C
Hy (1 atm)
O THF
HO

OMe

2 PG =Ts, 86%
3 PG = Troc, 43%

3.
3.

[~ X3
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LAH reduction of3.58 in refluxing THF afforded a primary amine, whialas
immediately protected as either: a tosyl-amiBeQ or Troc-carbamate.61 This
protection was critical to the success of the sgbset hydrogenation as unprotected
amines resulted in poor yields presumably due talyst poisoning. Both the Troc-
carbamate and tosylamine substrates were hydragknat give the biaryl coupling
adducts 3.62 and 3.63 The Heck coupling synthetic route yields the ki

dearomatization precursors in 7 steps from isolmarahd 10 steps from gallic acid.

3.3 Dearomatization/Acid Catalyzed Cyclization

3.3.1 Discussion of dearomatization strategy

Finally achieving the synthesis of our precursorwere poised to complete the
HB alkaloid core via a hypervalent iodine(lll) matid oxidative dearomatization. As a
reminder, we proposed two possible scenarios ferdbaromatization: (1) the nitrogen
serves as the nucleophile, leading to a fused hicyttermediate, and (2) where the
aromatic A ring serves as the nucleophile formingpaocycle intermediate (Scheme
3.21). Spirocyclizations such as the one proposeaur second scenario are well
known*® however, the trapping of the rearrangement prodsiainprecedented. The
formation of the fused bicycle in our first scewas also unprecedented in the literature.

Scheme 3.21Possible scenarios for the dearomatizatioB.afrevisited.
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[O]
N attacks
MeO first
7 PR
O NHPG

HO [0]

OMe — The
aryl attacks

first

PG = protecting group first

example of an iodine(lll) mediated C—N bond forrmoatiwas reported in 2002 by
Ciufolini and co-workers (Scheme 3.2%5.In this example, tosyl-amin&.64 forms
spirocycle3.65when treated with PIFA. Other examples of C—N bforching reactions
have been reportéd® but to date all involve the formation of a spiroley The closest
example to our proposal was reported by Quideau amdorkers in 2001 Here
phenol3.66 is treated with PIDA to give the stable ketal intediate3.67, removal of
the nitrogen protecting group with TBAF leads tayoie formation followed by
rearomatization to give phendl68 While PIDA is used to form the ketal intermediate
the authors observed that the C-N bond formatiomltisnately a result of amine

deprotection.
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Scheme 3.22Examples of hypervalent iodine(lll) mediated C—Nhbdormation.

Ciufolini -2002 OH 0
PIFA
NHTs TFE NTs
64 .
Quideau - 2001 3.6 3.65
OMe AcO OMe OMe
OH o) OH
PIDA TBAF
—_— —_—
DCM, —78 °C THF
NH
NHCO,Me NHCO,Me
3.66 3.67 3.68

Both a carbamat8.63 and a tosyl-amin8.62 protected substrate were prepared.
Based on literature report3,62 was expected to be compatible with scenario one. W
hoped in lieu of formation of a hindered 4 membespatocycle the tosyl-amine would

attack at thgpara position to yield the fused bicycle.

3.3.2 Results of dearomatization

3.3.2.a Treatment of tosyl-amiB&2 with hypervalent iodide(lll) reagents

The traditional hypervalent iodide (Ill) reagentDR, as well as, the more
electrophillic p-oxo-bridged diiodide reagent weised in the dearomatization of tosyl-
amine 3.62 (Scheme 3.23). Treatment 8t62 with PIDA provided the stable, fused
bicycle 3.69 confirming that addition of the nitrogen is moeeife than spirocyclization
of the arene. An identical cyclohexadienone wamémt wher3.62was treated with the

diiodide reagent.
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Table 3.4Treatment of tosyl-amin®.62with hypervalent iodide(lll) reagents.

OMe
TsHN O
L . N~ Ts
iodine oxidant ‘
solvent fe) O
OMe OMe
69

HO
OMe
3.62 3.
Ph. .o_ .Ph Ph
AN e
M
F3CAO O’I\CF3 e o g
p-oxo-bridged diiodide PIDA
Entry I(lll) reagent Solvent Temp/Time Conversion by TLC
1 PIDA DCM 0 °C/ 180 min 60 %
2 Diiodide TFE  —40 °C/ 90 min 100 %

3 Diiodide TFE 0°C/30min 100 % (66 % isolatedlgl)

4 Diiodide DCM 0°C/ 30 min 100 % (70 % isolateeIyi)

The diiodide reagent proved to be more effective mbducing the
cyclohexadieneon®.69 showing 100 % conversion at 0 °C in 30 minutegpdivalent
iodide(lll) reagents like the p-oxo-bridged diiodigossess a more ionic character than
PIDA or PIFA. This increase in electrophilicity @ite iodine atom has been shown to
improve the rate of dearomatization though accéterahe initial ligand exchangé® In

addition to our reagent findings, we found thatveat effects do not appear to play an
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important role in this transformation as the higlpotic trifluoroethanol and DCM

provide similar yields and reaction times.

3.3.2.b Treatment of Troc-carbama&&3 with hypervalent iodide(lll) reagents

In stark contrast to tosyl-aming.62 treatment of Troc-carbamaf63 with
diiodide gives the highly colored, unstalblgho-benzoquinon&.71(Scheme 3.24)The
benzoquinone is thought to arise from an interntedtarbocation such &70 where
loss of the methyl is more facile than attach eyriiirogen nucleophile.
Scheme 3.23Treatment of Troc-carbamade63with hypervalent iodide(lll) reagents.

NHTroc, OMe NHTroc OMe
diiodide

CH,Cl, or TFE

O 150 30 min ‘
HO B | 0
NHTroc
OMe (0]
3.63 Ar 3.71
©)
o
OMe Nuc
— 3.70 =
NHB i
0C
/©/\/ PIFA O/go
HO DCM, 0 °C o
3.72 3.73

The reluctance of the carbamate to serve as aonplile was also observed in
related studies, were the oxygen of the carba®a2was found to cyclize in place of
the nitrogen to form a six membered spiroc\&IE3 Interestingly, a similar methyl ether

cleavage occurs when the gallic acid derived tasyire is treated with diiodide



CHAPTER 3. PROGRESS TOWARD THE HB CORE 74

(Scheme 3.25). Unfortunately, the formation of ble®mzoquinone was persistent in both
substrates even with varying the solvent and tipehsalent iodide(lll) reagent.

Scheme 3.24Dearomatization of gallic acid substr&&9

OMe NHTs OMe
1. LiAIH 4, THF, reflux g
2. TsCl, NaHCOj3; (aqg), DCM
50% over two steps
O,
3. Pd/C (10 mol%), H, (atm), HO OMe

THF, 40%
OMe OMe

‘ diiodide
o OMe CHJCI, or TFE

15 t0 30 min

3.3.3 Acid catalyzed conjugate addition

Since the dearomatization cleanly converted tosyha 3.62to the bicycle3.69
we were able to attempt the final acid catalyzedjugate addition. The structure of our
fused bicyclic3.69 bears a striking resemblance to the dihydroind®lprepared in the
Reisman synthesis of (-)-demethoxyrunanine (Schér®). Given these structural
similarities we presumed that the treatmenB@&9 with excess TfOH would afford the
acid catalyzed conjugate addition. The reaction wasied out in a single pot without
purification of the fused bicycle, after the treatrh of 3.62 with diiodide, TfOH was
added (Scheme 3.26) and the reaction was then imteBdquenched. This sequence of

events provided interesting results. Analysis & ¢thude'H NMR clearly indicated the
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presence of a tetracyclic product, however, th@meared to be an additional product.
This was also visible as two distinct spots on TLC.

Scheme 3.25Acid catalyzed conjugate addition.

OMe

NHTs O
MeO
diiodide
CHzclg, rt
—_—

then add
OMe TFOH, 0°C
3.62 46% HO

HO

diiodide
CHzclz, I’t

MeO
: ) TfOH (2 equiv)
N

CH.Cl,, 0 °C
“Is 2 min
10) 38%
OMe
3.69 3.74

Mass spectrometry of the final product relieved kbes of a methyl group from the
tetracycle, presumably through intermedidté4 leading to the formation of isomers
3.75and3.76 Loss of this methyl group is extremely facilecoring instantaneously
upon the addition of Brgnsted acid. Our currentridf are focused on screening Lewis
acids, which will potentially mitigate the consummalemethylation of intermediate
3.74

Although the treatment d8.62 with the p-oxo-bridged diiodide unexpectedly

yielded isomers3.75and3.76 the tetracyclic core of the HB alkaloids was rtbetess
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constructed in 8 steps from commercially availabbgerials, showcasing our convergent

dearomatization strategy.

3.3.4 Future Work

We are currently investigating methods for the ctete methylation of3.76 As
well as, looking into ways to exploit the formatiohtheortho-quinone3.71 Inspired by
Matsumoto and co-workel8! we envision performing the dearomatizatiorBd@3in the
presence of methanol producing the simpitho-quinone acetaB.78 (Scheme 3.27).
Treatment with Lewis acid would then lead to theéjogate addition of the aryl ring
giving intermediate3.79), followed attack of the nucleophillic nitrogen étiminate the
acetal, affording the tetracyclic ca3e80

Scheme 3.26Trapping of theortho-quinone3.71

MeO

3.63 MeO oo
‘ O O A
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e Qe S > 0
weo— -V veo— Il
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3.3.5 Closing Remarks

Many challenges were endured and overcome duri@agptlparation of the HB
alkaloid tetracyclic core. After extensive experntaion, we developed a unique
synthetic route, highlighted by the integratiortted formation of the C12—-C13 and C14—
N bonds with the formation of the B and D rings.

