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Abstract

A Chinese plant calledripterygium wilfordii,also known as thi#aundergod vine,
has been used iratlitional Chinese medicine for centuries. Like many plantghiineder
godvine produces several unique natural products with the potential of having biological
activity. While many natural products have been isolated from thig, pl@o of the more
distinctive ones are the tdpoxy diterpenoids triptolide and triptonide (3 Over the
years, these two compounds have been tested for a large variety of biological activities
relevant to many disorders uc h as ¢ anc edisesase, aAd mame mamee r 6 s
However, one of the more interesting biological functions these compounds havashown
their ability to decrease the number of active speeltsin male subjects. This special
activity is not only interesting from a scientific pbof view but also a sal point of view.
The development of a drug with these properties could leaddw anethod omale birth
control which would expand societé s b i r aptionsaetienvingrsanie burdefiom
females. The goals of this projeste to develop a formanantioselective synthesis of
triptonide (SD1) in a cheap and efficient manner, test the synthetic product and compare

it to the natural source, and synthesize derivatives for potential improved drug activity.

Several methodsvere attemptedfor the syntlesis of SD-1. In each casel,3
cyclohexadione was converted to the racemiSpWielandMiescher ketone (WMK). In
some cases, a model substrate (cyclohexanone) was used to develop different
transformations that would later betexson the desired subaste. Each step was optimized
to obtain the best results possible for each reaction. If a reaction yielded no results after

several trials, a new method was developed, all beginning with WMK. Upon completion,



the synthetic SEL would be tested for biologid activity and derivatives would be

developed for potential improved drug activity.
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Chapter 1

Isolation, Syntheses, and Biological Active of Triptonide and Devatives



Natural Products: Definition and role in chemistry

The term naturab r oduct i's generally defined a:
substance produced by a !Ovevtheyearsthis definitions m f o
has become more spic. Organicchemisgd ef i ne it i s as AA purif
isolated from a natar | source that is produced %y pri
This definition is further narrowed by medicinal chemia$ they focus on secondary
metabolites. WHe natural products have been utilized hamerouddifferent purposes,

their main utiliy has been for medicinal @s

Long before the food and drug administration (FDA) was put in place, cultures all
over the worldusenatural products as medicinesrSeveralcountries, the use of natural

products for medicinal use is still their main for

of health cargthis form of health care is known g
traditional medicine. It is the practice
experimentally using crude plant or anima
materials to obtain aesired medical effectThis
practice has led to countless traditional remeg
for numerous illnesses. For example, chamo
tea is commonly consumed to help with stress
reduce anxiety. Milk thistfe(Figure 1) is said to

help with high cholesterol a@ngoldenseal is use(

to alleviatediarrheaWhile most ofthese practiceg Figure 1: Image of a milk thistlé.

were beneficigldue to poor control and regulatigmspurities in the remedies could lead



to long term side effects ateath. To avoid #se issuesa new form of medicinevas

devdoped modern or western medicine.

Modern medicine is the practice of trained health care professimthalisistering
drugs, radiation or surgery to treatiaeaser injury.® The key difference between modern
medicine and traditional medicine is titae materials and substances used in modern
medicine are proven experimemyato have the best effect fohe intendedndividual
disease with minimal side effects. While someigdr in modern medicine are still

dangerous, they are administered becausg dne currently the best available known

option Another key factor is the

OH O
OH —— ©)L°H purity of the drug or materials given.

Aspirin Salicylic acid Most drugs that are given to patients

HO Ph\ H
® O?”}—r

S
’_N\)L different from traditional medicinas

OAc O

contain one active ingredie This is

wI

H
c NMe /=0 they  contain several act
Ho™ HO
Morphine Penicillin compoundssome of which could be
Figure 2. Retrosynthesis adspirin from more harmful than helpful. This ot
salicylic acid, and images of morphine and
penicillin. to say natural products duwot play a

role in modern medicindn fact, many of the drugs taketodaycome from natural sources.
Acetylsalicylic acid (aspirin]Figure 2) is a modfied form of salicylic acid which was
originally isolated fom willow trees. Opium (morphinejFigure 2) is isolated from
different forms of poppy plantsand penicillin (Figure 2) was first isolated rbm
Penicillium; which is a type of fungusNatural poductshave been essential for the

development of chemistry.



The desire to improve the quality of drugsd to find new ones from natural
products has helped shape sections of chemistry. The process of isolating milligram
amounts of materialrém kilograms of crude natural products has improved techniques
used in analytical and biochemistriifferent extration methodsare utilized to help
separate compounds based on their polarity other propertied'hese fractionsan be
divided and further purifiety large gravity columns using large gradients into smaller and
smaller fractions until one pure compousdobtained.New instruments such as high
pressure liquid chromatography (HPLC) and mass spectrometry (MS) weréeenhzerd
techniques were refinei betterseparate natural products and identify them. With the
amountsof biological compounds usually being quite low from natural sources, organic
chemistry could take available starting materials and transtbem into the desired
compound.These sufections of organic chemistry would focus total and semi
synthess of natural products. Medicinal chemsifbcus on the synthesis of biologilal
active natural products. It is in thfgeld of chemistry where not only ernew drugs
synthesized, but alsdeveloped from the natural compoarntd improve biological
function. It is this combined interest that has led to the discovery of thousaddferent
natural products. Witmumerousnatural products tstudy, people tend to focus on one
class or areaf natural products. Herein, | will focus on the natural product triptonide and

closederivatives.



Tripterygium wilfordii Hook F: Chinesetraditional medicine

Tripterygium wilfordii Hook F (TwHF) (Figure 3)°, otherwise known as the

— - -,
o . >

: @
~A
\

o gl '\\ » thundergod vineis a species of plant native to

’ / China. The crude extracts from the roots of the
plant have been used in Chinese traditional
medicine for many years. The extraatsused to
treat severaldiseases like rheumatorthritis,
and psoriasis, among othefs® The TwHF root
extract is one of the most populemedies still
used inChina.The popularity of the plant and its

medicind propertieshavegrownto the pointhat

Figure 3: Image of the uses can purchase a pill form of the extract

Tripterygium wilfordiiHood F.

online. This large growth inutilization and

accessibility does come with a concern. Long term use of the ekéradteerinked to
several serious side effedtscluding immunosuppressiot, gastrointestinal symptoms,
hematologic eventsand cardiovascular everftsHowever, the extracexhibited antk
cancer propertieswhich has producednterest to isolate the active compound or

compounds from the plant.
Triptonide and derivatives: Isolation and purification

Severalcompounds have been isolated from the TwHF rootnboe asunusual
asthe first reported triepoxy diterpenoidsiptonide, triptolide and tripdiolide Eigure 4).

The first isolation was done in 1972 by Kupctedral.and later modified in 1834 The



method ofisolation began with extracting Rg of dry TwHF rootswith 95% etlanol.
Evaporation of the solvent left them with 20®f crude extract. Therude material was

thenpartitionedbetween ethyl acetate and water. After several ethyl acetagctions,

the solvent was removed t(

obtain ~100g of material.

This materialwas dissolved

Triptonide (SD-1) Triptolide Tripdiolide

in chloroform and dry loade . .
y Figure 4 Structuresf isolated ompounds from the

TwHF roottriptonide, triptolide and tripdiolide

onto a silica columnSeveral

columns were performed using a gradient of methanol and chloroform until the pure
products were obtained. Triptonideiptolide, and tripdiolide were all isolated at 20g
(0.001%),21mg (0.001%) and 27 rhg (0.0013%)respectivelyTriptolide ard tripdiolide

both exhibited antileukemic properties at thekagscale, while triptonide showed no
significant antileukemic properties. These discoveries fletagte groups to find ways to

better improve the isolation process of these active compounds.

Several methodbave been testdtiroughout the yearer separating the triepoxy
diterpenes such as HPLC and T,Lidth methods had issues with accurately detengin
the amount of the compads. To perform a quick, cheap and reliable deteatitn ofthe
amount of the active compounds in the TwHF supplements, a new method wakhgsed
analysisis calledmicellar electrokinetic capillary chromatography (MEKC). This process
involvesthe separéion of compounds based on differential partitioning betweenli®sce
andanaqueous buffer. Since the micelles act as the pseudo stationary phase, the surfactant
concentrationis kept above the critical micelle concentration (CMC). Ttashnique

improves on the need to do multiple extremis and columns before



purification/quantification. The optimized conditions for this metimowlved Soxhlet
extraction of the crude roatith ethyl acetate and removal of the solvent. MEKC was run
with 20 mM boric acidand 10 mM borax buffer (pH 8.0) containing 10 mM sodium
dodecylsulfate (SDS) run at 20 kV and%8" While an effective method of separation is
achieved from MEKC, this method is only used on the analytical scale@nchuch

material can be obtained.

Another cheap and less timmensuming methodfor separating bioactive
compounds from the TwHF plant is the use of sglkeed coumt-current chromatography
(HSCCC). This method uses two liquid phases instead of tdredad solidiquid

interaction. Oneof the liquids acts as the stationary phase by immobilizing it through

centrifugal force. Th two

liquids or mixture of

liquids are immiscible with

Triptonide Isoneotriptophenolide Triptophenolide

each otherwhich allows
OMe
0% > the mobile phase to pass

Triptonolide Triptonoterpene methyl ether

through the statiomg

Figure 5: Structuresf isolated compounds form
HSCCCitriptonide, isoneotriptophenolide, hypolide,
triptonolideand triptonoterpene methyl ether. phase solvent  system

liquid. With the use of a two

containing n-hexaneethyl acetatenethanolwater (3:2:3:2, v/viviv) five known
compounds and one unknown compoungtrexseparated from the TwHF plafitThis
method also allows for the separation of theempounds at the preparative sca&00

mg). Triptonide (25 mg), isoneotriptophenolide (7%g), triptophenolide (83 mg),



triptonolide (42 mg), triptonoterpene methgther (37mg) (Figure 5) and an unknown

compound (Ing) were separated from a semi crude mixture (32Q mg)

New separatiortechniques allowed for quicker separation and quantification of
bioactive molecules from the TwHF plantUltra-high-performance liquid

chromatographiguadrupole timef-flight mass spectrometry (UHPLQTOF-MS)

allowed for the
separation and
guantification  of
triptolide, triptonide,
demethylzelastral,

tripterine and

wilforlide A (Figure Demethylzelastral Tripterine Wilforlide A

6) in under five | Figure 6: Structuresf isolated compounds from UHPEC
QTOF-MS triptolide, triptonide, demethylzelastral, tripterin
minutes’  Rapid | and wilforlide A.

resolution liquid chromatography/electrospray ionization tandem mass spectrometry
(RRLC-ESKFMS) has beensedto separate and quantify moldes from theélripterygium
wilfordii and Tripterygium hypoglaucunspecies. From these species, 19 bioactive
compounds including four catechitisreesesquiterpene alkaloids, four diterpenoids, and
eight triterpenoids were determined simultaneously. Qtativte analysisshowed a
difference inthe amounts oeach bioactie compound based on specigéslethods for

liquid chromatography coupled with tinred-flight mass spectrometry (LCOFMS) have
beenusedto determine 11 bioactive molecules found withie tripterygium glycosides

tablets used therapeutically in ChiffaAdditional MEKC methods had beeunsedto



determine seven bioactive molecules in the TwHF pfai. all casestriptonide and

triptolide were detected.

Quality control is an important ogern when it comes to testing traditional
medicines as they may contain harmful chemicalsvHF extracé are commercially
available in two tablet form$IN-TG and HBTG. While standarelectrospray ionization
(ESI) methods were able to detect some bivacioleculesthey could not detect the
terpenoids.Extractive atmospheric pressure photoionization (EAPPI) was reqtored
detect these compoundBy this methodthe preseceof triptonidewas serin both tablets
but triptolide was mainly present ihea HN-TG tablet. The toxicity of these tabletere
testedand the HNTG tablet had more severe toxic effects towards the liver than the HB
TG tablet. This is not surprisings triptolidenas been shown to ase toxicity in the livef!
Even though triptoide and triptolide are similar in structure, the miendifferences

betweeran alcoholnd aketonehasa significanteffect ontoxicity.
Triptolide: Biosynthetic pathway

While isolation from the nataf source is useful for smadicale testing and quil
control of drugs, it imotusually asuitablemethod for producing medications froratual
producs. Elucidation of the biosynthetic pathway would allow for possible metabolic
engineering from the native plantfor a synthetic biological approaéhilt is hypothesized
that triptolide is gnthesized frommiltiradiene(Figure 7), which isderivedfrom (E,E,E)-
geranylgeranyl diphosphate (GGPPigure 7). T. wilfordii suspension cell cultures were
made and hese cultures were shown to produce diteoats, including triptolideover a

3-yearperiod. The cultures were grownaudefined medium in the dark at 25 on a rotary
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Figure 7: Proposed biosynthetic pathway for triptolfde. was also showed

to synthesize diterpenoidslarger quantiesthanalkaloids which isnotseernin the native
plant Feeding the cultures with miltiradiene resulted in an increase of triptolide after five
days compared to the control. This result indidateat miltiradiene is involved in the
biosynthetic pathway of triptolideThe ntroduction of methyljasmonate (a defense

signaling moleculetauseda significant increase of triptolide in the cells, reaching over
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200 pdg. Efforts are currentlpngoing towads figuring out the end biosynthetic pathway
sobioengineeredaell culturescan be developet produce higher quantities of bioactive
diterpenoiddike triptolide. The best way to obtain large quantitiesnatural productss

throughsemisynthetienethodsor total synthesis.

Triptonide: Total syntheses

The first total enantioselective synthesigrgptonidewas reportedh 1980by the
Van Tamelen group® The synthesis begins with tipeeviously reportedonversion of
compoundl to compound over the course of 7 stegSchemel).2* Curtius degradation
of 2 was accomplished igaction withSOCb, thenNaNs and heating in toluene to form

the isocyanateReductionwith LIAIH 4 and heating in addCO;H andformaldehydegave

1) SOCI,, Benzene/DMF

Previously reported 2) NaN3, H,O/Acetone
I
>

3) PhMe, 100 °C
4) LiAlH4, THF, HCO,H
CH,0, 45% (4 steps)

~7 steps

1) LDA, OCH,, THF

1) m-CPBA, CHCI, 2) MeOC(CH;)CH,, AcOH 1) Ac,0, Pyr
A . -
—_— —>
2) 0s0,-NalO,, AcOH OH  3) PhCH,0CH,Li, THF 2) CrO3, py'HCI
dioxanelH,0 4) 1 pH HCI-MeOH 2 90% (2 steps)

Ho'z H
24% (2 steps) o 70% (4 steps) HO™™ CH,och,p),
5

1) 0-CgH,4(NH,),-PhCO,H
oAc  2) NaClO,-HOSO,NH,

3) H,-Pd/C, EtOH
20% (3 steps)

1) CrO;, HOAc:H,0

2) KOH, MeOH:H,0
= 0/

HO (_:HH 19% (2 steps)
20CH,pp,

6

1) NaBH,, EtOH, rt 1) H;0;, KOH, MeOH

»

>
O 2) (NO,),C¢H3CO;H-Na,HPO,

2) NalO4, MeOH, rt 14% (4 steps)

(o)

H

triptonide

Scheme 1vanT a me | e n ynthesis af trigtdnidés
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compound3. Oxidation of the amine with mCPBA and heating allowed for Cope
elimination forming a exocyclic methylene groupatwasoxidativdy cleavedwvith OsQ-
NalOs and AcOH to obtain compourd Compound was synthesized in 4 steps frém
Theketo alcoholwas synthesized beaction of4 with LDA and gaseous formaldehyde.
The newly formegbrimary hydroxyl groupvas proteadwith 2-methoxypropyl etheand
theresultingketone wadreatedwith PhCHOCH®:Li. Deprotection of théydroxyl group
gavecompound5. The phenat hydroxyl of 5 was protectedy acetic anhydride and
pyridine followed by PC@xidation of the primary hyoxyl to obtain6. Dehydration of
the tertiaryhydroxyl of 6 was achieved witlo-CsHs(NH2)2-PhCQH. The aldehyde was
oxidizedto the carboxylic acid using NaCiBHHOSCGNH: followed by hydrogenation of
the benzyloxy grougavecompound?, whichwas oxidizedat the benzylic position using
CrOs-AcOH then saponifed using KOH gave thephenol 8. Reduction of the benzylic
carbonyl grougo the alcohol followed by Nalfoxidation gaved. The enantioselective
total synthesis of triptonide wasompleted with two morexidations While this was the
first enantioselectiviotal synthesisf triptonide anl it started with a cheap natupabduct

it was a long synthesis (~30 stepapresuledin alow overallyield (~0.04% from2). The
starting material contained alhd stereocentershat were needed to control the
stereochemical transformatior@nly the A ringneeded to be synthesized hultaining

therequisitefunctionality on each ring proved to be challenging.

While thework done by Baldwin and eworkers gavehe racemic product, their
synthesis was shorter and improved on later stepgared to the Tamelen syntheSleeir
synthesis can be seenSoheme2.2°> Theybeganwith thealkylation of compound0with

the thermodynamienolate ofl1, followed by lactoe cleavage using MBH to afford



1) NaH, DMF, rt
e— OMe
* 2) Me,NH, rt 2
o OMe  94% (2 st o
b (2 steps) Me,N
o (o)
10 " OH 12
1) CrO;py, DCM, rt 1) TsOH, benzene, reflux
> 2) NaBH, EtOH, rt
2) alumina, EtOAc, rt OMe + oM
83% (2 steps) O o 38)8I;CI3W<:rkup
T o T \OH b (3 steps)
€20 13 €20 14
1) MeONa, MeOH, rt
O 2) CrO,, HOAC:H,0, rt NalO,, 2q. MeOH
—_—_— , aq.
OH

rt., 74%
13% (4 steps)

“ OMe 3) BBr;, DCM, rt
o 4 NaBH, EtOH, 1t A
o 15

1) m-CPBA, DCM, 35 °C
3

2) H,0,, aq. NaOH, MeOH
28% (2 steps)

triptonide

Scheme2 Bal dwi nds syt hesi

13

compound 12.
Oxidation to the
aldehyde usingCo |l | i ndé s
reagentfollowed by an

aldol condensation
formed compounds 13
and 14 in a 1:1 ratio.
This mixture was treated
with acid to convert the

14 to 13 completely.

Reduction of the

aldehyde followed by acidic lactonization ganse © compoundl5. Base catalyzed

isomerizatiorof the alkene, benzylic oxidation usidgnes reagentiemethylation of the

anisolemoiety and reduction of the benzylic ketone using NaRjdve compound6.

Oxidation of16 using NalQ gave theacemicepoxde 9. Subsequent epoxidations using

m-CPBA andhydrogenperoxideproducedthe desired compound triptonide. The work

done by Baldwin and eworkers focused on the synthesis of the A and B rings of

triptonide, which is common for moapproaches to triptonidélthough it wasaracemic

synthesisit was completed in 14 stepdichis one of the shortest routes to datewever,

this was achieved using expensive starting materials, which limits scglabilit

A few years later severalew syntheses for triptonide warported One of tlese

syntheses was achieved by Gareeral?® Their work can be seem iScheme 3. The

synthesis begins with the opet reductive elimination of compouri¥, followed by
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standard acichydrolysisof the ketal to obtain compounti8. In two steps, they took the

newly formed ketond8
and convertedt to the
butenolidel9 using CS,
base and Mel to form §
ketene dithioacetal
intermediate, followed

by epoxide formation

with dimetylsulfonium

/_\

1) Li/NH3, t-BuOH: [o}

1) Li-2,6-DTBP, CS, o

_—
3) LIHMDS, THF, 0 °C

OP(OEt)ZCI Li/EtNH,

2) 3 M HyS0y, 1t
83% (2 steps)

?ﬁﬁ

1) LDA, HMPA, TBSCI

HCI- Me /o (steps

1) m-CPBA, DCM, rt

2) LDA, THF, rt
91% (2 steps)
1) (CH3),NCH(OCH;),
2) m-CPBA, DCM, rt
Me
0.

Mel THF, rt o
2) SCH,(CH3),
aqg. HCI-MeOH

84% (2 steps)

1) Mel, NaH, THF
2) MeLi, MsCl, NEt3

3) Li/NH;, THF
70% (3 steps)

1) SOCI,, py/Et,0, 0 °C
2) KOAc, Me,SO, 70 °C

3) NaOMe, MeOH, rt
74% (3 steps)

‘O

1) CrO3, HOAc:H,0, rt
2) BBr3, DCM, rt

4) 1 M HCI, rt 3) NaBH,, EtOH, rt o
methylide and acid 64% (4 staps)
mediated lactaomation. Nalo, 1) m-CPBA, BGH, 38 °C
aq. MeOH, rt 2 Hzofé;q('st"‘t‘::s')MwH .
Next, compoundl9 was .
triptonide
treated with base and| scheme3 Garvero6s total® s y n

TBSCI to form a silyloxy furan intermediatehich underwent a Dielélder cyclization
and acidmediated aromatization to give the phenol e&terMethylaion of the phenol
was achieved with Mel and Nafhen methylatiorf the estergdehydratiorof the alcohol
with MsCIl and reduction of theropenyl groupwith Li/NHz gave compound?2l
Epoxidation ¢ 21 with mCPBA and base mediated elimination gaveekeyclic alkene
22. Conversion to the allylic alcoh@3 began with chlorinatiorwith SOCl> and was
followed with Sy2 @isplacemenby KOAc and saponification with NaOMé& he allylic
alcohol23 was converted to an allylic amide using dimethylformamide diptetlktal
Basic elimination and acid hydrolysis gave compoRadThe remaining steps have been

previously reported involag the conversion of the aromatic ring intioe tiepoxide
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triptonide. Ths uniqueapproachutilized thesynthess of the A andD rings versus the

normal tactic of synthesizing the and Brings. This is mssibly more challenginghan

other methodasthey had to synthesize the aromaticimy, butit did allow them to start

with 17, whichcan be synthesized in a few steps. Unfortupatieeir overall synthesis was

lengthy with 23 steps, not including the steps eééd synthesizel7.

Another approach to synthesitriptonide wasreportedby Van Tamelenet al?’

The synthesis begins with the methylation of compddsing NaH andVel, followed

by the addition of the benzylic alcohaioiety using n-Buli,

TMEDA, and

paraformaldehydéScheme 4. Benzylic alcohoR6 was converted to a benzylic bromide

1)PBr3 Et,0
1) Mel, NaH, THF
d\ 2) n-BuLi, TMEDA 6:/“\ OMe
OH CH,0, 54% (2 steps) OMe
NaH, THF, 90% (2 steps) 27
0” “OMe

1)Ba(OH)2 H,0:Et,0 LiBr. PBr. collidi o o
iBr, r3 collidine
2) LAH, Et,0 )J\/U\OE‘
2 Me  ZnBr, Et20 70% OMe
92% (2 steps) LiH, DMF, 90%

1) m-CPBA, DCM

—_—
2) LDA, 51% (4 steps)

1)SnCI4 DCM
Me Me
2) MeSO0,Cl, py, DCM
EtO,C

using PBs
then alkylated
using NaH and
the
cyclopropyl

ketoester 27

shown in
Previously reported
oMe  ———> Scheme 4.
(o) N 6 steps (o)
o 24 o Htrip’(onide .
Their next goal
Scheme4vVanTamel ends updated t &t a| wastoremove

the ester grouphroughsaponification with Ba(OH)and thermaldecarboxylationThe

reduction of theresulting ketone to the alcohoWith LAH resulted in alcohol 28.

Conversion to theomoallylicbromide29was accomplise d b y

J u lusimldBy, met ho

PBrs, andcollidine, followed by ZnBs. Reactionof compound?9 with ethyl acetoacetate
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unde basic conditiongavecompoundO0. Cyclization was achieved using Sa@llowed

by dehydrationusing MsCIl and pyridingo give compound31. The synthesis of the
butenolide ring of compour#f was achieved by epoxidation of teocyclicalkene group
using mCPBA and bas&nducedlactonization The remaining 6 steps were previlgus
reported(Schemes3, 4). This uniquebiomimeticsyrthesiswas achieved in less than 20
steps and from a cheap and practical source. They were able to agttie#i B, and C
rings with a 15% yield t@roduceintermediate24. This was an improvement from prior

approaches, buhis method gave the racenuicoduct

Zhouet al.wanted to find an efficient route to synthesize triptonide and triptolide
from accessible starting materidfsThe synthesis begins with the esterification of abietic

acid followed by oxidationto the diol 32 using Sharpless coitins (K20sQy(H20).,

1) Me,S0,, K,C04 1) DMSO, SO5 Py, NEt,

—_—
2) TsOH, PhMe, reflux

2) K,0s0,4H,0, pyr., NMO
85% (2 steps)

(=302Me
Abietic acid 32 33

1) (COCI),, DMF/THF
2) Sodium Pyrithione, DMAP

»

1) Me,S0,, K,CO5
—_—
2) KOH, (HOCH,),
87% (4 steps)

1) O3, MeOH:DCM

_
OMe  2) CS,, Li-BTH, Mel
94% (2 steps)

3) m-CPBA, DCM/benzene, heat
84% (3 steps)

35

1) (CH3)3SI, n-BuLi Previously reported

OMe 2) 2 M HCI:MeOH
76% (2 steps)

triptonide

Scheme5 Zhouodés total Zynthesis of tri

NMO, pyridine, and acetoftd&.O (Scheme % Further oxidationof 32 and acidic
isomerizationand dehydration gave the pherd3 Methylation usingdimethyl sulfate

followed by saponification gaventermediate34. Conversion oB4 to theexocyclicalkene
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35 was accomplished in three steps usioxplyl chloride the sodium salt oiN-
hydroxypyridine2-thioneg and DMAPR, followed by m-CPBA. Ozonolysis formed the
correspondingketone which was converted to the ketene dithioac8GlsingCS, Li-
BTH, and Mel.The ketene dithioacetdb was subgded to (CH)sSI andn-BulLi followed
by acidic ringopening andyclizationto obtainthe known aromatic butenolid&. This
intermediatewas converted to th@atural product triptoniden six addiional steps.This
partial totalsynthesis was completed in 16/17 stapth a 4% yield giving the aromatic
butenolide24. Thissyntheticscheme is one of the shorter proposed metfardsbtaining
the natural product by starting with abietic acithreeout of the four rings are already
establishedn the starting material, which also alreaciyntairs the trans dedalin ring
system. Abieticacid can be purchased for less than $1/g, but this is thei¢atbrade
which is<90% pureAbietic acidof 98% orbetterpurity costcloser to $200/gvhich makes

scalability difficult.

The latest total synthesis of triptonide and triptolide was completed by #tang
al.?® Their first routebegins withthe reaction of5-methoxy1-methyt2-tetralone37 and
(R)-(+)-Uphenylethyamine37in the presence of TsOHhe resulting enaminendergoes
in situreactionwi t h  Na z a r andaéetic acidoraiggeimermediate39 (Scheme
6). Treatmenbf 39 with KOH followed byacidresulted in the desired annulation product
40 andthe enol tautomefl. The mixture wasreatedwith triflic anhydride and pyriding
followed by DIBAL-H reduction to the allylic alcohoM2. Palladiumcatalyzed

carbonylation in the presence of carbon monoxide formed the desired butenolidge ring



18

98% & after

OMe 1) TsOH, PhMe
2) Nazarov's Reagent OH . .
> O@J COLEt crystallization
(o] NH, 3) AcOH:H,0, reflux

3 Oxidation of this
1) KOH, EtOH, reflux O
2) HEl ove 4 “ OMe intermediate at
62% (5 steps) (10:1) o
COEt . COEt,,

the benzylic

1) Py, T,0, DCM 1) CO, Pd(OAc),, NE, O
OMe > OMe ae
2) DIBAL-H, PhMe “ 2) Cr0,, AcOH:H,0 ’o position  gave
87% (2 steps) 11O 61% (2 steps) O o
0~ 4
9

ketone 43,

1) BBr;, DCM .
Previously reported

2) i-PrOH, H,S0, > Wh|Ch was
3) Pd/C, H,, EtOAc: > 0?°
42% (3 steps) o 4 steps ° Y demethyl%d
triptonide
with BBrs to
Scheme6 Zhangos first method .
triptonide?® obtain the

correspondingphenol. FriedelCraftsgave reactiomf the phenoting with isopropanol in
concentrated F5Qs gave alkylaibn ortho to thehydroxyl group Finally, stereoselective
hydrogenation of thenone moietyvas accomplished by Rd reductionto obtain8. This
resulted in a 2:1 mixture dhe cis/trans decalinsthat could not be separated by
chromatographybut the desiredrans dealin could beisolated byrecrystalliation To

improve on this synthesis, t@danggroup tried another synthetic scheme.

The mixture 040 and41 wasreduced using Na/NHn EtO to afford the desired
b-ketoesterd4in 67%yield along with45in 15%yield (Scheme 7. Unsatisfied with this
result, the mixturef 40 and41 was first converted to the silgholether followed by Pd

C catalyzednhydrogenation and TBAF desilylation to obtai. Conversion to the vinyl
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ZH
Co
CO,Et 40 CO,Et 41 O, 4

“ OMe ” OMe NalNH3 Et,0 J:igj\ OMe
G HO —am (4 1) HO
45

1) Et,SiOTf, Pyr

1) KHMDS, PhN(Tf), 1) CO, Pd(OAc),, NEt,

2) H,, PdIC, EtOAc OMe R
o 2 iBAL- " 2) Cr0;, ACOH:H,0
3) TBAF, THF ' Y; 2) DIBAL-H, PhMe s, H,
83% (3 steps) Co 84% (2 steps) 72% (2 steps)
& 44
1) BBrs, DCM

2) i-PrOH, H,S0,
60% (2 steps)

Triptonide

Scheme 7 Z h a n g pastial®tal syathesdis of triptonide.

triflate with PhNTH and KHMDSandthereduction of thestergroupwith DIBAL -H gave
the allylic alcohol46. Next, carbonylationand benzylic oxidationunder the same
conditions as before ga¥y. Demethylation of the anisoleng using BBEg, followed by
FriedelCrafts alkylation produce8, which wasconverted to triptonidan four steps under
previously reported conditionslsing either methagdhey were able to develop a new total
synthesis of triptonide i46/18 stepsWhile this is one othe shortest synthetic lsemes
to date, it suffers from the usage of an expensive starting mg&#jal$1,000/g)which

cancause issues with scalability.
Triptonide and derivatives: Biological activity

While the TwHF plant extractsontinue to be usedsa traditioral medicne, the
focus changed once it was discovered in the early 1970s that triptolide and tripdiolide were
potent antileukemia drug$!* As stated abovethese biological properties sparked an
interestto find ways taisolate the active compounds and evenlsgsitethemthroughcell

cultures andn thelaboratory. Since then, compounds isolated from the TwHF plant such
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as triptonidetriptolide, and other derivativesave been shown to have other biological
activities Herein, Ipresentsomeof the unique bialgical actives these small molecules

have showro possessver the past 50 years.
Triptonide and derivatives: Anticancer properties

Pancreatic cancer is an aggressive and deadly form of camtére development

of drugs to help treat/suppress tumorvgio is needed. Kamiyamet al. did a wide

screening of potential anticancer drugsotal of
3,131 drugs were tested against thdgéerent

pancreatic cancer lines (P&02, Panc486and

Minnelide

Panc410). These tests were run bothitro and

Figure 8: Structureof minnelide. |y vivoon cell wiltures andn mice injected with

the cancer line. Out of these 3,131 drugdy 10 exhibited 75% or greatathibition of

cell growth with only one being an FDA approved drug. Out of these 10 drugs, triptolide
inhibited cell growth of the Panc502 ling B8.1% at 10 pumol/L. It also had the lowers

ICs0 of all the drugs at 7.3, 10.2 and 8.3 nmol/L for Panc3#t486 and Panc410
respectively’® Triptolide suffers from poor water solubility, a narrow therapeutic window

and dosalependent toxicity. To impwesolubility, the prodrug minnelidé~{gure 8) was

synt hesi zed. Mi n n wedsincdeasédscompardd ¢ortriptelidel (BLIng/L i t vy
compared to 0.017 mg/L) andhiisa long #elf-life of 2 years at 4C. It proved to be a

very potent pancreati@acer treatment and currenidyin phase Il clinical trials. It is also

being studedfor other brms of cancersuch asiuman colon adenocarcinoma and ovarian

cancer’! Some evidence has shown that cancer cells directly from the blood vessels
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through vasulogenic mimicry (VM) has been fourl several aggressive and metastatic
tumors including panceatic cancers/M helps buildup functional blood vessels in tumor
xenografs andhasbeen seen in approximately 71% of pancreatic cancer tissues. There are
very few know inhibitors of VM whichis why screening of potential drugs are important

in finding a possible treatmentriptonidewas shownto supprespancreatic cancer cell
migration, invasion, and tumor VM. It did this by inhibiting the expression efttimor

VM master gene VEadherin and a prmigratory gene chemokin€XC by blockirg
transcriptior®® Triptonide has also been reported to suppress pancreatic dand&o

tumor growth in xenograft mice. It does this by selectively binding to the MEKK4

MKK40p38-p21 signaling pathway which is responsible for tusgppressioi*

Triptonide ha exhibited anticancer propertiesy numerous other formdt is an
effective antiHleukemiaagentboth in vitro and in mouse xenograft models. The small
moleculewas observed to inhibit cell growth and colony formation for the cancer cell lines
U937 and HLO60 AML witHCso of 7values.5 and 12 nMrespectively. At 4 mdig, nearly
complete suppression of the human leukemia cell tumorigenicity (>99%) was seen in
mous models without signs of toxicif} Triptonide has also been used to target
lymphoma,specificallyLyn, a proteoncogene overexpressatcancer. Currentlythere
are no low toxity drugs available on the markétriptonide was showno effectivdy
target B-lymphoma Raji and lymphoma Jurkat cells withCsp valuesof 5.7 nM and 4.8
nM, respectively. Dosagesf 5 mgkg/day inhibited lymphoma growth in human
lymphoma cells xenografted on mice without any notable toxiOityll mice tested75%
exhibitedcomplete eradication of the tumarsvivo.® Triptonidehas been looked atsa

possibletherapeuticagentfor gastric cancer associated fibroblasts (GCAFs). Treatment
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showed strong inhibition of colony formation, migratioms;
and invasiorpromoting of GCAs by upregulating

microRNA-149 which releases metalloproteinase 2, |a

tumorsuppressive factdf. Triptonide has also shown to

Triptophenolide

inhibit lung cancelin vivo. It does this by inhibiting cell

Figure 9: Structureof
growth,stemnessand tumorigenicity through the inhibitio| triptophenoide.

of the ShhGlil signaling pathway’ Triptonide has also exhibited amtiostate cancer
properties Advanced human prostate cancer cell lines PC3, DU145, and LNy
with normal human prostate epithelial cell line RWiRk&etestedn vitro. ThelCso values
were obtained for PC3, DU145, and LNCap and 11.96, 18r2612.01 nMrespectively.
It also inhibitsin vivo cell growth of prostate cancer cell xenografts at ~38%lswith a
dose of 10 mdxg.3® Triptophenolide Figure 9), a potentialprecursorto triptolide and
triptonide, has also shown to inhibit advanced prostate candeaudyg antiandrogenic
activity.® It has also been reported to disrupt the-RNA THORIGF2BP1 signaling
pathway which is believed to be important in human nasopharyngealircang and
Wn t-Catenin signalingwhich is involved in several diseases like cancer trel

zebrafish fAey¥l esso phenotype

Triptonide and derivatives: Rheumatoid arthritis, coronary arteriosclerosis and

Al z h e idipansed s

The TwHFplant extract have been used for several diseasgsh agheumatoid
arthritis. In some countriethe extract isnainly used tdreat the diseas®ther countries

use different medications like methotrexate. In gpé#son studythe combination of the
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two methodsvas tested to seetliere was amproved therapeutic result. Tharticipants

were divided into 3 groupsne took just the glycoside tablets, one took the methotrexate
and the other took the combinatithrerapy After 12 weeks it was obsexd that 40.0%
improvement was seen in patients taking the methotrexate and 42.9% for the TwHF extract
alone. Those who received the combination therapy reported a 66.7% improvement of the
diseasgwhich was significantly different than receiving treatméoin the indvidual
drugs*? IL-37 is an antinflammatory cytokine expressed in tissues in patients with
inflammatory and autoimmune diseases like rheumatoid artliritias seen that triptolide

and triptonide upregulated the expression of3W.via the ERK1/2 and 38 MAPK

pathways™

Due to triptolidés known immunosuppressant properties, Hachical. tested to
see if it could be used to help treat graft coronary arteriosclerosis (Bah)s is a
condition that can occur after a heart transplant and is refatetonic rejetion. Rats
underwent a heart transplant followed by treatment with triptabdiest this After 60
days, all subjects were sacrificed, and the heart was examined for damage. In aJl groups
no rats died due to treatment or from the hearisplant. Despite being a known taxi
triptolide showedo histological damag#o the liver, kidneys or heart. The control group
exhibited clear signs of increased diseased vessels and increasedraiteakthickening
It was observed that in alfgups PDGFA mRNA (linked to GCA cases) was present but
significantly lower for those treated with triptolid®rough effective dosage for inhibition

of GCA is theorized to be 3 pig/d.**
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Al zhei mer 6s disease i s a mafg expectancg al t h
increases. It is estimated that 47 million people suffer from it currently, and as the

population increases as well as @8veragege, it is estimated that there will be 131 million

cases by 205¢P. There are no drugs on the market that
help stop theprogression or cure théiseasemaking it

crucialto find solutions to this problem. One potential

solution may be the use of triptolide or triptolide

Triptolide-memantine derivatives. Work done by Ningt al*tested to see if

Figure 10 Structureof triptolide orits derivatives couldctas neuroptectors

triptolide-memantine.

