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Abstract

The total synthesis of analogues of withanolidé, B highly oxygenated 28 steroidal
lactone natural product isolated frdire leaves ofhe plantWithania adpress# discussed
herein.Chapter 1 describes the classification of the withanolides, tr@odical activity
and previous studies towards the synthesis of the withanolides. Based -@staflished
chemistry, commercially available pregnenoldh&vas transformed into the key aldehyde
[l in nine steps, two steps fewer than previously publisbetes, with an optimised 14%

yield as summarised in Chapter 2

Chapter 3 outlines the synt he tlactone €de thaim t s
in compoundlV. The synthesis ofl4,17%dideoxyl17-eprwithanolide FV was then
completedvia a straightforward acetylatieoxidationelimination sequence from afilV.
Isomerisation of the 2;8ouble bond delivered a novel analogue of withanolide, F
3,4-dihydro-qp"*14,17dideoxy17-epi withanolideF VI, as reported in Chapter 4.

The development of new methodologyftoo r 4actotieside chainl X, a key structural
feature of natural products V and VI, from cyclic sulfoneVIl via the heterocyclic
lactoneVIll based on the Dreidin§chmidt reactionvas investigatedChapter 5 discusses
the studies towards the synthesis of sgat sulfoneVIl .
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Chapter 1. Introduction: WithanolideNatural

Products

1.1. Withanolide F (1)

1.1.1Jsolation andviological activity

Withanolide F 1) (Figure 1i) is a natural compound first extracted in 1977 by Glotter and
co-workers as a minor compent of Withania somniferaDunal® It has also been
extracted from otheWithaniaspecies such as the aerial parts\6thania coagulanéand

the leaves ofVithania adpresséFigure 1ii).> This molecule presents interesting biological
properties includig stong immunosuppressive activity expressesl the inhibition of
B-and Fc e | | proliferation on*Forhermoregithangidede n
(1) exhibitspot ent cytotoxicity against Hep?2
reinforcing itspoterial as an antiproliferative ageahd thusits great interest in cancer

chemotherapy.

Figure 1i. Structure of withanolide FJ, ii. Withania species.

1.1.2 Structural features angsignment

The structural features and assignments of withanolidg Fafe been determined through
'H-NMR and '®C-NMR spectroscopy iff conjunction with COSY and HMBC
experiments) together with IR, UV and mass spectromé&trig compound was described

as a colourless solid with a melting point of B8 °C and UV (MeOHmaximum at

226 nm which is characteristic fanU ,-umsaturatedarbonyl chromophorérhe’H-NMR
spectrum of withanolide Flf s howed three downf7dadel dm)s,ig



(ddd, J3,=9.8Hz, J3 . 7/4.9Hz, J3 732.2Hz) a n d -5.66 (B).repr@sentative of
protonsH-2, H-3 and H6, respectively anda downfield metme signala t ad 4.65
Jo2. 230l2.7 Hz,J, o 7= 8.6 Hz)representative oproton H-22 characteristic of the

U-lactone side chaih.

1.2. Structurally Related Natural Products

1.2.1 General @erview of withanolides

Withanolides are a class ofatural compounds isolated from plants of the family
Solanaceaeavhich show a rich array of biological propertigddore specifically, they are
secondary metabolites of the genWithania From a structural point of view, the
withanolides are characterisdry a highly oxygenated A/Bing system of a steroid
skeleton which is based on an ergostane core structure. They are also distinguitieed by t

pr es e n daetone $ide ehairi{gure 2).°

-ma
* *e

ergostane skeleton

-------------------

Figure 2. Withanolide skeleton.

1.2.2 Withanolideclassification

The core of thesenteresting molecules can occur in several modifications and
withanolides extracted frordifferent species present diverse differences, albeit some of

them seem to f@dw common patterns for the A/Bng substitution Eigure 3).°
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Figure 3. Common sbstitution patterns of the A/Bng in withanolides.

From tre discovery of the first withanolide, isolated in 1966, the end of 1989, almost

170 different compounds were isolated and charactetidbate recently,beween 1996

and 2010 another majorvestigation campaign was conducted during which over 360 new
withanolides were identified.Considering the large number of molecules, it became
necessary to establish an accurate classification of these compounds. Investigations o
compounds extracted frokvithania somniferdunal growing in Israel in 1968 by Glett

and Lavie led to the identification of three chemotyeshemically distinct entity within

the same specigthat helped classify the withanolidé$he common structural features of
these three new chemotypes are showfigare 4:

- Chemotype I: 2eH withanolides ¢.g: Nic-11 (2)*).

- Chemotype Il: 260H andb-oriented side chain withanolides.g: withanolide G 8)
- Chemotype Ill: 200 H  a +orientdd side chain withanolides.¢: withanolide S4)%).

11).

SOt

HO O
Nic-11 Withanolide G Withanolide S
(Chemotype I) (Chemotype Il) (Chemotype Ill)

Figure 4. Chemotype classification of withanolides.



1.2.3 Withanolidebioactivity

Recent studies have showed that embryonic patterning pathways, such as Wnt, Hf
(Hedgehog) and Notglplay critical roles in human cancer. Inhibition of these pathways
can lead to tmour cell proliferative arrest and deathTherefore, the investigation of
natural small molecules that have amtnoural effectsin vitro would be a promising
therapeutic strategy in cancer treatment. Many natural compounds extracted from
medicinal plats are an invaluable source of complex molecules with a number of
pharmacological properties. Amongst them are withanolides which have been thoroughly
studied since 1965 and highly appreciated for their biological activitiekiding
anticancer activity in vitro, antifeedant, immunosuppressive, antimicrobial and
antrinflammatory activities® Figure 5 shows a selection of structurally different

withanolides exhibiting these diverse biological activities.