This strategy features an unprecedented iodine(Hgdiated oxidative
dearomatization for the formation of a fused nigmogbicycle. Most importantly, the
simplicity of this route allows for the preparatibath natural and unnatural HB alkaloids
in less than nine steps from commercially availabviaterials, without the use of
expensive or exotic reagents; furthering drug diecp efforts for the treatment of

chronic pain.
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EXPERIMENTAL APPENDIX

Materials and Methods

Unless otherwise stated, reactions were perfornmedflame- or oven-dried
glassware under an argon or nitrogen atmospheng asihydrous solvents. Acetic acid
was distilled from acetic anhydride with GG@r KMnQO,. Acetonitrile, CHCI,, and
toluene were dried by passage through an activakechina column under nitrogen.
Dimethyl sulfoxide (DMSO) was placed over activateldmina overnight, and then
distilled from CaH and stored over 4A molecular sieves. Methanol dréed over 3A
molecular sieves. 1,4-Dioxane and tetrahydrofurdaiHF) were distilled from
sodium/benzophenone. Powdered 4A molecular siewes activated by heating under
vacuum and stored at 90 °C until use. Pd(@A@s purchased from Strem Chemicals.
Unless otherwise stated, reactions were monitorgidguthin-layer chromatography
(TLC) using plates precoated with silica gel XHL W\/254 (250um) and visualized by
UV light or KMnQ,, phosphomolybdic acid, or anisaldehyde staingovia@d by heating.
Silica gel (particle size 32—68n) was used for flash column chromatograptty.and
13C NMR spectra are reported relative to the resigoalent peak§ 7.26 and 77.2 for
'H and **C in CDC}, 6 7.16 ands 128.0 for*H and **C in GiDs, respectively), or
tetramethylsilaned(0.00 for'H) when the residual solvent peak is obscured. Bt
NMR spectra are reported as follows: chemical sfpibm) (multiplicity, coupling

constant (Hz), integration). Multiplicity is dedoeid using the following abbreviations: s
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= singlet, d = doublet, t = triplet, q = quartegpt = heptet, m = multiplet, bs = broad
singlet. IR samples were prepared on NaCl platdgereneat or by evaporation from

CHCI; or CHCls.
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COgMe

HO OH
OH

methyl 3,4,5-trihydroxybenzoate (3.11)

Into a round-bottom flask equipped with a stir tvais placed gallic acid (5.0 g, 0.29 mol),
sulfuric acid (10 mL) and methanol (200 mL). Thask was fitted with a reflux
condenser and slowly warmed to reflux. After reflux overnight, the reaction was
cooled to room temperature and concentrated byyr@eaporation. The crude product
was recrystallized from ethanol and water (90:1®)afford a transparent crystalline
product (5.41 g, quant.). Identity was verified dpmparison ofH NMR spectrum with

literature data

! Alam, A.; Takaguchi, Y.; Ito, H.; Yoshida, T.; Tsoi, S. Multi-functionalization
of gallic acid towards improved synthesisoefandp-DDB. Tetrahedror2005 61,
1909-1918.
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COzMe

MeO OMe
OMe

methyl 3,4,5-trimethoxybenzoate (3.12)

Into a round-bottom flask equipped with a stir bamas placed methyl 3,4,5-
trinydroxybenzoate 3.11) (500 mg, 2.7 mmol), potassium carbonate (1.87 3571
mmol), and DMF (20.0 mL). The flask was stirredr@m temperature for 1 hour. At
this time, dimethylsulfate (3.0 g, 8.10 mmol) wakled to the mixture. After stirring
overnight, the mixture was then quenched wi©OH60 mL) and extracted with EtOAc
(3 x 100 mL). The combined organic extracts weeshed with brine (100 mL), dried
with NaSQO,, filtered, and concentrated. The resulting oilswaurified by flash
chromatography (Si§) 10:1 hexane:EtOAc) to afford a white solid (48&, 80 %).

Identity was verified by comparison 8 NMR spectrum with literature dafa.

Brossi, A.; Guien, H.; Rachlin, A. I.; Teitel, Selective Demethylation of 3,4-
Dimethoxy- Substituted Aromatic Aldehydes and Ket®d. Org. Chem1967,
32, 1269-1270.
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COzMe

MeO OMe
OH

methyl 4-hydroxy-3,5-dimethoxybenzoate (3.13)

Into a round-bottom flask equipped with a stir bams placed methyl 3,4,5-
trimethoxybenzoaté3.12 (400 mg, 1.7 mmol) and sulfuric acid (10 mL). Tiesk was

fitted with a reflux condenser and slowly warmedt °C. After stirring overnight, the
mixture was then cooled to room temperature ancdhched with sated NaHC{(30

mL) and extracted with EtOAc (3 x 100 mL). The conda organic extracts were
washed with brine (100 mL), dried with p&O,, filtered, and concentrated. The
resulting powder was purified by flash chromatogragSiO,, 8:1 hexane:EtOAcC) to
afford an amorphous white solid ( 328.2 mg, 91 igntity was verified by comparison

of *H NMR spectrum with literature dafa.

Prager, R. H.; Tan, Y. T. Selective Demethylatid3,4-Dimethoxybenzaldehyde.
Tetrahedron Lett1967 38, 3661-3664.
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CO,Me

HO fe)

o~

OMe
methyl-7-hydroxy-2-methoxybenzofl][1,3]dioxole-5-carboxylate (3.14)

Into a round-bottom flask equipped with a stir ivas placed methyl gallat8.01) (5.0 g,
0.3 mol), Amberlyst 15E (1.5g, 15 mg/mL), methythmformate (9.54 g, 0.9 mol) and
Benzene (150 mL). The flask was fitted with a nefeondenser and slowly warmed to
reflux. After refluxing for 4 hours, the reactioras/cooled to room temperature, filtered
and concentrated by rotary evaporation. The resgkiracted with EtOAc (3 x 100 mL).
The combined organic extracts were washed witheb(®0 mL), dried with N&O,,
filtered, and concentrated. The resulting powdes wurified by flash chromatography

(SiO,, 6:1 hexane:EtOAC) to afford an amorphous whitelgdb.76 g, 85 %).

'H NMR (300 MHz, CDC}) § 7.45 (d, 1HJ= 1.5), 7.21 (d, 1HJ=1.5), 6.95 (s, 1H),

3.89 (s, 3H), 3.44 (s, 3H)

¥C NMR (75 MHz, CDC}) & 167.4, 147.9, 139.2, 137.7, 124.9, 121.0, 11408.4,

53.1, 50.9
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CO,Me

BnO fo)

o~

OMe
methyl-7-(benzyloxy)-2-methoxybenza]][1,3]dioxole-5 —carboxylate (3.15)

Into a round-bottom flask equipped with a stir bas placed methyl benzoatg.14)
(618 mg, 2.73 mmol), potassium carbonate (755.55%f mmol), and DMF (27.3 mL).
The flask was fitted with a reflux condenser aramvy warmed to 60 °C. At this time,
benzyl bromide (0.65 mL, 5.46 mmol) was added drel hixture warmed to 80 °C.
After stirring overnight, the mixture was then aewlto room temperature and quenched
with H,O (30 mL) and extracted with EtOAc (3 x 100 mL).eThombined organic
extracts were washed with brine (100 mL), driechii, SO, filtered, and concentrated.
The resulting oil was purified by flash chromatqgmg (SiQ, 100 % hexane until
removal of benzyl bromide, then 6:1 hexane:EtOAcafford an amorphous white solid

(845.6 mg, 98 %).

'H NMR (300 MHz, CDC4) § 7.44-7.42 (m, 5H), 7.35 (s, 1H), 7.32 (s, 1H)46(8, 1H),

5.22 (s, 1H), 3.88 (s, 3H), 3.40 (s, 3H)

¥C NMR (75 MHz, CDC}) & 147.9, 139.1, 136.8, 134.3, 129.3, 128.9, 12825,0,

120.9, 112.6, 104.2, 72.2, 52.9, 50.8
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COMe

BnO OH
OH

methyl 3-(benzyloxy)-4,5-dihydroxybenzoate (3.16)

Into a round-bottom flask equipped with a stir bars placednethyl-7-(benzyloxy)-2-
methoxybenzocarboxylai@.15)(824.6 mg, 2.60 mmol), hydrochloric acid (2.5 i2NN)
and MeOH (50.0 mL). After stirring at room temperat for 2 hours, the mixture was
guenched with sat’d NaHG@50 mL) concentrated by rotary evaporation. Thslteng
residue was extracted with EtOAc (3 x 100 mL). Toenbined organic extracts were
washed with brine (100 mL), dried with p&O,, filtered, and concentrated. The resulting
residue was purified by flash chromatography ¢SO0 % 1:1 hexane:EtOAc) to afford

an amorphous white solid (684.6 mg, 96 %).

'H NMR (300 MHz, CDC}) § 7.44-7.42 (m, 5H), 7.26 (s, 2H), 7.32 (s, 1H) 953, 1H),

5.33 (s, 1H), 5.12 (s, 2H) 3.88 (s, 3H)

13C NMR (75 MHz, CDC}) & 155.7, 137.6, 134.7, 129.5, 129.4, 128.9, 11108.3,

107.6, 100.9, 72.2, 52.8
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CO,Me
Br

BnO OH
OH

methyl 5-(benzyloxy)-2-bromo-3,4-dihydroxybenzoat¢3.17)

Into a round-bottom flask equipped with a stir ldawd covered with foil was placed
methyl 3-(benzyloxy)-4,5-dihydroxybenzoat(8.16 (684.6 mg, 2.40 mmol), and
chloroform (7.0 mL). At this time, DBDMH (356.8 md,26 mmol) was added to the
mixture After stirring at room temperature overrijgthe mixture was quenched with
sat'd NaSG; (10 mL) extracted with DCM (3 x 10 mL). The cométhorganic extracts
were washed with brine (10 mL), dried with JS&y, filtered, and concentrated. The
resulting residue was purified by flash chromatppgsa (SiQ, 4:1 hexane:EtOAc) to

afford an amorphous white solid (653 mg, 75 %).

'H NMR (300 MHz, CDCY) § 7.44-7.42 (m, 5H), 7.28 (s, 1H), 5.94 (s, 1H)15(8, 1H)

5.14 (s, 2H), 3.88 (s, 3H)

* Alam, A.; Takaguchi, Y.; Ito, H.; Yoshida, T.; Tmoi, S. Multi-functionalization of
gallic acid towards improved synthesiscefand-DDB. Tetrahedron2005 61, 1909—
1918.
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CO,Me
Br

BnO OMe
OMe

methyl 5-(benzyloxy)-2-bromo-3,4-dimethoxybenzoatés.18)

Into a round-bottom flask equipped with a stir bas placednethyl 5-(benzyloxy)-2-
bromo-3,4-dihydroxybenzoate3.(7) (690.1 mg, 1.95 mmol), potassium carbonate
(674.46 mg, 4.88 mmol), and DMF (10.0 mL). Thesllavas stirred at room temperature
for 1 hour. At this time, dimethylsulfate (0.388 m4.095 mmol) was added and the
mixture. After stirring overnight, the mixture wdsen quenched with # (30 mL) and
extracted with EtOAc (3 x 100 mL). The combinedaic extracts were washed with
brine (100 mL), dried with N&Q,, filtered, and concentrated. The resulting oilswa
purified by flash chromatography (Si06:1 hexane:EtOAc) to afford a white solid

(691.3 mg, 93 %).