Cortical neurons were incuteal wi t h.s2 dlifomers

for 24 hours with or without the small molecules. Triptolide at 4 uM showed a 40%
reduction in primary cortical neuronal viability. Pretreating the cortical neurons with
triptolide completelys aved t he ¢uetoXicsy. They aiscovekdn that the
hydroxyl group played an important role in protecting the cells as triptonide showed no
effect. Further alterations of triptolide led thessearcher® their lead molecule triplioe-
memantine(Figure 10). This compound exhibited promising neuroprotective and anti

neuroinflammatory actities at the subnanomolar levél
Tripterygium wilfordii Hook F: Male contraceptive properties

The total glycosides tablets, a crude extracttled TwHF plant, exhibited
antifertility effects on male rats and miteThe rats and mice were dosed with 10
mg/kg/day of the glycoside tablets 6 times a wdgtertility was observed in the male rats

and mice after 8 weeks without apparent toxicity.rékeas a sharp decrease in epididymal
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sperm motility andamoderate decrease in sperm density. A reversibility study showed full
recovery of fertility after 4 weeks after dosing endedl.similar effectwas also seen in
Chinese mal e0s letfpreheumatoidakhiitis gnd psbria&iGivanthese
effects,severalgroups have looked at isolating and identifying the active compound(s) in
the TwHF plant for a possible male contracept®efore looking at the other findings on

the TwHF plant,tiis important to understand how birth control has been used over the

years, how it is currently being useshdwhereit is headed.

Birth control : What used to be done

Since the beginning of civilization, the desire to have sex withoyddssibility of
impregnatiornas been a concern. This can be seen by the development and documentation
of different substances and materials being used as birth control. Many ofahmaseof
birth control are no longer used today due to their harmful ndiutéhes methods were
often preferred ovemaborting the pregnancgs this practice was quite harmful and
sometimes deadly in those time periods. Even thoughdtees behind somef these
substances or materiatgay sound ludicrousy modern timesthe reasoningehind some

of them did helmevelop products thatreused today.

One of the earliest recorded forms of birth control was the use of honey and acacia.
This method wadirst documented in 1850 B.C. by ancient Egypti&ni#/omen would
take a mixture of hwey and the acacia fruit or leaves and grind them together to make a
paste. They would soak this paste in cotton or lint and then insert the cotton into their
vaginas before having sex. They beli@tkat the mixture would act as a barrier and a

spermicide which would allow them to have sex without the worry of getting pregnant.
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Since many of these ancient

practices are no longer used, the
are no detailed reecds todetermine
if these methods worked or ho

well they workedt“8 Another

method was the s of anima

feces®® This practice would bel

BEEESSR T RN

classified as quite unsanitary b
Figure 11 Image of the plarBilphium(giant
todayos ; $dwaverd anf fennel)?

those times people didot know aboutbacteria. his practice was employed by ma
ancient societies ranging from Egypt to India. Oftae use bcrocodile or elephant feces
would be mixed with othangredients to make a pessaviich was believed to work as a
spermicide This pessary would be inserted into the vagina beforeAgiditionally, the
ingestion of heavy metals was a practice useathaiy cultures like Greek, Chinese, Egypt
and others. Women would ingest metals léad, arsenicand mercury to help prevent
pregnancy. While these metals did work amethod ofbirth control, they came with
severalside effectssuch as kidney andrg failure, and brain damagk. ancient Rome
and Greece, women would use an oral contraceptive c8iletiium (Figure 11).4°
Silphiumwas a species of giant fenrteht was taken orally or ground into a paste and
soaked in cotton and inserted before ¥&X Silphiumseed became sgopular that they
were usedsacurrency,andtheybeamemore valuable than silver by weight. This usage
lead to the later extinction of the plaAtmixture of olive and cedar oil was proposed by

Aristotle to help avoid mgnancy* The idea was that the mixture would slow the sperm
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down and allow women time to clean themselves before the sperm could make its way to
the uterus. Lemon juice and other acidic fruits would be soaked in cotton or sponges and
used before sex. Treidty of the fruit was thought to act as a spermicide. While these
practicesare no longer used or recommeddor use,other ancient methodse still used

to thisdayin modified forms.

Queen Mee(Fmure 12, otherwiseknown as wild carre, is one of the
oldest forms of birth control knawand still used toda$/. Over 2,000 years ago,
Hippocrates described it as an effectoral contraceptive and abortifacient. The seeds of
the plant areamong the
most potent antifertility
methods. The s& was
most often takenafter
intercourse¢ much like

emergency contraceptives

today. The seed is known

Figue1l2 | mage of the ptant| to disrupt progesterone

synthesis, Hidng implantation orrelease of thegg soon after implantation. Douching
after sex was a popular method useehcient Rome to avoid pregnantyA multitude of
different fluidslike lemon juice, seawateand vinegar were used. In more modern times,
before FDA approved prodtgwere available, women would use chemiaal$ household
cleaning productsfor exampleLysol. However, thisedto poisonings and deaith several

cases
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All these methods were used by women and there na¢reany optiongor men.
Thefirst recorded usef condons werereportedin the 1600sThere isa suspicion that
condoms were used evesarlier™ Most moderncondoms are made of latex or
polyurethane The old versions were made of animal membranes suchtestines or
bladder. The use of condoms also came with the added benefit that they also helped prevent
the spread of some sexuallyatsmitted disease(STDs). With improving modern
medicine and increased scientific focus on reproduction and birth control, several new

medicines, devicesind surgerieareavailabletoday.
Birth control: What is currently in use

Over the last one huned years, various improvemts in birth control hae
bemme accessible to society. With these improvemeinis known how these forms of
birth control workandhow effective they are. The available birth corgicdn be divided
up into two simple categies male and female. Since theneseverabptions for femalg,

they can be further divided into two categargsf-application and medical professional.

First, letsfocus on the selapplications for women. Spermicides are fegllies,

creans, or films that are inserted into 8
o/\),OH
9

the vagina before sex. The mos$t

Nonoxynol 9

common spermicides contair

nonoxynol9 (Figure 13). The main

function of Nonoxynol9 is to slow
Estrogen

down sperm mobilitycausing them to
P Y g Figure 13 Structuref nonoxynol 9,

die before reaching the uterf&% | estrogenand progesn.
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While spermicides a inexpensive, improper use sfichdrugs results in only a 71%
success ratm preventing pregnancy:>® The female condom is another methoddelf
application. Much like the male condom, the female condom is applied (inserted) before
havingsex. Theyar e gener ally deso6rthaed mal becongdodn
have a 79% success rate at preventing pregnancy. ddvepve the added benefif
helping prevent some SEDThe spongés a product that contains spermicide and is placed
against theervix before sexif applied right, it has a higher rate of succasgreventing
pregnancy (85%) thacommonspermicids. The o6pi l 1 6 i s one of t
of female birth controbn the market. It is a pill that is taken orally every day attme

time. It works by releasing the hormones estrogen and prodésgiure 13) into the
bloodstreampreventing ovulation. Overall, the piilas a 92% success rate. There are also
the birh control patch andaginal rings which work chemically similarto the pill. The
patch is applied to the skin and changedeoevery 3 weeks. The vaginal rirga plastic

ring inserted into the vagina and left there fet @ieeks before needing to be @rad.

The patch and theing contain the hormones estrogen anogpstin which preventhe
ovulationprocess just like the pill. They also have the same success rate as(@224)ill
Emergency contraceptisare forms of birth control thatareused to prevent pregnancy
after sexual intercourse. While most methods applied proactively, the emergency
contraceptives are taken reactively. This form of birth control is takemathermethod

of birth controlwas usedr there is a possibility that theainform of birth controffailed
andthere is a chance of pregngnét worksin a manner similar to theill by delaying
ovulation, but irequiresa high dose of the hormone to work quickly. The contraceptive is

taken 2-72 hours after sex and has&9-95% success ratd.he last methodvhich isnot
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an approvedbirth controlmethod, but more of a conce the use of ovulation prediction
kits. There arseverakits that can detect when a woman is ovulating. The qnsehat
a woman would use the kit to figure out what time of the mehthovulatesind avoid
hauvng sex during thaperiod This method isiotrecommended as a form of birth control

as it leads to a high rate of pregnanéfes.

In addition tothe methods ddelf-application for femalesjumerous optionsan be
provided by health care professional diaphragm is a rubber dome that can be placed
over the cervix before sé%>It is used as a physical barrier and is recommended to be
usedalongsidespermicide. While selépplication iperformed the device needs to be first
fitted by a healthcar professional. The device has an 84% succesdamafgeventing
pregnancy. A cervical cap l&ke the diaphragm and needs to be fitted by a heakhcar
professional but it is smaller in sizelt is placed over the cervix before sex anhds
recommenddto useaspermicidewith it. The cap haseB5% success rate for women who
have never been pregnant, but only a 70% success rate for women who have already had
children The next method is called a birth control shoDepoProver&. The shot is
highly effective witha 97% success rate at prevegtpregnancy*°It is a hormonal shot
that is administered by a healthcare professional every dwadrtte birth control implant
is a small rod that is placed in the upper arm by a healthcare professi@alhtirmone
containing device that lestor 3 years before needing to be replaced. The device also has
a high success rate for preventing pregnancies of greater than 99%. Similar to the implant,
the intrauterine device (IUDjeeds to bapplied tathe uerus by a healthcare professianal
It comesin two forms, copper and hormonal. The copperivargass for 10 years and

works by releasing copper ionbat kill sperm and the hormonal version works by
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preventing ovulation anc

only lass 3-5 years. Both

options have a greater tha ~— Ovaries \q -

99% success rate ¢ "‘f"? e Banded
preventing pregnancy. ThiUterus — Fallopian | K
Tied and cut

. tubes
last methodis called tubal :

ligation (Figure  14),% j E

Cauterized
otherwise knomas O6getting

Figure 14 Diagram of tubal ligatin.>®

your t ub e Fhis
method requires majasurgery and may not be reversible. The surgeon closeheof
fallopian tubesnot allowing the eggs to leave the ovaries. Due to the extent of the surgery,
it is only recommendedior women who no longer wish to have children #&ntasa near

100% success rate:>®

Despite the population being nearly halilsnand half femalehe burden of birth
control has been mainly focused on the females. iBhéasily recognized abere are
dozens of female options, but omlyo medically approved angvo socially practicednale
options The most common medically apped option for memrecondoms. Unlike the
original condoms, they are no longer made of animal membranes but are now made from
latex or polyurethanélhe condom isa simple barrier that traps sperm and may contain
some speanicide for added protection. like mostfemale methods, condoms come with
the added benefit of preventispme STDs. They are also quite effective in preventing

pregnancywith a 98% success rate. The other medically approved method is vasectomy
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(Figure 15)." A vasectomy is a minor sgical procedurethat involves the snipping or
closing of the vas defersnrhe vasieferenss a small tube that leads from a testiolbere

sperm is produced. This procedure

VASECTOMY
the male equivalent of tubal ligatiol

as it is nearly 100% effective &
preventing pregnancy ani canbe e N

difficult to reverse the procedurhe ~ 9%™ .
/

—t

othertwo widely practiced methods \‘
are known as outercourse ar “

Testis -
withdrawing. Outercourse is thi

practice of havinghonvaginal sex

which is also an option for females.

Figure 15: Diagram of a vasectonty.

This can inclde acts such as kissing

masturbation, oral and anal sex, and others. Since this practiceadoe®Ilve penetration

of the vagina, the success rate of preventing pregnancy is 100%. The last method is
withdrawingot her wi se Kk nown aacoitubieterrappusiThi$ practicee met h
involves withdrawing or pulling out the ma
requires the man to successfully pull out before ejaculatiensuccess ta for couples

who use this method is only 78®%ueto this large discrepancy in birth control distribution

between males and femalesjmerousgroups have shifted their focus towards finding

more options for male birth contreft®
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Birth control: Where is it headed

Numerous new male contraceptivetmods are currently being develop€uhe of

the more promising methods issgnthetic androges a | | eMINTOCL(Bigure 16).

Rabbits were tested for short term liver toxiaising
1 1-KINTDC and other synthetic and endogenous

andr oge n-MNTD@ groufs Webe dosed with

the compound at 10 and 25 rkglday for 2 weeks.

11Beta-MNTDC

Body weights were taken at days 0, 7 and 14. No
Figure 16: Structureof 1 1-b

MNTDC.*® rabbitsin the studies exhibited significant signs of liver

toxicity with treatmen®® In furtherstudies 1 1-FANTDC was tested on male réfsr 20
weeks. Rats were given 25yfkg subcutaneoumjections of the drug every 4 weeks. Due
to the large sample sizaninjection was chosen ovdreadministration of the drulgy oral
gavage despite being orally bioavailabl@ver the treatmerperiad, all subjects gained
weight while on the drug, but at a slightly lower rate than the cogtmip This was
suspected to be because the treated rats showed slight lower food consumption in later
weeksBone marrow density and lean mass wetsignificantly changed with treatment.
Prostate and seminal vesicle weights increased compared to the emutrbbrmonal
suppression from the androgen deceglagonadotropin secretions and caused deficient in
spermatogenesisl 1-RINTDC remains an attractive target for hormonal male
contraceptive as well as being a potential treatment for hypogonadism, 1wastiey
conditions and osteoporosis in MR8 Phase linical trials took place testing on healthy
men 1850 years of ge (12 enrolled and all completed the study). A doblited study

wasdone,and dosages were administered at 0, 100, 200, 400 and 30€rsag/day over
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20 weeks The drug was first administerdxy fasting(8 hour3, followed by taking the
medication witha highfat diet (50%, 804,000 calories). No clinically significant changes
were seen iblood pressure, heart rate, EC@,blood chemistry lipid paneBignificant
weight gain was sedn subjects during the study. This was thought to be due to the hig
fat diet required for improved drug uptake in the body. While the drug was well tolerated
by all subjects, further testing is needed to understand the dosage reqeifedtively

suppress spermatogenesis in human nféles.

Other hormonal male conteptivesarebeingexaminedas well. Testosterone as a

single oral dosemale contraceptives unlikely, as it is cleared tw rapidly even in

combination with

progestin  Figure

17). Testosterone

(o}
Testosterone = Progestin Nestorone

gels are currently

Figure 17: Structuresf testosterone, progestin, and
nestorone used to treat

hypoandrogenism and when comdd with the progesti@Figure 17) resulted in a 90%
sperm suppression. This method require® tforms of administration. Long term
injections using a combination of different endogenous andemaus androgens have
been tested. The study was terminateel t frequent reports of mood changes, depression,
pain near the injection tsi and decreased libid§* A lack of sperm suppressicand
pregnancy waalsoobserved at 7.5%. A topical gel combined with nestoréigu(e 17)

(8 mg) and testosterone (100 mggs shown to be effective at lowering sperm
concentration to <1 milliomiL. After 4 weeks of treatment, increased sperm

concentrations were seen.éefailure wascaused bynconsistent or nonuse of the product
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rather than a nonresponse to the drugthe studies regded increased testosterone levels
in the female partners. Thivas due te@xposure tahe topical gel during sex. Showering
2 hours before sex or wearing a shirt lowered the amount of testosterone transferred to the

female partnef?

Severalnon-hormonalmethods have also been studied over the years. Vitamin A

(Figure 18) deficiency has been recognized for its role in male sterility biologically

active form of etinoic acid(Figure 18) XA on
is required for normal spermatogenesis. Vitamin A
Blocking the retinoic acid (RA) pathway o
IARIAIARA ok
was viewed as a viable option for male
Retinoic acid
contraceptin.®® N
e \N
. . s N=¥ o , o
Bisdichloroacetyldiamine (BDAD) 4 - >L C'W)LN’Nm)\m
—N (o] H
: 4 cl 0
(Figure 18) was found to stop BDAD
Ja1
spermatogenesis via this pathway. Ovef a
ci
oneyear trial, 60 men were treated with
Figure 18: Structuresf vitamin A,
the drug high tolerance and efficient | retinoic acid, JQ1, and BDAD.

inhibition of spermatogenesigereobserved. The study was stopped upon the discovery
that alcohol consumption while on the drug would cause severe disut@artion®*
Targeting tie bromodomain testispecific protein (BRDT) was stigtl as it is essential in
chromatin remodeling during spermatogenesis. The sn@#écule JQXFigure 18) was
shown to inhibit BRDT and to be a reversible contraceptive in male mice. While it was an
effective contraceptive, it also bodto other proteins whithave left researchers looking

into libraries of othersmall moleculeswvith improved binding specificitf® Targeting
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Sertoli cellgerm cell adhesigncausing immaturespermatocyteto be releasedwas
another norhormonal option. Several small moleculgsre tested and exhibited male
infertility. %% However, the doseange betweemneversibleandirreversiblefertility was

quite narrow. Further testing of molecules increased this window, but oral bioavailability
was lost® Gossypol angiendarussa arewde plant extracts that haveosin to decrease
male fertility. Limited studies and reports of irreversibility hawvade further research of

these extracts minim&¥.©

There are also reversible barrier methods that could bdarsadle contracepin.
While a vasectomy can potentiabe reversed, there are rsskat it camot be, which is
why a reversible barrier method is iateresting target. In the 1970s, a praoedcalled
reversible inhibition of sperm under guidance (RISWas developed: Styrene maleic
anhydride polymer mixed with dimethyl sulfoxide was injected into the vas deferens of
male animals. It was theorized that the barrier deformed spemaeringhespermunable
to fertilize an egg. The material was tested on rats, monkeghumans by 1989. The
potential male contraceptive went to phase Ill clinitadls in India; however,
investigations by the World Health Organization questioned the peadt the facilities
and the project was stopp&dlhe project was reopened in Z0ander the name Vasalgel
using the same materidWhile all signs point to it working well as a barrier and limiting
pregnancies, several cases are concerning. Testing done on nfonkelbat difficulties
injecting the polymer into the vas deferensulesl in significant damageoa standard
vasectomywas performedon one side. In another incident, a subject was injurdde
groin areaand some significant swelling was noticed. Upon further investigation, shards

of the polymer had broken off and petl into surrounding tissuehemethod foremoval
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of the material uses a dilute sodium bicarbonate solution. While this method is quite simple,

there were reportsf theinability to remove the material in soroasesn rabbit studieg?”

Another unigie barrierdd ea i n devel opment BimekSlaNamesld fAt h e
after the invetor, the idea is that a patient would undergo a normal vasectomy, but instead

of closing the vas deferetise endsvould be connected through a swHdte device. In

the onposition the device would blockhe passage afperm sterilizing the ma, In the

off position sperm would ballowedto flow freely mixing in with other fluidsBimek

tested the device on himself amthtainedsome positive results. The initiativés a
volunteerbased study, as he dosst want to do any animal testing. Currentho other

volunteers havendergonghe procedurét
Triptonide and derivatives: Male contraceptive

With the discoverythat TWHF crude extractspossessmale contracept
properties Matlin and ceworkers decided in the earl$990s to isolate the active
compound(s) from the extrat®Fromseveral total glycoside tableteeyisolated different
fractions usingvarious extraction and column separation methods. These-ceithe
extracts were tested by feeding to male aais then allowing them to breed with female
rats. The motility and density of epididymal sperm in the makgalso tested. Only the
few extractsthat showed lower rates of pregnancies and lower epiditigperm were
taken on for further purification. It was concluded that after several isolations the active
antifertility fractiors contained triptolideand tripdiolide Analysisof the active fractin
showedthata total dose of 1.#hg of triptolidehad benadministeredo each rabver30

days, or 9.3ug/rat/day. It was determined that the minimum effective dose to completely
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inhibit fertility in male rats was 5.Ag/rat/dayof pure triptolide. Thee early findings led
other groups to look more into trgdide and other compounds found in the TwHF extract

as active male contraceptives.

Further testing was done that same year on groups of SHbegyuey (SD) rats.
The rats were dosed with 75 kg/of triptolide for 35 days At 28 days mating tes$
showedthat all treated rats were infertfeNo spermatogenes epididymal epithelia
damage were noticed in treated rak$owever, moderate and severe damage of
spermatozoa were observed in the osrand caudal epididymis. A few years later, a study
was dme to finda possible mechanism of action for triptolide. SD ra&se divided into
groups of sixandoraly administration of triptolide (50 or 1Q@g/kg) daily for 35 or 70
days’® All rats given the higher dosage showed complete infertility duringstaeond
mating trial (6370 days). The rats receiving the lower dosage gave intermediate fertility
results. No significant changes in plasma levels for testosterone were seen when comparing
the contol group to the treated rats. No effects from triptolidzewbserved on testis and
accessory organs. However, thevere significant decreases in tubule volume and the
number of round spermatids. It was cluded that triptolideat dosages that induce
complete infertility has minimal adverse effects on theetesind act primarily on the

epididymal sperm.

Issueswereraised in a future studyhile treating male Spragei@awley rats with
triptolide. The focus of the study was to see the efte#dtiptolide after longer dosing time
and totestreversibility. Eab rat was ordy administrationof 100 pgkg of triptolide for

82 days. It was noted thatl subjects were sterile after the-82y treatment! Cauda
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epididymal sperm content was decreased by 84.8% and sperm motility was reduced to zero.
Cauda epididymasperm in treated rats exhibited severe structural abnormalities. Long
treatment of triptlide also affected spermatogenesis in some c8gedar findings were

also reported bydikim et al.”® Recovery occurred as early as 6 weeks after cessation of
treament. After 14 weekdpur out ofsix rats were fertile anthree out of foufemales

that were impregnated gave bidhd the pups weneormal. These results suggested that
long term treatment may not be completely revershléure work donéy Ni et al looked

at male reproductive toxicity and toxicokinetics of triptolide atsf® Five groups of SD

. . . v T iLas
rats were given oral gavage of triptolidé ;‘i’ﬁ : N S T (,)‘3
' Vors oy B s lm

Ve :

dosages ranginfrom 0-400 pgkg/day. No 3
- .9‘3
W

obvious clinical anomalieswere seenbut the s 2 ‘?
rats from the 400 pugroupshowed fewer feed r’}%q 7 2
consumptions compared to the contr .
Significant weight loss was seen in rats fro
the 200 and 40Qug groups No significant
weight loss was seen in the 10@group, but
weight gain was slower for ajjroups treated

with triptolide. No significant testicular

weight loss was seen in the 10@group, but

weight loss of the epididynswas seen in all| Figure 19: Image of histopatholyy
changes in testes (left column) and
groups treated with triptolide. Epididymg epididymis (right column). The contrg
(top ow), 100ug group (second row),
sperm motility of all triptolide treated group 2og Lg group (third row), and 400 pg
group (bottom rowf!

was reduced tcalmost zero. A margina




40

decrase in the mean corpuscular hemoglobin concentr@@HC) wasseenin treated

rats and significant alkaline phosphat#8&P) increase was seen in the 40§ group.
Testedn thecontrol group exhibited no side effects. T g group showed increased
germ cell degeneratiomxfoliation and some inhibition of the seminiferous tubules was
observedFigure 19). Mature sperm in the epididymis was also obserV¥ée. 200 and

400 pg groups exhibited increasing damage to the sdermis epithelium and the
formation of intraepithelial vacuoles of varying siZEgure 19). No germ cells were seen

in the 40Qug group. No pathological changes were seen in the Leydig cells and epididymal
epithelium between the control and treated groups. After 8 weeks of treatménitolide

was detected in the blood, but it was seen in the testesonclusion, no significant
hematological or pathological changes in the liver parenchyma were seen in all groups.
The most significant toxicity was exhibited in the testes witheiasing severity from low

to high dosage.

Recent studies found thadbng noncoding RNAs (IncRNAs) arexclusively
expressed in testes/spermatogenic é8lEhese studies have also showriunctional
deficiency of IncRNAs could decrease sperm counticerand may cause male infertility.
This suggestthat INcRNAs could play an important role in spermgateesis. Circular
RNAs (circRNAs)areof interest in gene regulation. Some circRNAs participate in testis
development or spermatogeneBige to these fidings theinterestwasto see if triptolide
induced male reproductive toxicology influendbe expression ofncRNAs/circRNAs.
Mice were treated with 50 kg of triptolide orally for 35 days then sacrificeahd the
testes and epididymal spermatozoaevisolated and testéflNo significantchange in

body weight was seen in the treated mice contpréhe control group, but there was a
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significant change in testes weight and histological features. There were 33,057 detectable
IncRNAs and 11,956ircRNAs in testesOf these 344 IncRNAs wereipregulated and 143

were downregulated by triptolide. FoircRNAs 374 were upregulated and 206 were
downregulated by triptolideMessenger RNAMRNAS) was also examined and it was
found tha2,551 mRNAs were upregatied and 1,028 were downregulated. Currettbir

findings have provided a theoretical foundatimr further research into the molecular
mechanisms by whicimcRNAs/circRNAs play a role in triptolidenduced reproductive
toxicity. Triptolide has also ls reported to cause acute hepatotoxicityraaphrotoxicity
However, no toxicity was sednom triptonide, even at doses 20 times the therapeutic
level & Despite this knowledganly a fewgroupshave looked at triptonide as a viable

male contraceptive.

The first test with isolated triptonideas reportedn 2000by Wanget al.8* They
wanted to test the effectd triptonide on male rats and find a mechanism of action. Rats
were fed 200 udig/day for 8 weeks by oral gavage. Sperm count and spermitynbtth
decreased compared to the conffble number of spermatids atid amout of protamine
decreasedwhile the genes cyclin D1 and Cdk4 were increased in treated rats. It was
concluded that triptonide is a good candidateaforale contraceptivesit mainly affects
spermatidsSeveral years latemore work testing triptonidas a male contraceptiveas

published?

The work done by Yaet al.indicates thatriptonide (SD1) is a viable candidate
for a male infertility drug? Male subjects wereigen SD-1 (>95% pure) via oral gavage

and/or intraperitoneally at a dosage of-8.8 mgkg/day. Aftertwo weeks, 96100%



Recovery from ém
SD-1 treatment

6m SD-1 Spem1-null sperm

Figure 20: Images of sperm from mice taken at
different times throughout the treatment period an
post treatmerit!
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sperm motility and sperm
deformation had occurred in
male subjects, and the
dosage/frequency regimen was
decrease. Thee was no
evidence of testis weight loss,
nor was there anpss inlibido

or a decrease in hormone levels
during treatment of the male
subjects. The testicular and
epididymal histology showed
no changes between the control
and the tested micewvhether

treatmentvasfor 30or 60 days.

All male mice treated with SID regained complete motility and deformation of the sperm

wereno longer observed after 30 day&gure 20). This was seen in all caseshether

treatment for 30 or 60 days. All male subgesiiccessfully imprgnaed female subjects,

which gave birth to normal litters.h€ pxicity of SD-1 was also tested. Thminimum

effective dosage wdeundto be 0.8 mgkg for mice. No toxic effects were observed in all

test subjects, including at dosages of 4.0k B times theeffective minimum). Thé.Dso

for mice, ratsand rabbitsveretested and fountb be300 mgkg, 980 mgkg, and 3,200

mgkg, respectively. No bodyeight changes, reproductive organ weight, internal organ

weight or immune cell coustvere changed fotreated subjects. These findings suggest
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that despite their similarity in structure, triptolide and triptonide-($bave a significant
difference intoxicity towards the test subjectt levelsmaintaining potencyor male
contraceptn. Given the larg therapeutic window and lower toxicity, SIDis a viable

candidateas anonhormonamale contraceptive.

Summary

Tripterygium wilfordii Hook F has been a source of a wide variety of unique
biologically active compound3he isolation, medicinal usage,dasyntheses of triptonide
and triptolidehave been well documented over the yeaoth have shown to be effective
anticancer drugforav ar i ety of cancers, as well as so
disease, rheumatoid arthrjtisnd graft coronanarteriosclerosis. Arguay| their most
interesting biological activity is their ability tact aspotent male contraceptiseDue to
triptol i deds known toxicity and damaging effe
candidate for a male contracepti\iespite being similar in structure, triptonide exhibits
the same male contraceptive properties as triptolide, butfeviter side effecs. Isolation
of these compounds from their natural sources do¢give sufficient amounts of the
natural products t@nable them tdbecome viable drigy nor is there a known way to
efficiently bioengineer cell cultures to mgs®duce thenaterial. While there are several
known racemic and enantiopure methods of synthesizing triptonide, none of the
enantiopure methodseascalable due to the use of expensive starting materials. Herein, we
propose a method tenantioselectivelgynthesie triptonide from the inexpensive starting

material 1,3cyclohexadioneUpon completion, theesultingsynthetic triptonideouldbe
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tesed for biological activity and derivativesuld be developed for potentiglimproved

drug activity.



Chapter 2

EnantioselectiveFormal Total Synthesis of Triptonide
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The Wieland-Miescher Ketone (WMK): First synthesis and new methods

The synthesis d3,4,8,8atetrahydre8amethyt1,6(2H,7H}naphthalenedione was

first reportedn 1950 by DrWieland and Dr. Miesché® This is where the compound gets

its namethe Weland-Miescher KetoneWMK). The synthsis beginsvith the methylated

o)

1) MVK, KOH °
il:\( MeOH, reflux /I/i;b
(o] o

2) Pyrrolidine, reflux
2 steps 63-65%

48 WMK

Scheme 80riginal synthesis of the
Wieland Miescher ketona(MK).83

dione (48) undegoing Michael addition
with methyl vinyl ketone (MVK) to obtain
the triketone intermediate Finally, the

Robinson annulation is completed with

basecatalyzed aldol condensatiom obtainWMK (Scheme 384 Despte its smallsize

this molecule bemne ofgreat interest to many groups for decades to come.

Over the yearsnew methods were developed and improved to obtain WMK.