Withaferin A Withanolide D Withanolide E

Chemotype | Chemotype Il Chemotype 111
in-vivo anticancer activity cytotoxic agent immunosuppressive activity
against pancreatic cancer' against tumour cell lines'® of human B-and T-cells'®

W e 9
R{=0-B-D-Glc
Withanolide A Nic-1 Coagulin L
Chemotype Il Chemotype | Chemotype Il
cell differentiation antifeedant activity'® antidyslipidemic activity'®
inducing activity'”
0.0 0.0
o o
o— = 07§ :
11 0 12 HO &, 13
Physalin B Physalin F Jaborasalactone 29
antimicrobial activity2° antiinflammatory activity?' phytotoxic activity??

Figure 5. Examples of wellknown withanolides and their biological properties.

Furthermorein vitro screening of cardiac glycosides, natural compounds that belong to the
same plansteroids as withanolides, has produstng inhibitors of Hh/GIli signalling
pathwayexpressed in human pancreatic cancer cElgufe 6).*? Interestingly, these two
families of natural products present structural similarities, including a lactone side chain

and the aglgone functionality, which mighte helpful in future SAR studies.



OH

HO
HMO%
OH MeO H 14

Cardiac Glycoside 17
Strongest Inhibition of
Gli-related protein expression:
IC50 =0.11 uM

Figure 6. Structure of cardiaclgcoside 17 {4).

Due to this broad spectrum of biological activity and their intriguing structural features, the
investigation of withanolides would be a promising starting point in theldement of

new therapeutic agents.

1.3. Biosynthesis

The biogenetic aspects of withanolides have not beemedtud detail and there igery

little information on their biosynthesis. In 1976, Goodwat al suggested that
24-methylenecholesterol 15) couldbe a sterol precursor of withanolides based on studies
using radiolabelled 2#ethylenecholesterol 15 which was incorporated into

withanolides such as withaferin A)(and withanolide D) (Figure 7).%

Withaferin A Withanolide D

Figure 7. Structure of 24methylenecholesterol 15), withaferin A §) and
withanolide D 6).

Based on crossbreeding $*Garglandcavorkess idéndfied e 6 -

the ergostene didl6 as a potential intermediate in the biosynthetic sequeadinigto the



formation of the side chain lactone of withanolid&heir biosynthetic proposal suggested
that the appropriate hydroxylation of22 and G26 and subsequent cyclisation would
form the key lactol side chait9 which has been reported to beegent in various

withanolides.The final oxidation step of 26 hydroxyl group would furnish the desired

unsaturatedrlactone side chain characteristic of withanolidgéshieme ).

22

CH,OH
H OH ;72

oxidation

cyclisation

SchemelPr oposed inter medi at-kdondside chdneftiei o0 g €

withanolides.

In 1981 Lavie and ceworkers proposed that a new witltdide 21, an analogue of
withanolide E 7) extracted fromWithania somniferaDunal Figure 8), could be a key
intermediate in the biogenesis of the withanolit?eBhis compoun®1 was then submitted

to biomimetic ractionsinvolving the formation of &-1-oxo derivative followed byhe
eliminationofthe @ b hydr ox vyl g r o u penil-one sulbsttwm patterm b u
of the Aring, characteristic of various withanolideBy analogy with the synthetic
sequence s i n g-hytirokycBotesteratieveloped by Ikekawa ard-workers in 1975°

the biomimetic synthesis began with the selective acetylation of @& bhydroxyl
function of 21 to form monoacetat@2. The 1 thydroxyl group of compoun@2 was
subsequentlyxidised using Jonéseagent followed by | i mi nat i -acetate23 t h
under alkaline conditions to afford 2¢ken1-one24 (Scheme 2. Unfortunately, no yields

were reported for these steps.



AcO

23 24

Scheme 2Biomimetic synthesis of 2;8ien-1one24.

Reagents and conditions: AGO, AcOH, 80 °C, 4 hij. CrO;s, acetone, rtjii. 1.5% agq.
NaOH, 1,4dioxane, rt, 6 h.

FurthermoreL avi eds group concl udkaadoneshiadhaintinhttee p
isolated compoundl implied that the formation of the unsaturated side chain of
withanolidesin vivo occurred prior to the oxidation reactions of theridg.?® This

interesting observation might be useful for the developmeftwfe synthetic methods.



1.4. Previous Total Synthesis of Vithanolides

Synthetic achievements on the ké@holides have been mainly femd on the tlae
well-known withanolidesextracted fromthe Withania somniferaDunal plant by Lavie
et al. (Figure 9): the first withanolide isolated in 1965 wastlkaferin A 6) (chemotype
1),” followed by vithanolide D 6) (chemotype 1) isolated in 1968&ndwithanolide E 7)

(chemotype lll)isolated in 1972’

Ho ©
Withaferin A Withanolide D Withanolide E

Figure 9. Well-known withanolides.

1.4.1The synthesis of withaferin /)

The first stereoselective synthesis of withaferinrbh ( was carri ed out b
and was based on their owreviouswork on the withanolide€ Epoxide26 was obtained

f r o mhydBokybisnorchb5-enoic acid 25) in 5 steps in 7% vyield and was converted
into diethyl phosphonate29, key precursor fort h e-lactdne formation,via a
bromoacetylation stepollowed by anArbuzov reaction(Scheme 3. The subsequent
intramolecular WittigHorner conderetion allowed the synthesis ofeth d e s-lactomed U
side chain30. The introduction of théydroxymethyl group at €5 wasachievedusing
standardeactionconditiors . T h-lactone noietyB1 was synthesised in 14% vyield
over 10 stepdrom carboxyic acid 25. The key step of this total synthesis was the
allyl sulfoxidesul f enat e r e a4phemylthipZ4rdienore 33.0 Henceb the
rearrangement of the conjugated-8idnone33 under rigorous conditions.e. no oxygen

and lightenabledthefomat i on o f -hydoer2 8desli-one8% in 4286 yield

which after further epoxidation gaye)-withaferin A 6) in an overall 0.09% yield.



o) o o o]
vi, vii, /i‘:'&) ix, X xi, xii
—_— —_— B — +
viii  TBSO
o'

32 33 SPh 34 OH HO 35

vi

o
HO Withaferin A

Scheme 3Synthesis of withaferin AS).