'H NMR (300 MHz, CDCY) § 7.44-7.42 (m, 5H), 7.24 (s, 1H), 5.06 (s, 1H) 9§, 3H),

3.85 (s, 6H)

¥C NMR (75 MHz, CDC}) & 166.0, 151.2, 146.3, 135.8, 128.4, 127.9, 1272711,

111.7, 109.6, 70.9, 60.9, 60.8, 52.2
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MeO—<: :>—\\ .

Br
1-(2,2-dibromovinyl)-4-methoxybenzene (3.20)

A 1.7 M solution of PPf(21.6 g, 0.8 mol) in dry DCM was added dropwisetd.7 M
solution of CBj (12.1 g, 0.36 mol) in dry DCM at 0 °C, under arogen atmosphere,
over 30 minutes. The reaction was stirred at 0 GC30D min to develop a red slurry,
before adding the 4-methoxybenzaldehyde (2.23 nil8 thmol) dropwise. The reaction
was left stirring at 0 °C for 1 h. The reaction whkited with 100 mL of DCM, which
was followed by addition of 50 mL of petroleum eath@ised to precipitate the
triphenylphopshine oxide. The supernatant liquics wlacanted and then a further 100
mL of DCM as well as 50 mL of petroleum ether waked to the precipitate. This
procedure was repeated once more, before dryingcahgbined supernatant fractions
over NaSQ, filtering, and concentrating them under reducedsgure. The crude
product was then dry loaded onto a silica gel coluend purified by flash
chromatography (Si§) 20:1 hexane:EtOAc) to afford a cream yellow sdi.0 g,

40 %). Identity was verified by comparison'sf NMR spectrum with literature data.

Michaelides, I. N.; Darses, B.; Dixon, D. J. A@dtalyzed Synthesis of
Bicyclo[3.n.1]alkenedione®rg. Lett.2011, 13, 664—667.
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wo—( )=

1-ethynyl-4-methoxybenzene (3.21)

To a 0.07 M solution of the 1-(2,2-dibromovinyl)Methoxybenzené3.20)(2.00 g, 6.85
mmol) in anhydrous THF at —78 °C, under a nitrogémospheren-BulLi (2.4 equiv.)
was added dropwise. The reaction mixture was lgftirgy for 1h at —78 °C before
allowing the flask to warm to room temperature Ioh. The reaction was then cooled
down to 0 °C and D (10 mL) was added in one portion. The reactios then allowed
to reach room temperature over 4 h. The reactiasquenched using sat’'ed NE (aq)
and extracted with EtOAc (3 x 250 mL). The combimeganic extracts were dried over
NaSQy, filtered, and concentrated under reduced presshine crude product was
purified by flash chromatography (Si020:1 hexane:EtOAc) to afford a yellow oil
(688.02 mg, 76 %). Identity was verified by compan of 'H NMR spectrum with

literature data.

Michaelides, I. N.; Darses, B.; Dixon, D. J. A@dtalyzed Synthesis of
Bicyclo[3.n.1]alkenedione®rg. Lett.2011, 13, 664—667.
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CH,OH
Br

BnO OMe
OMe

(5-(benzyloxy)-2-bromo-3,4-dimethoxyphenyl)methand3.22)

To a solution ofmethyl 5-(benzyloxy)-2-bromo-3,4-dimethoxybenzogel 8) (150.0 mg,
0.39 mmol) in anhydrous THF at —78 °C, under aogn atmosphere, DIBALH (117.3
mg, 0.83 mmol) was added dropwise. The reactiorturexwas left stirring for 3h at —
78 °C before allowing the flask to warm to room parature for 1 h. The reaction was
guenched with Rochelle’s salt (10 mL) and waseddifior 1 H. At this time, the reaction
was filtered over celite and concentrated by ro&rgporation. The crude product was
purified by flash chromatography (Si020:1 hexane:EtOAc) to afford a cream solid

(115 mg, 83 %).

'H NMR (300 MHz, CDCY) § 7.44-7.42 (m, 5H), 6.95 (s, 1H), 5.12 (s, 2H) 54§, 2H),

3.90 (s, 6H)

¥C NMR (75 MHz, CDC}) & 151.8, 150.7, 142.6, 136.3, 135.1, 128.4, 12726, 1],

109.2, 108.4, 70.8, 64.7, 60.9, 60.8
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CHQBT
Br

BnO OMe
OMe

1-(benzyloxy)-4-bromo-5-(bromomethyl)-2,3-dimethoxipenzene (3.23)

Into a round-bottom flask equipped with a stir lars placed (5-(benzyloxy)-2-bromo-
3,4-dimethoxyphenyl)methanq(3.22) (115 mg, 0.33 mmol), PRh(128.6 mg, 0.49
mmol), and DCM (7.0 mL). The mixture was stirread@m temperature for 30 min. At
this time,N-bromosuccinimide (87.2 mg, 0.49 mmol) was addéfier stirring overnight,
the reaction was quenched with sat'ed NaHCID mL) and extracted with DCM (3 x 10
mL). The combined organic extracts were washed wiihe (100 mL), dried with
NaSQy, filtered, and concentrated. The resulting oil swaurified by flash
chromatography (Si§ 100 % 20:1 hexane:EtOAc) to afford an yellow @b.1 mg,

62 %).

'H NMR (300 MHz, CDC4) § 7.44-7.42 (m, 5H), 6.88 (s, 1H), 5.12 (s, 2H).74(S, 2H),

3.91 (s, 6H)

¥C NMR (75 MHz, CDC}) & 151.7, 150.5, 146.1, 143.8, 136.0, 131.9, 1282%,9,

127.2,111.5, 70.9, 60.9, 60.8, 33.9
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CH,CN
Br

BnO OMe
OMe

2-(5-(benzyloxy)-2-bromo-3,4-dimethoxyphenyl)acetatrile (3.24)

Into a round-bottom flask equipped with a stir s placed 1-(benzyloxy)-4-bromo-5-
(bromomethyl)-2,3-dimethoxybenzer{d.23) (85.8 mg, 0.206 mmol), KCN (20.1 mg,
0.31 mmol), and DMSO (2.0 mL). The mixture wasrstirat 60 °C for 1 hr. At this time,
the reaction was quenched with@H(10 mL) and extracted with EtOAc (3 x 10 mL). The
combined organic extracts were washed with bri®@ (hL), dried with NgSOy, filtered,
and concentrated. The resulting oil was purifigdlash chromatography (S¥2100 %

20:1 hexane:EtOAc) to afford an yellow oil (52.6,ni@ %).

'H NMR (300 MHz, CDCY) § 7.44-7.42 (m, 5H), 6.95 (s, 1H), 5.12 (s, 2H) 138, 6H),

3.78 (s 2H)

¥C NMR (75 MHz, CDC}) & 151.7, 150.5, 146.1, 143.8, 136.0, 131.9, 1282%,9,

127.2, 111.5, 70.9, 60.9, 60.8, 33.9
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1. H,0, TFA
Ag:0 ——2F"——» AgO,CFs

2. Ether

silver trifluoroacetate

A literature procedure was adaptetio a suspension of 1.45 g. (6.25 mol) of silveidex

in 200 mL of water was added trifluoroacetic acid36 g, 12.5 mol). The resulting
solution was filtered, and evaporated to drynesseunotary evaporation. The dry silver
trifluoroacetate was purified by dissolution in tthyd ether, filtering through activated

carbon, and concentrating. Affording a colorlesst@iline salt (1.18 g, 90 %).

COMe

BnO OMe
OMe

methyl 3-(benzyloxy)-4,5-dimethoxybenzoate (3.25)

Into a round-bottom flask equipped with a stir bas placed methyl 3-(benzyloxy)-4,5-
dihydroxybenzoate3(16) (596.7 mg, 2.17 mmol), potassium carbonate (88837 6.51

mmol), and DMF (10.0 mL). The flask was stirredr@m temperature for 1 hour. At
this time, dimethylsulfate (0.451 mL, 4.77 mmol) svadded and the mixture. After

stirring overnight, the mixture was then quencheith \m,O (30 mL) and extracted with

Janssen, D. E.; Wilson, Cl#odoveratrole Org. Synth1963 4, 547-549.
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EtOAc (3 x 100 mL). The combined organic extragése washed with brine (100 mL),
dried with NaSQ,, filtered, and concentrated. The resulting oilsvpaurified by flash

chromatography (Si§ 15:1 hexane:EtOAc) to afford a white solid (60&d, 93 %).

'H NMR (300 MHz, CDC}) & 7.44-7.42 (m, 5H), 7.38 (d, 1H,= 1.2 Hz), 5.16 (s, 2H),

3.93 (s, 3H), 3.91 (s, 3H), 3.90 (s, 3H)

13C NMR (75 MHz, CDC}) & 152.8, 142.6, 142.5, 136.4, 128.3, 127.8, 12528.8

108.6, 106.8, 70.9, 60.7, 56.0, 51.9
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CH,0H

BnO OMe
OMe

(3-(benzyloxy)-4,5-dimethoxyphenyl)methanol (3.28)

To a solution of methyl 3-(benzyloxy)-4,5-dimethtyepnzoate 3.25 (803.4 mg, 2.65
mmol) in anhydrous diethyl ether (10 mL) at O °@dar a nitrogen atmosphere, LAH
(151.27 mg, 3.98 mmol) was added. The reactionurexivas left stirring for 3 h at 0 °C
before allowing the flask to warm to room temperatfior 1 h. The reaction was
guenched with Feiser method and was stirred for Aththis time, the reaction was
filtered over celite and concentrated by rotary peration. The crude product was
purified by flash chromatography (Si020:1 hexane:EtOAc) to afford a white solid

(705.1 mg, 97 %).