Twenty years after its first synthesis was proposed, Heatheb@k. developed a new

metlod. Instead of using base to perform thed®inson annulation, they used sulfuric

acid. Thismethoddid not improve efficiency, as they only obtainedn overall yield of

50%% Findlay et al. was able to synthemt WMK simply by the thermalreaction of48

and MVK at 185°C. This method reduced waste and increased yields (80%4) does

have the drawbackfmeeding to run the reaction at high temperatffr&isko et al.

proposed a method to synthesize WMK through annulative ring expafReaotion of

alkyne 49 with the alkenes0 in the presences of the Lewis acid:®E0O (Scheme 9

resulted incationic cyclization to obtain WMK ia 55%yield.®”® Wadaet al. developed

a onepot method to synthesize WMK frod8 and the Michael acceptéi (Scheme 9.
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The synthesis lgns with Michael —

Me;SiO
addition of the two regents and Nai \6 /l/i;b

followed by an intramolecular Horner BF3Et;0, 55%
WadsworthEmmons (HWE) reaction to ij:\( (Eto)zop\)j\/ /L;b

NaH, THF, 48%
obtain WMK ina48%yield.2° Penget al. 48

. o 1) EtACl,, DCM 9
created athreestep method to obtain K 2) silica gel, PhMe m
. . . TEso” 3)PdoAc), O

WMK.%® The reaction begins with the¢ s 53 3 steps 60% WK

(o} o

Diels-Alder reaction between the dieb2
ii MVK, PPL (:Eb
. . (o] MeOH, 95% " o

and the dienophiléd3 (Scheme 9. The

48 WMK

intermediate underwent acidic

Scheme 9Methods developetb
isomerization of the alkendollowed by | synthesize WMKSisko(Top), Wada

(Second), Peng (Third), and Lai
Saegusdto type  oxidation  using (Bottom) 879t

Pd(OAc) giving them WMK in 60%yield overthreesteps. The last reach developed
by Laiet al.used an enzymatic apprch to synthesize WMR Using thereadilyavailable
lipase (PPL) as a catalyshey were able to transford8 and MVK in methanolgiving
WMK in 95%. While several syntheses have been done over the tgearake racemic
WMK, numerous groupbave tried tasynthesize thpure enantiomers, as well

WMK: Enantioselective synthesis

The first enantioselective synthesis of WMK was accomplished by Dr. Hajos and
Dr. Parrish in 1971. They were able to do thisusyng an inexpensiverganocatalyst
proling at low catalyst loading and obtained a decent enantioselective excestiilkhe

(Scheme 10 They were also able to show improved enantioselectivity of a similar ketone
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which is now known as the Hajos
o O 1) L-Pro (3 mol %) 0

% DMF, rt, 72 h /l/ijii Parri ketone (HPK) (Scheme 1D%
—
(o) 2) TsOH, benzene O

54 52%, 74% ee (S)-WMK Given WMKs utility, large scale

1) L-Pro (3 mol %) preparations have bealeveloped to

fo) (o]
DMF, rt,20 h
)K/j:/ﬁ T /I/ij:[§ synthesie the enantiopure product.
o 2) TsOH, benzene O

o o N
55 100%, 93% ee (S)-HPK The most common method used was

Scheme 10First enantioselective synthesi| developed by Gutzwiller®% The
of WMK andHPK.

method involves a lenggtprocesghat
startswith the Michael addition of MVK and Znethyl1,3-cyclohexadione to obtain the
triketone54. This process uses a large amount of MMIKich has a harsh smelext, a
solution ofthe triketoneand5% mole percent oproline in DMSOQis stirred forfive days
atroomtemperatureThe use of DMSO requires high temperatures to remove the solvent
causing some decomposition of the prodastwell as causing an emulsion that makes it
hard to separate organand aqueoufayers. A large silica gel column is used to fully
separate the WMK from other impurities. This purified producist be recrystallized
several times to obtain the desired enantiopurity of >95%teg chemical sequencakes

two to threeweeks to obtain thenantiopurgroduct, with <50% yield, uses ineeenient
solvents, and createdaage amounbf waste.Due to these issues, numerous groups have
designed organocdyats to improve overall eeandyields andto reducethe amount of

wasteproduced

Barbaset al. showed that the aldolase antibody 3&08ld effectivelycatalyzethe
synthesis ofVMK with both a high yield (94%) and high enantioselectivity (96%°&e).

The issue with the use of this aldolas# is quite expensive (~$285/10g) and the scale
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is limited as well. Kangeet al. developeda bimorpholine type catalysi6, (Figure 21)

that couldporoduceWMK in a 95% ee werfour dayswith 5 mole percent catalystading™®

However, the yields were co,Me

moderate (60%) angight C#L & %
CF3SH )\ NH

linear stepsvere required 58 CF3

oﬁ@\f Oe NHTs
organocatalystReiser et Q OO NHéo
NH
60

. H,N
al. synthesized the 597

to obtain the

tripeptide 57 (Figure 21) | Figure 21: Structuref organocatalystieveloped to
synthesze enantiopure WMK with high ee.

which successfullygave
WMK in 88% yield with a 92% eé’ While the reaction didnly takeoneday, the catalyst
loading was increased to 108tole percenandsynthesis othe organocatalystequired

15 steps.Moran et al. reported a twestep organocatalys68 (Figure 21) that could
synthesize WMK in 96% ee and in one d4¥he catalyst loading was a bit higher at 10%,
but the main issue was no yields were reported and the reaction was dohi#VIR daube.
Anothe catalyst59, (Figure 21) developed by Moran showed great enantioselectivity
(95% ee) and yield 85% but required 12 steps to synth&sTze besbrganocathyst to
date60, (Figure 21) was first synthesized by Najegaal.in 3 steps with an overall ¢id

of 95% and ee of 909° This procedure was later improved by Bradsledwal, which

will be discussedater, asthis methodis used in thecurrent partial totakynthesis of

triptonide and triptolidg®-1®
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WMK: Derivations and applications

Since WMK6s first synthesis 70 years ago,
made to the structure. Severatloése transformationgill becoveredn more detail later.
While it is nota complete list, an idepth review bWMK by Bradshawet al. goes over
both nonC-C bond forming reactions as well as@bond forming reaction$® Given the
ability to synthesize enantiopuMMK and the long list of transformatisralready

completedn it, numerous groups have utiliZ&MK as a starting point to their synthese

The WMK has beensed in several total syntlessBecause of its dalin structure
with functionality on both ringsit has been predomindy used to synthéze
sesquiterpenoids, diterpenoids, and sterditiere several examples of WMK being used

to synthesie anticancefantitumor agents like confertin (antitumor properties$? (-)-

Confertin (-)-glaucarubolone scopadulcic acid B

H
(+)-bakkenolide A O-methylshikoccin adrenosterone digitoxigenin

HO,C
o (o]
CHO
avarone stachybotrylactam scabronine G pallavicicin Beta-corymbolol

Figure 22: Structuref biologically actie compounds synthesized from WMK
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glaucarubolongP-388 lymphoctic leukemiaf* scopadulcic acid B (antitumoty® taxol
(anticancer}®® (+)-bakkenolide A (cytotoxic against several cell [iné¥y' and G
methylshikoccin (anticancéff? (Figure 22). Other compound$ave been synthesized

using WMK that have unique biological propertikke adrenosterone (fat loss and muscle
gain)1®" digitoxigenin (congestive heart failur®f avarone (antival, HIV-I),%4
stachybotrylactam (HIM protease inhibitod?*! scaronine G (neurotrophic factor

Par ki ns on ®s%"pklavciein (mescle regeneration propertitd),an d b
corymbolol (traditional contraceptiv®}® (Figure 22). Given WMKés | ong hi st o
successful modifications and previous natural product syeghéscan potentially be

utilized in the synthesis dlie diterpenoid triptonide.
Retrosynthesis and rantioselective synthesisf WMK

Theproposed retrosynthesis can bersenScheme 110ne ofthe main goals was
to start with a cheap starting material to make the total synthesis more scalable. To date,

no other group has used a cheap starting material to enantioselectively ggnthesi

2 triptonide.

XN Beginning with

Triptonide

known chemistry to

(o] (o]
— m —> d convert 1,3
[o] o]
61

(S cyclohexadione

Scheme 11First proposed retrosynthesis of triptonide. (61) to (9-WMK was

used EnantiopureWMK is thenconvetedto the butenolide ketor&2. Next, the ketone

regionin 62 could be converted to the known aromatic butenaim®pound? followed
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by usingpreviously reportedeactiongo obtain thedesired natural prodwugtriptonideand

triptolide.

The synthesiof (§-WMK begins with the monomethylation @&1l. This is
accomplished byeaction of61 with 5 M NaOH (aq.followed byMel (Scheme 1p1®
This reaction usuallyesults in a low yield (~380%), but in some largescale situations
yields around 50% have been obtained. Next, recrystali2eddergoedlichael adition
with methyl vinyl ketone (MVK) in the presence of catalytic amounts of base to &tain

To obtan the desired enantiomer of WMK, we used the BINAM cataB@teported

102

previously-
° Mel o MVK, NEt; o o 60, PhCO,H o
——— _
_—
5M NaOH rt, OIN r, 5% d
0-65 °C, O/N 100% 81%
o 53% o o o

54 (S)-WMK

© TFA Oe
p -TsCl, Pyridine NHTs 65 &CO H NHTs - " 5 NHTs
1h,rt

NH._O ' NH.__O

NHz rt OIN NH, CICOZEI NEt, OO DCM OO

5
THF NBoc 50% (3 steps) NH
66 60

0 °C-reflux, O/N

Scheme 12Synthesis of9-WMK and organocatalyssO.

The work done by Bradshaet al. required three steps to obtain catal@ét
(Scheme 12 The synthesis begins with the monotosylation of the commercially available
compound(Sy)-(-)-1 , -Air@apthyt2 , -@idmine 63). Upon completion, monotosylatéd
would go onto the next step without further purification to acgefteThis was done by
reaction of64 with Boc-protected I()-proline (65). Acidic deprotection of the Bogroup
gave the desired cataly®0. This method allowed for only one purificatioregtwith an
overall yield of 47% (reported 668%)% (S-WMK was synthesized byeaction ofthe

organocatalysh0in the presence of benzoic acid fime days at r.t. Aker recrystallization,
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(9-WMK wasobtainedon the multigram scale with a >95% ee an 838éld (reported
84-85%)1% With the successful replication of Bradstis work,thefocus waswitchedto

the conversion ofS)-WMK to the butenolide ketor@g2.
Synthesis of the butenolide ketone

The conversion ofS)-WMK to the butenolide ketor&® (originally developed
by Dr. Rameez Ali)begins with the selective protection of theconjugated carbonyl
groupusing ethylene glycol to obtaB¥ (Scheme 131® Next, compound7 undergoes a

reductive alkylation process using lithium metal andsNeétuctionfollowed selective

Li/NH,
o
Q TsOH O/W JOL ‘BuOH /? NaH, PhNTf,
> o _— > _ Nah, PRNTR
NC” “OMe THF
m Ethylene Glycol m + Isoprene o 2 0°Cart. OIN
(o} rt,1h [o} Et,0 ZH oh

(5)-WMK 95% 67 68 -78-0°C, 12 h CO,me 80%

70% 69
o/w o/w o/ﬁ [¢]
° DIBAL-H o Pd(OAc),, PPhy 4 TSOH
_— —_—
 ——

PhMe CO, NEt, A

= = £y Acetone, H,0 0. Ny =

TfO” :] i 78°Crt, 3 h TO i DMF, 60 °C o' 100% - ] A

CO,me 100% HO OIN, 88% o

70 7 72 62

Scheme 13 Conditions used to conve®)(WMK to the butenolide ketong2.

carbon alkylation usiniyla n d e r 6 s68)toegiaed%'% o oltain the vinyl triflate’0
severakeported methods were explored the best results came framaction o069 with
NaH as the base and PhNEE the triflating agerf’ Reduction of the ester group 70
was easily accomplished using DIBA4.to obtain the allylic alcohdl1.2° Next, 71 was
treated with carbon monoxide inhe presence of catalytic Pd(OAdp undergo a
carbonylation reaction to form the butenolide ringr&?° Lastly, using standard acidic
deprotection methods the ketoo&bonyl groupvas regenerated to give the butédel
ketone 62. To transform 62 to the aromatic butenolide7, methods to synthesize

phosphonate es&®(80 Scheme 14and 15 or 86 Scheme 1% for HWE reactios on the
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ketonegroup Upon completion of the phosphonate esterthesisconditions wer¢ested

for benzannulatioon the cheap modelibstrate, cyclohexanone
Synthesis of phosphonate esteand method development on cyclohexanone

Several methods were attempted to synthesize the desired phosphona&Oester (
or 86). The first method can be seen3oheme 14 Theconvergent synthesigriginally
developed by Dr. Rameez Alegins with the mondglation of ethylene glycol to form

73, 18 which is then converted to the aldehy@é by Swern oxidation® The second

(coci),, bMso
TBSCI, NaH Py, DCM
o
Ho\/\OH r;I'I-éFh ”0\/\0733 NEt, I NoTBS
Ethylene glycol 40% 73 -78 °C-rt, 3 h 74
84%
o o
o) P(OEY), o o | KO'Bu Q
_— _P.
B’\)LOEt o EtO’ll’\)LOEt + )\ DMSO EtO” 1 OEt
90-130 °C, O/N OEt 0-60°C. 7 h <
9 ;
s 5% 76 " 81% 78
o o o o
[o) " LiHMDS T}
I P. TBSO P
OTBS Eto”) OEt THE A L T > EOT IR
+ o T T TR I > OEt
74 < -78°C-rt, 5 h
78 51% 79 80
Scheme 14Convergent synthesis of phosphonate &fer

branchof the synthesis starts withe phosphorylation 6f5to give the phosphonate ester
76, 19 which is alkylated using 2odopropane {7) to give 78 With both ends
completed, 78 and 74 undergo a HWEreactionto give the conjugatedester 79.1%

Unfortunately, nanethodswere found to efficiently conve®to phosphoate esteB0.

The second method was an attempt to shorten the overall synthesis of the

phosphonate este80. The bromoacetaBl undergoes phosphorylation wittiethyl
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phosphite to give the

N \)O\Et P(OEt); ﬁ\)o\ﬂ 2 M HCl ,g' 0
OEt  4g5°C,4h Et0"4gy Ot rt, 24 h B0 4t phosphonate acetal 82
81 100% 82 1% 83
o o o o (Scheme 13'* which was

o9 i LiHMDS 0
'IF.;\)l Et0” 1 OEt T T > B0 N OEt
L g & THF OEt
-78°C-rt, 5 h converted to th phosphonate

83 78 0% 80

Scheme 15Secondnethodshortened for aldehyde 83 using acid

phosphonate est&0. deprotectiort’* The product

obtained was never purified or fully characterized but was continued to the next reaction
based on thaldehydepeak at ~10.00 ppm in the!MIMR spectrum Unfortunately the
attempted reaitin of 83 with theanion of78did not succeedrhis could be due @ proton

transfer between the anion® with the more acidic aldehyde protonda.

The lastmethod was not only the shortest but also successful in synthesizing
phosphonate esteB5. The synthesis starts with the phosphorylation of methyl
bromocrotonated4 to give thephosphonate est@4 (Scheme 15! The alkylation of
similar compounds likeB5 was previously reported to not woffkr isopropylation
However, a method wasepored that showed that this process could be possible.
Alkylation of 85was achieved witlBuOK and 2iodopropane to give the desired alkylated
phosphonate este86.1'® To avoid the loss of butenolide keto®®, conditions for

benzannulation were exploreding cyclohexanone as a model substrate.

(o} OEt

o ) OEt  BuOK, i-Prl EtO. |
P(OEt), Eto(L - 5 N
B P,
MeoJl\%"‘l/ f— MeoJl\%"'V So DMSO MeO”™ Y=~ 70
90-110 °C, 12 h
’ 0-60 °C, 12h

0,
84 100% 85 857 .6

Scheme 16The shortest method developed to synthesize phosphonate e
86.
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[o]

rt O/N 82%
85
% 87

OEt
EtO I OMe 20/ KOH
| DIPEA, Ac;O
o MeORHLO H,0
| t, 24 reflux 24-48 h
LIHMDS THF 82%

Scheme 17Condition development for the three piattecyclization to
synthesize the aromatic compousti

To test condition$or converting a ketone to an aromatic reagiWE

reaction was

performed betweenyclohexanone and phosphonate e8&(Scheme 17" Next, the

diene esteB7 was converted to the dienoic ad88 via saponification

using KOH.

Originally, the reported method ebnvertinga dienoic acid to the aromatic compound

used AeO and NaOAc as thease This didnotallow for efficient transformation primarily

dueto the lack of solubility of the base. joet ar ound t hi

it is a liquid and soluble in A©. These conditionsvere tested by my

svasiusedas e |

colleague Dr.

Rameez Alj who found that they successfully promoted titnee” electrocyclizabn to

form 89. These newly developed catidns were tlen tested on the butenolide ketd

Attempt at synthesizing the aromatic butenolidecompound 7

With the conditions worked out on the model substrate ddstredbutenolide

ketone62 was testedLike the model substraté2 wastreatedwith phosphonate est86

to undergo a HWE reactiofScheme 18!'" Unlike the model substrate, this

transformatiorgave low yields (34%). Despite these resutie synthesisvas carried on

andthe diene este®0 wassaponified to give the dienoic ac®d. With moderate success

in obtaining91, theconversiorof thedienoic acid to the aromatic butenolicempound’

H¢
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using AeO and

LiHMDS
Etofu)Et _—

MeO a4 THF
0= rt, O/N

H 34%

86

H¢eni gbs wasbhas e
attempted

Unfortunately, this

20% KOH reaction dichotwork,

reflux, 48 h
0%

9:1 MeOH:H,0
rt,24 h
56%

and no product was

7 obtained.

Scheme 18Synthetic method to try and synthesize the
aromatic butenolid@.

New conditions wereested to improve the thréeslectrocyclization. Instead of the
anhydrideof 91 that is generatedh situ during the reactioand undergoes the three
electrocyclization, the acichloridewas formedn situ. The acid chloridef 91was smaller

andpresumablycould formthe ketene mtermediate during the reactidRegrettably, this

(o] (o] (o]
. 1) socl
did not produce the ok _ o~ s /}
2) Ho~,  J e >
DME
benzannulated product ' NEtj, rt, 48 h ' Temp., OIN
88

44%

Other conditions were

®
tested onthe model 7 socl, © \Nl/g
| OH J</ > Mel | o
dienoic acidB8to see if | HNTAOH S e >

rt,24 h
19%

other groups would

88 95

allow for the three’ : "
Scheme 19Synthetic conditions to convert model substr

electrocyclization. 88to ketene acet&3 or oxazoline salg5.

Compound88 was convertedo the diene chloroeste®2 in moderate yieldsScheme

19).118 Then, the conversion &2 to the cyclicketene aceta®3 was investigated No
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conditions were found that allowed this transformation to ocCanverting88 into the

oxazolinering 94 was also tried*® This was achieved in low yields; howeveonversion

to oxazoline sal®5was not successfulVith these resultg new approach was developed

for the conversion of a ketone to an aromatic ring.

Model experimentation of vinyl triflation and coupling re actions

With the HWE approachnot working new reactionswere testedfor the

formation of an aromatic ring starting from a ketone. Going back to cyclohexantre as

OH
i PhNsz AcCl, NEt3
s Pd(PPha)4 AgAc I
THF DCM
.78 °C-rt, OIN DIPEA DMA 0 °C-rt, O/N
cyclohexanone 84% 50 °C, 30 min 39%
93% 97
OH o
Lindlar's cat. (5%) z OH
| | —_— > Jone's reagent - OH
H,, Quinoline [ ] = ceemmeemeeseeee- »
L.ZB. pet. ether Et,0
93% 0°C-rt,3.5h
97 % 100
Scheme 20Condition developments on the model substrate to obtg
dienoic acidl0Q

model
substrate,

the vinyl

triflate 96

was

synthesized

(Scheme

20).12°Next, usingSonogashira coupling conditiorB6was converted to the enyakeotol

97,121 which was protected to forr®8. However, conditionsvere foundto avoid the

protectionstea nd L i nd| was Gsedo give thediepedcobhol99 directing from

compoundd7.122 Lastly, this alcoholneeded to be oxidizeid a carboxylic acid to set up

thethree el ectrocycli zation. This was attempted

dienoic acidLOOwasnotsynthesized. Wile this routes longer, it wasbelievedthe failures

on synthesizing the aromatic butenolidewere the result ofthe difficulty of -

deprotonatiorof a dienoic acid derivativendalso difficuky in alkenasomerization of the
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trans to thecis C=C double bondequired for the electrocyclizatioithis nhew method
al | o w edeéprdtonatiomtthe carboxylic acid derivativand preforming theis alkene
configurationwith L i n d Icatatysi. $his general approach was continued for these

reasons

To overcomdssueswith oxidizing a homoallylt alcohol, neweactionswere
explored that involved the direct incorporation of an ester grhich could be saponified
to obtain the carboxylic aci®eginningwith vinyl triflate 96, Sonogashira couplingith

TMS-protected acetyleneage the enynel01 (Scheme 21> A new set ofproblems

developed as ™S I
Pd(PPh3)2CI2 Cul | |
. ..BaselFluoride
deprotecting the © ™S Solvent
NHEt,, Et,0 Temp., ON
i rt, O/N, 100%
silylalkyne was not as 101 102
? (o]
N
easy as expecteahd no \)L 0 Lindlar's cat, H _ o~
OEt cm Il 5
good methods were EtOAc
MeCN rt, O/N, 65%
rt, O/N, 71%
found to obtain 102 103 104
(o]
. : 2 M KOH aq. CMPI, NEt;
Luckily, 102 IS -, P o > (SJ\OH
THF DCM
. . r,24h rt, O/N
commerciallyavailable 82% 52%

100 105

ard the method Scheme 21Syrthesis of model substrat&80and105.

development was
continuedwith this as a stairtg material Having the terminal alkyn£02,the ester group

was incorporatethy usingethyl diazoacetatenal Cul giving the enyne est@p3'?* The
alkynewasthenhydrogenatedi si ng Li ndl ar 6 thecisdignadstgidd4d obt ai
which was easilgaponified to theis-dienoic acidl00.}?? With a successful synthesis of

100 a previously reported methagsing 2-chloro-1-methylpyridinium iodide (CMPI}o
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obtain the phenol05'?° This phenolwas not fully characterized, but theajor NMR

peaks matabd the previously reported structure.

Utilizing triflation and coupling reactions in an attempt to synthesize the aromatic

butenolide

With new conditions worked out on the model substrate, attewtsrturnedack

to the butenolide keton@2. Despite lving a successfuonversionof cyclohexanone to

0 °C-rt, O/N

g
: 5 37%

__Na;C03, T5,0 |

Pd(PPh;)ZCIz cul
TMS
NHE,, Et,0
, OIN
27%

107

=—snBu; Pd(PPhy),Cl,

LiCl, THF
reflux 24%

108

reactions

Schame 22 Attempts at utilizing the conditiordeveloped for triflation and couplin

the vinyl triflate, these same conditions dimt work on62. Numerous reported conditions

for converting ketones to vinyl triflates were attempted, but all of thara gery little or

no product.By usingsolventless conditionsa methoddeveloped in our labnoderate

yields were achieveth synthesizingcompoundl06 (Scheme2?2).222 With these results,

the Sonogashira reactionasrun and107 wasobtained in low yields. It was at this point

removingthe TMS group could not be achieved much likeith the model substrate.

Gratifyingly, the deprotection stepas avoidedy performing a Stille coupling reaction

between106 and tributylstannyl acetylene to obtaii08%?® Sadly, unlike the model

substrate108 could not be converte the enynesterl09using the same conditions. It

beame clear at this poirthattherewere side reactions involving the ring @2. Going

through the literature, it appeared that the butenolides could react with bases qiljte read
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This is because the methylene protonth@nring are fairly acidibecause they cdorm a
stabilizzdfuranoxyanion intermediate that could become trappedrisiectrophile With
this new information, a new approach to the overall synthesis was difa starting with

(9-WMK.

New retrosynthetic approach

Even though the conditions going frq®-WMK to the butenolide ketoré2 had
been worked out, decided to retraceny steps. Given that the methodsported in the

literatureto convert a keton® an aromatic ring requisdase and an electrophile at some

point, a butenolide

ring could not be

Triptonide 2 110 present. To get
[o] o
around this it was
= =4
(S)-WMK 61 decided toflip the

Scheme 23New retrosynthetic approach to obtain triptonid order  of  ring

formation inthe retrosynthesisScheme 23 Still wanting to us€S)-WMK as the stding
material, the first conversion was kept the sanMext, instead of synthesizing the
butenolidering first, (S-WMK would be convertetb the aromatic compouridlO. From
there, the butenolide ring could be added to give the known aromatic butenolide
intermediate24. With the synthesis d?4, a formal total synthesis would be complete and

triptonideand triptolidecould be synthesized using previously reported reactit?is.
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Synthesis of the incorrect vinyl triflate

Tf,0, 2,6-diterbutyl- SnBu.. Pd(PPh.),CI
4. methylpyrldlne ==—SnBug, Pd(PPhy), 2
>
SWMK — pom Licl, THF
rt-reflux, O/N =
0°C-rt, 2 h 64% Z
70%
o o
Lindlar's cat., H, 2 M KOH aq. ... .GMPL NEts
EtOAc | Ly I DCm
. , : rt, OIN
rt-O/N, 65% 88.100%
0~ "OEt 07 "OH
114 115

Scheme 24Synthesis of the wrong vinyl trilatd WMK.

With a new plan in place, it vgadecided to avoid any issues that may arise with
deprotonation otransto cisisomerization neeztlin the HWEapproachsothe synthess
of the vinyl triflate of WMK was attemted It was reported thaS)-WMK could be
triflated at theunconjugatedetonecarbonylusingtriflic anhydrideand 2,6ditertbutyl4-
methylpyridine!?” Upon completion of the retion, the chemical shifts in the proton and
carbon NMR spectnmatchedvhat was reportedhoweverthe wrong triflate waseported.
These conditions ga the thermodynamic producivhich involves triflation at the
conjugatedketone carbonyl (Scheme 2% Both compounds give similar proton NMR
spectrabut the big difference was the disappearance of the carbarbdnpeak at ~200
ppm (theconjugatedketonecarbony) and not the carbonglarbonpeak at ~215 ppm (the
unconjugatedketonecarbony). Regrettab/, this error wasiot discovered until several
reactions had been conduct@thiswork did result in the formation of sexadrcompounds
that werenot previouslyreported.After obtaining vinyl triflate111, Stille coupling was

done to give the dieneyrid 2126 Next, copper coupling between the terminal alkyne and
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methyl diazoacetate gave the dieneyne ét@t**Hy dr ogenati on wi t h Li 1
resulted in the triene estét4andsaponificatiorgavethe trienoic acid.15?? Subjecting

115 to the benzannulation conditions did result in the formation of an aromatic ring;
however, the expectgaoductl16wasnotformed?® It appeared that durirtipe reaction

the forming phenoxide acted ashacleophileandreacted withthe activated carboxylic

acidto form 117. While simple saponification cou)dn theory,give the producil6and

the starting material15 back, this was not testeak the productvas not the desired

aromatic compound.

Another shorter method was also explored during this time that involved the use of

111 First, carboxylic acid18wasconverted to ester19(Scheme 2%5to be using in the

Heck coupling reaction o Mel, K,CO; o
_
. . . MOH Acetone NLO/
with  vinyl triflate 0 °C-reflux, O/N
118 119
65%
[o]
111128 129 This gave
9 7 NLO/ 7 2 M KOH
, J;jij Pd(PPh),Cl, (20 mol%) O —>M -~
» e

the trans triene ester|_ om0 N .o

. . 111 reflux, 24 h 120 ~100%
120. While this 25-30%

o o
. . . (CF4C0),0, NEt
reaction did not give OH SIS “
THF

. . o N 0 °C-rt, OIN O

the desired cis 0% OH
121 16
configuration it did cut —
Scheme 25Conditions developed to shorten the synthes

out two linear steps of the aromatic ring.

Saponificationof 120 gavethe trienoic acidl21l The conditions reported @romatize

transdienoic acido didnotwork, and compound16was not obtained.
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There were dter methods reported in the literature that could give part of the
desired functionality at the correct ketaterbonyl group ofVMK. It had been reported

that (9-WMK could be acetylatt using TMSprotected acetylenefollowed by

1. n-BuLi, THF | | . )
i -78°C,3h Wz deprotection to give
/I/ijii =—TMmS Dehydration >
—> ................
° 2.NEt;, H,0 O ° the terminal
(S)-WMK “("7973“'2:;::”:)' 122 123 "
i _ vz acetylene 122 in
/l/iij Acetylide (g) Dehydration > /l/iij
—> ................
Li/NH
° secan © 77%(Scheme 2130
(S)-WMK 850/‘ 122 123
o ’ oTf I .
m LIHMDS, HMPA /L;Ej ==—SnBuj, Pd(PPh;),Cl, m When trying to
—_— | ] ] e >
(o) Comin's reagent (@ LiCl, THF o )
THF, 78 °C-rt, 69% rt-reflux, O/N replicate these
(S)-WMK ’ ’ 124 123

Scheme 26Proposed reactions to obtain the correct conditions in the lab

functionality on WMK.

only a small amount

of the desired produetas obtainedwith the small amount df22 a dehydration reaction
was attempted, but none of enyig3was obtained. A onstep reaction had been reported
to convert(S-WMK to 122 but given the lack bresults from the previous dehydration
attempt andhot havingaccess to an acetylide tatiis methodwas notexplorel.'3! Lastly,

it had been reported that the kinetic vinyl trifldt24 could bepreparedusing LIHMDS,
HMP A, and Co HiThignsethad evas@xplored, but despite the reports, only

the thermodynamic vinyl triflatel(.1) was obained.
Synthesis of an aomatic ring via the Wolff rearrangement

Unable to successiyl produce the vinyl triflate at the correct carbogybupof
WMK, known conditions were used to selectively protectdbpjugateketonecarbonyl

This was donesing ethylene glycotriethyl orthoformate TMSOTHf, and triethylamine to
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OTf

(o] HO_~, o
OH LDA, PhNTf,
Pd(PPh;),Cl,, NEt
CH(OEt);, TMSOTf — > (PPh3),Cl;, NEt, p
0. DME o} _—
o) <’ 78 °C-rt, OIN <’0 MVK, DMF

DCM, NEt, o 59% 75°C, 3 h, 85% O
o

(S)-WMK <10 °C, 1 h, 68% 125 126 0 127
0,
X
A\,

FiC” ~07CF, P O .

------------------- » Light/Heat OH "_.At_:l_d-l.a_c_e_t_o-r!g"> oM
0 o THRMeCN AL e > o Base/Mel “ €
L0 .

NS LIHMDS/NEL o) o o

3 -78 °C-rt, OIN o

1

28 129 110

Scheme 27Propose@pproacho obtain the aromatic ring through a Wolff
rearrangement.

produ@ 125 (Scheme 2Y.!*3 This allowed us to cleanly convert the desired ketone
carbonylto the vinyl triflate 126.12° It was at this timea new method to synthesitee
aromaticring through a Wolffrearrangementvas found Since this method was shorter
and hadnot been explored yethis route was explored firstVinyl triflate 126 was
successfully converted the dieneon&27through Heck coupling with MVKE2*1t was at
this point issuesdevelopedwith obtaining2,2,2trifluoroethyl trifluoroacetatefrom the
vender. This holdip limitedtheability to synthesize diazo ketod28as the reaain failed
without this reagent. While this method hast been fully explored, a new ntaod was

devised to obtain theesiredaromatic ring.
Synthesis of the aromatic ring through DielsAlder reaction

Since the Wolff rearrangement method was on hold)itbeaturewas explored
once more, focusing gorevious syntheses of triptonidad trptolide While most groups
started with the aromatic ring pfermed, there was one grougmat successfully
synthesized itGarveret al.took compound.8 (pg. 16§ and tansformed the ketone to the
desired aromatic rin€f. While this process took 7 stefisglid give the correct substituents

on the aromatic ring with minimalurificationbetween each step. Unfortunately, the rest
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of their synthesis required a lengibrocessto obtain the butenolide ringhis issue would

be ovecomein the newproposedoduite.

With this new route, it was decided to test the reactions on the cheaper racemic
WMK than replicate the on the enantiopure version latdio start the synthesishe
triketone54 was converted to racemic WMK using pyrrolidirgcheme 2882 Racemic

WMK can be selectively activated to give dithidr38.1*° It had been reported that dithiane

o o] o o o

&\)‘\ Pyrrolidine > (CH2SH),, PTSA Raney Nickel (W-2)
Benzene > S >
o reflux, O/IN o/l/ijii AcOH <’ IC i EtOH C i

rt, 6 h, 92% s rt, 30 min, 50%
74% (+)-WNMK 131

o)
Na® INH;, o
<’ .78 °C-rt, OIN 0°C-r.t., 12hr

s
130 86%(1:1) 63% 131

Scheme 28Method to convert WMK to ketonkE31

130 could be chemoselectively redudeat the sulfur carboibonds to givel31in 85%
yield.*® However, the besyield obtained withthis method wa$0% several gempts
resuledin no product. With these results, new conditions were used to reduce the dithiane.
The reduction othe dithianegrouphas been reported using Na/Nkeduction, but this
also reduced thenconjugatedetonecarbonylto the alcohot?” Using these conditins on
130, thecarbonsulfur bondswvere reduced, but theld not completelyconvertthe ketone

to the alcohal After purification,a 1:1 mixture of ketond31 and alcohol132 were
isolated. The alcohdl32could be reoxidized to131using PCC!*8While this method did
add an extra step, glavemoreconsistent resulthan using Raney nickel as the reducing
agent andt wasless wastefylas the Raney nickel was used at a:2Bole ratio Due to
solubility issues in EO during the NH reduction step, the solvent was changed to THF.