Reagents and conditions:2-Me-1,3-dithiane,"Bu L i , T H Fi, HgD, BBA E@Qt
(76% over two steps)ii. BrCH,COBr, pyridine, E1O, 0 °C; iv. P(OEt}, 100 °C,
50 min; v. NaH, THF, rt, 30 min (79% over three stepsj; mCPBA, CHC};

vii. TBDMSCI, imidazole, DMHRyiii. PDC, DMF (49% over three stepsk. PhSH, AlOs,

Et,O (37%); X. p-TsOH; KO, benzene, 60 °C (100%i. mCPBA CHClIs; xii. excess
P(OMe), MeOH, THF, rt, absence of ligf62% of 35).

10



1.4.2 The synthesis of withanolide B)(

The first stereocontrolled syrgsis of withanolide Dg) was reported in 1984 by Ikekawa
and coworkers?® The key steps of theysthesis were similar to thosgiscussed for

|l kekawads synt heby(©Saheme B suchiaghe fricteomalisationfof th{e
A/B-ring. The construatin of the side chain of withanolide D6)( involved a

st er e o c coouplmg fdeddtn f adlithium enolate wittprotected 2€éhydroxy-22-
aldehyde40 (Scheme 33° The latter40 was prepared from commercially available
pregnenolone 36) in 11 steps in 1% vyield via an interesting Birch reduction using
unusual conditions (lithium metal and ammonium chloride in THF) developed by Barton
and coworkers in 1973! The key step of the synthesis was the installation of the
U-lactone4l achieved in very good i via an interesting aldol condensation method.
Subsequent modifications of the Afiig system allowed the formation of epoxyketdize

in 45% vyield over foursteps.The concluding part of the synthesighich followed the
sequence of reactions describadstepvii to xii in Scheme 3enabled the formation of
(+)-withanolide D 6) in an overall 0.96% vyield from pregnenolo3é)(

11



cf. Scheme 3
steps ix to xii

—_—
—_—

HO © Withanolide D

Scheme 4Synthesis of withanolide D).

Reagents and conditions: NaBH,, MeOH, THF, 0°C, 40 min;ii. DDQ, 1,4dioxane,

reflux, 8 h;iii. DHP, pTsOH, CHCly, rt, 3 h;iv. H,0, (30% w/w), 10% NaOH in MeOH,
MeOH, 15 °C, overnight (51% over four steps);Li/NHs, NH,C | , THF, 140
(76%); vi. 1) MOMCI, diethylcyclohexylamine, tdioxare, reflux, 6 h, 2) 2 M adHCl,

MeOH, rt, 2 h (60%)yii. PCC, NaOAc, CkCly, rt, 3 h (80%);viii. 1,3-dithiane,"BulLi,
THFE, 15 AC, ix.8HgOh BRA E® %q. THF, reflux, 30 min;x. MOMCI,
diethylcyclohexylamine 1,4-dioxane, reflux, 8 h (69% ovetwo steps); xi. ethyl
2,3dimethylbs2-e noat e, LDA, THF/ DMPXi,6Maq.HG THFC, 6
rt, 3 h; xiii. TBSCI, imidazole, DMF, rt, 1;hxiv. mCPBA, CHCI| , 15 AC, -
xv. PDC, DMF, 15 AC, 8 h (45% over four st

12



1.4.3The synthesisf withanolide E 7)

(+)-Withanolide E 7) was first synthesised in 1991 by Grieco and Medrano using a

heteraDiels-Alder reaction between benzyl nitrosoformate and dienol acéthtes the
key step*” This strategy enabled the introduction of the corseateochemistry at the-TC4
position,i.e. a n -hydroxyl group. Diacetatd3 was first converted into a silyl enol ether
foll owi ng Mi PPlarelrwasstherp ranstomndduimtce dienol acetevia a
Saegusa reaction and by exposure to isopropenyl ac8titere 5.3* Compound44 was
then treated with benzyl nitrosoformate to undergo acldoaddition and allowed the
formation of the isomeric cycloadduetsU and45b in a 2:1 ratio. The minor addudgb
was converted into the desired adddfsit via brief refluxing in toluene. Thus, cycldduct
450 was synthesised in an over&5% vyield Once the stereochemistry of thel@
hydroxyl group wasstablished, the synthesis feed on és a b | i s hdonfiguratiorh e
of the G17 hydroxyl group which proved to be less simple than expected. dressdthe
difficulties of this strategy, the (ZJ-ethylidene steroidl8, obtained from ketond?7 in

85% yield over two steps, was treated with osmium tetroxide to afford a 1.4:1 mixture of

glycols 490 and 49 which were readily separated by column chraygedphy on silica
A straightforward route was proposed to compléte functionalisation of the AHBing
and the constrdion of the side chain lactori& through a similar aldol type reaction as
used in the total synthesis of withanolide & (Scheme % allowing the synthesis of
(+)-withanolide E 7) in a 2.4% overall yield over 25 steps.