'H NMR (300 MHz, CDC}) § 7.44-7.42 (m, 5H), 6.63 (d, 1d= 1.2 Hz), 6.61 (d, 1H]

= 1.2 Hz), 5.13 (s, 2H), 4.59 (d, 2B1= 4.2 Hz), 3.87 (s, 6H), 3.82 (brs, 1H)

¥C NMR (75 MHz, CDC}) & 153.3, 136.8, 136.2, 128.3, 128.2, 127.9, 12726,0,

105.7, 103.9, 70.7, 65.2, 60.7, 55.9
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CH,OH CH,OH

BnO OMe BnO OMe
OMe OMe

(5-(benzyloxy)-2-iodo-3,4-dimethoxyphenyl)methand3.29), (3.30)

Into a round-bottom flask equipped with a stir aas placed (3-(benzyloxy)-4,5-
dimethoxyphenyl)methanol3(28 (369.3 mg, 1.34 mmol), dry silver trifluoroacetat
(356.8 mg, 1.62 mmol), and DCM (10.0 mL). lodin&{39 mg, 1.41 mmol) was added
portionwise. After iodine addition, the flask wasred at room temperature for 1 h. At
this time the mixture was filtered over celite arwhcentrated. The crude residue was
extracted with DCM (3 x 50 mL). The combined orngaextracts were washed with
brine (50 mL), dried with N&O,, filtered, and concentrated. The resulting oilswa
purified by flash chromatography (SiQ:1 hexane:EtOAc) to afford a white solRlIZ9,

59 %,3.3Q 41 %).

3.29: *H NMR (300 MHz, CDC}) § 7.44-7.42 (m, 5H), 6.98 (s, 1H), 5.13 (s, 2H)14s6

2H), 3.88 (s, 6H)

¥C NMR (75 MHz, CDC}) & 152.9, 141.7, 138.0, 137.3, 136.3, 128.4, 12728,1i,

109.5, 84.8, 70.8, 69.1, 60.9, 60.7

3.30: *H NMR (300 MHz, CDC}) & 7.61 (apt d, 2HJ = 6 Hz) 7.44-7.42 (m, 5H), 5.03

(s, 2H), 4.64(s, 2H), 3.88 (s, 6H)

¥C NMR (75 MHz, CDC}) & 152.8, 143.5, 141.6, 138.1, 136.3, 129.4, 12828, 11,

127.8, 127.1, 109.4, 84.7, 70.8, 69.0, 60.7
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CO.Me
EtO><O g
Me o

OH

methyl 2-ethoxy-7-hydroxy-2-methylbenzafl][1,3]dioxole-5-carboxylate (3.31)

Into a round-bottom flask equipped with a stir bas placed methyl gallat8.@1) (1.78
g, 0.09 mol), Amberlyst 15E (48.3 mg, 15 mg/mL)methyl orthoacetal (4.71 g, 0.3
mol) and Benzene (100 mL). The flask was fittedhvat reflux condenser and slowly
warmed to reflux. After refluxing for 8 h, the reé@n was cooled to room temperature,
filtered and concentrated by rotary evaporatiorme Tesidue extracted with EtOAc (3 x
100 mL). The combined organic extracts were washéd brine (100 mL), dried with
NaSQ,, filtered, and concentrated. The resulting poweexs purified by flash
chromatography (Si§) 15:1 hexane:EtOAc) to afford an amorphous wiolelg 1.86 g,

76 %).

'H NMR (300 MHz, CDCY) § 7.44 (dd, 1H,) = 1.5, 1.5 Hz), 7.12 (dd, 1H,= 1.5, 1.5
Hz), 6.42 (s, 1H), 3.88 (s, 3H), 3.61 (q, 2 7.2, 14.4 Hz), 1.83 (s, 3H), 1.18 (t, 3H5

7.2 Hz)

¥C NMR (75 MHz, CDC}) & 167.8, 148.3, 139.0, 130.1, 124.1, 114.3, 1029,,69.1,

53.1,25.3,15.4
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CO.Me

EtO><O g
Me o
OTIPS

methyl-2-ethoxy-2-methyl-7-((triisopropylsilyl)oxy)benzo(d][1,3]dioxole-5

carboxylate (3.32)
Into a round-bottom flask equipped with a stir vaas placed methyl 2-ethoxy-7-
hydroxy-2-methylbenzaf][1,3]dioxole-5-carboxylate 3.3) (1.84 g, 7.2 mmol),
imidazole (1.96 g, 28.9 mmol), DMAP (44.16 mg, Or86hol) and DCM (24.0 mL). The
mixture was stirred at room temperature for 10 m#t this time, TIPSCI (1.86 mL,
8.67 mmol) was added and the mixture was stirregtroght. After stirring overnight,
the mixture was then quenched withQH(30 mL) and extracted with DCM (3 x 100 mL).
The combined organic extracts were washed witheb(®0 mL), dried with N&SO,,
filtered, and concentrated. The resulting oil wasfied by flash chromatography (S0

then 20:1 hexane:EtOAC) to afford yellow oil (2898 %).

'H NMR (300 MHz, CDC4) § 7.20 (s, 1H), 7.14 (s 1H), 3.86 (s, 3H), 3.5920d,J = 7.2,
12 Hz), 1.79 (s, 3H), 1.26 (t, 3d,= 7.0 Hz), 1.20 (t, 3H) = 7.2 Hz) 1.12 (d, 18 H] =

7.0 Hz)

¥C NMR (75 MHz, CDC}) & 166.3, 147.5, 140.4, 137.9, 128.6, 123.1, 117025,

58.1,51.9,24.4,17.5, 14.6, 12.5
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CH,0OH

EIO><O z
Me o
OTIPS

(2-ethoxy-2-methyl-7-((triisopropylsilyl)oxy)benzofd][1,3]dioxol-5-yl)-
methanol (3.33)

To a solution of methyl 3-(benzyloxy)-4,5-dimethbeynzoate3.25 (7.23 g, 17.6 mmol)
in anhydrous diethyl ether (100 mL) at 0 °C, unaertrogen atmosphere, LAH (1.00 g,
26.4 mmol) was added. The reaction mixture was defting for 4 h at 0 °C before
allowing the flask to warm to room temperature Xdn. The reaction was quenched with
Feiser method and was stirred for 1 h. At this tithe reaction was filtered over celite
and concentrated by rotary evaporation. The crudeyst was purified by flash

chromatography (Si§ 20:1 hexane:EtOAc) to afford a white solid (177 %).

'H NMR (300 MHz, CDC}) § 6.49 (d, 1H,) = 1.5 Hz), 6.47 (d, 1H] = 1.5 Hz), 4.53 (d,
2H,J =6 Hz), 3.61 (q, 2K = 7.0, 14.0 Hz), 1.76 (s, 3H), 1.25 (t, 3Hs 7.0 Hz), 1.19 (t,

3H,J=7.2 Hz) 1.11 (d, 18 Hl = 7.2 Hz)

¥C NMR (75 MHz, CDC}) & 148.7, 139.4, 136.7, 135.1, 128.8, 114.3, 10561,,68.7,

25.3,18.5,15.6,13.4
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CH,OH

EIO><O z
Me o
OTIPS

(2-ethoxy-4-iodo-2-methyl-7-((triisopropylsilyl)oxy)benzo[d][1,3]dioxol-5-
yl)methanol (3.34)

Into a round-bottom flask equipped with a stir beas placed (2-ethoxy-2-methyl-7-
((triisopropylsilyl)oxy)benzafi][1,3]dioxol-5-yl)methanol 8.33 (58.2 mg, 0.15 mmol),
dry silver trifluoroacetate (40.2 mg, 0.18 mmolydaDCM (5.0 mL). lodine (40.5 mg,
0.16 mmol) was added portionwise. After iodine &ddi the flask was stirred at room
temperature for 1 h. At this time the mixture wdkerfed over celite and concentrated.
The crude residue was extracted with DCM (3 x 10Q.mChe combined organic extracts
were washed with brine (50 mL), dried with JS&, filtered, and concentrated. The
resulting oil was purified by flash chromatograg®yO,, 10:1 hexane:EtOAc) to afford a

white solid (15.2 mg, 20 %).

'H NMR (300 MHz, CDC}) § 6.27 (s, 1H), 4.51 (d, 2H,= 6 Hz), 3.61 (g, 2H = 7.0,
14.0 Hz), 1.77 (s, 3H), 1.25 (t, 3B1= 7.0 Hz), 1.22 (t, 3H] = 7.0 Hz) 1.11 (d, 18 H] =

7.0 Hz)

¥C NMR (75 MHz, CDC}) & 148.8, 139.1, 136.7, 135.1, 128.8, 114.3, 10561,,68.8,

25.2,18.5,15.6, 13.4



EXPERIMENTAL APPENDIX 113

CH,CN

Et0><o z
Me o
OTIPS

2-(2-ethoxy-4-iodo-2-methyl-7-((triisopropylsilyl)oaky)benzo[d][1,3]dioxol-5-
yl)acetonitrile (3.35)

Into a round-bottom flask equipped with a stir bas placed 2-(2-ethoxy-2-methyl-7-
((triisopropylsilyl)oxy)benzo[d][1,3]dioxol-5-yl)agtonitrile (23.7 mg, 0.06 mmol), dry
silver trifluoroacetate (14.5 mg, 0.07 mmol), an@ND (2.0 mL). lodine (16.8 mg, 0.07
mmol) was added portionwise. After iodine additicghe flask was stirred at room
temperature for 1 h. At this time the mixture wdkerfed over celite and concentrated.
The crude residue was extracted with DCM (3 x 5.mLhe combined organic extracts
were washed with brine (50 mL), dried with JS&, filtered, and concentrated. The
resulting oil was purified by flash chromatograg®yO,, 10:1 hexane:EtOAc) to afford a

white solid (19.8 mg, 64 %).