Surprisingly, this improved the overall yield of ketoh®&l during the reaction. In some
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cases, only the ketone was isolatetich eliminated the need for the extra oxidastep.
It was also shown that tmeixture of132and131couldbeoxidizedto give just the ketone.
With the similarities ol31t 0 Ga r v eli8(@chenie 8 th@synthesis of the aromatic

ring was attempted

Starting with ketoné. 31 it waspossibleto convert it into the ketenettioacetal

133 using the method developed by Gareeal (Scheme 292° Unfortunately, the next

o o s

- 1) Me;SI, NaH o]
Li-BHT, CS, P DMSO:THF (1:1) (;]é(ko
| | | > [ ! ] s rt,3.5h
Mel, THF >
rt, 72 h, 93%

2) MeOH:6 M HCI (6:1)
131 133 rt, O/N 25% (66% BORSM) 134

o s~

1) Me;SI, KOH Q
CEﬁ&ks/ MeCN:H,0, reflux, 3 h X/ ~0
.................... }
2) MeOH:2 M HCI (6:1)

rt, O/N

133

7
o s 1) Me;SI, KOH Q
(Ij%s/ (CH3)CHCN:H,0, reflux, 3 h N/~°0
....................... }
2) MeOH:2 M HCI (6:1)

133 rt, O/N 134

Scheme 29Method development towards the synthegisutenolide ring
134

step didnot work as cleanly. Multiple attentg were made to convert the ketene
dithioacetall33to the butenolide rind34 using the reported methods. Onlyecaittempt
successfully resulted in a 25% yield of the progwith an overall yield of 66% based on
the recovered starting materialyclohexanone was converted to the ketene dithioacetal
135 (Scheme 3D for testing reactiorconditions!*® Replicating thereported conditions

used by Garveet al.proved to be challenging even the model substrate. New cdrahs
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. 1) Me;3SI, KOH
o Li-BHT, - 30 o
: » CS2 » o /S MeCN:H,0, reflux, 3 h ~ o
»
o ij/ks/ 2) MeOH:2 M HCI (6 1;)
or ., o, e H H
0 °C-rt, O/N, 91% 't OIN
Cyclohexanone 135 136

Scheme 30Method development on cyclohexanone to synthesize
butenolide rindglL36.

werefound that successfully formed butenolide rirg@pfrom the model substrate by using
KOH in refluxing water and acetonitrjléollowed bya tandem ring opening and closing
using aqueous acid in methadt.Regrettaly, this did not translate to the desired
substratel33 and the butenolide ring@34 was not formed Scheme 23 Altering the
conditions slightly by using a higher boiling nig'Bolventalso resultedn no conversion
to the desired product. Unable to get around this issue at thedithepethodswere

exploredon the new keton&31

Attempting to synthesize the aromatic ring through the HWE, Heck and Stille

coupling
With thesuccessful synthesis of the ketdri3d and unable to obtain the butenolide

(o) . . .
0 e ring 134in a consistent
Meo)ji/"v <o | OMe
5 i manner  using  the

LIHMDS, THF

()-131 fef[‘j"gof’" reported methods, |
° 137

went back and
20% KOH
—rweonig” oreanco S| attempted old
rt, 24 h reflux, 24-48 h “ ¢
100% T procedures. With the

HWE method beinghe

Scheme 31Utilizing the HWE method od31to shorten
the aromatic synthesis. shortest proposed
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synthesis to convert a ketoreethe aromatic ring felt it should be tested a1 To begin
phosphonate est86 wastreatedwith 131to give a mixture of the proposed proda87

and what appeared to h@hosphat@anhydride Scheme 31 It was required thieat the
reaction undrreflux to get the HWE reaction to work. This was not required for the model
substrate, and due toiglchange, it is believed that sometloé formed phosphate anian
reacted with the est to form amixed anhydride. Wiile this wasnotideal, the folloving
saponification reaction to ford88would work with the mixtureof 137andthephosphate
anhydride.The saponificatiorproduct138 wastaken on to the next step without further
purification. Unfortunately, no aromatic produt89 was obtaied Based onprevious
results, i was concluded that the lack of reactivity was dustésic hindrance from the

angular methygroupon the dedlin ring system

Unable to complete the benzannulation through the HWE method, the longer Heck

coupling method was attgated. The reaction began with the conversion of kel@ido

o]

the vinyl triflate 140 OMe
=
(Scheme 32 This o | &
0 & ',1
transformation came with //jy,sw‘”.-"o\tf‘v "
® 8@0‘:’ \§'>"’ -\3?
. o} O . Q>
its own set of challenges 14,0, Cs,CO; ot T e
e
n DCM
Several conditions werg 0-5°C, OIN, 28% \\
(£)-131 140 NN\
Y
N2
attempted, but  they %0

);9» Y
: : ‘o, ¢ |l
resulted in either no GG

conversion to the product

or by-products that could | gcheme 32Proposed methods to convalto the
Heck or Stille coupled producigtlor 142

notbe easily removed from
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the product. One approach did work, but the conditions had to be modified from the original
proposal.lt had been reported that ketones could be converted to vinyl triflates using
NaCOs andtriflic anhydrideat room temperatur&? While this did work, it also caused
the isomerization of the alkene itme caseof 131 This could be caused by tie situ
formation of small amounts of triflic agidvhich can react with the alkene forming the
tertiary carbocation ahreformation of the alkena the othering. To avoid thisthe base

was changed to the more soluble@3s and the reaction conditions weregt between-0

5°C (Scheme 32 These new conditions did help to eliminate the formation of the new
alkene, buthe desired produd40was only isolated in 28% yield. Unable to optimize

the conditions for this reaction, limited amounts of the vinylatigf were available for the
next reaction. It was decided that the Heck coupling rais&)¥?® would be testedver

the Stille coupling routelé?),'%® as it was shorter. Unfortunately, this reaction olad
work, and no product was obtain&tlith the limited success in obtaining the vinyl triflate
140and thelength of theStille couplingroute the focus was swihed back to obtaining

butenolideintermediatel 34.
Completion of theformal total synthesis

It had been concludethat steric hindrance from the angular metimdupin the
dealin ring systemis one of the major factorgduced reactivity of the adjaddgretone
carbonyl groupRacemicl3lis easily converted to the ketene dithioac&&3 (Scheme
33).25 To lower the steric hindrance in the reaction betwEg®ito the butenolided 34 a

smaller nucleophileBrCH,) was used. This pred to be successful andutenolide



71

7
° Li-BHT, CS 0 S 1) CH,Br,, n-BulLi
Mel, THF
rt, 72 h, 93% 2) MeOH:2 M HCI (6: 1)
(i)-131 133 rt, O/N, 69%

LiHMDS-HMPA | °

i N

~0TBS OMe O Me
TBSCI
> (i?\ 1) benzene, Reflux 48 h OH
O‘
-78 °C-rt, 2.5 h 143 2) MeOH: 6 M HCI (5: 1)

rt, 1 h, 74% (3 steps)

OH
Mel, NaH O OMe MelLi O
A -
»
THF oM THF oM
rt, 48 h -15 °C-rt, 30 min

MsCl, NEt, O
A . A .
»
DCM THF OMe
0°C-rt,1h ‘ -78 °C, 15 min
48

1) BH; THF, THF 1; fg‘:t 2‘/’:’
0 °C-rt, OIN ;!51 , ;!51
» OMe > OMe
2) 3 M NaOH, H,0, 2) NaOEt, EtOH
H rt, OIN Ta

- 0,
r-40°C,4h HO 17% (6 steps) :
149 150 (Cis): 151 (Trans)

\ 4

e

-
'S
a
—

46

Li/NH,

A
o
=
o

-

\

Scheme 33Completion of the racemic formal total synthesis of
triptonide.

intermediatel 34 was obtained in moderate yieftf$ With conditions developed to obtain
134, the synthesis towards the aromatic ring was continligrmediate134 was
converted to the silyloxy furab43 using LIHMDS/HMPA and TBSCI. This ntleod also
deviated from the Garver approa€has LDA proved to be insufficient in forming the
desired product. With dienB43in place, a regioselective Diefdder reactionoccured
with methyl acrylatgfollowed bya tandem deprotection, dehydrationg é&automerization
under acidic conditions to give the aromatic compalddl From144, methylation of the

phenolhydroxyl to obtainthe anisolel45was achieved using Mel and NaWhile this
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reaction looked quite trivial, it did end up forming an anhyddaeer between the two
ester groupsalong with the desired product. This could easily occur if there was water
presence in the reactionmixture. Nonetheless, the next step was carried out as plaased
MeLi would react with both the ester and anhydrideisimilar fashion to give tertiary
alcohol 146. The alcohol waslehydratedusing MsCl and base to obtain alkeb#7,

followed by selective Li/NHreduction to produce the isopropyl groupld8

After successfully functionalizing the aromatic ring, étlkeenefunctionalityin 148
needed to be convertedtana ketone. This process began with -dairkovnikov
hydroboratiorof 148to give a mixture otis andtransalcohok (149).14? Oxidation of the
alcohokto a 6:1 ratio othe ketone450(cis) and151(trans) was accomplished with PCC
respectively**® To enhancethe ratioof the desiredrans ketone151, slightly modified
conditions were used that were reportia convertingcis dealin rings totrans. While
these conditions did improve the rateothermodynamic equilibrium was established in
favor of cis ketonel50in a 2:1 ratio.lt was later discovered that this ratio is normal for
this class of molecule¥®* Conditions are known to converis ketones tdrans through
hydrogenation followed by rexidation*® However, recrystallization of50 from 151
was quite easy using hot rtteanol therefoe, the cis isomer can be removed from the
mother liquor containing mostlyans. The purecisisomer can undergo the epimerization
process again and theacatly after four iterations ~ 75% of the product could be

converted to the desirechnsketonel51
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Summary of triptonide synthesis

With the completion of the formal racemic synthesisiptanide(Schemes 2&nd
33), my colleague Jhonnathan Brawkayd | have been replicating the reactipagormed
on racemic WMK and applying them to the enantiopure substratar§\&urrently in the
process ofcollecting mass spec, optical rotation,, Bhd additional proton and carbon
NMR spectrafor all the new ompounds not reported. Upon obtaining the enantiopure
ketonel51, Jhonnathan Brawley Wicontinue the synthesis to the desired natural preduct
triptonide and triptolide This compound will be tested as reonhormonal male

contraceptive and compared to tieural extract obtained from the TwHF plant.

Several trials have been tested to obtain the aromatic ring from the WMK. While
the original propoxd methodusing the HWEreactionwas quite short (~14 steps)
unfortunately dichotyield any productTwo different issues are believedhavecause
this. Arst, butenolide rings can be readily deprotonated under basic conditions and trapped
with anelectrophile. The other issue comes from the steric hindrance around the angular
methylgroupin the deaelin ring system It wasnot until the method used my Garwetral.
was mimickedo synthesize the aromatic ring on a similar ketoasIvable to obtan the
desired functionality. This too came with complicatidhat were overcomeby altering

some of the reaion conditions; mainly the formation of the butenoliciermediatel 34.

While this isnotthe shortest method to obtain thgtfiptonideand ¢)-triptolide,
it is arguably the most practical for large scale synth@siddate no other method that
synthesizes the enantiopure natural product starts with an inexpensive starting material.

Currently, the most efficient route in obtaining the natural product was done by £han
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al., but their starting material cost £800/g with limited methods to synésize it. With

this method the synthesican start with-WMK (~$200/g) or the extremely @xpensive
1,3-cyclohexadione which cast-$0.20/g.The Zhang method is shorter, these additional
steps avoid starting the synthesis with an expensive startirggiahaét this current time,
Zhangés met hod provides t heanaveralyigldofl~7%.at ur a
The method proposed here dinetically would provide triptonide in a ~2% overall yield.
However, these reactions have not been fullyinmped and higher overall yield is
theoretically possibleOther alterationso the synthesis can be employedimprove the
scalability. One of the major changaeuld be alteringhe methodisedto synthesize the
enantiopure WMK. Irthis method,the workreportedby Bradshawet al.is utilized. This
method is convenient in numerowugays as it gives high yields with an excellent
enantiomeric excess. However, despite the low loading of the catalyst (1 mol %) it takes
threesteps to make it from the startiB§NAM which is pricy ($100/g). UsinglL()-proline

as the catalysesults in loveryieldsandenantiomeric excess, but at a large sthkecost

could outweigh the benefits seen from the Bradshaw methqatoline is much cheaper

and recrystallizations VMK improve the enantiomeric exceddis route has also been
developed to avd purifications through long silica gel columns. Most steps were carried
on to the next reaction without purification and for other stéps compounds were

recrystallizedor passed through a short silica gel plug to purify the compound. This is
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benefical at largescalebecauseaeactionscan becostly to purify by standard column

chromatography as it requirksge quantitiesf silica gel and solvents.

Lastly, thismethod could be utilized to efficiently synthesize other triptonide
analogs and other known compounds. Ugingviously reported conditions, triptonide
could be converted into triptolide in one s{§eheme 3% This is useful as triptolide can
be modifiedto synthesizeMinnelide®, a prodrugtested inphase Il clinical trials for

RX o}
0 , 0 7 . R"
5M NaOH R 7/ ~0T1BS
1) bezene, Reflux 48hr
0-65°C, O/N OH
(o] o]
61

2) MeOH: 6M HCI (5:1)

143

rt., 1hr
o 7 [} 0 &0 oo
_— ¥

NEt; R Precursors
rt, OIN <::| o :>
(o) (o) o o
0=/ =
H
o]

48

Related
potential
drug(s)

Triptolide Minnelide

Scheme 34Possible methods of synthesizing analogs of triptonide and known
compounds.

pancreatic cance Most lead drug undergo numerous deviations and are tested for
structureactivity relationships (SAR3tudieso come up with the best drug.i§kynthetic
routeallowsfor modifications to the triptonide structure from the very first step. Usually
the dione6l is mettylated using Mel, but this could easlhe changé by usinganother
alkyl halide(R). Methyl vinyl ketone (MVK) could be replaced with a differéfichael
acceptor that contains other substituents beside hydrégkmfother potential target is

changing the isopropyl group which can be done by replacing the dienophile in the Diels
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Alder reactionstep in forming the aromatic intermediaffed. T he® alterations and many

more could prove to be beneficial in finding more potent asdlogugh SARstudies.
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Experimental

All reactions were carried out under an atmosphere of dry nitrogen unless otherwise
stated. All reagents and sohte were ACS reagent grade or better unless otherwise stated.
All chemicals purchased were used as proviglethe venders such as Aldrich Ghieal
Company, Acros Organics, Fisher Scientific, or AK Stfen All glassware, stir bars, and
equipment useduting a reaction wreovendried for 24 hours or longer in a drying oven
set to 120°C. ACS grade THF was madehsgmlrous by sitting over actated 4A MS for
24 hours followed by distilling from sodium metal and benzophenone under inert
conditions. Overnigh(O/N) is classified as a reaction stirred for22 hours. Samples
were further driedh vacuoat 0.1 mm at room temperature for 24 hour®oger. Samples
submitted for microanalysis were dried in a drying pistoli#i72 hours at 78 (0.1 mm)
and sibmitted for examination to NuMega Resonance Labs, Inc. Column chromatography
(C.C.) was performed with Sorbent Technologies standard gricie (§263 um).1H-

NMR (400 MHz or 500 MHz) an&’C (100 MHz or 125 MHz) spectra were acquired on a
Varian 400 ofa Varian Unity+ 500 spectrometer. All chemical shifiy gre reported in

ppm units relative to the following solvent resonancdeél: CDCl/TMS = 7.26 ppm,
DMSO-d6 = 2.50 ppm*3C, CDCk = 77.16 ppm, DMS@i6 = 39.52 ppmMelting points

were measured on a Mel0Temp apparatus and are uncorrectgdesolution nass
spectra (MS) were obtained using a Waters Micromass ZQ electrospray i@mizat
guadrupole mass spectrometer using positive ion detection (capillary voltage = 3.5 kV).
Crystal data, data collection, and refinement details ®@rare given below. A stable
crystal was mounted on a glass fiber and placed in ddowerature nibgen stream of a

Bruker SMART CCD area detector diffractometer. A full sphere of data was collected
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using a graphitenonochromated MU r adi ati on sourcecafa = 0
absorption corrections were applied using SADABS.1 The structures weed byl direct

methods and refined by leasjuare methods on F2 using the SHELXTL2 programming
package. All norhydrogen atoms were refined anisotropically, hydrogen atoms were

added geometrically, and their parameters constrained to the parent site.

Proceduré®?!

(S)-N-[ 2Adnino-( 1 ;bihaphthyl)-2-yl]-4-methylbenzenesulfonamide (64):
To a 250mL multi-necked round bottom flask was add&d){(-)-1 , -fir@apthyt2 , -2 6
diamine63(3.15g, 11.0mmol, 1.0eq.), DCM(130mL), andanhydrougpyridine (10mL,
124mmol, 11eq). TsCl (2.03), 10.7mmol, 0.97eq.) was added to the flaskportions
The flask was left to stir overnightiat.. under N. The solution was complete by TLC and
concentrated down by rota vap.elbrangeoil was taken up into EtOAc (20@L) and
washed with 2M HCI (5x30nL) then vacuurfiltered through a bed of N8Qy in a M-
porosity sintered glass funnel. The,N& was washed with EtOAc (2x4fL) and the
combined filtrates were concentrated down and &usrtlried by high vacAn off-white
foam was collected(64) and the product was continued on to the next reaction without

further purification.!H NMR (400MHz, CDCh): U~ 8.12 (d,8 Hz, 1H, ArH), 7.945 (d,
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12Hz, 1H, ArH), 7.86 (d, 8Hz, 1 H, ArH), 7.83(d, 8Hz, 1H, ArH), 7.77 (d, 84z, 1H,
ArH), 7.41 (d, 8Hz, 2H, 0-Ts), 7.37 (d, 8z, 1H, ArH), 7.237.15 (m, 2H, ArH), 7.06
(t, 8Hz, 2H, ArH), 6.99 (d, 8Hz, 2H, mTs) 6.94 (t, 8Hz, 1H, ArH), 6.67 (BrS, 1H,
TsNH), 6.405 (d, 1Hz, 1H, 0-NH2ArH), 3.41 (BrS, H, ArNH2), 2.30 (s, H, ArCHs).
13C NMR (100MHz, CDCh): ti= 1438, 142.8, 1361, 1338, 1337, 1329, 131.4, 13@,
1301, 1299, 1283, 1274, 1273, 125.8, 125.5, 128,122. 6, 121.7, 119.6, 118.1, 109.7,

21.7.

i i NHTs
O E
NBoc
66

Proceduré®?

(Sa,S)Htert-Butyl-2-[ 2(4methylphenylsulfonamido)-( 1 sbihaphthyl)-2-yI-
carbamoyl]pyrrolidine -1-carboxylate (66): To a 2% mL round bottom flask was added
anhydrousTHF (60mL), (S)(-)-N-(t-butoxycarbonyBL-proline (65) (1.73g, 8.0mmol,
1.6eq.), andriethylamine (1.15nL, 8.0mmol, 1.6eq.). Tleresultingsolution wasstirred
at0 °C and placed underoNEthyl chloroformate (0.72nL, 7.6mmol, 1.5eq.)was added
dropwise, producing fine precipitate. Theesultingmixture was stiredat 0°C for 30min
before a solution 064 (2.65g, 5.1mmol, 1eq.) inanhydrousTHF (12 mL) was added
dropwise. The solution was brought to reflux and left to stir overnight unglefh

reaction was cooled to r.t. and tiéture was filtered through a{dorosty fritted funnel.
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The solid was washed with THF (ZInL) and the collected filtrate was conaexted
down and driedo a consistent weighAn off-white foam was collecte6) 4.30 g and
continued to the next reaction without further purificatidboe to broadening peaks at,r.t.

NMR spectra couldhot be characterized.

OO NHTs
OO NH (0]
éNH
60
Proceduré?!

(Sa,SHN-[ 2(&Methylphenylsulfonamido)}1 , -hir@aphthyl-2-yl-pyrrolidine -
2-carboxyamide (60):To a 250 mL round bottom flask was ad@éd4.30g, not purified)
and DCM (50mL) and placed undeN.. TFA (9.6 mL) was slowly added to the round
bottom flask over 5 min. The solutiamasstirred at r.t. for Thou. Once complete, the
solution was cooled to ~& and through an addition funp@l5M NaOH (50mL) was
added to the round bottom flaskesvl0 min. Thebiphasicsolutionwastransferred to a
separatofunnel andseparatedThe aq. layewasback extracted with DCM (261L) and
separatedThe combined organics were filtered through a bed eE8aand the solids
were washedavith DCM (2x 40 mL). Theorganics were concentrated down and purified
by silica gel column chromatography (EtOAc:Hex 2:1, EtOAc:Hex 3:1, EtOAc). A white
solid, 2.09g was obtained which was dissolved in hot DCMh{b). The solution was
cooled to r.t. and hexe(25mL) wasslowly added over 3tin, then left to stir overnight.

The slurry was filtered and the solid was washed with hex:DCM 5:in[)2After drying
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to consistentveight, a white solid was collected.64 g(60) (47% over 3 steps). The
structure was confirmed b{H/**C NMR (400 Hz, CDGYTMS). 'H NMR (400 MHz,
CDCl): U= 9.30 (BrS, H, ArNHC=0), 8.81 (d, 8Hz, 1H, ArH), 8.18 (d, &z, 1H, ArH),

8.06 (d, 8Hz, 1H, ArH), 7.99 (d, 8z, 1H, ArH), 7.94 (d, 8z, 1H, ArH), 7.87 (d, &Hz,

1 H, ArH), 7.43 (d, 8Hz, 3H, ArH/o-Ts), 7.38 (t, 8Hz, 1H, ArH), 7.18 (d, 8Hz, 2 H,
ArH), 7.11 (d, 8Hz, 2H, ArH), 6.93 (d, 8z, 1H, ArH), 6.86 (d, 8Hz, 1H, o-NH.ArH),

6.33 (BrS, 1H, TsNH), 3.305 (dd, 4z, 1H, O=CCHNH), 2.36 (s, H, ArCHs), 2.22 (q,
8Hz, 1H,0=CCHNH), 1.831.73 (m, 1H, NHCHC), 1.631.56 (m, 2H, CCH,CH), 1.27

1.14 (m, 2H, CCH.C), 0.720.63 (m, 1H, NHCH:C). 3C NMR (100MHz, CDCk): U=
1735, 144.0, 136.6, 138, 133.8, 132.6, 132.2, 131.3, 130.8, 130.6, 130.2, 129.6, 128.7,

1283, 127.7, 12"/, 125.7, 125.3, 125.2, 124.2, 120.7, 119.5, ¥19.17.0, 606, 46.2,

30.7, 25.3, 217.
o)
éﬁo
48
Proceduré®®

2-Methyl-1,3-cyclohexadione (8): To a 1,000mL round bottom flask was added
1,3-cyclohexadion€61) (859, 0.75mol, 1.0eq.) and M NaOH (150mL, 0.75mol, 1.0
ed.) which was cooled to . Once cooled, Mel (21§, 1.5mol, 2.0eq.) was added in
one portim. The solution was heated to ~&5 and stred for 18hours(Mel boils at 42
°C, so a reflux condenser is needed). The reaction was cooled to r.t. anevthéefolid

was filtered off. The solid was then added to a 2 L round bottom flask along salitien
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of absolute ethanol:water 12%\y1,500mL). The suspension was heated to reflux until
all the solid was dissolved (2ours). The solution was then removed from the heat and
cooled to r.t.overnight. The solid was filtered off and dried on higit overnight. A
Pinkish white solid was obtaine&¥.41g (48) (39.1% Structureés in the enol form). The
structure was confirmed b{H/**C NMR (400 Hz, CDGJTMS) *H NMR (400 MHz,
DMSO-d6): Ui= 1028 (brS, 1H, HOC=0), 2.29 (brS, 4 H, 2xCH2C=0), 1.81 (p, 8.Hz,

2 H, CCH,C), 1.54 (s, H, CCHs). 13C NMR (100MHz, DMSO-d6): ti= 1096, 20.5, 7.2.

o) o)

e

54

Proceduré®?

2-Methyl-2-(3-oxobutyl)-1,3-cyclohexanedione (8): To a round bottom flask
was added -2nethyt1,3-cyclohexadion€49) (37.41g, 296.5mmol, 1.0eq), methyl vinyl
ketone (29.9mL, 353.8mmol, 1.2eq) and NE#£(0.83mL, 5.9mmol, 0.02eq) neat. The
reaction was stirred overnight at r.t. The brownish o# wansferred to a 1,000L round
bottom flask by EtOAc (30ML) andactivated charcoal (§) was added. The solution was
heated to 48C for 3060 minsthen cooled to r.t. The solutiovas filtered through a silica
gel pad (-5 cm) and the pad was flusheith EtOAc (6x150mL). The solvent was
removed by vacuum leaving a yellow clear @1.25 g 54) (100%) The structure was
confirmed by*H/®*C NMR (400 Hz, CDGJTMS). *H NMR (400MHz, CDCk): ti= 2.54

(M, 4H. 2xCH;C=0), 2.20 (t, 68 Hz, 2H, CCH.C=0), 196 (s, 3H, O=C(H3), 1.89 (t,
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6.8Hz, 2 H, COH2CHy), 1.79 (M, 2 H, CHCH2CH), 1.08 (s, 3H, CCH3). 13C NMR (100

MHz, CDCk): U= 2098, 207.2, 64.1, 38, 376, 298, 294, 19.9, 17.4.

(o)

L0

(S)-WMK

Proceduré®?

(8aS)-3,4,8,8aTetrahydro-8a-methyl-1,6(2H,7H)-naphthalenedione (&)
WMK): To a 50mL round bottom flask was added a stir bamethy}2-(3-oxobutyl)
1,3-cyclohexanedioné6) (15.0g, 76.5mmol, 10 eq), compound 3 (40@g, 0.74mmol,
0.01eq), and benzoic acid (230g, 1.9mmol, 0.025eq). The solution was left at r.t. and
stirred until complete byH NMR (400Hz). Afterfive days the reaction was complete
which wasindicated by a methyl shift seen in thé NMR (from 1.22 ppm to 1.44 ppm).
The reaction solution was trangkd to a 250nL round bottom flask with EtOAc (100
mL), activated carbon (3.09) was added and the solution was left to stir overnight.
Hexanes (100nL) was added to the flask and the solution was passed through a pad of
silica gel (5 cm deep) in a medm fritted fumel. The silica gel was eluted with a
EtOAc:Hex 1:1 mixture until the filtrate was no longer colored (~2y/5Q). The solution
was concentrated down and driedadmgh vac. overnight. 13.7% of a brownish oil was
obtained which crysthzed after being faced in the freezer for Aour. MTBE (15mL)
was added and the solution was warmed untifathe solid was dissolved (~4€). The

flask was brought to.t.. over an hour then placed into the freezer overnigirtge dark
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red crystad formed at the bottom of the flask and the liquid was removed by pipette then
the solid was further dried by high vac. overnight. The dark red cryséssconfirmed
by 'H/*3C NMR (400MHz, CDCE/TMS) 11.17¢(S)-WMK ) (81%). 'H NMR (400MHz,
CDCl): U= 583 (d, 1Hz, 1H, C=CH), 2.752.65 (m, 2H, O=CCHy), 2.522.41 (m, 4H,
O=CCH2/CCH.C), 2.17-2.06 (m, 3H, CCHC), 1.751.64 (m, 1H, CCHC), 1.43 (s, 3H,
CCHjs). 13C NMR (100MHz, CDCk): U= 211.1, 1981, 1659, 125.9, 50.7, 38, 33.7, 319,
2938, 234, 23.0.The m.p. was 56C; enantiomeric purity 987% ee; §]p>° +93 (c 1.0,

PhMe).

0

67

Proceduré®®

( 86-3a&) 4 0-Te®rahydd®-® @ maethylspiro[1,3-dioxolane2 , 1H){ 2 6
naphthalen]-6 6 H)7ode (67):To a 500mL round bdatom flask was addednhydrous
ethylene glycol (14@nL), theS-WMK (5.26g, 29.6mmol, 1.0eq.) and 4A MS (~40g,
4-8 mesh beadsp-TsOH (5.89g, 30.8mmol, 1.04eq.)wasadded in one portion and the
reaction was stirred until complete by TLC. The solutivas poured into a mixture of ice
and sat. NaHC® (300 mL) then extracted with EtOAc (4x20@L). The combined
organics were dried over BBy and concentrated down. Théack oil was purified by
silica gel column chromatography (packed column with EtBlag 1:9 and run the

column with EtOAc:Hex 2:3 (40%)). A clear oil was obtained 53487) (83.7%). The
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structure was confirmed by4/**C NMR (400MHz, CDCK/TMS). *H NMR (400 MHz,
CDCL): U= 5.735 (d, Hz, 1H, C=CH), 3.943.86 (m, 4H, OCH-CH-0), 2.41:2.17(m, 5
H, CCHC/O=C(H>), 1.841.59 (m, 5H, COHC/O=CHy), 1.29(s, 3H, CCHs). 3C NMR

(100MHz, CDCBh): U= 199.1, 167.7, 125.6, 112.3, 8%51, 45.0, 33.931.4, 30.0, 26.8,

21.7, 205.
o/ﬁ
jo 0!
022
Cone
69
Proceduré®’

Spiro[1,3-dioxolane2,1'(2'H)-naphthalene}5'-carboxylic acid, octahydro-8'a-
methyl-6'-oxo-, methyl ester, (4'&,5'S,8'aS)- (69): To an ove-dried 3necked round
bottom flask under Bl cooled to-78°C, and ~30mL of NHz was condensed. Once enough
NHswas collected sodium metal was added to dry the. NHe cryo bath was removed
and the flask was slowly warmed to r.t. distilling the INd¥er to anotheovendried 3
necked round bottom flask undes &t-78°C. Once all the NEkitransferred, Li metal (0.11
g, 4.4mmol, 10 eq) was added to the flask followed by the slow addaisnlutionof the
67 (1.00g, 4.4mmol, 10eq),'BUOH (0.37mL, 5.1mmol, 1.16eq)in anhydrou€t.O (4.1
mL). The flask was warmed up 445 °C and stirred for 20 mins before bginooled back
down to-78°C. Isoprene (~8L) was added to the flasaquench any remaining Li metal.

The flask was once again warmed-4& °C and the solvent was slowly removed by high
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vac. maintaining the temperature betwe#m°C to-50 °C. Anhydrows Et2O (15mL) was
added to the flask and the solution was cooled8PC. Methylcyanoformatg68) (0.41

mL, 4.7mmol, 1.07eq) wasslowly added to the flask. The solution was stirreer8°C

for one hour then warmed td0 until the reaction was cgstete by TLC (~2hours). Once
complete, water (361L) and EO (30mL) were added to the reaction and the solution was
added to aeparatory funnel with brine (I0L) in it. The layers werseparatedand the

ag. layer was back extracted withh@t(3x20mL). The organic layers were dried over

NaSQs, concentrated down and purified the oil by silica gel column chromatography

(EtOACc:Hex 1:4). Aslight cloudgel was obtaine0.32 g 69) (25.2%)(Yields improved

to 70% using the same condition$he structurevas confirmed byH/**C NMR (400

MHz, CDCW/TMS). 'H NMR (400MHz, CDCY): U= 3.983.96 (m, 2H OCH;), 3.913.87
(M, 2H, OCHy), 3.74 (s, 3HCOCH3), 3.215 (d, J=12Hz, LHD=CCHCO:Me), 2.482.41
(m, 3H, CCHC), 2.373.33 (m, 1H CCHC), 1.791.65 (m, 5H CCHC), 1.331.29 (m, 2H
CCHC), 1.21 (s, 3H CCH3). 2*C NMR (100MHz, CDGJ): t= 205.77, 170.35, 112.17,

65.36, 65.21, 60.02, 52.10, 43.78, 41.66, 37.53, 30.30, 29.87, 26.26, 22.57, 14.01.

N

TfO

H
Co,me
70

Proceduré®’

Spiro[1,3-dioxolane-2,1'(2'H)-naphthalene}5'-carboxylic acid, 3'4',4'a,7',8',

8'a-hexahydro-8'a-methyl-6'-[[(trifluoromethyl) sulfonyljoxy]-, methyl ester, (4'R,
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8'aS)- (70): To a round bottom flask was adde®l(2.11g, 7.5mmol, 1eq) andanhydrous

THF (~125mL) which was cooled to @ and placed under,NKHMDS (3.06g, 15mmol,

2 eq) was added all at once and stirredtfioeehours The reaction was brought to r.t. and
stirred for 12hours The reaction was quenched with MH (40 mL) and the salent was
removed byacuum The residue was extracted with EtOAc (4x80). The solvent was
removed and the orangish oil was purified by silica gel C.C. (EtOAc:Hex 1:9, EtOAc:Hex
1:4). A clear oil was obtaine@55g(70) (17.7%). The structur&as confirme by *H/*°C

NMR (400Hz, CDCYTMS). *H NMR (400MHz):t= 3.89 (m, 4H OCH2CH-0), 3.76 (s,

3H, COCHz3), 1.85 (m, 1H CCHC), 2.441.34 (m, 10H CCHC), 1.00 6, 3H, CCH3). 13C

NMR (100MHz): U= 165.46, 146.69, 127.93, 119.90, 111.78, 65.39, 65.23, 52.08, 41.52,

40.77, 30.09, 26.58, 24.81, 23.02, 22.70, 14.00.

N

TfO

H
Co,me
70

Procedure:

Spiro[1,3-dioxolane-2,1'(2'H)-naphthalene}5'-carboxylic acid, 3'4',4'a,7',8',
8'a-hexahydro-8'a-methyl-6'-[[(trifluoromethyl) sulfonylloxy]-, methyl ester, (4'R,
8'aS)- (70): To an overdried 3NRBF purged with nitrogethreetimes was added NaH
(517mg, 60% in mmeral oil, 1.2eq.) The NaH was washed with HPLC grade hexane (3x3
mL). To the flask was added a solution6®(3.00g, 10.6mmol, 10 eq.) inanhydrous

THF (22mL). The solution was stirred under nitrogentfmeehoursbefore PhNTS (3.81
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g, 10.6mmol, 10 eq.) was added all at once. The reaction was stirred overnight under
nitrogen at r.t. The solution was poured insegaratoryfunnel containing sat. Né€I (150

mL) and extracted with ED (3x70mL). The combined organics were washed with water
(2x50 mL), brine (50mL), dried over NgSOy and concentratedlown. The crude was
purified by silica gel column chromatography {20% EtOAc:Hex). 3.53) of 70 was
obtained (80%). The structure was confirmed'By**C NMR (400 Hz, CDGJTMS). *H

NMR (400MHz, CDCh): U= 3.92 (m, H, OCH,CH20), 3.78 (s, H, CO:CH3), 2.855 (d,

4 Hz, 1H, CCHC), 2.45 (m, 1H, CCHC), 2.34 (m, 1H, CCHC), 1.78 (m, 4H, CCHC),

1.56 (m, 3H, CCHC), 1.34 (m, 1H, CCHC), 1.03 (s, 3H, CCH3). 13C NMR (100MHz,
CDCl): U= 165.5, 146.7, 120, 1119, 65.4, 653, 52.1, 416, 40.8, 32, 26.6, 248, 231,

228, 141.