13
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,,,,,, 0 ;0H
45¢, 46

viii, ix Xii, xiii Xiv
X, Xi
48
() o)
XVi, xvii, OMOM 5 steps
xviii ——
52
(+)- Withanolide E
Scheme 5Synthesis ofvithanolide E 7).
Reagents and conditions: TMSI, (TMSNH, EgN, CICHCH.C | 123 AC,

i. PA(OAC), K:COs, CH:CN, 12 h;iii. 'PrOAc, TsOH,reflux (86% over three steps);
iv. benzyl nitrosoformatey. toluene, reflux (85% over twateps);vi. Hy, 5% PdBaSQ,,
EtOH, 3 h;vii. 1) CuCh®RH,0, H,0, THF, 4 h (79% over twsteps), 2) 5% KOH, MeOH,
reflux, 2 h (100%)yviii. TsCI, pyridine, 12 hix. TBSOTf, EiN, CHCl,, 0 °C. 30 min;
X. KOAc, MeOH, reflux, 12 h;xi. TBAF, THF, 4 d (50% over four steps);
xii. PRPCHCHs, THF; xiii . MOMCI, 'Pr,NEt, dioxane, 80 °C, sealedite (85% over two
steps);xiv. OsQ, pyridine (80%)xv. TFAA, DMSO, BN, CHCl,, 1 78 °C, 1.5 h (89%);

xvi. CH,CHL i , THF, T 7 8 xvih IOMCI 'PriE®, (dioxari,)90 °C, 24 h,
sealed tube; xviii. 1) G;, Me OH, 1100 ,SAB) min2 X\70%)Me
xix. ethyl 2,3dimethylbut2-enoate, LDA, THFAMPA, T 718 rt, A.%h (86%).

14



1.4.4 Thesynthesis of withanolide A8J

It was only recently{2011)that the first total synthesis of withanolide 8) (vas reported

by Gademann and eworkers Scheme &3 They observed that the ,-Unsaturated
ketone in the Aring wasa chemicallysensitivefragment towards lactonisation reaction
conditionswhereas thal-lactone side chaimand the hydroxyepoxide in the-ihg were
considerably more stabfanctionalities of the molecul@he main features of the synthetic
strategy were a singkeixygenene reactn and a Wharton carbonyl transposition. The
synthesis started with pregnenolor#6)( also used as precursor in the synthesis of
withanolide D 6), as a cheap and commercially available reagent. The first five steps of
the reaction sequence served toesiselectively construct theelactone side chain in 49%
yield using the same vinylogous aldol condensation method as developed by Ikekawa for
the synthesis of withanolide B)(*° The next key step was the regioselective introduction
of the hydroxyepoxide moiety in the -Bng. This was achieved by a singlekygen
mediated photooxygenative olefin migration that led to the formation of an allylic tertiary
alcohol57 which was in turn submitted to stereoselective epoxidation conditomsng

the epoxyalcohob8 in 61% yield*® The reaired enone functionality ithe Aring was
establishedvia treatment of triol58 with IBX under optimised conditions developed by
Nicolaou and cavorkers®’ Further epoxidation of enors9 enabledthe synthesis of the
diepoxide60 in good yield (60%). Theext key step of the synthesis was the Wharton
carbonyl transposition which allowed the conversion of epoxy keéOnato the rather
sensitivea , -Unsaturated ketone functionality of the moleclil@ghus, (+)-withanolide A

(8) was synthesised in 14 stapsa 4.5% overall yield.

15



iii, iv

[ 55, (R"= TBS, R?= MOM) 57
vi

56, (R"=H, R?=H)

viii, ix

xiii, xiv
—_—

Withanolide A

Scheme 6Synthesis of withanolide Agj.

Reagents and conditions:. TBSCI, imidazole, THF, rt, (98%)i. 1,3-dithiane, "BulLi,
THF, 1 78 (849 iii 1t NCS, ICHCI,, rt (73%); iv. MOMCI, Nal, DIPEA, DME,
reflux (94%); v. ethyl 2,3dimethylbui2-e no at e, Li HMDS, THF/ DME
(87%); vi. HCI, THF/HO, rt (87%); vii. O, TPP, ho 589 3mr®l%)pyr.i
viii. mCPBA, CHCI,, 0 °C to rt (96%);ix. HCI, THF/HO, rt (80%); x. TPAP, NMO,
CH.Cly, rt (95%); xi. IBX, MPO, DMSO, 40 °C (81%}ii. H,O,, triton B, THF, 0 °C
(60%); xiii . NoH,A H C 13N, 0 Etto rt (62% over two steps)y. PDC, CHCly, rt (80%).

16



1.5. Structure Activity Relationship (SAR) Sudies

In recent yearsinvestigation of the bioactivity of the withanolides in diverse biological
fields led to speculations about the structacavity relationship of these complex
molecules. In 2003,Nair and ceworkers showed that the presence of an
U,-bn s at u-tactanee side thain was critical for the selective inhibition thué
COX-2 enzyme®® Another interesting observation was that then2l-one and the
5 b ,-epdxy functionalities had a positive influence on some biological propertiesasuch

the cytotoxicity and the cell differentiation inductidfiqure 10).*°

cytotoxicity,
cell differentiation induction,] ~  e*"""s,
inhibition of NO production D

"
g
o,

apas®

selective
inhibition
of COX-2

Figure 10. Pharmacophoric features for different bioactivities of withanolides.

In 2009, studies on the inhibition of- and Bcell proliferation by withanolides and
withacoagulins extracted fronWithania coagulansresulted in important conclusions
regarding the SARFigure 11).*

Figure 11 Withania coagulan®unal species.

Thus, comparisons of the bioactivities of these compounds outlinedotlosving

interesting suggestiongigure 12):

9 Withanolides with a 2/6lien1-one functionality in the A/Bing showed stronger

activities than their 3:8ien-1-one isomers.
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TThe pr es enc ehydraxyl graup encreds@sb the inhibition of-céll

proliferation.

1 The presence of a methyl group at the2T position enhances the bioactivity

compared to withanolides with a @BH functionality at the same carbon.

fThe -Hydr oxyl group | ower s t h e-hydioxylo a c t

functionality did not shovany significant effect in the activity of withanolides.

increases B
the inhibition Wik
of T-cell proliferation

enhances
the bioactivity

lowers the bioactivity

2,5-dien-1-one _/‘ deblld
increases the no effect

bioactivity on the bioactivity

Figure 12 SAR of withanolides.

1.6. Project Aims

Although withanolide FX) may be considered a direct precursor of withanolid@)Etq

date there have been no rgpdr syntheses of withanolide R)(in the literature.
The investigation of analogs of this compound would not only enable a better evaluation
of its biological activity but also facilitate the development of the total synthesis of
withanolide F ().