'H NMR (300 MHz, CDC}) & 6.15 (s, 1H), 4.33 (s, 2H), 3.88 (q, 24 7.0, 12.0 Hz),

2.05 (s, 3H), 1.21 (t, 3H,= 7.0 Hz), 1.18 (t, 3H) = 7.0 Hz) 1.11 (d, 18 Hl = 7.0 Hz)
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TIPSO
OMe

4-methoxy-3-((triisopropylsilyl)oxy)benzaldehyde (336)

Into a round-bottom flask equipped with a stir bas placed isovanillin (2.27 g, 14.9
mmol), imidazole (4.10 g, 60.0 mmol), DMAP (91.0 ntg75 mmol) and DCM (20.0
mL). The mixture was stirred at room temperatume 0 min. At this time, TIPSCI

(3.83 mL, 17.88 mmol) was added and the mixture staged overnight. After stirring

overnight, the mixture was then quenched wig®H30 mL) and extracted with DCM (3
x 100 mL). The combined organic extracts were washi¢h brine (100 mL), dried with

NaSQO,, filtered, and concentrated. @ The resulting oil swaurified by flash

chromatography (Si§ 20:1 hexane:EtOAc) to afford white solid (4.488,%).

'H NMR (300 MHz, CDC4) § 9.81 (s, 1H), 7.44 (dd 1H,= 2.0, 8.0 Hz), 7.38 (d, 1H,
= 2.0 Hz), 6.95 (d, 1H] = 8.0 Hz), 3.89 (s, 3H), 1.24 (t, 3Bi= 7.0 Hz), 1.10 (d, 18 HJ

=7.0 Hz)

3C NMR (75 MHz, CDC#) § 191.6, 157.2, 146.7, 130.7, 126.8, 119.9, 1162,53.8.5,

13.5
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(0]
TIPSOK)\)J\
H

MeO Br
2-bromo-4-methoxy-5-((triisopropylsilyl)oxy)benzalcehyde (3.37)
Into a round-bottom flask equipped with a stir bamas placed 4-methoxy-3-
((triisopropylsilyl)oxy)benzaldehyde3(36) (2.30 g, 7.46 mmol), sat'ed NaHG@q) (10
mL) and DCM (10.0 mL). The mixture was stirred abm temperature for 10 min. At
this time, Bp (0.497 mL, 9.70 mmol) in DCM (10 mL) was added mse to the
mixture and was stirred overnight. After stirringgeonight, the mixture was then
guenched with 10 % aq B&O; (30 mL) and extracted with DCM (3 x 100 mL). The
combined organic extracts were washed with bril®® L), dried with NaSQ,, filtered,

and concentrated. The resulting oil was purifigdflash chromatography (S020:1

hexane:EtOAc) to afford white solid (2.68 g, 93 %).

'H NMR (300 MHz, CDC4) § 10.14 (s, 1H), 7.41 (s, 1H), 7.02 (s, 1H), 3.88), 1.25

(t, 3H,J=7.0 Hz), 1.09 (d, 18 H} = 7.0 Hz)

¥C NMR (75 MHz, CDC}) 6 191.3, 157.3, 146.1, 127.2, 120.4, 120.3, 1166,32.7,

18.5,13.4
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TIPSO
ey
MeO Br

(2-bromo-4-methoxy-5-((triisopropylsilyl)oxy)pheny)methanol (3.38)

To a solution of 2-bromo-4-methoxy-5-((triisoprogijyl)oxy)benzaldehyde3(37) (1.21

g, 3.1 mmol) in methanol (20 mL) at 0 °C, underiteogen atmosphere, NaBH141.3
mg, 3.73 mmol) was added. The reaction mixture hetisstirring for 4 h at 0 °C before
allowing the flask to warm to room temperature Idn. The reaction was quenched with
10 % ag NaHC®@(10 mL), and was stirred for 1 h. At this timeg tteaction was filtered
over celite and concentrated by rotary evaporafidre crude product was purified by

flash chromatography (Sg4:1 hexane:EtOAc) to afford a white solid (1.1®1 %).

IH NMR (300 MHz, CDCJ) 5 6.98 (apt d, 2HJ = 2.4 Hz)), 4.61 (s, 2H), 3.79 (s, 3H),

1.24 (t, 3HJ = 7.0 Hz), 1.09 (d, 18H} = 7.0 Hz)

TIPSO
MeO Br

2-bromo-4-methoxy-5-((triisopropylsilyl)oxy)benzyl4-methylbenzenesulfonate

To a solution of (2-bromo-4-methoxy-5-((triisopragiiyl)oxy)phenyl)methanol 3.38
(2.10 g, 2.8 mmol), NE{0.597 mL, 4.25 mmol), DMAP (17.2 mg, 0.14 mmol)DEM
(15 mL) at room temperature TsCl (647.4 mg, 3.40aMmwvas added. The reaction
mixture was left stirring overnight. The reactiomsvquenched with # (10 mL), and

extracted with DCM (3 x 10 mL). The combined orga@xtracts were washed with brine
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(2100 mL), dried with Ng5O,, filtered, and concentrated. The resulting oiswaken on

crude.

TIPSO oN

2-(2-bromo-4-methoxy-5-((triisopropylsilyl)oxy)pheryl)acetonitrile (3.39)

Into a pW vial equipped with a stir bar was plac@ebromo-4-methoxy-5-
((triisopropylsilyl)oxy)benzyl 4-methylbenzenesuifite (1.42 g, 2.6 mmol), and KCN
(424.6 mg, 6.52 mmol) in ACN (10 mL). The reactimixture was pW at 100 °C for 30
min. At this time, the reaction transferred intooand bottom flask and concentrated by
rotary evaporation. The residue was extracted @M (3 x 10 mL). The combined
organic extracts were washed with brine (100 mlgedd with NaSQy, filtered, and
concentrated. The crude product was purified bghflahromatography (SiO 4:1

hexane:EtOACc) to afford a yellow solid (652.6 m8,%).

'H NMR (300 MHz, CDCJ) & 6.99 (s, 1H), 6.95 (s, 1H), 4.60 (s, 2H), 3.79%), 1.19

(t, 3H,J = 7.0 Hz), 1.09 (d, 18 H} = 7.0 Hz)

13C NMR (75 MHz, CDC}) & 152.3, 145.8, 129.2, 122.9, 116.7, 115.4, 1161B,.4,

56.3, 46.9, 32.7, 18.5, 13.5

MeO @% BFaK
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trifluoro((4-methoxyphenyl)ethynyl)-| *-borane, potassium salt (3.40)

To a 0.5 M solution of the 1-ethynyl-4-methoxybemzé3.21) (960.2 mg, 7.26 mmol) in
anhydrous THF at —78 °C, under a nitrogen atmogpeBuLi (2.90 mL, 1.0 equiv.)
was added dropwise. The reaction mixture was tefirgy for 1h at —78 °C. At this time,
trimethyl borate (1.21 mL, 10.89 mmol) was added #re mixture was stirred at —78 °C
for an additional 1 h. The reaction was then alldwereach —20 °C and sat’ed aq KHF
(12 mL) was added and the mixture was stirred fdr. JAfter 1 h the reaction was
concentrated and placed on a high vac to removev#ter. The residue was taken up in
acetone and filtered. The filtrate was washed withh acetone and precipitated with
diethyl ether. The white solid was filtered and e with diethyl ether and dried (1.23

g, 70 %). Identity was verified by comparisonsfNMR spectrum with literature dafa.

TIPSO
O CN

MeO
A

l OMe

8 Molander, G.; Katona, B.; Machrouhi, ¥.0rg. Chem2002 67, 8416—-8423.
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2-(4-methoxy-2-((4-methoxyphenyl)ethynyl)-5-((trii®propylsilyl)oxy)phenyl)aceto-
nitrile (3.41)
Into a round-bottom flask equipped with a stir s placed 2-(2-bromo-4-methoxy-5-
((triisopropylsilyl)oxy)phenyl)acetonitrile 3(39 (50.0 mg, 0.125 mmol), tri-potassium
phosphate (106.13 mg, 0.5 mmol), SPhos (10.26 m@250 mmol), trifluoro((4-
methoxyphenyl)ethynyl)-borane, potassium s8l4Q (44.80, 0.18 mmol), Pd(OAg)
(2.84 mg, 0.0125 mmol) and THF (1.0 mL). The flagks fitted with a reflux condenser
and slowly warmed to reflux. After refluxing forhburs, the reaction was cooled to room
temperature, filter through silica and concentrddgdotary evaporation. The resulting oll
was purified by flash chromatography (%iQ0:1 hexane:EtOAc) to afford a white solid

(16.5 mg, 28 %).

'H NMR (300 MHz, CDC4) & 7.33 (d, 2H,J = 2.0, 9.0 Hz), 7.23 (s, 1H), 6.98 (s, 1H),
6.84 (d, 2HJ = 2.0, 9.0 Hz), 3.95 (s, 2H), 3.83 (s, 3H), 3.823d) 1.23 (t, 3H,) = 7.0

Hz), 1.09 (d, 18 HJ = 7.0 Hz)

D

MeO

(4-methoxyphenethyl) 9-borabicyclo[3.3.1]Jnonane (83)
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To a 0.5 M solution of 9-BBN dimer (180.0 mg, O/m4nol), in anhydrous THF, under a
nitrogen atmosphere, 4-methoxystyréh©88.1 mg, 1.47 mmol) was added dropwise. The
reaction was monitored by GC for the disappearasfcd-methoxystyrene. Once the

starting material was consumed the product wastakecrude.

o
BnOﬂ
H
MeO
3-(benzyloxy)-4-methoxybenzaldehyde (3.45)

Into a round-bottom flask equipped with a stir bas placed isovanillin (3.0 g, 19.7
mmol), potassium carbonate (8.17 g, 59.15 mmol},ethanol (50.0 mL). The flask was
fitted with a reflux condenser and slowly warmed@°C. At this time, benzyl bromide
(2.82 mL, 23.64 mmol) was added and the mixturenvear to 75 °C. After refluxing
overnight, the mixture was then cooled to room teraure, filtered, and concentrated by
rotary evaporation. The residue was extracted #withAc (3 x 100 mL). The combined
organic extracts were washed with brine (100 mlgedd with NaSQy, filtered, and
concentrated. The resulting oil was purified bgsH chromatography (Si0100 %
hexane until removal of benzyl bromide, then 5:4ame:EtOAC) to afford an amorphous

white solid (4.50 g, 94 %).