TfO

HO

71

Procedure:

(4'aS,8'aS)5'-(Hydroxymethyl)-8'a-methyl-3',4',4'a,7',8',8'a-hexahydro-2'H -
spiro[[1,3]dioxolane-2,1-naphthalene}6'-yl trifluoromethanesulfonate (71): To an
ovendried SNRBF was addetD (4.5g, 10.8mmol, 10eq.) and the flask was purged with
nitrogenthreetimes.AnhydrousPhMe (75mL) was added and the solution was cooled to

-78°C. Once cold, DIBAEH (19.5mL, 23.4mmol, 2.2eq.) was slowly added. Once the
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addition was complete, the reaction was slowly warmed to r.t. and stirredhimur8
Rochele 6 s s a b)tin icé-cbl8 waleb (125mL) was added and stirred for 30 mins.
The solids were filtered off and washed with EtOAc. The layers were separated, and the
ag. layer was back extracted with EtOAc (3x#00). The combined organics were dried
ove NaSOQy and concentrateddown. The oil was purified by silica gel column
chromatography (280% EtOAc:Hex)A clear oil wasobtained 3.8@y (71) (92%). The
structure was confirmed b{H/**C NMR (400 Hz, CDGJTMS). 'H NMR (400 MHz,
CDCL): U= 4.32 (d,8 Hz, 1 H, HOCHy), 4.08 (d, 8Hz, 1 H, HOCH,), 3.92 (m, 4H,
OCH2CH:0), 2.685 (d, 1Hz, 1H, CCHC), 2.40 (m, 2H, CCHC), 2.29 (m, 1H, CCHC),
1.94 (d, 8Hz, 1H, CCHC), 1.75 (m, 3H, CCHC), 1.57 (m, 3H, CCHC), 1.36 (m, 1H,
CCHC), 0.97 (s, H, CCHa). 13C NMR (100MHz, CDCk): li=144.7, 131.0, 113, 65.3,

65.2, 571, 421, 41.0, 30.0, 26.8, 22, 23.0, 22.6, 142.

Procedure:

(5'aS,9'aS)-5'a-Methyl-1',4',5',5'a,7',8',9",9'a-octahydro-3'H-
spiro[[1,3]dioxolane-2,6-naphtho[1,2-c]furan] -3'-one (71): To an overdried 3NRBF
purged with nitrogerthreetimes was addedl (5.61g, 14.5mmol, 10 eq.),anhydrous

DMF (200mL), PPh (1.88¢g, 7.2mmol, 0.5eq.),anhydrousMeOH (14mL), NEt (105
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mL), and Pd(OAg) (364 mg, 1.6mmol, 0.1eq.). The solubn was sirred under nitrogen
at r.t. for 10mins before switching to CO(g) and heating the solution t&060vernight.
The reaction was cooled to rand the DMF was removed by vacuum. The residue was
taken up in DCM (200nL) and washed with water (150L). The aq. layer was extracted
with DCM (2x150mL) and the combined organics were dried oveiS{Ta, concentrated
down and dried overnight on high waon. The residue was purified by silica gel column
chromatography (30% EtOAc:Hex). A slightly yellowlidowas obtained 3.39 (72)
(88%). The structure was confirmed Hy (400 Hz, CDCYTMS). *H NMR (400MHz,
CDCL): ti= 4.695 (d, 1Mz, 1H, OCH.C=C), 463 (d, 16Hz, 1H, OCH.C=C), 3.95 (m, 4

H, OCH2CH:0), 2.77 (d, 84z, 1H, CCHC), 2.33 (d, 16Hz, 1H, CCHC), 2.18 (m, 1H,
CCHC), 1.83 (m, H, CCHC), 1.69 (m, H, CCHC), 1.61 (m, H, CCHC), 1.55 (m, 1H,

CCHC), 1.43(m, 1H, CCHC), 0.91 (s, H, CCHa).

Procedure:

(5aS,9a5)-5a-Methyl-1,4,5,5a,7,8,9,9actahydronaphtho[1,2c]furan -3,6-
dione (62):To a 3NRBF purged with nitrogehreetimes was added a solution## (3.37
g,12.7mmd, 1.0eq.) in acetone (15®L), water (20mL) andp-TsOHH20 (2.19qg, 12.7
mmol, 10 eq.). The solution was heated to reflux and stirred overnight. The solvent was

removed by vacuum and the residue was taken up in DCM (200 The organics were
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washed wth 10%NacCl (150nL) and theaq. layer was back extracted with DCM (3x200
mL). The solvents were removed by vacuum and dried overnight on high vac. The crude
product was purified by passing through a silica plug using 50% EtOAcAHegkite solid

was obtaied 2.42g (62) (86%). The stucture was confirmed byH/**C NMR (400 Hz,
CDCITMS). *H NMR (400MHz, CDCh): t= 4.72 (m, 2H, OCH,C=C), 2.78 (m, 1H,
CCHC), 2.63 (d, 16Hz, 1H, CCHC), 2.40 (m, 2H, CCHC), 2.13 (m, 3H, CCHC), 1.71

(m, 4H, CCHC), 1.09 (s, 3H, CCH3). 13C NMR (100 MHz, CDCk): U= 212.8, 173,

160.9, 1253, 70.3, 47.5, 48, 37.0, 284, 25.6, 22, 175, 163.

Proceduré®®

2-[(tert-Butyldimethylsilyl)oxy] -1-ethanol (73): To a 1,500mL RBF was added
anhydrous’HF (750mL) and NaH (60%, 15.83, 397.2 mmol, 0 eq). An addition funnel
was attached to the roundttom flask and the reaction was placed undgrBthylene
Glycol (24.67g, 397.2mmol, 10eq.) was added to the slusipwly. After all the ethylene
glycol was added the slurry was stirred.at for 2 hoursbefore TBSCI (60.0@, 397.2
mmol, 10 eq.) The reaction was stirred for another A&urs monitored by TLC to
completion. The reaction solution was partitioned between a 1f8@Ksol. and ethe
(1:1 500mL:500mL). The Aqg. layer was back extracted with MTBE (3x280). The
organics were washeditw brine, dried over N&Qy and concentrated down into an oil

(~60 g). The oil was purified by silica gel column chromatography(Eiex 1:3). A
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slightly yellowclearoil was obtained 27.96 (73) (40%) The structure was confirmed by
H/A3C NMR (400 Hz CDCL/TMS). *H NMR (400MHz, CDCk): U= 3.67 (t, 4Hz, 2H,
HOCH:C), 3.60 (BrS, H, HOCHCHy), 2.37 (BrS, HH, HOC), 0.87 (s, H, SiC(CH3)3),

0.04 (s, 84, 2xSiCHs). 13C NMR (100MHz, CDCL): U= 643, 63.7, 5.0, 18.4, 53

Proceduré®®

(tert-Butyldimethylsilyloxy)acetaldehyde (74):To a 300mL round bottom flask
was added DCM (8&1L) cooled to-78 °C and placed under2NOxalyl chloride (3.2nL,
37.4mmol, 1.1eq.) was added to the flask followed by the slow aglditf anhydrous
DMSO (6.0mL, 81.6mmol, 2.4eq.). After 20mins, an addition funnel was added to the
flask and a solution 63 (6.00g, 34.0mmol, 10 eq.),anhydrougpyridine (5.50mL, 68.1
mmol, 2.0eq.) in DCM (34mL) was added dropwise to the soluaticAfter the solution
was added to the flask, it was stirred &or additional 30 mins a78°C. NEg (23.5mL,
170.2mmol, 5.0eq.) was added to the flask and the solution was brought to r.t. and stirred
for 1 hour. The reaction was monitored by TLC tongpletion at which point the reaction
was acidified first with 8 HCI and then IM HCI until the pH was ~4. The two layers
wereseparatedand theag. layer was back extracted with DCM (2xT.). The organics
were dried over B65Qy and carefully concentratl down. The oil was purified by silica gel
column chromatography (E2:Hex 1:3). A slightly yellowclearoil was obtained 4.9§

(74) (84.0%). The structure was confirmed ¥y/**C NMR (400 Hz, CDGJTMS). H
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NMR (400MHz, CDCE): i= 9.67 (5,1 H, O=CH), 4.18 (s, 2H, O=CH>), 0.90 (s, H,

SiC(CHa3)3), 0.08 (s, 6H, 2xSiCHs). 3C NMR (100MHz, CDCh): U= 202.2, 69.7, 25,

18.4,-5.3.
o o
Eto’?\)LOEt
OEt
76
Proceduré?®

(Ethoxycarbonylmethyl)diethoxyphosphine oxide (76): To a preweighed
3NRBF was added triethyl phosphite (45mL, 265 mmol, 1.01 eq.) and ethyl
bromoacetat€75) (29 mL, 261 mmol, 1.0eq.). The reaction was heated to°@(Need
Reflux condenserthe reaction becomegxothermic and boils) After onetwo hours the
reaction waseated to 130C and left to stir overnight. The reaction was cooled to r.t. and
by-products were distilled off. A slightly yellow clear oil was obtained 44.26) (75.5%).

The structure was confirmed Bigl/**C NMR (400 Hz, CDGJTMS). *H NMR (400MHz,
CDCla): U= 4.144.04 (m, 6H, 3xOH2CHs), 2.865 (d, 2Hz, 2H, O=CCH2P), 1.281.17
(m, 9H, 3xOCHCHs). *C NMR (100MHz, CDCk): U= 165.7, 62.6, 65, 35.0, 33.616.3,

14.0.



94

Proceduré!

Ethyl 2-diethoxyphosphoryt3-methylbutyrate (78): To a 3NRBF was added a
solution of76 (15.54g, 69.3mmol, 1.0eq.) in DMSO (60mL) and cooled to C. Once
cooled, KOBu was added and stirred af®© for 1 hourthen warmed up to r.t. and stirred
for another hour. 20dopropandg77) (7.8 mL, 78.1mmol, 1.1eq.) was added all at once
and the solution was heated to ®and stirred for 4ours The reaction was cooled to
r.t., quenched with Sat. Ni€l (200 mL), and extracted with EO (3x300mL). The
combined organics were washedwbrine (200mL) and concentrated down. The yellow
oil was placed on high vac. overnight to dry. A yellow oil weaflected 15.78) (78)
(80.9%). The structure was confirmed ¥/*3C NMR (400 Hz, CDGTMS). 'H NMR
(400 MHz, CDCk): U= 4.124.00 (m, 6H, 3xOCH,CH3), 2.60 (dd, 12Hz, 8 Hz, 1 H,
CHCH(CH)2), 2.362.22 (m, 1H, CHCH(CHs)2), 1.231.16 (m, H, 3xOCHCHz), 1.025
(d, 4Hz, 3H, CHCH(CHs3)2) 0.90 (d, 8Hz, 3H, CHCH(CHs)2). *C NMR (100MHz,

CDCl): U= 1692, 624, 61.0, 3.0, 527, 28.2, 214, 16.2, 141.
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o

TBSO

79

Procedure:

Ethyl (2E)-4-((tert-butyl(dimethyl)silyl)oxy) -2-(propan-2-yl)but-2-enoate (79):
A solution 0f78 (31.25g, 111mmol, 1.13eq.) inanhydrousT’HF (180mL) was added to
a 3 necked round bottoftask and cooled te/8°C. Once cooled, LIHMDS (M, 133mL,
133mmol, 1.35eq.) wasslowly added to the reaction by addition funnel and stirred&at
°C for an additional 30 mg After 30 mirs, a solution of74 (17.19g, 98.6mmol, 1.0eq.)
in anhydros THF (30mL) was added to the reaction dropwise and stirred fan2sat -
78°C. The solution was then warmed to r.t. and stirred until complete by TLC. The reaction
was quenched with Ni&I solution (85mL) and the THF was removed by vacuum. The
residuewas dissoled with EO (125mL) and the layers were separated. The ag. layer was
back extracted with ED (2x125mL) and the combined organics were dried by vacuum.
The crude oil (~4@) was purified by silica gel column chromatography.(Epentane
1:19) A clear oil was obtained 14.4879) (51.2%). The structure was confirmed'by*°C
NMR (400 Hz, CDCGY/TMS, amixture of E/Z).*H NMR (400MHz, CDCk): ii= 5.95 (t, 8
Hz, 1H, C=CH), 4.555 (dd, 4z, 2H, OCH.C=C), 4.21 (q, 84z, 2H, OCH,CH3), 2.75
(hepga, 4 Hz, 1 H, CH(CHas)2), 1.31 (t, 4Hz, 3 H, OCH,CH3), 1.08 (d, 8Hz, 6 H,
CH(CHa3)2), 0.91 (s, H, SiC(CH3)3), 0.08 (s, 64, 2xSiCH3). *C NMR (100MHz, CDCh):

U= 1679, 140.2, 128.4, 62.5, 60.30.6, 26.1, 2.0, 185, 14.4,-5.0.
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O OEt
EtO” l\)\OEt
OE
82

Proceduré®

Diethyl (2,2-diethoxyethyl)phosphonate (82):To a 2NRBF equipped with a
thermometer, dean stark tramd a reflux condenser withp Nowing through itwereadded
triethyl phosphite (33.64g, 202mmol, 20 eq.) andd1 (19.82g, 101 mmol, 10 eq.). The
solution was heated to 1686 and stirred for #iours After 4hours the reaction was cooled
to r.t.and the reaction mixture was distilled under high vac. heated% 86til no more
liquid distilled off (45 hour). The slighty yellow clearoil in the distillationflask was
collected 27.83 g8@2) (>100%) The structure was confirmed By/2*C NMR (4@ Hz,
CDCIl/TMS). It is presumed that not all the triethyl phosphite was distilledldfiNMR
(400 MHz, CDCh): U~ 4.805 (g, 4Hz, 4 H, OCH,CHg), 4.01 (penta, 5.64z, 4 H,
OCH2CHj), 3.603.53 (m, 2H), 3.493.42 (m, 2H), 2.105 (dd, 84z, 12Hz, 2H), 1.23 (t,
8 Hz, 6H, OCH2CH3), 1.12 (t, 4Hz, 6 H, OCH2CH3). 13C NMR (100MHz, CDCh): U=

98.3,61.5, 35,311,164, 15.1.

20

EtO’?\)
OEt
83

Procedure:

Diethyl (2-oxoethyl)phosphonate (83)To a 500mL RBF was addefi2 (27.83g,

~100mmol) in 300mL 2 M HCI. The solution was placed undes &hd left to stir for 24
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hoursat r.t. The reaction looked complete by Ta@d the solution was extracted with
CHCIlz (3X300 mL). The combined organics were dried over®@ and concentrated
down. The oil was purified by silica gel column chromatography (EtOAc 10D
EtOAc:MeOH 49:1 1,00enL, EtOAc:MeOH 3:1 1,00enL). A red al was obtained 12.78

g (83) (70.9% impurities remained after purification).

Et

o) o
EtO_ |
P
Meon\%"'V <o
85

Procedure?®

Methyl (2E)-4-(diethylphosphono)but2-enoate (85):To a round bottom flask
was added triethyl phosphite (4.80., 25mmol, 10 eq.) and methyt4-bromocrotonate
(84) (85% purel3.5mL, 25mmol, 10 eq.). The solution waslaced under Nand slowly
heated to ~90C. After ~ 2hours the solution was heated to 14D and stirred overnight.
The reactionwas cooled to r.t. and the broethane was removed by high vacuum for
several hoursAn orange oil was obtainégl97 g 85) (100%) The structure was confirmed
by H/A*C NMR (400Hz, CDCK/TMS). *H NMR (400 MHz): = 6.77 (m, 1H, O=G
CH=CH), 5.86 (m, 1H, O=G-CH=CH), 4.00 (m, H, OCH>CHs), 3.62 (m, H, CO,CHs3),
2.68 (m, 2H, C=CQH>), 1.22 (m, &4, OCHCHs3). 1*C NMR (100MHz): U= 165.9, 137,

125.2, 623, 51.5, 31.2, 29.8, 14.163.
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OEt

o)
EtO. |
Meo)t(‘v <o

86

Procedure:

Methyl (2E)-4-(diethylphosphono)}2-(propan-2-yl)but-2-enoate (86): To a
round bottom flask was added the ghiwonate (5, 21 mmol, 1.0eq) and DMSOZ5mL).
The solution was cooled to @ before addindBuOK (2.81g, 25mmol, 1.2eq). The
mixture was warmed to r.t. until all tSBuOK was dissolved. Oncessolved,'Prl (77)
(2.3mL, 23mmol, 1.09%q) was added and the solution was reeaies0°C until complete
by TLC. The reaction was cooled to r.t. and quenched with wEieingL). The aq. phase
was extracted with ED (4x100mL). The combined organicsase concentrated down and
purified by silica gel column chromatography (MEtOAc 1:19). A dark red oil was
obtainedl2.1g (86) (85%). The structure was confirmed By/*3*C NMR (400 Hz, CDGJ).

A complex mixture oE/Zisomers was obtained

OMe

87

Procedure:

Methyl (2E)-4-cyclohexylidene2-(propan-2-yl)but-2-enoate (87):To a round

bottom flask was added the phosphor@é (5.04g, 17.2mmol, 1.02eq),anhydrousTHF
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(17.5mL), and LIHMDS @ M, 19.5mL, 19.5mmol, 1.15eq). The solution was stirred at
r.t. for Lhourbefore cyclohexanone (1.78L, 16.9mmol, 1.0eq) was added. The solution
was stirred at r.tovernightuntil complete by TLC. The solvent wasmoved,and the
residue was taken up in brine (501L) followed by theaq. phaséeing extracted with
DCM (4x500mL). The organics were concentrated down and purified by silica gel column
chromatography (20:Pentane 1:19). A clear oil was obtained 33487) (85.3%). The
structure was confirmed b{H/**C NMR (400 Hz, CDCYTMS). 'H NMR (400 MHz,
CDCL): U= 7.355 (d, 1Hz, 1H, C=CH-CH=C), 6.135 (d, 1Hz, 1H, C=CH-CH=C),
3.70 9(s, 3H, CO;CH3), 3.05 (hepta, 5.Hz, 1 H, CH(CHs)2), 2.36 (t, 6.7Hz, 2 H,
C=CCHy), 2.21 (t, 6.z, 2H, C=CH,), 1.57 (BrS, &H, CCH.C), 1.15 (d, 4Hz, 6H,
CH(CHa)2). 13C NMR (100MHz, CDCh): U= 1688, 152.4, 134, 1329, 117.2, 512, 38.3,

29.6, 287, 27.9, 273, 26.7, 211.

OH

88

Procedure:

(2E)-4-Cyclohexylidene2-(propan-2-yl)but-2-enoic acid (88): To a wound
bottom flask was adde8l7 (3.20g, 14.4mmol, 10 eq) and a 20% KOH (9.68, w/w)
MeOH:H0O(9:1) solution. The solution was stirred at r.t. foritirsuntil complete by

TLC. The solvent wasemoved by vacuum and the residue was taken up in DCM (400
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mL) and BHO (500mL). The layers wereeparatedand the ag. layer was extracted with
more DCM (300nL). The ag. layer was acidified to pH and extracted with DCM (3x400
mL). The combinedractions of DCM after acidification were combined and the solvent
was removed by vacuum. A white solid was obtained 8.(88) (71.9%). The structure
was confirmed byH/*3C NMR (400 Hz, CDGYTMS). 'H NMR (400MHz, CDCk): U=

No COOH peakletected, 7.565 (d, 2z, 1H, C=CH-CH=C), 6.20 (d, 161z, 1H, C=CH-
CH=C), 3.09(hepta, 5.Hz, 1H, CH(CHs)2), 2.41 (t, 4Hz, 2H, C=CCHy), 2.25 (t, 4Hz,

2 H, C=CH>), 1.61 (BrS, 6H, CCHC), 1.23 (d, 8Hz, 6H, CH(CH3)2). 3C NMR (100
MHz, CDCh): U= Carboxylic acid peak nseen, 154, 1354, 133.5, 117.4, 38, 29.8,

288, 280, 272, 268, 22.4, 211.

92

Procedure:

2-Chloroethyl (2E)-4-cyclohexylidene2-(propan-2-yl)but-2-enoate (92):To a
round bottom flask was add&@& (1.27g, 6 mmol, 10 eq.) and SOGI(2.2mL, 30 mmol,
5.0 eq.). The slution was stirred overnight at r.t. The extra thionyl chloride was removed
by vacuum and -2hloroethanol (3.7%nL) was added to the residue. Theusioin was

stirred for 24hours at r.t. before NEt(2.5mL) was added and stirred for another 30mins.
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The solution was quenched with 10% NHE€@50 mL) and transferred to a separatory
funnel. The flask was washed wiltO (150mL) and added to the aq. layer. The layers
were separatednd the ag. layer was back extracted \Eitl© (2x150mL). The combined
organics were concentrated down. The residues vparrified by silica column
chromatography (EtOAc:Hex 1:9). A yellowish oil was obtained 0.7182(44%). The
structure was confirmed by4/**C NMR. The structure was confirmed B/**C NMR
(400 Hz, CDCK/TMS). *H NMR (400 MHz, CDCh): U= 7.445 (d,12 Hz, 1H, C=CH-
CH=C), 6.165 (d, 1Hz, 1H, C=CHCH=C), 4.39 (t, 6Hz, 2H, OCH.CH:Cl), 3.73 (t, 6
Hz, 2H, OCH2CH:ClI), 3.06 (septet, 81z, 1H, CH(CHa)2), 2.39 (m, H, C=CH>), 2.24
(m, 2H, C=CQHy), 1.60 (m, 64, CCHC), 1.21 (d, 8Hz, 6H, CH(CH3)2). 13C NMR (100
MHz, CDCl): U= 168.1, 153.3, 133.9, 1331173, 638, 42.0, 38.4, 31.7, 28.28.7, B.0,

273,268, 21.1, 143.

Procedure:

2-((2E)-1-Cyclohexylidene4-methylpent-2-en-3-yl)-4,4-dimethyl-4,5-dihydro -
1,3-oxazole (94)To a round bottom flask was add&l(0.4289g, 2.4mmol, 10eqg) and

placed under N Thionyl chloride (1.5nL, 21mmol, 8.75eq.) was added and the solution
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was stirred at.t. for 24hours Theextra Thionyl chloride was removed by vacuum and
DCM (5mL) was added to the flask-&ninc2-methyt1-propanol (0.39, 4.1mmol, 20
eg) was added and stirred foh®urs Thionyl chloride (3mL) was added to the reaction
and stirred for anothertour. The solvents were removed and a 5% HCI solutiom{bp
was added to the residue. The-afer residue was extracted witO (50mL) and the
ag. layer was basified to ~pH and back extractadith Et2O (3x50mL). The combined
organics wereconcentratd down and purified by aluminaotumn chromatography
(EtOACc:Hex 1:19). A clear oil was obtained 0.12§394) (19.2%). The structure was
confirmed by'H (400Hz, CDCK/TMS). *H NMR (400MHz, CDCl): U= 7.075 (d, 1Hz,

1 H, C=CH-CH=C), 6.185 (d, 1z, 1H, C=CH-CH=C), 3.89 (s, H, OCH.CN), 3.17
(septet, &Hz, 1H, CH(CHz)2), 2.37 (m, H, C=C(Hy), 2.21 (m, 2H, C=CH), 1.58 (m,

6 H, CCH.C), 1.29 (s, 6, NC(CHa)z, 1.23 (d, 8Hz, 6H, CH(CH3),).

OTf

96

Proceduré?®

Cyclohex1-en-1-yl trifluoromethanesulfonate (96): A solution of
cyclohexaione (0.58mL, 5.6mmol, 10 eq.) inanhydrousTHF (24mL) was added to a 3
necked round bottom flask. Tkelution was placed undbk and cooled t678 °C before
LIHMDS (1 M, 6.25mL, 6.25mmol, 1.1 eq.) was added. The reaction was stirred for 1

hour before a solution of PhN7{2.60g, 7.3 mmol, 1.3 eq.) ianhydrousTHF (28 mL)
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was slowly added to the flask. Once added, the reastashwarmed to r.t. and stirred
overnight until complete by TLC. The reaction was quenched with saCNBImL). The
mixture was extracted with £ (2x80mL) and the combined organics were washet wi
sat. NaCOzs (8 mL), dried over N&SOs and concentrad down by vacuum. The oil was
purified by silica gel column chromatography (pentane). A clear oil was obtained 1.08
(96) (83.8%). The structure was confirmed ¥y (400Hz, CDCE/TMS). *H NMR (400
MHz, CDCl): U= 5.75 (m, H, C=CH), 2.31 (m, H, C=CHCHy), 2.17, (m, H, CCHC),

1.78 (m, 2H, CCH,C), 1.60 (m, 2H, CCHC). 3C NMR (100MHz, CDCL): U= 1495,

1186, 27.7,24.0, 228, 21.1.

OH

97

Proceduré?!

4-(Cyclohex1-en-1-yl)but-3-yn-1-ol (97): To a \NBF was added Pd(PB)a (164
mg, 0.14mmol, 0.05 eq.), AgAc (96.&hg, 0.57mmol, 0.2 eq.), and a solution @ (0.65
g, 2.83mmol, 1.0 eq.), dutyn-1-ol (0.218g, 3.11mmol, 1.1 eq.), DIPEA (0.7dL, 4.25
mmol, 1.5 eq.) in DMA (28nL). The reactionwas heated to 58C and stirred until
complete by TLC. The solution was diluted with DCM Q) and filtered through a pad
of celite. The pad was washed with DCM (2x4D) and the combined organics were dried

under vacuum. The oil wassgolved in EtOAc (50nL) and washed ith water (3x50mL).
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Theag. layers were back extracted with EtOAc (2x30). The organics were concentrated
down and the oil was purified by silica gel column chromatography (EtOAc:Hex 1:9,
EtOAc:Hex 1:4). A slightlyyellow oil was obtained 0.398 (97) (92.6%). The structure
was confirmed by*H/**C NMR (400Hz, CDCK/TMS). *H NMR (400MHz CDCly):
=6.03 (m, 1H, C=CH), 3.70 (t, 6Hz, 2H, HOCH,), 2.55 (t, 12Hz, 2H, HOCHCHy),

2.07 (m, 4H, CCHC), 1.58 (m, 4H, CCH:C). 3C NMR (100MHz, CDCly): ti= 1343,

1207, 84.4, 83.3, 61.3. 28.25.6, 238, 22.4, 21.6.

OAc

98

Procedure"?!

4-(Cyclohex1-en-1-yl)but-3-yn-1-yl acetate (98):To a round bottom flask was
addedd7(0.390g, 2.6mmol, 1.0 eq.), NEt(1.0mL, 5.2mmol, 2.0 eq.) and HPLC DCM
(6 mL). The solution was cooled to°C before AcCl (0.20nL, 2.86mmol, 1.1 eg was
slowly added to the solution. Once added, the solution was warmed to r.t. and stirred
overnight until complete by TLC. The organics were wdshéh brine (3xémL). The
organics were dried over by and concentrated down. The oil was purified lyrana
gel column chromatography (EtOAc:Hex 1:9). A clear oil was obtained (y1®8)
(38.9%). The structure was confirmed #y/*3C NMR (400Hz, CDGJTMS). *H NMR

(400MHz CDCL): U= 6.03 (m, 1H, C=CH), 4.15 (t, 8Hz, 2H, HOCH,), 2.62 (t, 6Hz, 2
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H, HOCH,CHy), 2.06 (m, 7H, O=CH3/CCH-C), 1.57 (m, 44, CCH2C). 3C NMR (100

MHz, CDCl): U= 171.0, 134.3, 120.7, 83.9, 8.62.7, 2%, 257, 225, 2175, 21.0, 19.9.

99

Proceduré??

(32)-4-(Cyclohex1-en-1-yl)but-3-en-1-0l (99): To a 3necked round bottom flask
was adde®7 (3.28g, 22mmol, 10 eq), quinoline (ImL), and pet. ether (30@L). the
solution was evacuated and refilled with \Ntimes. A Hz balloon was added and the gas
was pulled through by vacuum (repeat 3 me s ) . Lindlardsganata. w
more H was pulled through (2 more times). A balloon was attached to the top and the
solution was left to stir overnight. The reactonwast qui t e compl ete by
more B was added and stirred fan addition éhours The solid was filtered off and the
solvent was removed. The residue was taken upti® (400 mL) and washed with a
solution of HCI (1M, 500mL). The aqg. layer walack extracted witlEtO (3x400mL).
The organics were dried over 8 andconcentratedown to obtain a yellow oil 3.1§
(99) (93.4%). The structure was confirmed By/**C NMR (400Hz, CDGJTMS). H
NMR (400MHz CDCl): U= 5.865, (d, 14z, 1H, C=CH), 5.63 (m, 1H, CH=CHCHb),
5.245 (dt, 1Hz, 6Hz, 1H, CH=CHCH?), 3.63 (t, 6Hz, 2H, HOCH,), 2.51 (penta, 6iz,
2 H, HOCH:.CH>), 2.09 (m, 4H, CCHC), 1.58 (m, 4H, CCH:C). 13C NMR (100MHz,

CDCl): U= 135.2, 134.6, 120, 124.5, 62.8, 32.4, 29,257, 22.9, 22.1.
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T™MS

101

Proceduré?®

(Cyclohex1-en-1-ylethynyl)(trimethyl)silane (101): To a degassed 3NRBF
under nitrogen was added a solutior®6f(2.15g, 9.3mmol, 10 eq.) in EtO (56 mL),
NHEt (5.3mL, excess), (Trimethylsilyl)acetylene (1.5&, 10mmol, 1.1eq.), Cul (196
mg, 10% moleq.) and Pd(PRJpCl> (364mg,5% moleq.) in that order. The solution was
stirred at r.t. overnight. The reaction was quenched with safCNHOmL) and extraad
with Et20 (2x50mL). The organics were passed through e8@aplug, washed with EO,
andconcentratedlown. The black oil was purified by silica gglumn chromatography
(pentane)A yellow oil was obtained..67g (101) (~100%).The structure was céirmed
by H/A3C NMR (400Hz, CDCK/TMS). 'H NMR (400MHz, CDCk): t= 6.17 (t, 2Hz, 1
H, C=CH), 2.10 (m, 4H, CCH2C), 1.59 (m, 4H, CCH2C), 0.17 (s, H, Si(CHa)s). °C

NMR (100MHz, CDCBh): U= 136.3, 120.9, 107.4, 90.9, 29.2,2%24, 216, 0.2.
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T™MS

101

Proceduré?®

(Cyclohex1-en-1-ylethynyl)(trimethyl)silane (101): To a3NRBF degassed and
refilled with N2, was added a solution of th82(2.36mL, 20mmol, 10 eq.) inanhydrous
THF (40mL). The solution wasooled to-78 °C and nRBuLi (9.6 mL, 2.5M in hexanes,
24mmol, 1.2eq.) was siwly added. The solution was stirred at this temp foodrbefore
TMSCI (3.6mL, 30mmol, 1.5eq.) was slowly added. The reaction was slowly warmed to
r.t. and stirred overnight under nitrogen. The reaction was quenched with gs@x. (M6l
mL) and the aganics were extracted with & (3x60mL). The combined organics were
washed with brine (661L), dried over NaSQu, andconcentratedlown. The crude NMR
was clean and required no further purificatidnyellow oil was obtaine®.71 g (101)
(68%). *H NMR (400MHz, CDC}): U= 6.17 (t, 4Hz, 1H, C=CH), 2.10 (m, H, CCHxC),

1.59 (m, 4H, CCH,C), 0.17 (s, H, Si(CHa)3).
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103

Proceduréd?*

Ethyl 4-(cyclohex1l-en-1-yl)but-3-ynoate (103): To an ovendried 3NRBF
degassed/refilled with N3 times vas added Cul (8&1g), X-ethynyl1l-cyclohexeng102)
(0.95mL, 8.1mmol, 1.0eq.) and HPLC grade MeCN (1@L). To the solution was slowly
added ethyl diazoacetate (0.8@4., 8 mmol, 1.0 eq. The solution was left to stir
overnightat r.t. under M The sobent was removed and the residue was purified by silica
gel columnchromatography10% EtOAc:Hex). A yellow oil was obtained 1.§1(103
(71.6%).The structure was confirmed b (400Hz, CDCE/TMS). *H NMR (400MHz,
CDCl): U= 6.08 (m, 1H, C=CH), 4.18 (q, 7.15 Hz, H, OCH.CHs), 3.36 (s, 2H,

CH.C=0), 2.08 (M, 44, CCH,C), 1.58 (m, 44, CCH2C), 1.27 (t, 7.15 Hz, 8, OCH.CHa).

o)
Z o\

104

Procedure:

Ethyl (32)-4-(cyclohex1-en-1-yl)but-3-enoate (104)To an overdried 500mL

RBF was addeii03(1.08g, 5.6mmol, 10eq.), HPLC grade EtOAc(5@L) and Li ndl a
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cata. (5mol%, 1.20g). The mixture was placed undep Has and vigorously stirred
overnight. The solids were filtered off and washed with Et@8%@5mL). The combined
organics wereoncentratedown and puried by silica gel column chromatography (10%
EtOAc:Hex). A clear oil was obtained 0.7§%104) (65.5%).The structure was confirmed
by 'H (400 Hz, CDCK/TMS). *H NMR (400 MHz, CDCh): U= 5.90 (d, 11.7 Hz, H,
C=CH), 5.63 (s, H, CH=CHCH), 5.48 (m, H, CH=CHCHy), 4.13(m, 2H, OCH2CHb),
3.27 (d, 11.7 Hz, , CH=CHCH,), 2.09 (m, 44, CCH.C), 1.60 (m, 44, CCH:C), 1.25

(M, 3H, OCHCH).