In the course of our synthetic studies towards the framework of the steroid withanolide F
(1) and taking into consideration the prior SAR evaluation of withanoligiegie 13),

we became interested in the influence of th&4Cand the €7 hydroxyl groups red the
stereochemistry of the -C7 side chain on the biological activity. In order to develop
synthetic access to these structures, we set mol2dudeking these hydroxyl groups and

wi t Rhoriemtatéd side chain atT¥ as our first targeF{gure 13i).

18



" [Variation of substitution
of 8-lactone ring

(E)H Omission of OH groups

1 \/to evaluate bioactivity

i ii
Figure 13i. SAR evaluation of withanolide R ii. Structue of 14,1 #dideoxy17-epk
witharmolide F(24).

The target molecule named 14.dideoxyl17-epiwithanolide F 24) is known andwas
isolated fromwithania coagulan®unal plant by Choudhamt al. in 2003%° The structure

was determined throughH-NMR and *C-NMR spectroscopy together witmass
spectrometry. Key features incl g8 H4 hr e
J»4= 3.0 Hz), 6.74 (m) and 5.58 (br d,7= 6.0 Hz) which represented three protéhg,

H-3 and H6, respectivelyand a downfi el d shiogsmmd3.2 Ha,t a
Jo 2 #33.4 Hz) which was assigned #622me t hi ne p r-adtooenside dhaint h e
As previously mentionedl4,17%dideoxy17-epiwithanolide F 24) has been synthesised

by Lavie et al in 1981in three steps from trioR1 via a biomimetic synthesiswhich
included a acetylatiepxidationelimination sequenceStheme 2% Unfortunately, no
yields and details on the scale and the reproducibility of this synthesis were reported in the

literature.

Moreover, during the course ofirres e ar ¢ h, t he ftlastonmsié chaonnof o f
the target system revea to be more challenging than expected given the extensive
successful work previously published towards its synthesis. Therefore, this gynthet
challenge required to devgloa rew metha to build thet-lactone side chajna key

structural featur characteristic of withanolides.
Thus, the core project aims were as follow:
() to synthesise 147/-dideoxy17-epiwithanolide F 24).

(i) to devise a new method towards the constractioclctone side chain and apply it to
the total synthesis of analogs of withanoide F ().
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Chapter 2. §nthesis ofthe KeyAldehydefor
Withanolide $nthesis

2.1. Retrosynthesis of 14,1-Dideoxy-17-Epi-Withanolide F (24)

As previously discussed, therdliesis of target compourgd, an analogue of withanolide

F () lacking the G14 and G17 hydroxyl functionalities and with an inverted
configuration at €17, was targeted to develop a general synthetic access to the core
structure of withanolide F1j. The retrosynthesis of the 14:tfdeoxy17-epiwithanolide

F (24) was based onestablished chemistry on structurally related withanolides and in
particular the syntheses of withanolide B)® and withanolide E 7).>* From a
retrosynthetic point of view, ene 24 can be obtained by selective acetylation of the
C-3 hydroxyl group and oxidation of the-Chydroxyl functionality of diol21, followed

by the selective elimination of the Eacetyl group.

i. acetylation
ii. oxidation

iii. elimination

Corey-
Seebach
reaction

v- coupling

A ring modifications

HO

Pregnenolone (36)

Scheme 7Proposed retisynthesis of 14,dideoxy17-epiwithanolide F 24) via key
aldehyde4O.
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The retrosynthetic strategy relies on the formation ofitleetone side chain of compound
21 via a nucleophilic attack of a lithium enolate the keyaldehyde4O. In turn,aldehyde
40 was envisioned to arise from keto@g via a CoreySeebach reaction. Finally, di6L
could be accessed from commercially ava#apregnenolone3p) via a key Birch

reduction stepgcheme 7.

2.2. Oxidation of the A/B-Ring System: Literature Routes

The withanolides differ from other natl polyhydroxysteroids having h dactane side
chain and complex functional groups on the AiBg system. Thereforgéhe synthesis of
such complex structures necessitated the development of new synthetic methods fo

establishing those partitar functionalities of the A/Bing of the withanolides.

2.2.15 b -Bpdxy-1-oxo-2-en4 Eol: literature examples

Initial studies toweds the modification of the AABing focused on the synthesis thie
5b,6b-epoxy1-oxo-2-en4 ol fragment common to various withanolides, including
withaferin A 6) and withanolide D). As part of studiesoivards the development ofwe
synthetic methods, model compounds based on chole¢tdjovereu s ed by | ke
group. Theysynthesised a cholestane derivative possessing the spmede and
quinoictike moiety in the A/Bring** Appropri at e moatétdxylda-2ilor
epox/cholestar3-one 62) via the sequence of reactions shownSoheme 8afforded

5 b ,-epdxy1-oxo-cholest2-en4 kol (66) in 26% yield over 9 steps.

21



i, i, iii
—_—

65

Scheme 8Synthesis 0b b ,-efdxy1-oxo-cholest2-en4 kol (66).

Reagents and cditions i. NoHg; ii. CrOg; iii. KOH; iv. POCk, pyridine (45% over four
steps);v. mCPBA (69%of 64b and 25% of 64U); vi. NaOH (97%);vii. MsCl, NaHCG-
pyridine; viii. OsQ, NaOH (85%).

An alternative synthesis a&latedcholestane derivatives walevéoped by Weissenberg
andco-workerswh i ¢ h st ar tepakycholestarenB-bhe @7)Jand allowed the
f ormat i on -epdxyl-bxo-eholestB-end bol (66) in 10 steps in a 53% overall
yield (Scheme 9.*?