'H NMR (500 MHz, CDCJ) § 9.82 (s, 1H), 7.48 (apt t, 1H,= 3.0 Hz), 7.45 (s, 1H),

7.42-7.32 (m, 5H), 7.01 (d, 1H= 14.0 Hz), 5.19 (s, 2H), 3.96 (s, 3H)
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3C NMR (75 MHz, CDC#) & 191.5, 149.3, 136.9, 136.6, 129.3, 128.8, 12827,6],

111.9,111.4,71.5, 56.9
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(0]
H
MeO Br

5-(benzyloxy)-2-bromo-4-methoxybenzaldehyde (3.46)

Into a round-bottom flask equipped with a stir baas placed 3-(benzyloxy)-4-
methoxybenzaldehyde3.45 (15.9 g, 0.065 mol), sated NaHG(q) (30.0 mL) and
DCM (30.0 mL). The mixture was stirred at room temgture for 10 min. At this time,
Br, (8.4 mL, 0.16 mol) in DCM (20 mL) was added dropavito the mixture and was
stirred overnight. After stirring overnight, thexture was then quenched with 10 % aq
NaSO; (30 mL) and extracted with DCM (3 x 100 mL). Thentbined organic extracts
were washed with brine (100 mL), dried with JS&y, filtered, and concentrated. The
resulting solid was recrystallized from 90: 10 Et©iexanes to afford clear crystalline

solid (19.6 g, 93 %).

'H NMR (500 MHz, CDC}) § 10.15 (s, 1H), 7.47 (s, 1H), 7.42-7.32 (m, SHR77(s,

1H), 5.15 (s, 2H), 3.95 (s, 3H)

13C NMR (75 MHz, CDC}) & 190.6, 155.1, 147.9, 135.8, 128.7, 128.2, 127264,

120.6, 115.7, 112.4, 70.9, 56.5
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BnO . _NO,
(E)-1-(benzyloxy)-4-bromo-2-methoxy-5-(2-nitrovinyl)lenzene (3.47)

Into a round-bottom flask equipped with a stir tnas placed 5-(benzyloxy)-2-bromo-4-
methoxybenzaldehyde3.46 (280.6 mg, 0.873 mmol), nitromethane (5.0 mL) and
ammonium acetate (336.6 mg, 4.36 mmol). The flaak fitted with a reflux condenser
and slowly warmed to 120 °C. After stirring ovelfmigthe reaction was concentrated by
rotary evaporation. The residue was extracted withAc (3 x 10 mL). The combined
organic extracts were washed with brine (10 mL)jedlrwith NaSQy, filtered, and

concentrated. The resulting brown solid was putifiy flash chromatography (SiQL:1

hexane:EtOACc) to afford an amorphous orange s808.6 mg, 94 %).

'H NMR (500 MHz, CDC}) & 8.35 (d, 1H,J = 14.0 Hz), 7.52 (d, 1H] = 14.0 Hz), 7.42-

7.32 (m, 5H), 7.16 (s, 1H), 7.00 (s, 1H), 5.162(d), 3.91 (s, 3H)

3C NMR (75 MHz, CDC}) & 152.2, 149.4, 137.8, 137.1, 135.5, 128.9, 128%,5,

122.4,119.1, 117.9, 110.1, 71.3, 56.4
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BnO NH,
2-(5-(benzyloxy)-2-bromo-4-methoxyphenyl)ethan-1-ame (3.48)

Into a round-bottom flask equipped with a stir bes placed Zinc (0) metal (155.4 mg,
2.37 mmol), 5 % ag HCI (5.0 mL) and Hg@15.5 mg, 0.1 equiv to Zn (0)). The mixture
cooled to 0 °C and stirred for 30 min. At this tiniee 5 % aq HCI was decanted and
replaced with ethanol (10 mL). A solution d&){1-(benzyloxy)-4-bromo-2-methoxy-5-
(2-nitrovinyl)benzene 3.47) ( 34.6 mg, 0.09 mmol) in ethanol (5 mL) was ttesided
along with conc. HCI (2-5 drops). The reaction vetisred allowing warmed to room

temperature overnight. After stirring overnighte tieaction was filtered over celite and

concentrated. The yellow residue was taken on cf28l¢ mg, 85 %).

BnO NHBoc

tert-butyl (5-(benzyloxy)-2-bromo-4-methoxyphenethyl)cebamate (3.49)

Into a round-bottom flask equipped with a stir bas placed 2-(5-(benzyloxy)-2-bromo-
4-methoxyphenyl)ethan-1-amin8d.48 (389.0 mg, 1.51 mmol), Be® (362.5 mg, 1.66
mmol) and THF (10 mL). After stirring overnight, ethreaction was concentrated by

rotary evaporation. The residue was extracted withAc (3 x 10 mL). The combined

organic extracts were washed with brine (10 mL)jedlrwith NaSQy, filtered, and
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concentrated. The resulting brown solid was putifig flash chromatography (Si04:1

hexane:EtOACc) to afford an amorphous white solBR(6 mg, 96 %).

'H NMR (300 MHz, CDC}) § 7.42-7.32 (m, 5H), 7.02 (s, 1H), 6.77 (s, 1H) 956, 2H),
4.20 (g, 1H,J = 3.0, 6.0 Hz), 3.85 (s, 3H), 3.34 (q, 2H; 7.0, 12.0 Hz), 2.81 (t, 2H,=

7 Hz), 1.44 (s, 9H)
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Experimental Table 1.1. Suzuki Coupling Attempts.

R . BnO NHB
BnO NHBoc o Suzuki O *
+
MeO Br
OMe

MeO
3.49

Entry Borane/Boraté Pd catalystbase Ligand

N Pd(dppfCl,

1 @j P(-Bu)s
Meo NaOH
5)  Pd(dppfCl;
2 Qj P-tol)s
MeO NaOH
BF K
3 @j Pd(OAc) SPhos
MeO
KzsPOy
BF K Pd(OACL
4 @j XPhos
MeO K3PO4
BF K Pd(OACL
S @j DavePhos
MeO K3PO4

21.1 equiv, THF/HO (10:1),° 10 mol %, 25 mol %
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General Ligand-Free Heck Coupling Conditions

o

Pd(OACc), (5.0 mol%),
B"OD\)k H KoCO, (3.0 eq), DMA (0.1M) BnO
AN
MeO Br /AO/—R (1.1 eq), 125°C, 2h

MeO

A literature procedure was adaptedryl bromide (110.6 mg, 0.344 mmol),,€0;
(95.0 mg, 0.688 mmol) and Pd(OAqB.8 mg, 0.017 mmol) were combined in a 25 mL
rb flask. The flask was evacuated and then refillésth N, (3x). Dimethylacetamid@
was added followed by the styrene (67.8 mg, 0.4130M The reaction mixture was
then heated to 125 °C. After 2 h the reaction mectuas cooled to rt and quenched with
sat. ag. NHCI (10 mL). The aqueous layer was extracted witQAt (3 x 10 mL) and
the combined organic layers were washed with bradreed (NaSQ), filtered, and
concentrated under reduced pressure. The residie puafied by flash column

chromatography (4:1 hexanes/EtOAc) to afford thepted product in 65-98 % vyield.

Reddy, M. A.; Jain, N.; Yada, D.; Kishore, C.; \gate, J. R.; P. Surendra, R.; Addlagatta, A.;
Kalivendi, S. V; Sreedhar, B. Design and synthesigsveratrol-based nitrovinylstilbenes as
antimitotic agents]. Med. Chem2011 54, 6751-6760.

19 DMA was degassed prior to use via 3 cycles ofzieggump-thawing.
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(E)-5-(benzyloxy)-4-methoxy-2-styrylbenzaldehyde (315
Using general ligand-free Heck coupling conditioasyl bromide 8.46) was converted
into stilbene 3.51 in 72 % yield after flash-column chromatography.024:1

hexanes/EtOAcC).

'H NMR (500 MHz, CDCY) & 10.26 (s, 1H), 7.91 (d, 1H,= 16.0 Hz), 7.55 (d, 2H] =
8.0 Hz), 7.48 (d, 2HJ = 8.0 Hz), 7.43 (d, 1H] = 16.0 Hz), 7.39 (t, 4H] = 7.0 Hz), 7.34

(dd, 2H,J= 7.0, 16 Hz), 7.12 (s, 1H), 6.98 (d, LHs16 Hz), 5.21 (s, 2H), 4.02 (s, 3H)
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(E)-5-(benzyloxy)-2-(3,4-dimethoxystyryl)-4-methoxybezaldehyde (3.52)
Using general ligand-free Heck coupling conditioassyl bromide 8.46 was converted

into stilbene 3.52 in 64 % yield after flash-column chromatography.0(24:1

hexanes/EtOAC).

'H NMR (500 MHz, CDCY) & 10.25 (s, 1H), 7.77 (d, 1H,= 16.0 Hz), 7.47 (d, 2H] =
8.0 Hz), 7.40 (dd, 2H] = 4.0, 8.0 Hz), 7.33 (d, 2H,= 8.0 Hz), 7.09 (d, 3H] = 8.0 Hz),
6.92 (d, 1H,J = 16.0 Hz), 6.88 (d, 1H] = 8.0 Hz), 5.20 (s, 2H), 4.01 (s, 3H), 3.94 (s),3H

3.92 (s, 3H)

¥C NMR (75 MHz, CDC}) & 190.1, 154.3, 149.4, 149.2, 147.8, 136.3, 13638B,1],
129.9, 128.6, 128.1, 127.5, 126.2, 121.7, 120.3,611111.2, 109.1, 109.0, 70.9, 56.1,

55.9, 55.8
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(E)-5-(benzyloxy)-4-methoxy-2-(4-methoxystyryl)benzakehyde (3.53)
Using general ligand-free Heck coupling conditioassyl bromide 8.46 was converted

into stilbene 3.53 in 98 % vyield after flash-column chromatography.0(24:1

hexanes/EtOAC).