100

Procedure:

(32)-4-(Cyclohex1-en-1-yl)but-3-enoic acid (100):To a RBF was addediO4
(680mg, 3.5mmol, 10eq.). The flask was purged with §as beforeanhydrousrHF (17
mL) and 2M KOH (17 mL, aqg.) were added. The reaction was left to stir fon@4rsat
r.t. uncer nitrogen The THF was removed by vacuum ahe residue was diluted with
H20 (25mL) and E£O (25mL). The layers were separated, and the aq. layer was acidified
with 2 M HCI (25 mL) to ~1 pH. The aq. layer was extracted with DCM (3x8k). The
combinedDCMs were dried over N&Qw and concentratecdown. A yellow oil was
obtained 476mg (100 (82%). The crude material wasootinued to the next reaction

without purification.
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OH

105

Procedure:

5,6,7,8Tetrahydronaphthalen-1-ol (105): To an overdried RBF was addetiD0
(101 mg, 0.6mmol, 10 eq) which was purged withitrogen3 times. HPLC grade DCM
(25mL), CMPI (180mg, 0.72mmol, 1.2eq) and NE% (0.26mL, 1.8mmol, 30 eq.)were
added The solution was stirred at r.t. undetrogenovernight. No starting material was
seen bylLC, so the solution was diluted with water (@) and the layers were separated.
The ag. layer was extracted with DCM (2x8k). The combined organics were dtiever
NaSQs and concentrateddown. The rsidue was purified by silica getolumn
chromatography10% EtOAc:Hex). A yellowish oil was obtained ~#%y (105 (52%).
The collected fraction contained other materials, but the signature aromatic triplet and two

doublet peaks were seen in the proton NMR.

OTf

106

Procedure:

(5aS,9aS)-5a-M ethyl-3-0x0-1,3,4,5,5a,8,9,9@ctahydronaphtho[1,2c]furan -6-
yl trifluoromethanesulfonate (106): To a dried rxn tube was added the butenolide ketone

(200 mg, 0.92 mmol, 1eq.), and &3 (192 mg 1.84 mmol, 2.0 eq.). The tube was cooled
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to 0°C and placed under2NTf0 (0.24mL, 1.38 mmol, 1.5 eq.) was added to the tube.
The rxn was warmed to r.t. and stirred overnight. The rxn was diluted with DCMI(LO
and washed with sat. NH{10 mL) and sa N&COz (10 mL). The aqg. layers were back
extracted with DCM (10nL) and the combined organics were dried ovesSTa and
concentratediown. The crude material was purified by silica gel column chromatography
(40-75% EtOAc:Hex). 3 Fractions wemmllecied, Fraction 2 contained the prodd€e
118.5mg (37%). Fraction 1 contained an unknowspimductof 70 mg. Fraction 3 was
recovered starting material 71n&8g2) (35.5% recovered) he structure was confirmed by
1H/13C NMR (400Hz, CDCK/TMS). 'H NMR (400MHz, CDCh): t= 5.69 (t, 4Hz, 1H,
C=CH), 4.795 (d, 161z, 1H, OCH,C=C), 4.68 (d, 16Hz, 1H, OCH.C=C), 2.80 (d, 16
Hz, 1H, C=CCHCHy), 2.24 (m, 2H, CCH,C), 2.11 (m, 2H, CCH,C), 1.73 (m, 4H,
CCHC), 1.08 (s, 3, CCH3). 1*C NMR (100MHz, CDCk): U= 173.6, 1609, 1546, 1256,

1162, 70.2, 429, 38.0, 29.8, 23.7, 18.9, 18.2, B/.

Procedure:

(5aS,9aR)-5a-M ethyl-6-((trimethylsilyl)ethynyl) -4,5,5a,8,9,9a
hexahydronaphtho[1,2c]furan -3(1H)-one (107):To a flask contaimg 106 (~160 mg,

0.5 mmol, 1.0 eq.) was degassed and filled with nitrogen 3 times. To the flask was added
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anhydrousEtO (3 mL), NHE® (0.29 mL, excess), (Tirmethylsilyl)acetylene (0.0¢L,
0.55 mmol, 1.1eq), Cul (11 mg, 0.05 mmol, 0.1 eq.), and PdgpEi (20 mg, 0.025
mmol, 0.05 eq.) in that order. The solution was stirred at r.t. overnight. The reaction was
guenched with NECI (10 mL) and extracted with ED (3x 25mL). The organics were
passed through a B&Q; plug, washed with O andconcentratedlown. The black oil
was purifiedby silica gel column chromatography (EtOAc:Hex 3@%96). 37 mg of the
desired product was obtainetDy) (27%).The structure was confirmed By/**C NMR
(400Hz, CDCH/TMS). *H NMR (400MHz, CDCh): U= 6.07 (t, 2Hz, 1H, C=CH), 4.76
(d, 16 Hz, 1 H, OCH.C=C), 4.68 (d, 16Hz, 1 H, OCH.C=C), 2.565 (d, 12Hz, 1 H,
C=CCHCH,), 2.43 (m, 1H, CCH2C), 2.29(m, 3H, CCH,C), 1.64 (m, H, CCH:C), 0.96
(s, 3H, CCH3), 0.19 (s, H, Si(CHz)3). 13C NMR (100MHz, CDCls): U= 1742, 1627,

1347, 130.6, 125.5, 103, 949, 70.3, 41.6, 34, 32.6, 258, 194, 191, 183, 0.2.

Procedure:

(5aS,9aR)-6-Ethynyl-5a-methyl-4,5,5a,8,9,9e&hexahydronaphtho[1,2c]furan -
3(1H)-one (108):To an oer-dried 2NRBF was degassed and refilled withtiNeetimes
before adding a solution @06 (180 mg, 0.51 mmol, 1.0 eq.) anhydrousTHF (4.5mL).

Tributylstannylacetylene (0.1®L, 0.56 mmol, 1.1 eq)., LiCl (43.5 mg, 1.02 mmol, 2.0
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eq.) and Pd(PR)ClI> (10.6 mg, 0.015 mmol, 0.03 eq.). The solution wastdtkto reflux

and left to stir overnight under nitrogen. The reaction was cooled to r.t. and the solution
was passed through a silica plug. The solids were washed with EtOAc:Hex (nl).75

The filtrate wasconcentrateddown and the residue was purifieg silica gel column
chromatography (20% EtOAC:Hex ~26t., 40% EtOAc:Hex~200nL). A yellow solid

was obtained 48.3 mgl09 (24.4%).The structure was confirmed byd (400 Hz,
CDCITMS). 'H NMR (400 MHz, CDCk): U= 6.09 (s, 1H, C=CH), 4.70 (m, 2H,
OCH2C=C), 2.90 (s, H, C-H), 2.59 (m, 1H, C=CQHCHy), 2.37 (m, 1H, CCHC), 2.27

(m, 3H, CCH2C), 1.64 (m, H, CCH2C), 1.22 (m, IH, CCH2C), 0.95 (s, H, CCHa).

o]

TfO : f

111

Proceduré?’

(4aS)-4a-M ethyl-5-0x0-3,4,4a,5,6,7hexahydronaphthalen2-yl
trifluoromethanesulfonate (111):To an overdried 2NRBF was add€&)}WMK (0.505
g, 2.8mmol, 10 eq.) andanhydrou®CM (12mL). The solution was placed undes &hd
cooled to O°C before 2,6ditertbutyl-4-methylpyridine (0.98%, 4.8mmol, 1.7eq.) and
Tf20 (0.76 mL, 4.4 mmol, 1.6eq.). The solution was warmed to r.t. and stirred until
complete by TLC. Hexane (I8L) was added to the reaction and the solids were filtered
off overand celite pad. Ténsolids were washed with EtOAc (4x2%.) and thdfiltrate was

concentratedlown. The dark purple oil was immediately purified by silica gglumn
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chromatography20% EtOAc:Hex ~800nL, 40% EtOAc:Hex ~500nL). The redlish

yellow oil wasobtained 614ng (111) (70.5%).

The same reaction was repeated at a larger soglef, &/MK. Everything else was
scaled accordingly, Hours instead of Zhoursfor the reaction time. Isolated yield 2.81
(63.5%, oil darkens overtime). The structure was confirmedH#{?C NMR (500 Hz,
CDCL/TMS). *H NMR (500MHz, CDCl): U= 6.11 (d, 2.3z, 1H, C=CHC=CH), 5.82
(t, 4.4Hz, 1H, C=CH-C=CH), 2.812.72 (m, 1H, CCH.C), 2.6%2.48 (m, 2H, CCHC),
2.51-2.39 (m, 1H, CCH,C), 2.422.31 (m, 2H, CCH2C), 2.03 (dd, 13.Hz, 5.9Hz, 1 H,
CCHC), 1.64 (td, 12.Hz, 6.0Hz, 1H, CCH2C), 1.20 (2, 3H, CCH3). 3C NMR (125

MHz, CDCl): U= 2129, 148.0, 1361, 1274, 1193, 446, 35.1, 28.8, 3.0, 248, 22.5.

=
= 112

Procedure:

(8aS)-6-Ethynyl-8a-methyl-3,7,88a-tetrahydronaphthalen-1(2H)-one  (112):
To an overdried 2NRBF degassed and refilled with Bitimes was added a solution of
111(600mg, 1.9mmol, 10eq.) inanhydrousrHF (17mL), tributylstannylacetylene (0.60

mL, 2.08mmol, 1.1eq), LIiCl (163mg, 2.8mmol, 20 eq.) and Pd(PRJCl> (39.6 mg,

0.056mmol, 0.03eq). The solution was heated to reflux and stirred overnight. The solution

was cooled to r.t. and the THF was renuisg vacuum. The residue was passed through

a silica plug and the solids were std with EtOAc:Hex (1:1, 25@L). The filtrate was
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concentateddown and purified by silica gebtumn chromatographfpacked with hexane,
10% EtOAc:Hex ~200nL, 20% EtOAc:Hex ~100nL). A yellow solid was obtained 232
mg (112 (64.4%). The structure wagmwfirmed by*H NMR (400Hz, CDCK/TMS). H
NMR (400MHz CDCL): U= 6.65 (d, 2.5Hz, 1H, C=CHC=CH), 5.78 (t, 4.6Hz, 1H,
C=CH-C=CH), 3.01 (s, H, C-H), 2.832.59 (m, 2H, CCH,C) 2.582.23 (m, 44, CCH:C),

1.95 (ddd, 13.54z, 5.3Hz, 1.9Hz, 1H, CCH.C), 1.591.46 (m, 1H, CCHC), 1.20 (s, 3

H, CCH3).
(o)
Z
113
(o) OEt
Procedure:

Ethyl 4-((4aS)-4a-methyl-5-0x0-3,4,4a,5,6,7/hexahydronaphthalen2-yl)but-3-
ynoate (113):To a RBF was addetll2 (205mg, 1.1mmol, 10 eq.) and Cul (1Ing, 5
mol%). The flask was purged wittitrogenthreetimes before HPL@Grade MeCN (3nL)
and ethyl diazoacetate (0.8, 1.1 mmol, 10 eq.) were added. The reaction was left to
stir overnight at r.t. undemtrogen The solvent was removed and the residue was purified
by silica gel c.c. (120% EtOAc:Hex). A yellow oil wasbtained 216ng (113) (72.3%).

The structure was confirmed B NMR (400Hz, CDCKE/TMS). *H NMR (400 MHz,
CDCl): U= 6.35 (d, 2.4Hz, 1H, C=CHC=CH), 5.69 (t, 4.8Hz, 1H, C=CH-C=CH), 4.15
(9, 7.1Hz, 2H, OCH.CHa), 3.37 (s, H, CCH2C=0), 2.792.53 (m,2 H, CCHzC), 2.52

2.38 (M, 1H, CCH,C), 2402.22 (m, 2H, CCHC), 2.272.14 (m, 1H, CCHC), 1.88 (ddd,
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13.5Hz, 5.3Hz, 1.8Hz, 1H, CCH:C), 1.561.40 (m, 1H, CCH:C), 1.24 (t, 7.1Hz, 3H,

OCH:CHs), 1.14 (s, 3H, CCHa).

O0“ "OEt
114

Procedure:

Ethyl (32)-4-((4aS)-4a-methyl-5-0x0-3,4,44a,5,6,7/hexahydronaphthalen2-
yl)but-3-enoate (114):To a 250mL RBF was added 13 (216 mg, 0.8mmol, 10 eq.),
Li ndl ar 0 sg,&mot¥%a and HPLT gdade EtOAc (7mL). The flask was placed
unde H> gas and stirred vigorously overnight. The solids were filtered off and washed
several times with EtOAc. Thmrgancswereconcentratedown and purified by sita gel
column chromatography10-20% EtOAc:Hex). A yellowish oil was obtained 14ig

(114) (65%).The compound was not fully characterized.

o

O~ "OH
115

Procedure:

(32)-4-((4aS)-4a-M ethyl-5-0x0-3,4,4a,5,6,7/hexahydronaphthalen2-yl)but -3-

enoic acid (115):To a RBF was addetil4 (141 mg, 0.5mmol, 10 eq.). The flask was
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purged withnitrogenthreetimes beforeanhydrousTHF (2.5mL) and KOH 2M (2.5 mL

ag.). The solution was stirred overnight at r.t. The THF was removed by vacuum and the
residue was diluted with water (10L). The aq. layer was extracted with-@t(10 mL)

then acidified with 24 HCI (5 mL) to a pH of ~1. The aq. layer was extracted \W@®M
(3x10mL) and the combined organics were dried ovesS@a and concentratediown.

Proton NMR showed the loss of thedtgroup and the conversion to the carboxylic acid.

A reddishorange oil was obtained 11ig (115 (88%).The crude product wa®otinued

onto the next reaction without further purification.

Procedure:

(8aS)-8a-M ethyl-8-0x0-6,7,8,8a,9,1éhexahydrophenanthren4-yl (32)-4-
((4aS)-4a-methyl-5-0x0-3,4,44a,5,6,7/hexahydronaphthalen2-yl)but-3-enoate  (117):
To a RBF was added tid5(111mg, 0.45mmol, 10 eq.) and the flask was purged with
nitrogen3d times. To the flask was added HPLC grade DCMn(L9, CMPI (135mg, 0.54
mmol, 1.2 eq.), and NEt(0.20 mL, 1.35mmol, 3.0eq.). The reaction was lefb tstir

overnight under nitrogen at r.t. No reaction was seen by TLC so the reaction was heated to
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reflux and stirred overnight again. A new spot fiaaned,and the starting materidiad
been consumed by TLC. The reaction was diluted wiB F20mL) and he layers were
separated. The aq. layer was extracted with DCM (ZwRPand the combined organics
were dried over N&Qy and concentratedlown. The residue was purified by silical ge
column chromatograph(20-30% EtOAc:Hex)It appears the by produti7was isolated
The structure was confirmed Big/**C NMR (400 Hz, CDCK/TMS). *H NMR (400MHz,
CDCl): U= 7.16 (t, 7.8 Hz, H, ArH), 7.01 (d, 8.3 Hz, H, ArH), 6.88 (d, 8.6 Hz, H,
ArH), 6.28 (m, 2H, C=CH), 6.06 (s, H, C=CH), 5.87 (m, 1H, C=CH), 5.76 (t, 4.56 Hz,
1 H, C=CH), 3.37 (d, 7.2 Hz, B, C=CHM.C=0), 2.75 (m, 5H, CCHC), 2.46 (m, H,
CCH:C), 2.12 (m, 1H, CCH2C), 2.03 (m, 1H, CCH2C), 1.85 (m, 1H, CCHC), 1.55 (m,

2 H, CCH,C), 1.20 (s, H, CCH3), 1.16 (s, H, CCH3). 3C NMR (125MHz, CDCl): U=
214.9,214.0, 169.9, 148.48, 141).1391, 1366, 136.4, 1342, 1287, 1286, 1275, 126.3,
125.0, 124.4, 120.7, 119.8, 7.478, 456, 389, 35.6, 353, 31.5, 28.6, 26, 251, 245,

228, 22.5,21.5.

Proceduré?®

Methyl but-3-enoate (119)To an overdried 3NRBF was addedRO; (6.409,
46 mmol, 1.2eq.) and the flask was degassed and refilled niittogen3 times. HPLC
gradeacetone (60nL) and 3butenoic acid118) (3.15mL, 38mmol, 10eq.) were added.
Thesolution was stirred at r.t. for 30 mins before being cooled dowfGoad Mel (2.30

mL, 58mmol, 1.5eq.) was added. The solution was heated to reflux and stirred overnight.
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The reaction was cooled to r.t. and the solids were filtered off over a paaditef The
solids were washed with acetone (3xBD) and the filtrate was fractionally distilled until
the total volume was ~2%L. The 25mL solution was transferred to a shealRBF and
carefully fractionally distilled until the remaining acetone wamoved. The product was
collectedat~103°C. A clear liquid was obtaine®.39 g (19 (64.6%). The structure was
confirmed by'H NMR (400Hz, CDCK/TMS). *H NMR (400MHz CDCL): = 5.975.81
(m, 1H, CH=CH), 5.195.08 (m, 2H, CH=CH,), 3.66 (s, 3, CQ:CHs), 3.07 (dt, 7.Hz,

1.5 Hz, 2H, CH2CH=CH).

Procedure:

Methyl (3E)-4-((4aS)-4a-methyl-5-0x0-3,4,4a,5,6,7/hexahydronaphthalen2-
yl)but-3-enoate (120):To a 3NRBF was addePd(PPFk).Cl> (238 mg, 0.34 mmol, 0.2
eg9 and the flask was degassed and refilled with nitragesetimes. A solution ofL11
(500 mg, 1.6 mmol, 1.0 eq.) and metBybutenate 119 (1.62 g, 16.25 mmol, 10.0 eq.)
in anhydrousDMF (12.5mL) was added tthe flask followed by NEt(3.75mL). The
solution was heated to reflux and left to stir for +drs. The reaction was cooled to r.t.
and 1 M HCI (125mL) was added to the rxn. The solution was extracted with EtOAc

(3x125mL) and the organics were drieder NaSQw andconcentratedlown. The crde
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material was purified by silica gel column chromatography20® EtOAc: Hex). A
yellow solid was obtained 120 m§20) (55.5%). The structure was confirmed#/1°C
NMR (500 Hz, CDCE/TMS). 'H NMR (500MHz, CDClz) : U= 6. Hz61H( d ,
CH,CH=CH), 6.00 (d, 2.Hz, 1H, CH:CH=CH), 5.845.69 (m, 2H, C=CH-C=CH), 3.69

(s, 3H, CO:CH?3), 3.16 (d, 7.4z, 2H, CH,CH=CH), 2.76 (ddd, 15.61z, 7.2Hz, 5.6Hz,
1H, CCH2C), 2.762.59 (m, 1H, CCH2C), 2.542.21 (m, 4H, CCHC), 2.091.97 (m, 1H,
CCHC), 1.53 (td, 13.(Hz, 5.8Hz, 1H, CCH.C), 1.19 (s, 3H, CCH3). 1*C NMR (15
MHz, CDCls) U= 2152, 1723, 1405, 1344, 1284, 128.1, 124.0, 123.8, 7%.521, 456,

38.3, 29.8, 28, 24.4, 228, 21.4.

(o)

ji/\/dii
(o) N

121

Procedure:

(3E)-4-((4aS)-4a-M ethyl-5-0x0-3,4,4a,5,6,7/hexahydronaphthalen2-yl)but-3-
enoic acid (121):To a round bottom flask was add&20 (152 mg, 0.58 mmol, 1.0 eq.),
HPLC grade MeOH (4nL) and KOH (ag., 2 M, 2nL). The reaction was stirrddr 24
hours at r.t. then quenched with 1 M HCInfd). The mixture was extracted with EtOAc
(3x10 mL) and the combined organics were dried ovesS@a and concentrateaiown.
The crude materiall21 (~100%) was continued to the next step without further

purification.

15.
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Proceduré?®

(4aS,5R)-5-Ethynyl-5-hydroxy-4a-methyl-4,4a,5,6,7,&hexahydronaphthalen
2(3H)-one (122):To an overdried 3NRBF purged with nitrogen 3 times was added
anhydrousTHF (15mL) and trimethylsilyl aetylene (0.9#nL, 7.0 mmol, 1.25 eq.). The
solution was cooled t&8°C andn-BuLi (1.6 M, 4.4mL, 7.0 mmol, 1.25 eq.) and TMEDA
(2.05mL, 7.0 mmol, 1.25 eq.) were slowly added to the solution. The reaction was stirred
at-78°C for 1hourbefore a solutin of (SyWMK (1.00 g, 5.6 mmol, 1.0 eq.) anhydrous
THF (2.5mL) was slowly added to the reamti The solution was stirred &t8 °C for 2
hoursbefore slowly warming up to r.t. and stirred overnight. The reaction was quenched
with H2O (20mL) and extacted with EtOAc (4x1%nL). The organics were dried over
NaSQy andconcentratedown. The crudeibwas used in the next reaction without further

purification. A yellow oil was obtained, 1.52 g (82%).

To an overdried RBF was added the crude yellow (1.§2~5.5 mmol, 1.0 eq.)
which was purged with nitrogemwo times. The oil was dissolved in HPLC grade MeOH
(11.5mL), H20 (1.43mL) and NE% (1.43mL) were added and the reaction was left to stir
overnight at r.t. The solvémvas removed by vac. and dried high vac. for Jiours The
residue was dissolved in EtOAc and passed through a silica plug washed with EtOAc. The
solvent wasemovedand the whitiskyellow solid was recrystallized by dissolving in@t

and crashing itback out with hexane. The mixauwas left in the freezer fdnreehours
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before the solid was collected and washed with col®ftex (1:1, 20mL). The white
solid was dried, 225 md.22) (16.5%).*H/*3C NMR (400Hz, CDCK/TMS).H NMR (400
MHz, CDCk): = 5.83 (s, 1H, CH=C), 2.65 (m,1 H, CCHxC), 2.57 (s, H, C-H), 2.41
(m, 3H, CCHzC), 2.26 (m, 1H, CCH.C), 2.16 (s, IH, CCH2C), 2.09 (m, 1H, CCH:C),
1.99 (m, 1H, CCHC), 1.89 (m, 3, CCH:C), 1.31 6, 3H, CCHa). 3C NMR (100MHz):

U= 1992, 1665, 126.4, 8%, 765, 757,447, 352, 342, 31.1, 30.5, 22.3, 17.2.

Proceduré??

(4'aS)-4'a-Methyl-4',4'a,7',8'-tetrahydro-3'H-spiro[[1,3]dioxolane-2,2'-
naphthalen]-5'(6'H)-one (125):To an overdried 3NRBF was adde)>WMK (0.535
g, 30mmol, 10eq) which was purged with nitrogen 3 times. HPLC grade DCMi{8.5
ethylene glycol (0.98nL, 18.6mmol, 5.86eq.) and CH(OE$)(0.55mL, 3.3mmol, 1.1
eg.) were added to the flask and cooled td6-°C. Once cold, TMSO(11 pL, 0.06
mmol, 0.02eq.) was adeld and the reaction was stirred at that temperatureifounll NEt;
(15 L, 0.2 mmol, 0.035%(q) was added to the reaction. The solution was transferred to a
sep. funnel containing sat. NaH&(® mL). The aqg. layer was extracted with DCM (3x5
mL). The orgaics were dried over N&8Q: and concentrateddown. The residue was

purified by silica gel column chromatography (20% EtOAc:Hex + ONEg). A clear oil
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was obtained 3761g (125 (57%). The structure was confirmed #y/*3C NMR (400Hz,
CDCL/TMS). *H NMR (400MHz, CDCly): t= 5.38 (t, 1.2Hz, 1H, CH=C), 3.92 (m, H,
SCH2CH»9), 2.61 (M, 1H, CCH,C), 2.53 (m, 1H, CCH,C), 2.35 (M, 1H, CCH.C), 2.25
(m, 1H, CCH2C), 2.10 (m, 1H, CCH:C), 2.00 (m, 1H, CCH,C), 1.76 (M, 3H, CCH-C),
1.63(m, 1H, CCH,C), 1.29(s, 3H, CCH3). 3C NMR (100MHz, CDCl): U= 2127, 1468,

1236, 1056, 64.7, 64.4, 5@, 38.0, 31.0, 29.9, 283, 24.4, 2.0.

*The reaction was scaled up to 1.6paf (SyWMK (68%).

Procedure:

(4'aS)-4'a-Methyl-4',4'a,7',8'-tetrahydro-3'H-spiro[[1,3]dioxolane-2,2'-
naphthalene}5'-yl trifluoromethanesulfonate (126): To an overdried 3NRBF purged
with nitrogenwas added LDA (M, 1.75mL, 1.75mmol, 1.1eqg.) and DME (2.5nL). The
solution was cooled ter/8 °C before a solution af25 (350 mg, 1.57mmol, 1.0 eq.) in
DME (2.5mL) was addedThe reaction was stirred at8 °C for 1 hourbefore a solution
of PhNTH (1.129, 3.14mmol, 20 eq.) in DME (2.5mL) was added. The reaction was
brought to r.t. and stirred overnight. The reaction was washed witkisaZ! (10mL) and

sat. NaCOz (10mL). The aq. layers were extracted with@{3x10mL) and the combined
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organics were dried over B8O, and concentratedlown. The residue was purified by
silica gelcolumn chromatograph{10% EtOAc:Hex, 20%EtOAc:Hex ©.5% NEt). A
colorless clear oil was obtained 38ty (126) (59%). The structure was confirmed by
IH/3C NMR (400 Hz, CDCK/TMS). *H NMR (400 MHz, CDCL): t= 5.71 (s, 1H,
TfOC=CH), 5.37 (s, H, CH=C), 3.95 (m, H, OCH2CH,0), 2.27 (m, H, CCH,C), 1.88
(m, 4H, CCH2C), 1.32 6, 3 H, CCHa). 3C NMR (100MHz, CDCly): U= 1538, 1451,

1229, 1156, 105.3, 6.0, 64.4, 39.2, 30, 29.7, 282, 24.8, 2756.

0]

<,0 127

Procedure:

(3E)-4-((4'aS)-4'a-Methyl-4',4'a,7',8'-tetrahydro -3'H-spiro[[1,3]dioxolane-
2,2-naphthalene}5'-yl)but-3-en-2-one (127): An ovendried 3NRBF purged with
nitrogenwas added solution 0ofLl26(1.08g, 3.05mmol, 10eq.) inanhydrouMF (13.25
mL), Pd(PPB)2Cl2 (46 mg, 10 mol%), NEt(1.5mL, 10.7mmol,3.5eq.) and MVK (0.53
mL, 6.43mmol, 2.1eq.) were added. The reaction was heated t¥C7&nd stirred for 3
hours The reaction was cooled to r.t. and the DMF vessaved by vacuum. The oil was
purified by silica gel column chromatography (20%EtOAc:He®.5% NE&t). A yellow
oil was obtained 71ing (127) (85%). The structure was confirmed #y/**C NMR (400

Hz, CDCK/TMS). *H NMR (400MHz CDCly): U= 7.10 (d, 16Hz, 1H, CH=CH-C), 6.31
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(d, 16Hz, 1H, CH=CHC=CH), 6.11 (d, 5.1Hz, 1H, CH=CH-C), 5.31(s, 1H, CH=C),
3.93 (m, 4H, OCH,CH:0), 2.29 (m, 2H, CCHC), 2.24 (s, H, O=CH3), 2.17 (m, 1H,
CCH2C), 1.90 (m, 3H, CCH2C), 1.68 (m, 1H, CCH2C), 1.28 (s, 3H, CCH3). *C NMR
(100MHz, CDCl): U= 198.3, 148.0, 142, 1422, 1298, 127.9, 1212, 1055, 648, 643.

37.8, 329, 302, 28.7, B.0, 277, 24.1.

o

L

(£)-WMK
Proceduré?®

8a-Methyl-3,4,8,8atetrahydronaphthalene-1,6(2H,7H)-dione (&)-WMK): To
an RBF was adde86 (51.66g, 263mmol, 10 eq), PhMe (228nL) andslowly added was
pyrrolidine (3mL, 14 mol%). The solution was heated to reflux, and the water was
collected by a DeafStark trap (~5nL). The reaction was cooled to r.t. and the solvent was
removed. The residuwas taken up in ED (150mL) and washed wlit 10% HCI (15mL)
added to water (8®1L) and water (10€nL) again. The aqg. layers were back extracted with
EtO (50mL), and the combined organics were washed with water (3x1Q0brine (100
mL), dried over NMSQ4, concentratedlown and further dried dnigh vac overnight. The
residue was placed in the freezer for a coapl®urs to allow crystals to form. The crystals
(=27 g) were dissolved in hot MTBE (1%1L), cooled to r.t. and placed in the freezer
overnght. The liquid was decanted off and the dalias washed several times with-ice

cold MTBE and dried on high vac for several hours. A reddish solid was obtairged 21
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((#)-WMK ) (45%). The structure was confirmed ¥y/*3C NMR (400Hz, CDCE/TMS).
IH NMR (400 MHz, CDCly): U= 5.81 (s, IH, CH=C), 2.69 (m, 2H, CCH.C), 2.43 (m, 4
H, CCH2C), 2.09 (m, H, CCH.C), 1.67 (M, IH, CCH.C), 1.41 (s, H, CCHz). °C NMR

(100MHz, CDCl): U= 2111, 1983, 1659, 1259, 507, 37.7, 337, 31.8, 29.7, 23.3,20.

(o}

L

(£)-WMK
Proceduré?®

8a-Methyl-3,4,8,8atetrahydronaphthalene-1,6(2H,7H)-dione (&)-WMK): To
a RBF was addesb (48.02g, 245mmol, 10eq.), Benzene (12%L) and pyrrolidine (1.25
mL, cat.). The reaction was left to stir at r.t. 4&hours The reaction wassot completeat
that time, so the reaction was heated to reflux and stirred overnight. The reaction was
cooled to r.t. and B1 HCI (2x65mL) followed bybrine (65mL). The aq. Igers were back
extracted with benzene (%0L) and EOAc (50mL). The combined organics were dried
over NaSQy and concentrateddown. The crude was purified by silica geblumn
chromatography50%EtOAc:Hex). A yellowish oil was obtained 39590.5%) Theoil
was dissolved in hot MTBE (IL) and placed ithe freezer overnight. A white solid was
collected, washed with cold MTBE several times and dried on high vac overigletr
solid was obtaine®2.1 g ((£)-WMK ) (73.6%) of racemic WMK was obtained. The
structure was confirmed b{H/**C NMR (400Hz, CDCly/TMS). *H NMR (400 MHz,

CDCl): U= 5.81 (s, H, CH=C), 2.69 (m, 2H, CCH:C), 2.43 (m, 44, CCH,C), 2.09 (m,
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3 H, CCH2C), 1.67 (m, 1H, CCH,C), 1.41 (s, H, CCH3). 13C NMR (100MHz, CDCly):

U= 2111, 1983, 1659, 1259, 507, 37.7, 337, 31.8, 29.7, 2.3, B.0.