Q//,,, 9’//,,
i ii
- . .
o .
o o
IX X
AcO" H
o
HO HO °

71 72

Schene 9 Alternative synthesis & b ,-efdxy1-oxo-cholest2-en4 ol (66).
Reagents and conditions H,, 5% PdCaCQ; (100%);ii. LiAIH; iii . PhCGH; iv. AcO,

pyridine; v. CrOs; vi. AL,O3 (70% over five stepsyii. H,SQ,, AcOH; viii. AgO, pyridine,
(75% over two stepsj)x. SOC}; x. Ba(OMe); xi. PhCQH (100% over three steps).
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2.2.21 U -CBhigdroxy-5-pregnene system: literature examples

1 U ,-D3hfydroxy-5-pregnene systesnwerekey intermediate in numerous total synthese

of various natural products. The $lyatic strategy was first established by Bar&tral
during their studi e shydtoosvitamirdDs (77.2hitenvadvgdritte h e s
oxidation of the A/Bring to the orresponding 1,4:&ien-3-onefollowed by epoxidation

under alkaline contii ons whi ch | ed t oepoxyecholestl 6diemat i C
3-one ©67) in poor yield (45% over two steps). The synthesis relied on the key Birch
reduction step usinglarge excess of lithiurmetal in liquid ammonia to afford the desired

1 U ,-dthfdroxy-5-pregnene structur@s) in an acceptablé0% yield Scheme 1]

HOY OH

3B-Hydroxy-Vitamin D,

Scheme 10Synthesis 08 Ehydroxytvitamin Dz (77).

Reagents and conditions: DDQ, 1,4dioxane, reflux;ii. H,O, (30% wt), 10% NaOH in
MeOH, MeOH,15 °C, overnight (45% over two stepsi; Li/NHsz, NH,C | THF, T4
(60%); iv. Ac,O, DMAP, pyridine, rt;v. DBDMH, hexaneyi. (MeO}P, xylene, reflux,

(34% over three steps).

I n 1984, I k e kawa @reviously deacpbedaethpd! in thedmthedisiofs
withanolide D 6), a natural productstructually related toour target24.2° Thus,

1,4,6trien-3-one 78 was obtained from commercially available pregnenola3® by
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oxidation of the A/Bring system using DDQ in 61% yield. The next stepsuihet
protecting tle G20 hydroxyl with a THRyroup and epoxidation of the tdduble bond of
the Aring using hydrogen peroxidén tuwr n , -époxy&6idien3-one37 was reduced
using Birch reduction conditienpreviously developed by Barton and-workers and
allowedthes y nt hesi s o-flihydroxys-pregaenesiniyenddgmnod yield (76%)
(Scheme 1)

Vv, Vi, vii

HO © Withanolide D

Scheme 11Synthesis ofvithanolide D 6).

Reagents and conditions: NaBH,, MeOH, THF, 0 °C, 40 minii. DDQ, 1,4dioxane,
reflux, 8 h (61% over two steps);. DHP, pTsOH, CHCly, rt, 3 h;iv. H,O, (30% wt),
10% NaOH in MeOH, MeOH, 15 °Cyernight (83% over two stepsy); Li/NHs, NH,ClI,

THF, T 40 ACv.1)MOMCI diethgl®glohexylama 1,4dioxane, reflux, 6 h,
2) 2 M aqg. HCI, MeOH, rt, 2 h (60%yji. PCC, NaOAc, CkCly, rt, 3 h (80%).

During their wok on the total synthesis of (Rpruscogenin &3), Liu et al reportedthat

the key Bich reduction required carefullyontrolled reaction conditions in order to avoid
side pr od uf%ltUs-diab@chéme 4" Later, inspired by i uds wor k,
and ceworkers showed during their studies towards the syrghekian analogue of
vitamin D that performing the Birch reduction with sodium in liquid ammopimatead of
lithium, led to a mix ur e of t he-dioldsd sandrite 33 Uepimed n a
9lrai o in favo-diol8ld'f the 10, 3b
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80

Vi, vii

(25R)-Ruscogenin

Scheme 12Synthesis o{25R)-ruscogenin §3).

Reagents and conditions: DDQ, 1,4dioxane, reflux, 8 hji. H,O, (30% wt), NaOMe,
MeOH, rt, overnight (47% over two stepsi;. Li/NH;, NH,C | THF, 140
iv. TBSCI, imidazole, DMF, rt, oveight (53% over two stepsy, PDC, CHCIy, rt, 1 h;

vi. NaBH,, THF, 6 h(64% over two stepsyji. 5 M HCI, acetone, rt, 1 h (96%).

This method to install thel U ,-dthfdroxy-5-pregnenefunctionality in the A/Bring
system wasalso applied by El Beik et al. in the synthesis of cyclocitrinols, another class
of natural products characterised by der@id core structure and anique
bicyclo[4.4.1indecaneA/B-ring system $cheme 13* They observed that during the
Birch reduction step, the reaction temgtare should not be #&oledt o T 7afer AC
addition of the epoxid&5 as suggested in previously reported procedure®rder to
avoid the formation of thydroxy+4,5-en-3-oneas the major product of the reaction.
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Cyclocitrinol 16

Scheme 13Synthesis otyclocitrinol 16 (87).

Reagents and conditions: (CH,OH),, TsOH, benzene, refluxi. DDQ, 1,4dioxane,
reflux, 8 h (56% over two stepsi);. H,O, (30% wt), 10% NaOH in MeOH, MeOH, 10 °C,
overnight (68%);iv. Li/NHs, NH,C1 , THF, 1 v AcOABMAP, syidihe; rt;
vi. TsSOH, HO, THF, rt (56% over three steps).

2.3. Oxidation of the A/B-Ring System: Results and Bcussion

2.3.11 U ,-CBhfydroxy-5-pregnene systenmitial synthetic route

We devised a first retrosynthetic router t he sy nt hesi s-diloydroxyt he
5-pregnenefl) intermediate based on precedpuablished by Ikekawat al in their total
synthesis ofvithanolide D 6) (Scheme 142°

26



i. THP deprotection

ii. oxidation

iii. THP protection
iv. epoxidation

[

v. Birch reduction

vi. reduction

I

vii. oxidation

HO

Pregnenolone (36)

Scheme 14Props e d r et r o s y-dihybdrexg5ipegnentql) Vi THB b

protection.