'H NMR (500 MHz, CDCJ) § 10.25 (s, 1H), 7.70 (d, 1H,= 16.0 Hz), 7.47 (t, 4H] =
8.0 Hz), 7.42 (d, 1HJ = 16.0 Hz), 7.38 (t, 2H] = 7.0 Hz), 7.33 (d, 1H] = 7.0 Hz), 7.09
(s, 1H), 6.93 (s, 1H), 6.91 (d, 2H,= 4.0 Hz), 5.20 (s, 2H), 4.01 (s, 3H), 3.94 (s),3H

3.92 (s, 3H)

¥C NMR (75 MHz, CDC}) & 190.1, 159.7, 154.3, 147.7, 136.3, 136.2, 1298,7,

128.6, 128.1, 128.0, 127.5, 126.2, 121.4, 114.32,4,108.9, 70.9, 56.1, 55.3

BnO

MeO Br
OMe

5-(benzyloxy)-2-bromo-3,4-dimethoxybenzaldehyde (&5)

Into a round-bottom flask equipped with a stir beas placed sodiuntert-butoxide

(634.6 mg, 6.6 mmol) and THF (10 mL) and the migtuwvas cooled to 0 °C and
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DIBALH (1.17 mL, 6.6 mmol) was added. After stirrat 0 °C for 2 h the mixture was
further cooled to —40 °C and a solution of methybBnzyloxy)-2-bromo-3,4-
dimethoxybenzoate3(18) (1.66 g, 5.5 mmol) in THF (10 mL) was added. A&grring 2

h, the reaction was quenched with 10 % aq HCI (10, mxtracted into EtOAc (3 x 50
mL). The combined extracts were washed with Bri6@ (L), dried with NaSQ,,
filtered and concentrated. The resulting whitedsalas purified by flash chromatography

(SiO,, 4:1 hexane:EtOAC) to afford an amorphous whitelgd.33 g, 88 %).

'H NMR (500 MHz, CDC}) & 10.30 (s, 1H), 7.54 (t, 3H, = 7.0 Hz), 7.47 (d, 2H] =

7.0 Hz), 7.42 (s, 1H), 5.14 (s, 2H), 4.02 (s, 3HDO (s, 3H), 3.95 (s, 3H)
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(E)-5-(benzyloxy)-3,4-dimethoxy-2-(4-methoxystyryl)bezaldehyde (3.56)
Using general ligand-free Heck coupling conditioassyl bromide 8.55 was converted

into stilbene 3.56 in 40 % yield after flash-column chromatography.0(24:1

hexanes/EtOAC).

'H NMR (500 MHz, CDC}) § 10.15 (s, 1H), 7.52 (d, 2H,= 8 Hz), 7.50 (d, 2H] = 7.0
Hz), 7.43 (t, 3H,J) = 7.0 Hz), 7.37 (s, 1H), 7.32 (d, 1Bi= 16 Hz), 6.96 (d, 2H] = 8.0

Hz), 6.63 (d, 1H,] = 16 Hz), 5.21 (s, 2H), 4.03 (s, 3H), 3.91 (s, 33486 (s, 3H)

¥C NMR (75 MHz, CDC}) & 191.0, 159.8, 151.7, 147.5, 137.9, 136.3, 13128,9,

129.7, 128.6, 128.2, 128.1, 127.5, 117.1, 114.2,2(00.8, 61.2, 61.1, 55.4

BnO X _NO,

/
MeO O
OMe

OMe
1-(benzyloxy)-4-(€)-3,4-dimethoxystyryl)-2-methoxy-5-(E)-2-nitrovinyl)benzene
(3.57)

Into a round-bottom flask equipped with a stir bes placed E)-5-(benzyloxy)-2-(3,4-

dimethoxystyryl)-4-methoxybenzaldehyd®.92) (101.5 mg, 0.25 mmol), nitromethane
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(5.0 mL) and ammonium acetate (38.6 mg, 0.50 mnibig. flask was fitted with a reflux
condenser and slowly warmed to 120 °C. After stgriovernight, the reaction was
concentrated by rotary evaporation. The residueexétacted with EtOAc (3 x 10 mL).
The combined organic extracts were washed witheb(® mL), dried with N&5O,,
fillered, and concentrated. The resulting brownidsowas purified by flash
chromatography (Si§ 1:1 hexane:EtOAc) to afford an amorphous orarajiel $300.5

mg, 94 %).

'H NMR (500 MHz, CDC}) § 8.39 (d, 1H,) = 14.0 Hz), 7.46 (d, 2H] = 7.0 Hz), 7.45 (t,
2H, J = 7.0 Hz), 7.36 (d, 2H] = 7.0 Hz), 7.22 (d, 1H] = 16.0 Hz), 7.10 (d, 2H] = 7.0
Hz), 7.08 (s, 1H), 6.98 (s, 1H), 6.89 (d, 1Hs 16 Hz) 6.86 (d, 1H] = 14 Hz), 5.18 (s,

2H), 3.99 (s, 3H), 3.95 (s, 3H), 3.91 (s, 3H)

3C NMR (75 MHz, CDC}) & 153.2, 149.6, 149.1, 147.7, 136.6, 136.2, 13539.8],
133.1, 129.8, 128.6, 128.2, 127.3, 122.3, 120.0,012112.1, 111.1, 109.8, 109.2, 71.2,

56.1, 56.0, 55.9
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BnO \ N02

/
MeO O
OMe

1-(benzyloxy)-2-methoxy-4-(E)-4-methoxystyryl)-5-((E)-2-nitrovinyl)benzene (3.58)
Into a round-bottom flask equipped with a stir baas placed K)-5-(benzyloxy)-3,4-
dimethoxy-2-(4-methoxystyryl)benzaldehyd@ 56 (2.70 g, 7.20 mmol), nitromethane
(50.0 mL) and ammonium acetate (2.59 g, 36.0 mmidig flask was fitted with a reflux
condenser and slowly warmed to 120 °C. After sitgriovernight, the reaction was
concentrated by rotary evaporation. The residueextrsicted with EtOAc (3 x 100 mL).
The combined organic extracts were washed witheb(®0 mL), dried with N&SO;,
filtered, and concentrated. The resulting brownidsolvas purified by flash
chromatography (Si§) 1.1 hexane:EtOAc) to afford an amorphous orarmdie $2.90 g,

97 %).

'H NMR (500 MHz, CDC}) & 8.43 (d, 1H,J = 14.0 Hz), 7.49 (apt t, 4H, = 7.0 Hz),
7.43 (t, 2HJ = 7.0 Hz), 7.38 (d, 2H] = 14.0 Hz), 7.25 (d, 1H = 16.0 Hz), 7.11 (s, 1H),
7.00 (s, 1H), 6.96 (d, 2H,= 8.0 Hz), 6.90 (d, 1H] = 16 Hz) 5.18 (s, 2H), 4.02 (s, 3H),

3.87 (s, 3H)

¥C NMR (75 MHz, CDC}) & 159.9, 153.3, 147.7, 136.7, 136.2, 135.7, 13432.8],

129.4, 128.8, 128.3, 128.1, 127.4, 122.0, 120.4,311111.9, 109.6, 71.2, 56.1, 55.3
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BnO \ N02

=
MeO
OMe
OMe

1-(benzyloxy)-2,3-dimethoxy-4-(€)-4-methoxystyryl)-5-((E)-2-nitrovinyl)benzene
(3.59)
Into a round-bottom flask equipped with a stir baas placed K)-5-(benzyloxy)-3,4-
dimethoxy-2-(4-methoxystyryl)benzaldehyde3.569 (135.3 mg, 0.329 mmol),
nitromethane (10.0 mL) and ammonium acetate (1&85 1.6 mmol). The flask was
fitted with a reflux condenser and slowly warmedL&9 °C. After stirring overnight, the
reaction was concentrated by rotary evaporatiom. rElsidue was extracted with EtOAc
(3 x 10.0 mL). The combined organic extracts weeshed with brine (10.0 mL), dried
with NaSO, filtered, and concentrated. The resulting browndsalas purified by flash
chromatography (Si§ 1:1 hexane:EtOAc) to afford an amorphous orargjiel $125.8

mg, 86 %).

'H NMR (500 MHz, CDC4) & 8.37 (d, 1H, = 14.0 Hz), 7.52-7.48 (m, 5H), 7.46 (d, 2H,
J=7.0 Hz), 7.43 (s, 1H), 7.36 (d, 28i= 14.0 Hz), 7.18 (d, 1H} = 16.0 Hz), 6.92 (d, 2H,

J=7.0 Hz), 6.90 (d, 1H] = 16.0 Hz) 5.19 (s, 2H), 4.01 (s, 3H), 3.89 (s),3486 (s, 3H)
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BnO NHTs
MeO O = O
OMe

(E)-N-(5-(benzyloxy)-4-methoxy-2-(4-methoxystyryl)phendtyl)-4-methylbenzene-

sulfonamide (3.60)
To a solution of 1-(benzyloxy)-2-methoxy-Z&=(4-methoxystyryl)-5-(E)-2-
nitrovinyl)benzene 3.58 (442.5 mg, 1.06 mmol) in anhydrous THF (15.0 mL)Y °C,
under a nitrogen atmosphere, LAH (200.0 mg, 5.3 fhmas added. The reaction flask
was fitted with a reflux condenser and the reactias slowly warmed to reflux. After 4
h the reaction was quenched with Feiser methodaasdstirred for 1 h. At this time, the
reaction was filtered over celite and concentrdbgdrotary evaporation. The crude
product was purified by flash chromatography (£i20:1 hexane:EtOAc) to afford a
white solid which was immediately dissolved in DGBIO mL). To this solution was
added sat'd ag. N&@O; (2 mL) and TsCI (53.5 mg, 0.280 mmol). The reactiwas
stirred overnight at room temperature. After stigrovernight, the reaction was extracted
into DCM (3 x 10 mL). The combined extracts were avashed with Brine (10.0 mL),
dried with NaSQ,, filtered and concentrated. The resulting yell@kdswas purified by
flash chromatography (Sg04:1 hexane:EtOAc) to afford an amorphous yellaAds

(82.0 mg, 72.0 % over 2 steps).