Proceduré?®

(4'aS)-4'a-Methyl-4',4'a,7',8'-tetrahydro-3'H-spiro[[1,3]dithiolane-2,2'-
naphthalen]-5'(6'H)-one (130):To a 3NRBF was added@)-WMK (1.779g, 9.9mmol,
1.0eq.) and purged with nitrogen. AcOHZ4nL) was added and stirred until all thelid
was dissolved. 1;2thanedithiol (0.9@nL, 10.8mmol, 1.1eq.) and a solution qf-TsOH
(0.885¢), in AcOH (10.2mL) was added. The reaction was stirred féroéirsthen HO
(30 mL) was added and stirred fab mins. The solid was filtered off, washedwi,O
(30mL), 5% NaHCQ (30 mL), H2O (30mL) and dried on high vac. overnight. An -off
white solid was obtained 2.316(130) (~92%).The crude wassed in the next reaction
without further purification. Thestructure was confirmed byH/*C NMR (400 Hz,
CDCI/TMS). 'H NMR (400 MHz, CDCly): U= 5.63 (s, 1H, CH=C), 3.35 (m, 3H,
SCHCH,S), 3.23 (M, 1H, SCH2CH2S), 2.60 (m, 1H, CCH.C), 2.50 (m, 1H, CCH:C),
2.34 (m, 1H, CCHzC), 2.14 (m, 4H, CCHC), 2.00 (m, 1H, CCH:C), 1.74 (m, 1H,
CCH,C), 1.59(m, 1H, CCH2C), 1.28 (s, 3H, CCHs). 3C NMR (100 MHz, CDCl): U=

2131, 141.4, 128, 65.0,49.6, 403, 398, 37.7, 3.0, 309, 24.9, 248.
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*Larger scale reactions run overnight, 32.1g 78%

0

oo

131

Proceduré?®

(8aS)-8a-M ethyl-3,4,6,7,8,8ehexahydronaphthalen1(2H)-one (131): To an
ovendried RBF purged with nitrogen was add&80 (2.22 g, ~8.7 mmol, 10 eq),
AnhydrousEtOH (175mL) and Raney Nickel W2 (wet, 329). The solution was stirred at
r.t. for 30mins. The solids were filtered off over a pad of celite and waslithdEtOH
(5x10 mL). The EtOH was removed and the crude was purified by silicaajeina
chromatogrphy (1:9 EO:Hex). A clear oil was obtained10 mg (132 (50%). The
structure was confirmed b{H/**C NMR (400Hz, CDCH/TMS). *H NMR (400 MHz,
CDCl): U= 5.47 (s, 1H, CH=C), 2.60 (dt, 6.Hz, 13.6Hz, 1 H, CCHC), 2.50 (m, 1H,
CCH:C), 2.30 (m, 1H, CCHC), 2.14 (m, 1H, CCHC), 1.90 (m, 44, CCHC), 1.55 (m,
4 H, CCH2C), 1.26 (s, H, CCH3). 13C NMR (100MHz, CDCk): U= 2148, 140.4, 123.5,

504, 38.4,314, 31.1, 255, 255, 19.0.
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132 131

Procedure:

(8aS)-8a-M ethyl-3,4,6,7,8,8ehexahydronaphthalen1(2H)-one  (13) and
(8aS)-8a-Methyl-1,2,3,4,6,7,8,8&ctahydronaphthalen1-ol (132): To an overdried
3NRBF purged with nitrogeand cooled t678 °C was added NE(~65mL). A mixture
of 130(5.72g, 22.5mmol, 10 eq) inanhydrou€EtO (50mL) (most of the dithiane did
notdissolve andthe solid was scoped in) was slowly added. Small pieces of Na metal were
slowly added to th#lask until the cool remained blue. The cryo bath was removed and the
reaction was lefto reflux for1 hour. (kept cold finger on top of reaction, so Nebuld
drip back down. Also needed to add more Na Metal after heating). The cold figure was
removed, ad the ammonia was evaportevernight (aftetwo-threehours all the solvent
was goneand thes0 mL of anhydrou€tO was added back in). Water () was added
to the flask and the layers were separated. The ag. layer was extracted with EtOAc (3x25
mL). The organics were dried over #$&x, concentratedlown and purified by silica gel
column chromatograph{b-20% EtOAc:Hex). Two fractions were collectdrhction one
was the partially reduced produ@11.5g (40.6%) and the second fraction was théyful
reduced product321.71g (45.7%). Overall all conwsion of starting material was ~86%.
The structurs were confirmed by*H/*3C NMR (400Hz, CDCK/TMS). 131= *H NMR
(400MHz, CDCly): U= 5.47 (s, H, CH=C), 2.60 (dt, 6.3Hz, 13.6Hz, 1H, CCHC), 2.50

(m, 1H, CCH.C), 2.30 (m, 1H, CCH:C), 2.14 (m, 1H, CCH2C), 1.90 (m, 4H, CCH:C),
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1.55 (m, 4H, CCH2C), 1.26 (s, 3, CCH3). 3C NMR (100MHz, CDCl): ti= 2148, 140.4,
123.5, 504, 38.4,314, 31.1, 25, 255, 19.0. 132= H NMR (400MHz, CDCls): U= 5.40
(m, 1H, CH=C), 3.52 (d, 3z, 1H, HOCH), 3.29 (dl, 4.2Hz, 11.5Hz, 1H, HOCH), 2.10
(M, 1H, CCH.C), 1.91 (m, 3H, CCH.C), 1.74 (m, 3H, CCH2C), 1.53 (m, 4, CCH:C),
1.39 (M, 1H, CCH,C), 1.26 (M, 2H, CCH:C), 1.01 (s, H, CCHz). 3C NMR (100MHz,

CDCls): U= 1421, 1221, 79.3, 40.4, 34, 318, 30.8, 259, 25.1, 18.9, 14

*Scaled up reaction usdd.89g 130 8.75g crude (75%}an beused inthe next

reaction as crudemixture

(0]

oo
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Proceduré?8

(8aS)-8a-M ethyl-3,4,6,7,8,8ehexahydronaphthalen1(2H)-one (131): To a
flask was added 32 (1.77 g, 10.6mmol, 10 eq.) andanhydrousDCM (10 mL). The
solution was cooled to @« and PCC (3.45, 16mmol, 1.5eq.) was added. The reaction
was slowly warredup to r.t.and stirred overnight. The reaction was poured over a pad of
celite and washed with DCM (4x5@L) The combined organics were washed with sat.
NaHCG (2x75mL), 1M HCI (2x75mL), sat. NaHC®(2x75mL) and brine (2x7%nL),
dried over NaSQy and concentrateadlown. The crude was purified by silica gelumn

chromatography(5% EtOAc:Hex). A clear oil was obtained 1g1(131) (63%). The
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structure was confirmed b{H/**C NMR (400Hz, CDCK/TMS). 'H NMR (400 MHz,
CDCh): t= 5.47 (s, H, CH=C), 2.60 (dt, 6.3Hz, 13.6Hz, 1 H, CCH.C), 2.50 (m, 1H,
CCHC), 2.30 (m, 1H, CCH2C), 2.14 (m, 1H, CCH:C), 1.90 (M, 44, CCH.C), 1.55 (m,
4 H, CCH2C), 1.26 (s, H, CCHs). 3C NMR (100MHz, CDCL): U= 2148, 140.4, 123.5,

504, 38.4,314, 31.1, 255, 255, 19.0.

*Scaled up reaction us@&d759g crude starting material (~55% alcohol). Obtained

4,759 131
o s~
©|ij¢ks/
133
Procedure:

(8aS)-2-(Bis(methylsulfanyl)methylidene)}8a-methyl-3,4,6,7,8,8a
hexahydronaphthalen1(2H)-one (133): To an overdried 3NRBF was added 2,6
ditertbutyt4-methyl phenol (3.3@, 15.25mmol, 2.5eq) and purged withitrogen The
solid was dissolved ianhydrousTHF (10mL) and cooled to ~0C. 2.5M n-BulLi (6.1
mL, 15.25mmol, 2.5eq) was slavly added. The mixture was warmed up to r.t. and stirred
for 1 hour. before a solution 0£31(1.00g, 6.1mmol, 10 eq.) inanhydrousTHF (18mL)
was added followed by G$2.3mL, 36.6mmol, 60 eq.). The reaction was stirred at r.t.
for 48hoursbeforeMel (2.3mL, 36.6mmol, 60eq.) was added and stirred of an adddion

24 hours The reaction was diluted with EtOAc (6tL) and washed with water (50L)
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and brine (50nL). The aqg. layers were back extracted with EtOAc(&). The combined
organics werd@ried over NaSQu, concentratedlown and purified by silica gglad(10%
EtO:Hex). An orangish oil was obtained 1%0133) (93%). The structure was confirmed
by H/3C NMR (400Hz, CDCK/TMS). H NMR (400MHz, CDCL): = 5.49 (t, 3.5Hz,

1 H, CH=C), 323 (m, 1H, CCHC), 2.43 (m, H, CCH,C), 2.33 (s, H, SCH3), 2.32 (m,

1 H, CCH,C), 2.31 (s, H, SCH3), 2.23 (M, H, CCH,C), 1.94 (m, H, CCH2C), 1.85 (m,

1 H, CCHC), 1.63 (m, 3H, CCHzC), 1.24 (s, H, CCHa). 13C NMR (100MHz, CDCl):

U= 204.3, 143, 140.6, 139.6, 122.90.0 33.8, 31.5, 31.0, 25,.243, 19.0, 183,17.7.

134

Procedure:

(9aS)-9a-M ethyl-4,5,7,8,9,9ehexahydronaphtho[1,2c]furan -3(1H)-one (134):
To an overdried 2NRBF was added NaH (~264g, 6.6mmol, 1.2 eq). The solid was
washed with HPLC grade pet. ether (3x2) to remove the mineral oil. The flask was
purged with nitrogen and ¢éhtremaining ether was removed by vacuumz3i¢€l.35g, 6.6
mmol, 1.2eq) was addedAnhydrousDMSO (8 mL) was slowly aded to the flask and
the mixture was stiedat r.t. for 30 mis. A solution 0f133(1.47g, 5.5mmol, 10eq) in
anhydrousTHF (8 mL) was slowly added to the flask and stirred at r.t. féro8rs A
solution of MeOH:6M HCI (12nL, 6:1) was slowly added tthe reaction and allowed to

stir overnight at r.t. THF was removed by vacuum and EtOAar(BPwas added to the
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flask. Theorganics were washed with water (8L) and brine (30nL). The aq layers
were back extracted with EtOAcqQ&1L). The combined orgars were dried over N&Qq,
concentrateddown and purified by silica gel otumn chromatography(5-25%
EtOAc:Hex). Mostly steing material was recovered 6y (41.5%). A yellowish solid
was also obtained 288g (134 (25%). The structure was confirmed Bil/*3C NMR (400
Hz, CDCK/TMS).™H NMR (400MHz): Ui=5.52 (m, IH, CH=C), 4.73 (m, 2H, OCH,C=0),
2.41 (m, 1H, CCH:C), 2.34 (m, 1H, CCHC), 2.28 (m, 1H, CCH:C), 2.12 (m, 1H,
CCH.C), 2.03 (m, H, CCH:C), 1.73 (m, 3H, CCHC), 1.53 (m, 1H, CCHC), 1.30 (s, 3
H, CCHs). 13C NMR (100MHz, CDCl): U= 174.2 168.1, 138, 124.3, 123, 68.8, 36.3,

34.1, 28.7, 298, 25.0, 225, 183.

Proceduré?®

2-(Bis(methylsulfanyl)methylidene)cyclohexanone (135);To an overdried
3NRBF was added 2 @itertbutyt4-methylphenol (8.42 g40 mmol, 2 eq.) and purged
with nitrogen.AnhydrousTHF (30mL) was added and the solution was cooled € 0
beforen-BuLi (2.5 M, 16mL, 40 mmol, 2.0 eq.) was slowly added. The mnigtwas stirred
for 15 mins at OC before cyclohexanone (2mL, 20 mma, 1.0 eq.) and CS(6.0 mL,
100 mmol, 5.0 eq.) were added, warmed to r.t. and stirred Hou& Mel (2.86mL, 46

mmol, 2.3 eq.) was added and the reaction was stirred overnight. The reaction was diluted
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with EtOAc (50mL) and washed with #D (50mL), and brine (50mL). The organics were
dried over NaSQ; andconcentratedown. The crude material was purified &gilica gel
plug (5% EtOAc:Hex). An orange oil was collected 3.7285 (90.7%).The structure
was confirmed byH/*3C NMR (400Hz, CDCK/TMS). 'H NMR (400MHz, CDCly): U=
2.84 (m, 2H, CCH,C), 2.44 (m, 2H, CCHC), 2.33 (brS, &, 2xSTHz), 1.84 (m, 2H,
CCH:C), 1.74 (m,2 H, CCH2C). 13C NMR (100MHz, CDCL): t= 2003, 146.2, 13%,

772,416, 33.5, 24.6, 24.3, 18.

136

Procedure:

4,5,6,7Tetrahydro-2-benzofuran-1(3H)-one (136): To a 3NRBF was added
MesSI (1.62 g, 7.91 mmol, 1.5 eq.) and purged with nitrogen. A solution of Me@NL)8
and HO (0.85mL) followed by KOH (1.77 g, 31.6 mmol, 6.0 eq.) were addetedlask.
The reaction was heated to @for 10 mins before a solution @B85(1.07 g, 5.3 mmol,
1.0 eq.) in MeCN (3nL) was added. The reaction was left ab@0@or 2hoursbefore being
cooled to r.t. The solids were filtered off and washed witDEBx25mL). The organics
were washed with #D (2x25mL) followed by back extracting the aq. layers wergOEt
(2x25mL). The combined organics were dried ovep®@ andconcentratedlown. The
crude material was dissolved in a solution of MeOH:2 M HCI (m[:2 mL) and stirred

at r.t. overnightThe reaction was quenched with sat. NaH@5 mL) and the MeOH was
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removed by vacuum. The residue was extracted with EtOAc (@J%nd the combined
organics were washed with>8 (25 mL), brine (25mL), dried ove NaSQs, and
concentratedlown. The crudéH NMR indicated the desired product was formed 770 mg

(136) (>100%). No further purification was performed.

OMe

137

Procedure:

Methyl (2E,4E)-4-((1E,8aS)-8a-methyl-3,4,6,7,8,8ehexahydronaphthalen-
1(2H)-ylidene)-2-(propan-2-yl)but-2-enoate (137):To an ovenrdried 3NRBF purged
with nitrogen was added a solution of the phosphonate (1.59g, 5.7mmol, 1.07eq.) in
anhydrousTHF (10mL) followed by slow additiorof 1M LIHMDS (6.2 mL, 6.2mmol,
1.15eq.). The reaction was stirred at r.t. fdrdurbefore a solution of the enone (88@,
5.3mmol, 1eq.) inanhydrousTHF (5mL) was added. The reaction was warmed t8Cl5
and stirred for hourswithout completion, so it was warmed to 95 and stred for

another 3hours The reaction was still not complete but was worked up to avoid

decomposition of the product. The reaction was cooled to r.t. and the THF was removed.

The residue was taken up brine (25mL) and extracted with DCM (3x2B1L). The

organics were dried over Qs andconcentratedlown. The crude was purified by silica
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gel c.c. (2.55% EtOAc:Hex). Two fractions were collected the first being the product 515
mg (35.6%) and the seabmas semi crude starting material 288 (32%). 67.%o in total.
The structure was confirmed BYC NMR (100MHz, CDCls): U= 169.0, 158.8, 142.7,

135.5, 133, 121.1, 115.0, 54, 424, 35.5, 328, 27.9, 275, 263, 259, 213, 21.2, 19.5.

| OH

138

Procedure:

(2E,4E)-4-((1E,8aS)-8a-Methyl-3,4,6,7,8,8ehexahydronaphthalen1(2H)-
ylidene)-2-(propan-2-yl)but-2-enoic acid (137):To an RBF was added the diene ester
(500 mg, 1.8mmol, 1eq.) and a solution of 20% KO@.00g) in MeOH:HO (9:1, 40
mL). The reaction was stirred at r.t. overnight. The reaction was quenched MithC2
(40 mL) and extracteavith DCM (3x40mL). The organics were dried over 188, and
concentratediown. A white solid was obtained 48%g (8%%6). The dienoic acid was used
in the next reaction without further purification. The structure was confirméCayMR
(100 MHz, CDCl): U= 173.9, 16Q1, 142.6, 136.1, 134.5, 1&1.115.1, 45, 35.5, 32.7,

27.9, 275, 27.2, 264, 259, 212, 21.1,19.5.
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Procedure:

(8aS)-8a-M ethyl-3,4,6,7,8,8ehexahydronaphthalen-1-yl
trifluoromethanesulfonate (140): To an ovendried 3ANRBF was added €303 (3.26 g,
10 mmol, 4.0 eq.) and purged with nitrogen. A solutiod2#(0.41 g, 2.5 mmol, 1.0 eq.)
in anhydroudDCM (50mL) was added and cooled td@©. Tf.O (1.35mL, 8.0 mmol, 3.2
eq.) was slowly added and the systeas slowly brought up to & andstirred overnight.
The reaction was quenched with-oeld HO (50mL) and separated. The aqg. layer was
extracted with DCM (28nL) and the combined organics were washed with brinen(25
dried over NaSQy andconcentraéd down. The crude was purified by silica gel column
chromatography (5% KD:Hex). A dark oil was obtained 211 m40 (28%). The
structure was confirmed byH/2C NMR (400Hz, CDCKTMS). *H NMR (400 MHz,
CDCl): U= 5.68 (m, 1H, TFOC=CH), 5.46 (brS, H, CH=C), 2.20 (m, 3, CCH2C), 2.00
(m, 2H, CCH2C), 1.84 (m, 1H, CCH2C), 1.68 (m, 3H, CCH2C), 1.51 (m, 1H, CCHxC),
1.30 (s, 3H, CCH3). °C NMR (100MHz, CDCl): U= 155.3, 138, 1227, 1155, 772,

38.9, 32.4, 2&, 257, 25.0, 24.2, 181.
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Procedure:

(9aS)-9a-M ethyl-4,5,7,8,9,9ehexahydronaphtho[1,2c]furan -3(1H)-one (134):
To an overdried 3NRBF purged with nitrogen was added a solutioh38f(8.55 g, 31.9
mmol, 1 eq.) iranhydrousTHF (125mL) and CHBr2 (2.65mL, 50.5 mmol, 1.6 eq.). The
solution was cooled te/8 °C beforen-BuLi (13.3mL, 33.2 mmol, 1.05 eq.) was slowly
added. The reaction was slowly warm up toartd stirred overnight. The reaction was
washed with sat. N}CI (2x180mL) and the ag. layers wetback extracted with ED
(2x180mL). The crude material was dissolved in MeOH:2M HCI (6:1) (d&025 mL)
and stirred at r.t. overnight. The reaction wasnghed with sat. NaHC£X180mL) and
the methanol was removed@he residue was extracted with EtOA3x150mL). The
combined organics were dried over.8&y and concentratedlown. The crude material
was purified bya silica gel short plug (:20% EtOAc:Hex) A yellowish solid was
obtained 4.49 (134) (69%). The structure was confirmed Bi/**C NMR (400 Hz,
CDCITMS). 'H NMR (400 MHz, CDCly): U= 5.52 (m, 1H, CH=C), 4.73 (m, 2H,
OCH2C=C), 2.41 (m, 1H, CCHzC), 2.34 (m, 1H, CCH,C), 2.28 (m, 1H, CCH.C), 2.12
(m, 1H, CCH.C), 2.03 (m, H, CCHC), 1.73 (m, 3H, CCH,C), 1.53 (m, 1H, CCHC),
1.30 (s, 3H, CCH3). 3C NMR (100MHz, CDCh): U= 174.2, 168.1, 138, 124.3, 123,

68.8, 36.3, 34.1, 28.7, Z,.25.0, 225, 183.
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Procedure:

tert-Butyl(dimethyl)(((9aS)-9a-methyl-4,5,7,8,9,9ehexahydronaphtho[1,2
c]furan -3-yl)oxy)silane (143):To an overdried 3NRBF purged with nitrogen was added
anhydrouslHF (42 mL) andanhydrousHMPA (4.0mL, 23.3mmol, 1.1eq.). The solution
was cooled ta78 °C and LIHMDS (1M, 23.7mL, 23.7mmol, 11 eq.) was added and
stirred for 10mindefore a solution 0£34(4.48g, 21.9mmol, 10 eq.) inanhydrousrHF
(42 mL) was slowly added. The reaction watsredat -78 °C for 1 hour before TBSCI
(3.64 g, 23.7 mmol, 1.1 eq.) was added. The reactionwaasmed o r.t. add stirred for 1
hour. Thereaction was quenched with watebQImL) and extracted with EtOAc (350
mL). The organics were washed with brinB@inL), dried over Ne&SQs andconcentrated
down. An orangish oil was obtaingdd8g (143 (>100%, still contained some HMPA).
The compoundvas used in the next reaction without further purificatibime structure
was confirmed byH/**C NMR (400Hz, CDCIly/TMS). *H NMR (400MHz, CDCl): =
6.60 (s, H, OCH=C), 5.45 (m, H, CH=C), 2.52 (m, H, CCHC), 2.36 (m, H, CCH.C),
2.18 (m, 2H, CCHC), 2.01 (m, 2H, CCH:C), 1.85 (m, 1H, CCH.C), 1.69 (m, 3H,
CCH:C), 1.31 (s, H, CCHa), 0.95 (s, H, SiC(CHa)3), 0.20 (s, H, SiCH3), 0.19 (s3 H,
SiCH3). 13C NMR (100MHz, CDCls): U= 1501, 1422, 1357, 1254, 121.4, 934, 37.7,

34.0, 30.5, 3@, 25.6, 244, 217, 19.2.
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Procedure:

Methyl (4bS)-1-hydroxy-4b-methyl-4b,5,6,7,9,1€hexahydrophenanthrene2-
carboxylate (144): To an overdried reaction tube was added a solutiod43 (3.97 g
~9.3 mmol,1.0 eq.) in HPLC grade benzen&8(mL) and methyl acrylate5(5 mL, 60
mmol, 6 eq.). The tube wasealed and heated to reflux for B&urs. After 48 hours, the
readion was cooled to r.t. arttle solvent was removed.sdlution of MeOH:6M HCI (5:1,
16.7mL:3.3mL) was added and stirred fathours The reaction was diluted with EtOAc
(50mL) and washe#ith water (260mL). The aq. layer was back extracted with EtOAc
(50 mL) and the organics were washed with brin® (L), dried over NeéSQx and
concentratedown. The crude was purified by silica gel c.c. (5% EtOAc:H&x)ellowish
oil was obtained 1.89 (144) (74% from butenolide)The structure was confirmed by
IH/3C NMR (400Hz, CDCK/TMS). 'H NMR (400 MHz, CDCL): U= 11.07 (s, 1H,
ArOH), 7.64 (d, 8.6Hz, 1H, mArOH), 6.83 (d, 8.6 Hz, H, p-ArOH), 5.51 (brS, H,
CH=C), 3.92 (s, H, CO:CH3), 3.09 (m, 1H, CCH,C), 2.45 (m, 2H, CCHC), 2.33 (m, 1
H, CCH.C), 2.14 (m, 1H, CCH.C), 2.01 (m, 2H, CCHC), 1.78 (m, 2H, CCHC), 1.53
(m, 1H, CCH.C), 1.40 (s, 3H, CCH3). *C NMR (100MHz, CDCh): t= 171.1, 15%,
155.2, 14.0, 1269, 124.9, 12@8, 117.0, 108.5, 72, 522, 38.2, 37.0, 29, 294, 25.7,

251, 19.5.
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Procedure:

Methyl (4bS)-1-methoxy-4b-methyl-4b,5,6,7,9,1ehexahydrophenanthrene2-
carboxylate (145):To an overdried 3NRBF was added a solution of t¥1(1.83 g, 9.7
mmol, 1.0 eq.) imnhydrousTHF (30mL). To the solution was slowly added NaH 60%
(1.47 g, 61 mmol, 8.2 eq.Jhe mixture was stirred at r.t. for 30 mins before Mel (L3
36.7 mmol, 5.0 eq.) was added and stirred fohd@rs After 48hours the reaction was
guenched witiH>0 (50mL) andacidifiedwith 2 M HCI. The ag. layer was extracted with
EtOAc (3x50mL) and the organics were dried over.8@ andconcentratediown. A
brownishred solid was obtained 2.4(§45 and continued to the next reaction without

further purification.

* Too much NaH ad Mel wereadded. Only 2.5 egvassupposed to be added.
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Procedure:

2-((4bS)-1-M ethoxy-4b-methyl-4b,5,6,7,9,1€hexahydrophenanthren2-
yl)propan-2-ol (146): To an overdried 3NRBF purged with nitrogen was added a solution
of 145(2.4 g, 6.7 mmol, 1 eq.) @mnhydrousTHF (10mL). The solution was cooled t45
°C and MeLi (15.MnL, 25.1 mmol, 4 eq.) was slowly added. The reaction was stirred at
15°C for ~5 mns then warmed up to r.t. and stirred for an additional 30 mins. The reaction
was cooled t610°C and quenched withA® unil the bubbling stopped. The mixture was
acidified with 2 M HCI (10mL) then extracted with EtOAc (3x28L). The combined
organics vere washed with brine (20L), dried over NgSQs, andconcentratedlown. A

black oil was obtained 1.63 (46) and continuedo the next reaction without further

purification.
(J g o
147
Procedure:

(4aS)-8-M ethoxy-4a-methyl-7-(prop-1-en-2-yl)-2,3,4,4a,9,10

hexahydrophenanthrene (147)To an RBF was added the crudeateriall46(1.63 g, 5.7
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mmol, 1.0 eg.and HPLCgrade DCM (15mL). The solution was placed under nitrogen
and cooled t® °C. MsClI (3.5mL), 45.6 mmol, 8.0 eqg.) and NE6.3mL, 45.6 mmol, 8.0
eg.) were added. The reaction was warmed to r.t. and stirred Hourlbefore being
quenched with BD (15mL). The layers were separated, and the ag. layer was extracted
with DCM (2x15mL). The organicsvere dried over N&Qs andconcentratedlown. The
mixture was quickly passed through a short silica plet0% EtOAc:Hex.) to give a clear
oil 820 mg(147). The structure was confirmed Big/**C NMR (400Hz, CDCL/TMS). *H
NMR (400MHz, CDCh): U= 7.04 (n, 2H, ArH), 5.49 (brS, H, CH=C), 5.13 (brS, H,
CH,=C), 3.67 (s, H, ArOCH?3), 3.14 (m, 1H, CCHC), 2.51 (m, 2H, CCHC), 2.32 (m,

1 H, CCHC), 2.15 (s, H, CCH2C), 2.03 (m, 2H, CCH2C), 1.78 (m, H, CCHC), 1.59
(m, 2H, CCH2C), 1.42 (s,3 H, CCH3). 3C NMR (100MHz, CDCk): U= 154.6, 148.1,
144.2, 1419, 133.2, 129, 1274, 121.9, 12(8, 115.1, 772, 59.9, 37.6, 3@, 30.0 26.6,

252,233,197, 143.

“O OMe

148

Procedure:

(4aS)-8-M ethoxy-4a-methyl-7-(propan-2-yl)-2,3,4,4a,9,10
hexahydrophenanthrene (148):To an overdried 3NRBF purged with nitrogen was

condensed NEI(~10mL) at-78 °C. To the flask was added a solutionldf7 (770 mg,
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2.87 mmol, 1.0 eq.) ianhydrousTHF (10mL). Li metal (140 mg, 20 mmol, 74X.) was
slowly added to the mixture. The reaction wasred at -78 °C for ~15 mirs before
qguenching with sat. N8Oy (~7.5mL). The NH was evaporated under nitrogen and the
residue was diluted with 4 (20mL). The mixture was extracted with-BX (3x20mL)
and the combined organics were dried ovesTa and concentratedlown. A slightly
cloudy oil was obtained 6889 (148 and continued to the next reaction without further

purification.

OMe

HO
149

Procedure:

(1S,4aS,10a5)-8-M ethoxy-4a-methyl-7-(propan-2-yl)-1,2,3,4,4a,9,10,10a
octahydrophenanthren1-ol (149): To an overdried 3NBRF purged with nitrogen was
added a solution 0148 (629 mg, 2.3 mmol, 1.0 eq.) emhydrousTHF (10.5mL) and
cooled to C. 1 M BHsTHF (4.40mL, 450 mmol, 2.4 eq.) was added and stirred & 0
for 3 hoursfollowed by r.t. overnight. 3 M NaOH (0.#8L) followed by 30% HO- (0.73
mL) were slowly added to the flask and stirred at’@0for 4 hours The reaction was
cooled to r.t., diluted with ¥ (10 mL) and acidified with 2 M HCIl. The mixture was

extracted with EtOAc (3x16nL) and the combined organics were washed with brine (10
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mL), dried over NgSQy, andconcentratedlown. An oil was obtained ~750 nig49) and

continued to the next reaction withtdurther purification.

OMe
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Procedure:

(4aS,10a5)-8-M ethoxy-4a-methyl-7-(propan-2-yl)-3,4,4a,9,10,10a
hexahydrophenanthren1(2H)-one (150):To an overdried RBF purged with nitrogen
was added a solution @9 (725 mg, ~2.3nmol, 1.0 eq.) in HPLC grade DCM (1aL).
The solution was cooled to€@ and PCC (74 mg, 3.45 mmol, 1.5 eq.) was added. The
reaction was stirred at®C for 15 mins folloved by r.t. overnight. The mixture was poured
on top a pad of silica gel in hex andrified (1520% EtOAc:Hex.). An Oil was obtained
which was recrystallized from hot MeCad thecis productl50was confirmed by xay
crystallographyThe structure was confirmed Bi/**C NMR (400Hz, CDCK/TMS). *H
NMR (400MHz, CDCh): ii= 7.05 (m, 2H, ArH), 3.69 (s, 3, ArOCHz), 3.29 (sept, 6.88
Hz, 1H, ArCH(CHsa)2), 3.02 (m, 1H, O=CCHC), 2.66 (m, 1H, CCHzC), 2.39 (m, 2H,
CCH-C), 2.19 (m, H, CCH:C), 1.88 (m, 2H, CCHC), 1.77 (m, 2H, CCHxC), 1.33 (s, 3
H, CCHg), 1.20 (d, 6.88 Hz, 61, ARCH(CHz3)2). 13C NMR (100MHz, CDCB): U= 214.0,
154.9, 1424, 1387, 1292, 1242, 121.8, 772,607, 57.0, 40.7, 39.2, 36.297, 263, 24.0,

228, 22.0,21.8.
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Procedure:

(4aS,10a5)-8-M ethoxy-4a-methyl-7-(propan-2-yl)-3,4,4a,9,10,10a
hexahydrophenanthren1(2H)-one (150) and (48,10aR)-8-M ethoxy-4a-methyl-7-
(propan-2-yl)-3,4,4a,9,10,10dexahydrophenanthren1(2H)-one (151): To an oven
dried RBF was addeti50 (245 mg, ~0.9 mmol, 1.0 eq.) and purged with nitrogen. The
solid was dissolved in abs. EtOH (ihB) and premade solution of EtOH/NaOgEtOH
reacted with ~8.0 mg of Na metal) (L) was added. The reaction was stirred at both r.t.
(48 hourg and 45°C (24hourg. The reaction had reached the thermodynamic equilibrium
after the first 4&hoursat r.t. Thereaction remained in favaf the cis isomer150with a
2:1 ratiobased on the decline methyl peatis (50 methyl 1.33 ppmdrans 151 methyl

1.05 ppmsiH NMR in CDCk).
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Chapter 3

EnantioselectivePartial Synthesis ofLutein
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Background on lutein

Lutein and the closely related zeaxanttitig(ire 23) are xanthophylls and are two

examples of naturally occurring carotenoids. Only synthesized by plants, these carotenoids

OH can be found in high

N IIXIARRIRIARARIR concentrations  in

HoW

Lutein leafy greens as &\l
OH
as yellowred
AR
colored plants such
HO

Zeaxanthin

as carrots and

Figure 23: Structuref carotenoids lutein and zeaxanthin.

peppers. Their main

functon is to serve as nonphotochemical quenching agent during the process of
photosynthesi$** This process limits the amount of triplet chlorophyll in the system which

in the pesence of molecular oxygen becomes singlet oxygen. Singlet oxygen is known to
cause oxidative stress and damage other molecules in cells. Lutein is commonly used as a
supplement to manufacture dyéz3lts ability to absorb blue light allows it to appgatiow

in low concentrations and orange/red at higher concentratidétseen comsumed, these
carotenoids build up in the macula; a small area located in the ¥&tifiaeir ability to
absorb blue light and prevent singlet oxygen formation bepeneficiafor medicinal

use. Studieshave shown that people who consumed supplementstagung
lutein/zeaxanthin helped prevent agéated macular degeneration as well as lowering the
risk of cataract developmeHf 47 Despite these benefitsthere is no known

enantioselective total synthesis of lutein.
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Partial synthesis of lutein

It was proposed that starting with {fsdienol enantiopure lutein could be
obtained. The retrosynthesis of lutein begins with the oxidatioft)efosdienol to the
skippedconjugatedaldehydel52 (Scheme35). Next,152would be cyclized to obtain the

cydohexene rindl53followed by chain extension to give the diengadl Lastly, known

OH
NAD DA A :> é(\)%/%o
HOW teso"
154

Lutein

oT1BS
OH
BS
— — T —> A
B N
o (+)-ipsdienol
o 152
153

Scheme35: Retrosynthesis of lutein.

conditions for the synthesis of zeaxanthin could be used to finiShthe total

enantiosadctive synthesis of lutein.

To avoid testing conditions on the enantiopure ipsdienol, the cheaper racemic
version was used for the reaction trials. The synthesis starts with the protection of the
hydroxyl groupusing TBSCI irthe presence oflaase to otain the silyl ethet55(Scheme
36).1%8 Next, regioselective hydroboration oxidation was done 156 to give the
homoallylic alcohol15614° Condition screeningydone by Dr.Volet Demillo were
unsuccessful in improving the overall all yield. This yieldsiailar to what was reported
in the literature for the regioselective hydroboration oxidation of myrcene. Unfortunately,

oxidations to obtain the desired skipmesjugatedldehydel52were unsuccessful. Given
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Imidazole, TBSCI
)\)0:/”\/ > o18S 1. Sia,BH-THF
X Z DCM )\/v\/[]\/ >
B 2 2. NaOH, H,0,

0 °C-rt, O/N

+)-ipsdienol 9
(+)-ipsdi 86% 155 35%
)\)ola/su\/\ T
O AN A
X OH --cecececccncnnn... > X ~No
156 152
CuCl,, PdCI,(CH;CN)
TBS ; D utanol TBS

o Li,MoO,, n-butanol o
w]\% ------------------------- } M/Qo
Cetylpyridinium chloride

155
H,0, N,/O, 157

Scheme36: Reactions attempted to oxidize the silyl eth®5.

the low yields withthe hydroboration oxgliation and unable to obtaib2, new conditiors

were exploredRepats in the literature showealyrcene was successfully oxidized to a
conjugatedaldehyde and cyclized to a cyclohexene ring. Given the similarities between
ipsdienol and myrcene the reportednditions for myrcene were tested 485
Regrettab}, no oxidation occurredinder a nitrogen or oxygen atmosphere and only
starting materiawas isolatedlt was at this moment the project was put on hold to think of

new methods to transform (#)sdenol to lutein.