As shown inScheme 15 commercially available pregnenolon86] was first reduced
using sodium borohydride to form di®0 in quantitativeyield as an inseparableirture of

two diastereoismers at G20, which was subsequently oxidised withDQ to afford
trienone89 in poor yield 38%) compared to the publishedeld (61%)2° This modest
yield may in part bedue tothe purification which included two column chromatography
steps in orderat properly purify the trienon&9. The published procedealso suggested to
purify the crude mixture by column chromatography twice, first on alumina and then on
silica gel but in our hands this le substantial loss of materialNext, the G20 alcohol
89was protected as its THP ether giving an insepanaixture offour diastereoisomerat

C-20 and G22 (78). The crude mixture was exposed to alkaline hydrogen peraaide
provide stereoselectively the-epoxide37 as aother mixture of four diastereoisomers at
C-20 and G22 in poor yield 30) compared to the 86% yi el
group in the literatur&
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78 37

Scheme 15lInitial synthetic route to epoxid#y.

Reagents and conditions: NaBH,, MeOH, THF, 0 °C, 40 minii. DDQ, 1,4dioxane,
reflux, 8 h (38% over two steps)i. DHP, pTsOH, CHCI,, rt, 3 h (86%);iv. H,O;
(30% w/w), 10% NaOH iMieOH, MeOH, 15 °C, 12 {80%).

The presence o0f0 @.=dodub3l eHz)atanid 3a 7doubl
(Jo1= 4.3 Hz and4 = 2.0 Hz) in the'H-NMR spectrum attributed to -4l and H2,
respectively, supported the assigned structure of the epoxide in-tiihg.A-urthermore,
the coWpl i ngo -2batt W& @motonsHY = 2.0 Hz) confirmed the
U-configuration of the epoxid87 (Figure 14). These'H-NMR data are consistent with

those previously reported in the literat@te.

18
19 CH3

R

e

Figure 14 fiW-c o u p | i n g 0-2 daneH4 wiepoxide3H.

H 37
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2.3.21 U -OBhiydroxy-5-pregnene systemevised synthetic route

A thorough examirtgon of the synthetic strategy led tbhe conclusion that chgimg the
protectedC-20 hydroxy functionality to a ketal would allow accessthe key intermediag

1 U ,-dob61 in two steps fewethan the previously published synthesis by Ikekawa
et al (Scheme 13%2° Furthermore, this route avoids the problematic formation of mixtures
of inseparable diastereoisomeWith this in mind, a new synthetic route wdssigned
(Scheme 1&

i. Birch reduction

| D

ii. ketal deprotection

iv. acetal protection

| D

v. oxidation

iii. epoxidation

HO

Pregnenolone (36)

Scheme 16Revis ed r et r o s y-diydrexg5pegnentql) Viddketal b

protection.

Based onwork by El Sheik et al. described inScheme 13° the C-20 ketal 93 was
synthesisedby protectionof commercially available pregnolone(36) with ethylene
glycol under standard conditionSubsequently, oxidation using DDQ furnished the
corresponding 1,4:&rien-3-one92 in a moderate 3% yield over two steps compared to
56% reported in the literatunesing same procedures on a similar subsfrate turn,
trienone 92 was converted into epoxid®l using hydrogen peroxide under alkaline
conditions ina slightly improved72% yieldcompared to the 68% yield published in the
literature (Scheme 1¥* Unfortunately, the scalap of steg ii andiii from 0.150 mmol

to 1.00 mmol resulted ipooreryields (22% and 25%espectively).
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92 91
Scheme 17Revised synthetic route to epoxigik

Reagents and conditions: ehylene glyol, p-TsOH toluene, 130 °C12 h (90%);
ii. DDQ, 1,4dioxane, reflux, 8 h (22%)ii. H,O, (30% w/w), 10% NaOH in MeOH,
MeOH, 15 °C12 h(25%).

2.3.3 Optimisation studies of the oxidation step

Unfortunately, this new synthetic route presetita recurring prolem concerning low
yields during thescaleup of theoxidationstep which had been already encountered in the
first synthetic route. In this new scheme, the low yield may be attributed to the
deprotection of the Q0 ketalgroupof the starting materigd3 andof the final produc®2

by DDQ, as it is a mildly acidic reagent. This is supported by the factdingihg amounts

of starting pregnenoloné6) and G20 ketone94 could be isolatedrom this reaction
(Scheme 18 In order toaddress this problenseveral conditions were triethcluding
working underrigorously anhydrous and under basic conditions. Nevertheless, none of
these attempts were successful in impnguihe outome of the reaction as summadsn
Table 1
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93 92 94 Pregnenolone (36)

Scheme 18Synthesis of trienon@2.

Reagents and conditions: DDQ (5.0 eq.), conditionsTsdxe 1

Table 1 Optimisation study ofhe DDQ oxidatiorof compound®3.

Entry Conditions’ Outcome
1 pyridine (excess)1,4-dioxane 110 °G 24 h rsmo3
2 KOH (excess)1,4-dioxane 110 °C 24 h decomposedixture
3 benzened0 °C 72 h 22 1;;2
4 4 A molecular sieved ,4dioxane 110 °C 48 h Zi %3?/)?
5 K,CO; (excess)l,4-dioxane 100 °G 48 h gi ;gzjz
6 1,4-dioxane 110 °C 24 h 3421 igzjz

" Anhydrous conditions and under an argon atmosphere.

Considering thatnone ofthe aforementioned conditiongave satisfactory results, we
decided to turn t@lternative and more recently developed literatwielation conditions

Shvo and cavorkers reported a new method to transform cyclic ketones and alcohols into
t h e i -unsatdratéd derivatives under mild reaction condition in good yiesisy
Pd(OAc) and diethyl allyl phosphate (ADP) as the hydrogen soBchgme 19*°

31



Cholesterol (74) 95
Scheme 19Catalytic oxidation of cholesteror4) to trienone9bs.