'H NMR (500 MHz, CDC}) & 7.64 (d, 2H,J = 8.0 Hz), 7.45 (dd, 4H] = 4.0, 8.0 Hz),

7.40 (t, 3H,J = 7.0 Hz), 7.36 (d, 1H] = 7.0 Hz), 7.19 (d, 2H] = 8.0 Hz), 7.09 (s, 1H),
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7.06 (d, 1H,J = 16.0 Hz), 6.94 (d, 2Hl = 8.0 Hz), 6.84 (d, 1H] = 16.0 Hz), 6.64 (s, 1H),
5.14 (s, 2H), 4.49 (t, N-H), 3.95 (s, 3H), 3.863), 3.12 (g, 2HJ = 7.0, 14.0 Hz), 2.87

(t, 2H,J = 7.0 Hz), 2.37 (s, 3H)

¥C NMR (75 MHz, CDC}) & 159.3, 148.8, 147.7, 143.3, 136.9, 136.8, 13029,7,
129.6, 128.9, 128.6, 127.8, 127.7, 127.4, 127.6,112115.7, 114.2, 109.3, 71.1, 56.2,

55.4,43.9, 33.3, 21.5

BnO NHTroc
MeO O = O
OMe

2,2,2-trichloroethyl  (E)-(5-(benzyloxy)-4-methoxy-2-(4-methoxystyryl)phertéyl)-

carbamate (3.61)
To a solution of 1-(benzyloxy)-2-methoxy-Z&=(4-methoxystyryl)-5-(E)-2-
nitrovinyl)benzene 3.58 (626.2 mg, 1.50 mmol) in anhydrous THF (25.0 mL)Y °C,
under a nitrogen atmosphere, LAH (569.3 mg, 15.0thmas added. The reaction flask
was fitted with a reflux condenser and the reactias slowly warmed to reflux. After 4
h the reaction was quenched with Feiser methodaasdstirred for 1 h. At this time, the
reaction was filtered over celite and concentravgdrotary evaporation. The crude
product was purified by flash chromatography (5i@20:1 hexane:EtOAc) to afford a
white solid which was immediately dissolved in DGWb6.0 mL). To this solution was

added sat'd ag. N&O; (5.0 mL) and TsCl (210.6 mg, 0.994 mmol). The teacwas
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stirred overnight at room temperature. After stigrovernight, the reaction was extracted
into DCM (3 x 20 mL). The combined extracts were avashed with Brine (20.0 mL),
dried with NaSQ,, filtered and concentrated. The resulting yellmNdswas purified by
flash chromatography (Sg04:1 hexane:EtOAc) to afford an amorphous yellaAds

(312.0 mg, 55.0 % over 2 steps).

'H NMR (500 MHz, CDC4) § 7.49 (d, 2H,J = 8.0 Hz), 7.47 (d, 2H] = 7.0 Hz), 7.40 (t,
3H,J = 7.0 Hz), 7.20 (d, 1H] = 16.0 Hz), 7.16 (s, 1H), 6.94 (d, 28 8.0 Hz), 6.87 (d,
1H,J = 16.0 Hz), 6.72 (s, 1H), 5.17 (s, 2H), 4.63 (4),23.97 (s, 3H), 3.86 (s, 3H), 3.42

(g, 2H,J= 7.0, 14.0 Hz), 2.94 (t, 2H,= 7.0 Hz)

13C NMR (75 MHz, CDC}) & 159.3, 154.5, 148.8, 147.8, 136.9, 130.4, 1298.8,
128.7, 128.6, 128.5, 128.0, 127.9, 127.7, 127.8,312115.9, 114.3, 114.2, 109.3, 99.4,

95.5,77.3,76.3,74.4,71.2,56.2, 55.3, 42.3] 33.
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HO NHTs
MeO O
O OMe
N-(5-hydroxy-4-methoxy-2-(4-methoxyphenethyl)phenetyl)-4-methylbenzene-
sulfonamide (3.62)
To a solution of [E)-N-(5-(benzyloxy)-4-methoxy-2-(4-methoxystyryl)phelmg)-4-
methylbenzene-sulfonamid8.60 (47.0 mg, 0.08 mmol) in anhydrous THF (2.0 mL),
10 % Pd/C (9.10 mg, 0.008 mmol) was added. Thetiozadlask was fitted with a
hydrogen balloon and was stirred at room tempezaBuh. After 8 h the reaction was
filtered over celite and concentrated by rotary peration. The crude product was
purified by flash chromatography (Si025:1 hexane:EtOAc) to afford a brown solid

(31.3 mg, 86 %)

'H NMR (500 MHz, CDC4) § 7.72 (d, 2H,) = 8.0 Hz), 7.27 (d, 1H] = 8.0 Hz), 7.06 (d,
2H,J = 8.0 Hz), 6.85 (d, 2H] = 8.0 Hz), 6.58 (s, 1H), 6.55(s, 1H), 4.53 (br sHY, 3.81
(s, 6H), 3.10 (q, 2H) = 7.0, 14.0 Hz), 2.73 (apt s, 4H), 2.68 (t, 2H 7.0 Hz), 2.42 (s,

3H)

¥C NMR (75 MHz, CDC}) & 157.9, 145.2, 143.7, 143.4, 136.8, 133.5, 13128,7,

129.4,127.9,127.0, 115.2, 113.8, 112.3, 55.%,%83.9, 37.1, 34.1, 31.9, 21.5
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HO ! NHTroc
MeO O
OMe

2,2,2-trichloroethyl-(5-hydroxy-4-methoxy-2-(4-metloxyphenethyl)phenethyl)-

carbamate (3.63)

To a solution of 2,2,2-trichloroethyl EJ-(5-(benzyloxy)-4-methoxy-2-(4-
methoxystyryl)phenethyl)-carbamat®.§1) (288.8 mg, 0.511 mmol) in anhydrous THF
(20.0 mL), 10 % Pd/C (54.2 mg, 0.051 mmol) was ddddne reaction flask was fitted
with a hydrogen balloon and was stirred at roompiemrature 5 h. After 5 h the reaction
was filtered over celite and concentrated by ro&rgporation. The crude product was
purified by flash chromatography (S4015:1 hexane:EtOAc) to afford a white solid

(105.1 mg, 43 %)

'H NMR (500 MHz, CDC4) & 7.10 (d, 2H,) = 8.0 Hz), 6.86 (d, 2H] = 8.0 Hz), 6.73 (s,
1H), 6.61 (s, 1H), 5.56 (br s, N—H), 4.74 (s, 2BI83 (s, 3H), 3.82 (s, 3H), 3.41 (q, 2H,

= 7.0, 14.0 Hz), 2.83 (dd, 4= 7.0 Hz), 2.76 (t, 2H] = 7.0 Hz)
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N~ Ts
A &
OMe OMe

6-methoxy-7a-(4-methoxyphenethyl)-1-tosyl-1,2,3, Agtrahydro-5H-

indol-5-one (3.69)
To a solution of N-(5-hydroxy-4-methoxy-2-(4-methoxyphenethyl)pherybtd-
methylbenzene- sulfonamid&.62 (22.7 mg, 0.05 mmol) in DCM (1.0 mL), p-oxo-
bridged iodide (17.3 mg, 0.03 mmol) was added. fdaetion was stirred for 30 min
before being concentrated by rotary evaporatior. drade product was purified by flash

chromatography (Si§5:1 hexane:EtOAc) to afford a white solid (15.9,mM0 %)

'H NMR (500 MHz, CDC4) § 7.65 (d, 2H,) = 7.0 Hz), 7.26 (d, 1H] = 7.0 Hz), 7.03 (d,
2H, J = 8.0 Hz), 6.83 (d, 2H] = 8.0 Hz), 6.51 (s, 1H), 6.09 (s, 1H), 3.90 (td, Ik 3.0,
7.0 Hz), 3.80 (s, 3H), 3.66 (s, 3H), 3.62 (t, TH57.0 Hz), 2.95 (m, 1H), 2.63 (m, 1H)

2.56 (M, 1H), 2.46 (m, 2H), 2.41 (s, 3H), 2.37 (H)

¥C NMR (75 MHz, CDC}) & 180.1, 161.8, 158.0, 151.4, 143.8, 137.2, 13229,6],

129.1, 126.9, 122.7, 113.9, 112.4, 67.8, 55.3,,42%, 29.4, 28.3, 21.5
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0)

O NHTroc
i @

2,2,2-trichloroethyl-(2-(6-(4-methoxyphenethyl)-3,4dioxocyclohexa-1,5-

OMe

dien-1-yl)ethyl-carbamate (3.71)

To a solution of 2,2,2-trichloroethyl-(5-hydroxymethoxy-2-(4-
methoxyphenethyl)phenethyl)-carbamade6@ (60.0 mg, 0.13 mmol) in TFE (2.0 mL),
p-oxo-bridged iodide (40.9 mg, 0.062 mmol) was adddne reaction was stirred for 30
min before being concentrated by rotary evaporatime crude product was bright

orange and was analyzed immediately without puaiifo.
'H NMR (500 MHz, CDC}) & 7.14 (d, 2H,J = 8.0 Hz), 6.88 (d, 2H] = 8.0 Hz), 6.24 (s,

1H), 6.22 (s, 1H), 5.33 (apt t, N-H), 4.73 (s, 2BiB1 (s, 3H), 3.50 (g, 2H,= 7.0, 14.0

Hz), 2.86 (t, 2H,) =7.0 Hz), 2.74 (t, 2H] =7.0 Hz), 2.67 (t, 2H) =7.0 Hz)
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7-hydroxy-3-methoxy-11-tosyl-9,10-dihydro-8a,4b-(eminoethano)phenanthren-

6(5H)-one (3.75 & 3.76)

To a solution of 6-methoxy-7a-(4-methoxyphenethiytpsyl-1,2,3,7a-tetrahydro-b
indol-5-one 8.69 (11.0 mg, 0.02 mmol) in DCM (0.10 mL), cooled@dC, TfOH (2.1
mg, 0.02 mmol) was added. The reaction was stioed min before being concentrated
by rotary evaporation. The crude product was padifby flash chromatography (SIiO

5:1 hexane:EtOAc) to afford a white solid ( 3.8 18§,%)

'H NMR (500 MHz, CDC}) § 7.84 (dd, 2H,) = 2.0, 8.0 Hz), 7.36 (ddd, 2K = 2.0, 8.0,
8.0 Hz), 6.75 (dd, 3H] = 2.0, 8.0 Hz), 6.72 (d, 1H,= 8.0 Hz), 3.79 (apt d, 1H,= 4.0,
6.0 Hz), 3.23 (d, 1H] = 16.0 Hz), 2.79 (d, 1H] = 16.0 Hz), 2.43 (apt d, 1H,= 4.0, 6.0
Hz), 2.30 (t, 2H,J = 7.0 Hz), 2.20 (m, 1H) 2.07 (dd, 1Bi= 6.0 Hz), 2.00 (m, 1H), 1.52

(m, 1H), 1.40 (dd, 1H = 6.0 Hz) 1.27 (s, 1H)

HRMS (ESI+)m/zcalcd for G4H2sNOsSNa [M + NaJ 462.1351, found 462.133
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