There are potentiatonditionsthat could be used to convert {pydienol to the
desired cyclohexene aldehyti&3. It has been reported thayrcenewasregioselectively
halogenated to give the allylic chlorid&8 (Scheme37).1°! Fromthere 158 wasoxidized
to theconjugatedaldehydel59.1°2 Lastly, 159 undewentan acidmediated cyclization to
g i v-eydobitral b-160.>® Other conditionsinvolve cyclization of myrcene through
pyrolysis to give the dien&6l (Scheme37).1%* Regioseletive epoxidation ofl61 gave

162 followed by acidme di at ed rearrangement -tydocitmbt ai n
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CuCl (5 mol%), HCI (g)
W > )%/\)\,—r’\m AgBF,, DMSO
DCM - >
Myrcene 0°C, 92% 158 r.t., 1hr, 90%
)\/\/k/\ MeNH,, Conc. H,S0,
-15°C-40°¢, 5hr
159 64% B-160
)\/\/”\/ Heat & mCPBA & CF3;SO3;H &QO
Et20 66% 95%
Myrcene 162 o/B-160
Scheme37: Met hods wused t o-cyclatitral. e r t myr c

in a95% yield. These methods could cause issues witipgédjenol aslimination of the

protectechydroxyl groupor deprotection of thprotectinghydroxyl group under strong

acidic conditionsnay occur

Mitsunobu reaction of (+)-ipsdienol

The method developed by Belaus Tittiger (UNR) to selectively synthesize){

ipsdienol over the other enantiomer is synthetically us&owever, this method has

not been optimized to efficiently synthesis the other enantiomer. With this current

OH PPh;, DEAD
w 4-nitrobenzoic acid
THF

(+)-ipsdienol 0 °C-rt, 6 h, 20%

10

e

163

limitation, one of the

projectds goal s
=

develop a method to

Scheme38: Mitsunobu of (Hipsdienol.

synthetically obtain thether

enantiomer. Since the stegamiccenter is a s®ndary alcohol, thenost common method

to alter the stereochemistry is by a Mitsunobu reactldsing standard Mitsunobu

conditions, (Hipsdienol was converted to the estéB in 20% yield Scheme38).1%®
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Based on the Mitsunobu reaction involving@2 mechanismit was pesumed that there
wasacomplete inversion of the stereogenic center. Several attempts were made to improve
the yields, but no conditions were found. Unfortunately, it is known that Mitsunobu
reactions can undergon® prime addition orelimination when the substrate is highly

conjugated. These may be tleasongor the low yields during the reaction.
Summary of lutein synthesis

The enantioselective total synthesis of lutein is still in the early stages. Thebrigin
proposal ran it complications early with low yields in obtaining the homoallylic alcohol
and no skippedconjugatedaldehyde was synthesized. The attempts to avoid the
hydroboration oxidatiorand go straight to theonjugatedaldehyde from the protecte
ipsdienol were &0 unsuccessfuDtherconditionshave been reported to convert myrcene
to the desired cyclocitral, but these methods have not been tested to see if it is possible on
ipsdienol. There was some successleveloping a procedure to altbetstereochemistry
of (+)-ipsdienol to {)-ipsdienol. Further conditions could beploredto improve theyield

of the Mitsunobu reacti
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Experimental

All reactions were carried out under an atmosphere of dry nitrogen unless otherwise
stated. All reagents and selvts were ACS reagent grade or better unless otherwise stated.
All chemicals purchased were used as provigethe venders such as Aldrich Ghieal
Company, Acros Organics, Fisher Scientific, or AK Stfen All glassware, stir bars, and
equipment useduring a reaction ereovendried for 24 hours or longer in a drying oven
set to 120°C. ACS grade THF was made anhydrous by sitting overaietiv4A MS for
24 hours followed by distilling from sodium metal and benzophenone under inert
conditions. Overnigt (O/N) is classified as a reaction stirred for22 hours. Samples
were further driedh vacuoat 0.1 mm at room temperature for 24 hour®oger. Samples
submitted for microanalysis were dried in a drying pistol fe72&ours at 78C (0.1 mm)
andsubmitted for examination to NuMega Resonance Labs, Inc. Column chromatography
(C.C.) was performed with Sorbent Technologies standard griécke (§263 pum). H-

NMR (400 MHz or 500 MHz) an&C (100 MHz or 125 MHz) spectra were acquired on a
Varian 400 6 a Varian Unity+ 500 spectrometer. All chemical shifiy gre reported in

ppm units relative to the following solvent resonancdeél: CDCL/TMS = 7.26 ppm,
DMSO-d6 = 2.50 ppm*3C, CDCk = 77.16 ppm, DMS@i6 = 39.52 ppmMelting points

were measured on Bel0Temp apparatus and are uncorrected. kesolution mas
spectra (MS) were obtained using a Waters Micromass ZQ electrospray ionization

guadrupole mass spectrometer using positive ion detection (capillary voltage = 3.5 kV).
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Proceduré#®

tert-Butyl(dimethyl)(((4 S)-2-methyl-6-methylideneocta2,7-dien-4-

yl)oxy)silane (155):

To an overdried 3NRBF purged with nitrogen 3 times was added a solutigg)ef
ipsdienol (4.80g, 31.5mmol, 10 eq.) in HPLC grade DCM (941L) and imidazole (3.25
g,47.3mmol, 1.5eq.). The solution was cooled t0O and TBSCI (7.43, 47.4mmol,
1.5eq.) was added to the reaction. The mixture was stirred in the ice bathhioursand
left to warm up to r.t. overnight. The reaction was ghedcwith water (200nL) and
separated. The ag. layer was extracted with DCM (2x@Dp) The combined organics
were washed with brine (2x100L), dried over NgSQsconcentratedown. The yellowish
oil was purified by short column (~&m deep silica gel), mL sintered glass funnel,
(50% DCM:Hex). A clear oil was obtained 7.8§%155) (86.3%).'H/**C NMR (400Hz,
CDCL/TMS). 'H NMR (400MHz, CDCk) : U = 6 HZ316Hz,(181,0CH=CB 5.23
(d, 20Hz, 1H, CH=C), 5.13 (dp, 8z, 1Hz, 1H, CH=C), 5.04 (m, 3H, CH=C), 4.48 (m,
1 H, TBSOM), 2.35 (dq48Hz, 6 Hz, 2H, TBSOCHGH,), 1.68 (s, H, CCH3), 1.59(s,
3 H, CCH3), 0.86 6, 9 H, SiC(CHs)s), -0.01 (s, 3H, SiCH3), -0.02 (s, 3H, SiCH3). *C
NMR (100 MHz, CDCh): G=143.0, 1394, 1313, 1296, 118.8,1131, 687, 41.1, 26.0,

25.7, 185, -4.2,-4.6.
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Procedure:

(59)-5-((tert-Butyl(dimethyl)silyl)oxy) -7-methyl-3-methylideneoct6-en-1-ol
(156): To an overdried 3NRBF purged with nitrogen 3 times was added BHF (1 M,
5mL, 5mmol, 1.4eq) and the solution was cooled in an-gadt water bath beforeM 2-
methyl2-butene in THF (5nL, 10mmol, 2.8eq.) was slowly added to the solution. The
solution was stiedfor 2 hoursin the icesalt bath. In another oveiried 3SNRBF vas added
155(0.9425g, 3.5mmol, 10 eq.) andanhydrouslHF (8.75mL). The solution was cooled
over an icesalt bath (~30nins) before the SiBH THF solution was slowly added to the
RBF. The solution waleft to stir in an icesalt bath for Zhoursthenwarmed to r.t. and
stirred for another Bours The solution was cooled back down dayice-salt bath and 3
M NaOH (5mL) and 30% HO> (5 mL) were slowly added to the solution. The mixture
was stirred inthe icesalt bath for 3@nins then warmed to ~4& for 2 hours The reaction
was cooled to r.t. and stirred overnight. The reaction was diluted with(26mL) and
separated. The ag. layer was extracted wigd E2x25mL). The combined organiagere
washed with brine (28nL), dried over NgSOy and concentrateddown. The crude was
purified by silica gel olumn chromatography50-100% DCM:Hex). A clear oil was
obtained 350ng (156) (34.7%)H/*3C NMR (400Hz, CDCK/TMS). *H NMR (400MHz,
CDCl): U= 5.12 (dp, 1Hz, 0.5Hz, 1H, C=CH), 4.89 (d, 4Hz, 2H, C=CH>), 4.48 (m, 1
H, TBSO), 3.70 (t, 2Hz, 2H, HOCHy), 2.31 (t, 6Hz, 2H, TBSOCHGH,), 2.17 (dq48

Hz, 6 Hz, 2H, HOCH:.CH>), 1.72 (BrS, H, HOCHy), 3.07 (s, H, CCHa), 3.03 (s, H,
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CCHs), 0.85 (s, H, SiC(CH3)s), 0.01 (s, 3H, SiCH3), -0.01 (s, 3H, SiCHa). 2°C NMR
(100MHz, CDCh): ti= 143.2, 1385, 129.2, 114.6, 68, 606, 44.5, 401, 26.0, 258, 184,

-4.1,-4.6.

NO,
;@F

0
A Z
163

Procedure:

(4R)-2-methyl-6-methyleneocta?2,7-dien-4-ol 4-nitrobenzoate (1@): To an
ovendried 3ANRBF was added PR690mg, 2.63mmol, 40 eq.) and 4itrobenzoic acid
(440mg, 2.63mmol, 40 eq.). The flask was purged with nitrogen 3 times and a solution
of (§)-ipsdienol (101 mg, 0.67mmol, 1.0 eq.) inanhydrousTHF (5mL) was added. The
solution was cooled down to°C and DEAD (0.41ImL, 0.67mmol, 40 eq) was slowly
added. The reaction was stirred &Xfor one hour and then rfar 5 hours. The reaction
was diluted with EO (5mL) washed with sat. NaHG®2x5mL). The aqg. Layer was back
extracted with EO (5mL). The organics were dried over 788 andconcentratedown.
The residue was purified by silica ggdlumn chromatogphy (25-50% DCM:Hex). A
white solid was obtained 4hg (163) (20%). *H/*°C NMR (400Hz, CDCH/TMS). H
NMR (400MHz, CDCh): U= 8.27 (dt, 8Hz, 2Hz, 2H, 0-ArNO), 8.18 (dt, 84z, 2Hz, 2
H, mArNO3), 6.38 (dd, 164z, 8Hz, 1H, CH=C), 5.95 (m, 1H, CH=C), 5.39 (d, 1&Hz,
1H, CH=C), 5.25 (dp, 8z, 1Hz, 1H, CH=C), 5.14 (d, 1Hz, 1H, CH=C), 5.07 (d, 12

Hz, 2H, CO:CH), 2.64(dq, 48 Hz, 6 Hz, 2H, CO;CHCHy), 1.77 (s, H, CCHs), 1.76 (s,
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3 H, CCH3). *C NMR (100MHz, CDCh): U= 164.14,150.53, 141.69, 138.66, 138.57,

136.35, 130.82, 123.58, 122.97, 119.08, 114.09, 72.06, 37.42, 25.89, 18.76.
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Chapter 4

Synthesis of WaterSoluble Azobenzenes
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Micelles: Introduction

A micelle is defined as a supramolecular of surfactant molecules scattered in a

liquid colloid. A typical

Micelle —_ .
micellein an aqueous solution

forms a spherical or oval shape
hydrophillic
}(hvgzzer-loving) with the hydrophic head
}hydroph()blc

(water-hating) groups pointing towards the
tail

aqueous medm, and the

hydrophobic  taill  groups

Figure 24: Cross section of a micelle agueous
medium?® pointing towards the interior of

the micelle Figure 24).'°® Micelles are most commonly known for their detergent
propertiesvhich have led tonumerousoaps containg micelles. Micelles wergpioneered

by James McBain in thearly 1900s'®’ He noticed sodium palmitate solutions had good
electrolytic conductivity properties and h
then the field of micelle research has expandad new uses from élse supramolecular
structures have been developed. One of these areas is using micelles as a cell mimic to

study peptide dynamics.
Synthesesof APEG

Triethylene glycol mono(butylazobenzne) ethatherwiseknown as APEG is
photolyzadle surfactant. It wa first reported by Shanegt al. in 20038 This unique
surfactant contains an azobene core which allows it to undergo a conformational change

when exposed to UV light. Under standard conditioAREG is orientated in thans
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KOH,

\/\/@NHZ

HCI, NaNOz, Na2C03
Phenol

0°C,2h, 70%

Br\/\Br

N:N
> \/\/©/

165

o

160

e

THF
reflux, 19 h, 37%

Ho/\/o\/\OH

NaH, THF

rt-reflux, 2.5 d, 12% APEG

Scheme39: The first reported synthesis of APEG.

configurationbut is changed to the less statikeconfigurationwhen irradiated with light.

This process alters the shape and concentration of the micelles in solution. The synthesis
begins withreaction ofaniline 164 with NaNC; under aqueous conditiorisllowed the
addition of phenol and N&GCs to give the desired azobenzene cb6d (Scheme39).

Next, phenoll65 is coupled witHL,2-dibromoethane to give the hadébherl66 in moderate

yields. Lastly,166 was reacted with diethgthe glycol under basics mditions to give the
desired pegylated produsPEG. While this process only took 3 steps, it greatly suffered

from poor yieldsas an overall yield of 3% was obtained.

The synthesis of APEG was later improved by Billaméioal °° Their method not
only greatly improved on the overall yield, but also reduced the number of linear steps
down to two. Using slightly modified conditiofthiey were able to conveaniline 164 to
the azobenzend&65 in 79% (Scheme 40 Unlike the origink procedure where the

pegyhted chain was built in pieces, they modified the chain and attached it direky to
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NH, 1) NaNO,, HCI/H,0 OH
0 °C, 30 min Ns
> N
2) PhOH, NaOH, H,0

164

0°C, 79% 165
Ho\/\O/\/o\/\OH TsCl, NEt;, DMAP > Ho\/\O/\/o\/\OTS
167 DCM, 5 °C, 4 h, 75% 168
o\/\o/\/o\/\OH
K,COg, LiCl, MeCN

168 + 165 > NN
reflux, 18 h, 85%

Scheme40: Improved synthesis of APEG.

APEG

Triethylene glycoll67 was monetosylated using TsCl and base to gis8. With the two
pieces formedl 65 and163 could be linked together @simplebase induce8n2 reaction.

Overall this method provided APE§uickly and efficientlywith an overall yield of 64%.
Improved APEG synthesis and derivations

In collaboration with the Tucker group (UNRYye were interested in synthesizing
APEG for peptide dynamic stueli. As stated above, APEG has a photolyzable azobenzene
core that undergoes a struetichange when irradiated with UV light. This change would
cause the micelles to rupture or alter tisbiape. This unique quality all@edfor dynamic
studiesonhowapet i deds st r ucundto &celaminice(thesmicelle)amd b o
how it changes when the cell is destroyed and or the peptide is released. In this endeavor
an improved synthesis of AlPEwas developed by usimifferent methods to obtain the
azobenzea corel65 and the mondosylated triethylene glycdl68. Using longer reaction

times and more concentrated HCI65 was obtained in 85% Sgcheme 41).160
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NH, 1) H,0:12 M HCI, NaNO, OH
rt-0 °C, 1.5 h N
' N
2) PhOH, N32C03, H20

164

0-3°C,1h,85% 165
HO. 0 TsCIl, NEt;, DCM HO. (o)
\/\o/\/ \/\OH 3 > \/\o/\/ \/\OTS
167 0°C-rt, 18 h, 99% 168
0\/\0/\/0\/\0H
K,COg, LiCl, MeCN

168 + 165 > NN
reflux, 18 h, 85%

Schemedl: Synthesis developed to improve the overall yield of APEG.

APEG

In the synthesis ofl68 the removal of DMAP and longer reaction timas room
temperature resulted in a nigagquantitative yield®! Lastly, 168 and 165 were coupled
together to give the desired produsPEG in an overall72% vyield'®® Despite these
improvements, it had become clear that APEG was not a good candidatepfmep
dynamic studies. The studies were taking place in an aqueous envirpant&REG had
poor water solubility. Taresolvethis issuge new azo surfactants were synthesized to

increase the water solubility.

To improve the water solubility the most obious place to modify was the
hydrophilic pegylated head group. The goal was to edrihe OH group to a more polar
cationic ammonium salt. The transformation began WREG being tosylated using the
same conditions used to convert the triethylene ghygctile monetosylated product. This
method proved tdoe successful a®\PEGrs was synthesized in an 85% yiel&¢heme
42).1%1 The tosylated APEG was synthesized to getthe next reaction to underg®a?
substation with a secondary aminewvo secondary raines were testedetramethyl

guanidine (TMG) and diethylamine (HNf:tUnder basic condition®\PEGrs was reacted
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TsCl, NEt;, DCM

/©/°\/\0/\/OV\OTS

NS

APEG ' N
0°C-rt, 24 h, 83%

APEG,
N7
Q/OV\O/\/OV\N/)\N/
APEGyg

/@/0\/\0/\/0\/\'\]/\
\

APEGygs,
0\/\0/\/0\/\(,?/\
Mel, THF I@ |\\

APEGygq > NN
reflux, 24 h, 85%

Schemed42: Conditions developed to symtbize neutral and cationic surfactants.

APEGyEamel

with these secondary amines to g&BEGrve and APEGuer in a 91% yield, each'®?
APEGuerzwas taken on fiher and reacted with Mel to give the cationic ammonium salt
APEGuerme.®® The original plan was to turn th&PEGruc into an ammonium salt
However, it was seen that the neutral TMG head group made the surfactant sufficiently
watersolubk for the dyname tests. This was beneficial as taionic surfactantould not
undergo the dynamic studies because the peptide vmatiloind to ths micelle. It was
hypothesized that this was due to the repulsive interactions between the positively charged
micelles ad the positively charged peptidggerminus. While not useful in this study, the

cationic surfactant could be used in future studi¢l amionic peptides.



164

Summary of APEG

New conditions have been developed to improve the synthesis of the photolyzable
surfactant APEG. Improved wateoluble photolyzable surfactants have been synthesized
in the form of APEGrve and APEG\ew2. The neutral srfactantAPEGrve proved tobe
useful for studying peptide dynamics upon binding and release of a cell mimic. Further
neutral amineand cationic ammonium salts can be synthesized using these conditions for
peptide dynamicstudies Currently, methods are being developed to synthesize anionic

head groups for similar studies.
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Experimental:

All reactions were carried out under an atmosphere of dry nitrogen unless otherwise
stated. All reagents and solvents were ACS reagent grade or better unless otherwise stated.
All chemicals purchased were used as proviglethe venders such as Aldrich Ghieal
Company, Acros Organics, Fisher Scientific, or AK Stfen All glassware, stir bars, and
equipment used during a reactioen@ovendried for 24 hours or longer in a drying oven
set to 120°C. ACS grade THF was made anhydrous by sitting overaietA MS for
24 hours followed by distilling from sodium metal and benzophenone under inert
conditions. Overnight (O/N) is classified as a reaction stirred fe23LBours. Samples
were further driedh vacuoat 0.1 mm at room temperature for 24 hour®oger. Samples
submitted for microanalysis were dried in a drying pistol fe72&ours at 78 (0.1 mm)
and submitted for examination to NuMédgasonance Labs, Inc. Column chromatography
(C.C.) was performed with Sorbent Technologies standard grade (8#&8 um).1H-

NMR (400 MHz or 500 MHz) an&’C (100 MHz or 125 MHz) spectra were acquired on a
Varian 400 of a Varian Unity+ 500 spectromet&ll. chemical shifts {) are reported in

ppm units relative to the following solvent resonancdek: CDCL/TMS = 7.26 ppm,
DMSO-d6 = 2.50 ppm*3C, CDCk = 77.16 ppm, DMS@i6 = 39.52 ppmMelting points

were measured on a Mel0Temp apparatus and are ucteatrd.owresolution mass
spectra (MS) were obtained using a Waters Micromass ZQ electrospray ionization

guadrupte mass spectrometer using positive ion detection (capillary voltage = 3.5 kV).
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Proceduré®®

4-((E)-(4-Butylphenyl)diazenyl)phenol (16): 4-butylaniline (164) (8.0 mL, 50
mmol, 10 eq) and water (73nL) were addeda a round bottom flask. 12 M HCI (22.5
mL) was added to the solution and stirred at r.t. foodr. The solution was cooled to 0
°C, and a solution of NaN£(3.45g, 50mmol, 10 eq) in water (10.5mL) was slowly
added to the round bottom flask maintamithe internal temperature at°C. Upon
complete addition, the solution was stirred for 30 mins 4Z.0After 30 mns, a solution
of phenol (4.70g, 50mmol, 10 eq), and NaCOzs (15.85¢g, 150mmol, 30 eq) in water
(205mL) was slowly added to the rod bottom flask maintaining the internal temperature
between 8 °C. Onceeverythingwas added, the solution was stirred at that teatpee
of an hour. After hour, 12M HCI was slowly added to the flask until the pH=3 (solution
turns orange, and bubbjesThe mixture was extracted with EtOAc (3x288.). The
combined organic layers were drieder NaeeSQu, decanted, and concentrated by vacuum.
The red residue was purifigoly silica gel column chromatography (EtOAc:Hex 1:4,
EtOAc:Hex 1:1). An orange solidag obtained, 10.§ (165) (85%). The structure was
confirmed by*H and**C NMR. *H NMR (400MHz, CDCk): = 7.89 (d, 8Hz, 2H, m-
ArOH), 7.80 (d, 84z, 2H, mAr"Bu), 7.30 (d, 8Hz, 2H, o-Ar"Bu), 6.93 (d, 8z, 2H, o-
ArOH), 5.28 (Brs, 1H, ArOH), 2.68 (t 8 Hz, 2 H, ArCH.), 1.64 (quin, 8Hz, 2 H,

ArCH:CH>), 1.38 (sex, 84z, 2H, CH.CH.CHs), 0.94 (t, 8Hz, 3H, CH.CH.CH3). *C
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NMR (100MHz, CDCB): U= 1581, 1511, 147.4, 1461, 129.2, 124.9, 122, 115.9, 35.7,

33.6, 225, 141.

HO (0]
SNNINANoTs
168

Proceduré®?

2-(2-(2-Hydroxyethoxy)ethoxy)ethyl 4methylbenzenesulfonate (18):
Triethylene glycol(167) (33.5mL, 250mmol, 50 eq) andanhydroudDCM (75mL) were
added to an ovedried round bottom flask. The solution was cooled € Oard then NE§
(10.5mL, 75mmol, 1.5eq) was added to the flask followed by the portiwise addition
of TsClI (9.559, 50mmol, 10eq). The solution was brought to r.t. and stirred fohd8rs
After 18 hours the solution was washed with® (3x75mL) and the aqueous layers were
back extracted with DCM (7&1L). The combined organic layers were washed with a 5%
citric acid solution (383 mL), dried over Ng&S5Qu, decanted and the solvent was removed
by vacuum and high vac. paleyellow oil was obtained, 13 g (168) (99%). The structure
was confirmed byH and**C NMR.H NMR (400MHz, CDCh): U= 7.78 (d, 84z, 2H,
0-Ts), 7.33 (d, 8Hz, 2H, m-Ts), 4.164.14 (m, 2H, OCHy), 3.7:3.67 (M, 4H, OCH>),
3.59 (s, 44, OCHy), 3.573.54 (m, 2H, OCH>), 2.43 (s, 3, ArCHs). 1°C NMR (100MHz,

CDCls): U= 145.0, 133.0, 129.9, 128,726, 709, 704, 693, 688, 61.8, 21.7.
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@/ O\/\o/\/o\/\OH

APEG

NS
\/\/©N

Proceduré®®

2-(2-(2-(4-((E)-(4-Butylphenyl)diazenyl)phenoxy)ethoxy)ethoxy)ethanol
(APEG): LiCl (20 mg, 0.3mmol, 0.03eq) and KCQOs (6.9 g, 50mmol, 50 eqg) were
added to a flamdried round btiom flask and purged withitrogen A solution of168
(3.04g, 10mmol, 10eq) in anhydrousvleCN (100mL) was added to the flask. A solution
of 165 (2.79g, 11mmol, 1.1eq) in anhydrousMeCN (35mL) wasslowly added to the
flask. The solution was hesl to reflux and left to stir for 1Bours After 18 hours the
solvent was removed by vacuum and the residue was dissolved in DCNh[3)25he
solution was washed with brine (3xB6L) and the aqueous layengere back extracted
with DCM (50mL). The comined organic layers were dried over.88&y, decanted and
the solvent was removed by vacuum. The residue was purified by silica gel column
chromatography (EtOAc:DCM 4:1, EtOAc:MeOH 49:1, and EOAc:MeOH 19:1). An
orange solid was obtained, 3.QAPEG) (77.76). The structure was confirmed Byl
and®C NMR. m. pH NMR §480MEiz, CDCk): U~ 7.89 (d,8 Hz, 2 H, m-
ArOCHy), 7.80 (d, 8Hz, 2H, mAr"Bu), 7.30 (d, 84z, 2H, 0-Ar"Bu), 7.02 (d, 84z, 2H,
0-ArOCHy), 4.21 (t, 4Hz, 2H, ArOCH>), 3.89 (t, 4Hz, 2 H, ArOCH,CH>), 3.753.69 (m,
6H, OCHy), 3.62 (t, 4Hz, 2H, OCH>), 2.68 (t, 8Hz, 2H, ArCH>), 2.43 (brs, H, HOCH),

1.64 (quin, 8Hz, 2H, ArCH2CH>), 1.38 (sex, #z, 2H, CH.CH2CHg), 0.94 (t, 8Hz, 3H,
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CH>CH2CH3). °C NMR (100MHz, CDCh): U= 161.0, 151.1, 147.3, $40, 1292, 124.6,

1227, 114.9, 72.6, 1.0, 70.5, 698, 678, 619, 357, 336, 225, 141.

@/ O\/\O/\/ o\/\OTs

APEG,

N&
\/\/©/N

Procedure:

2-(2-(2-(4-((E)-(4-Butylphenyl)diazenyl)phenoxy)ethoxy)ethoxy)ethyl 4
methylbenzenesulfoate (APEGrs): APEG (0.661g, 1.7mmol, 10 eq) was added to an
ovendried round bottom flask and dissolved watthydroudDCM (7.5mL). The solution
was cooled to OC and NE# (0.31mL, 2.2mmol, 1.3eq) was added to the flask. TsCI
(0.359¢, 1.9mmol, 1.1 eq) was added to the flask in portions until all was dissolved in
solution. The cold bath wasmovedand the solution was brought to r.t. and stirred for 18
hours After 18 hours the reaction was checked by TLC to show some of the starting
materialremaired, so the solution was heated to reflux and stirredfiouds The reaction
was checked by TLC again to show most of the starting material was consumed. The
solvent was removed by vacuum and the residue was purified by silica gel column
chromatogaphy EtOAc:DCM 4:1). An orange gel was obtained, 0.483APEGTs)
(83.5%). The structure was confirmed ¥y and**C NMR. *H NMR (400MHz, CDCk):

U= 795 (d, 8Hz, 2H, 0-Ts), 7.84 (d, 8z, 2H, MmArOCHy), 7.79 (d, 8z, 2H, m-Ar"Bu),

7.32 (d, 8Hz, 2 H, 0-Ar"Bu), 7.30 (d, 84z, 2H, 0-ArOCH), 7.03 (d, 8Hz, 2H, m-Ts),
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4.20 (t, 4Hz, 2H, ArOCHy), 4.16 (t, 4Hz, 2H, ArOCH>CHy), 3.86 (t, 4Hz, 2H, OCH>),
3.71-:3.67 (M, 4H, OCH>), 3.643.61 (M, 2H, OCHy), 2.68 (t, 8Hz, 2H, ArCH,), 2.42 (s,
3 H, ArCHy), 1.64 (quin, 81z, 2H, ArCH>CH>), 1.38 (sex, 83z, 2H, CH.CH2CHzs), 0.94
(t, 8Hz, 3H, CH.CH>CHs). 13C NMR (100MHz, CDCl): ti= 162.0, 149.8, 148, 1464,
144.9, 133.1, 129.9, 129.3, 1281255, 1228, 115.2, 70.9, 68, 694, 689, 68.0, 35.7,

33.5, 225, 218, 141.

\N/

I

N
\/\/©/ ’

APEGqyg

Procedure:

N"-(2-(2-(2-(4-((E)-(4-Butylphenyl)diazenyl)phenoxy)ethoxygthoxy)ethyl)-
N,N,N,N-tetramethylguanidine (APEGtmc): K2COs (350mg, 2.5mmol, 10 eq) and a
solution of APEGts (1.360g, 2.5mmol, 10 eq) in anhydrousTHF (10mL) were added
to an overdried round bottom flask. Tetramethylguanidine (In®5 10mmol, 40 eq)
was added to the mixture. The mixture was heated to reflux and it for 48 hours
monitored by TLC. The solvent was removed and the residue was purified by Alumina Gel
column chromatography (EtOAc:DCM 4:1, EtOAc:MeOH 9:1). The solventrevasved,
and the residue was dissolved in EtOAc and cooled to form a precipitetesolid was
filtered off and the filtrate was dried under vacuum. A dark red gel was obtained 1.11

(APEGTmc) (91%). The structure was confirmed by and*3C NMR. m/z G7H41NsOs
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calc. 483.32217 found 484.329% 64 ppm)*H NMR (400MHz, CDCk): t= 7.87 (d, 8
Hz, 2H, mArOCHy), 7.78 (d, 8z, 2H, mAr"Bu), 7.28 (d, 8Hz, 2H, o-Ar"Bu), 6.98 (d,
8Hz, 2H, 0-ArOCHy), 4.17 (t, 8Hz, 2H, ArOCH>), 3.82 (t, 6Hz, 2H, ArOCH,CHy), 3.76
(t, 6Hz, 2H, OCH,), 3.66 (s, H, OCH>), 3.38 (t, 6Hz, 2H, NCH,), 3.022.85 (m,12H,

NCHs), 2.66 (t, 8Hz, 2H, ArOCHy), 1.62 (quin, 8z, 2H, ArOCH>CH>), 1.36 (sex, 8
Hz, 2H, CH,CH2CH3), 0.92 (t, 8Hz, 3H, CH,CH2CHz). 3C NMR (100MHz, CDCl):

U= 162.8, 160.9, 1RO, 1473, 1461, 129.1, 124.6, 122.6, 1B4.70.7, 70.4, 69, 69.6,

679, 45.0, 40.3, 39, 35.6, 33.5, 22, 14.0.

QO\/\ONO\/\N/\
\

APEG g

N&
\/\/©/N

Procedure:

2-(2-(2-(4-((E)-(4-Butylphenyl)diazenyl)phenoxy)ethoxy)ethoxy)N,N-
diethylethanamine (APEGuet): APEGTs (0.550g, 1mmol, 10 eq), K2.COz (0.138g, 1
mmol, 10 eq) andanhydrousTHF (5 mL) were added to a round bottom flask. HNEt
(0.42mL, 4mmol, 40 eq) was added tthe mixture, heated to reflux and left to stir for 48
hours After 48 hours the reaction was checked by TLC to showsinof the starting
material had been consumed. The solvent was removed by vacuum and the residue was
purified by alumina gel column chratography (EtOAc:DCM 4:1, EtOAC:MeOH 9:1).
An orange gel was obtained, 0.494APEGner) (91.6%). The structure wasmfirmed

by H and**C NMR. 'H NMR (400MHz, CDCk): t= 7.88 (d, 8Hz, 2 H, mArOCHb),
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7.79 (d, 8z, 2H, mAr"Bu), 7.29 (d, &8z, 2H, 0-Ar"Bu), 7.01 (d, 81z, 2H, 0-ArOCHy,),
4.20 (t, 4Hz, 2H, ArOCH>), 3.89 (t, 4Hz, 2H, ArOCH,CHy>), 3.743.64 (m, 4H, OCH>),
3.59 (t, 4Hz, 2H), 2.702.65 (m, 4H, ArCH2/NCH>), 2.59 (q, 84z, 4H, 2xNCH,CHb),
1.64 (quin, 8z, 2H, ArCH.CH)>), 1.37 (sex, #z, 2H, CH.CH>CHj3), 1.03 (t, 8Hz, 6H,
2XxNCH2CHz), 0.94 (t, 8Hz, 3H, CH,CH2CHz). 13C NMR (100MHz, CDCh): t= 161.1,
151.1, 1473, 145.9, 129.1, 124.6, 122.6, 19471.0, 7®, 69.8, 69, 67.8, 52.3, 47.7,

35.7, 336, 225, 141, 117.,

AF’EGNEtZMeI

Procedure:

(2-(2-(2-(4-((E)-(4-Butylphenyl)diazenyl)phenoxy)ethoxy)ethoxy)ethyl)
(diethyl)methylazanium lodide (APEGnet2mer): APEGNEr (980mg, 2.2mmol, 10eq)
was dissolved imnhydrousTHF (5mL) and added to an ovetried round bottom flask.
Mel (192 ul, 3.0 mmol, 1.4eq) was added to the solution. The solution was heated to
reflux and left to stir for 2hoursmonitored by TLC. The seént was removed by vacuum
and asolid was obtainedThe sdid was washed with cold ED 4 times to remove starting
materials and dried by vacuum. An oramgh yellow solid was obtained, 1.09
(APEGnetvel) (85%). The structure was confirmed ¥y and**C NMR. m.p.= 5860°C.
m/z GorHa2N30s" calc. 456.3221 found 456.3222 (+0.2 pptH) NMR (400MHz, CDCh):

U= 7.87 (d, 8Hz, 2H, m-ArOCH), 7.77 (d, 8Hz, 2H, m-Ar"Bu), 7.28 (d, 8Hz, 2H, o-
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Ar"Bu), 7.00 (d, 8Hz, 2H, 0-ArOCHy), 4.18 (t, 4Hz, 2H, ArOCHy), 3.97 (t, 4Hz, 2H,
ArOCH2CHy), 3.84 (t, 4Hz, 2 H, OCHy), 3.73 (t, 8Hz, 2 H, OCHy), 3.39 (s, 4H,
OCH,/NCH,), 3.56 (q, 8Hz, 4H, 2xNCH2CHs), 3.20 (s, 3H, NCHa), 2.65 (t, 8Hz, 2H,
ArCHy) 1.61 (quin, 84z, 2H, ArCH.CH>), 1.39 (sex, &z, 2H, CH,CH>CH3), 1.31 (t, 8
Hz, 6H, 2xNCH>CHz), 0.92 (t, 8Hz, 3H, CH,CH,CHg). *C NMR (100MHz, CDCEk): ti=
161.0, 151.0, 1473, 1461, 129.1, 1247, 122.6, 122.3, 114.9, 1B}.706, 70.5, 69.7, 67.9,

64.8, 57.9, 49, 48.2, 35.6, 33.5, 22.14.0, 82.
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Appendix

Figure S1 *H and®™®C NMR spectreof compounds4
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Figure S2 H and®*C NMR spectreof compounds0
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Figure S3 *H and®*C NMR spectraof compoundi8
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Figure S4 H and®*C NMR spectraof compounds4
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Figure S5 H and®C NMR spectreof compoundS)-WMK
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Figure S& H and®*C NMR spectraof compounds7
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