Reagents and conditions:Pd(OAc), ADP, NaCQO;, THF, 80 °C, 40 h (75%).

Furthermore, in 2000, Nicolaoet al developed an IBXnediated dehydrogenain
process which was applicable to steroid systemsallodled oxidation irhigh yields and

under mildly acidic conditionsScheme 2p*’

97

Scheme 20Catalytic oxidation of €3-oxo-androsteronedg) to dienoned7.

Reagats and conditions:. IBX, ADP, NaCGO;, toluene/DMSO (2:1), 85 °C, 48 h (72%).

Based on these previously published results, a screen of various oxidative conditions wa:
undertakerasshownin Table 2 An interesting outcome of the reaction was igw@ation
of the dienone intermedia®8 as a side product which suggests that the last step of the

catalytic cycle may be the formation of the-ti@uble bondScheme 2).

conditions:
see Table 2

93 92 94 98

Scheme 210xidation of ketaP3.
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Table 2 Alternativeoxidation conditions to form trienorg2.

Entry Reagents Conditions’ Outcome
98. 14%
toluene/DMSO (2:1), 85 °C
1 IBX (4.0 eq.) Na,CO;(4.0 eq.§’ N 48 h( ) 93 27%
complex mixturg
- 0,
, toluene/DMSO (2:1), 85°q & 18%
IBX (4.0 eq.),K,CGO; (4.0 eq.) 48 1 93 13%
complex mixturg
Pdy(dba)A C HiQ0L04 eq.)ADP (3.5 eq.) . 98: 22%
3 Na,CO; (4.2 eq.) THF, 86 °C, 72 h 93 72%
Pdy(dba)}A C H;Q0L04 eq.)ADP (3.5 eq.) . 98 31%
4 K,CO; (4.2 €q.) DMF, 86 °C, 72 h 93 61%
Pd(OAc) (0.04 eq.) ADP (3.5eq.) R 98 47%
5 Na,CO; (4.2 eq.§° THF, 85°C, 72h 93 16%
Pd(OAc) (0.1 eq.) ADP (8.8 eq.) . 98: 53%
6 Na,CO; (10.5 eq.) THF, 86 °C, 72h 93 17%
} Pd(OAc), (0.04 eq.) ADP (3.5 eq.) OME. 86 °C. 72 h 98 71%
K,CO; (4.2 eq. ’ ’ 93 26%
(4.2eq.)
92: 20%
Pd(OAc) (0.04 eq.) ADP (3.5 eq.)
8 (g scale) DMF, 180C, 72 h| decomposed
Na,CO; (4.2 eq.
%CO3(4.2 eq.) mixture
Pd(OAc)(0.04 eq.)ADP (3.5 eq.) o 92 27%
9 Na,CO; (4.2 eq.f? DMF, 160 °C, 72 h 98: 46%
Pd(OAc)(0.04 eq.)ADP (3.5 eq.) . 92: 50%
10 N&COs (4.2 eq.) DMF, 180°C, 72 98 25%
Pd(OAc) (0.04 eq.)ADP (3.5 eq.)
° m93
11 N&,CO; (4.2 eq.) DMSO, 190°C, 72 h rs
92 62%
Pd(OAc) (0.1 eq.) ADP (8.8 eq.)
12 (g scale) DMF, 160C, 72 h 98. 7%
Na,CO;(10.5 eq.
3C05(10.5 eq.) 94: 3%

" Anhydrous conditions and undan argon atmosphere.

The use of IBX as an oxidising agent returned complex mixtures of products and therefore,
the investigation of these reaction conditions was not pursSteudg 2, entries1 and 2).

The optimisation study of the oxidation step relied repeating the work of Shwt al

work on cholesterol74), by varying the conditions in order to obtain an optimal yield
and purity of the desired trienor@2. The next four experiments were run at low
temperature (886 °C) and only led to the formian of intermediate98 in low yields

(Table 2 entries5 to 7) except for entry in which a53% yield of dienon@8 was isolated

which implied that increasing the amount of the catalyst complex could potenpiady

the reaction towards completioMoreover, changing parameters such as the catalyst, the

solvent or the base did not show any positive effdable 2 entries 3 and 4).
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The conditions assayed in ent®y(DMF at reflux) have been disclosed lay Chinese
patent® using G17 ketal protected pgmenolone as the substrate which, in their case, gave
trienone 84 in excellent yield (8%). Disappointingly, in our hands these conditions
allowed the formation of trienon@2 in poor yield(27%). Neverthelessunder the same
conditions onlyat higher temerature trienone92 was isolated in an improved 50% vyield
(Table 2, entry 10). Based on the previous resuit was thought that increasing the
temperature could positively influence the outcome of the reaction. In order to validate this
hypothesis, solvés with higher boiling points were used. Unfortunatétys experiment

led to the reavery of the starting materi@3 (Table 2, entry11). At this point, the best
result developed in entil§ywas scaled up buhostly led to poor yieldsindeed, as shown

in entry8, scaling up the reaction at an oil bath temperature of 180 °C in DMF led to low
yield (20%). Decomposition of DMF at vigorous reflux was assumed to be the problem.
In order to avoid this situation, this reaction was rura ahoregente reflux (oil bath
temperature at60 °C) which led to a more acceptable yield on gram scale (E)t62%6

yield). Considering that entry2 gave the b& outcome in terms of yield (62 yield) and
purity (>99%), these contitbns were adopted as the prefermdcelure for tke second

step of the synthesis.

In orderto improve the overall yield of the oxidation step, dien8Bavas submitted to
different oxidation conditionsScheme 22Table 3).

@ o

conditions:
see Table 3

—_— >

98 92 94
Scheme 220xidation of dienon®8in trienoned2.

Table 3. Oxidationof 1,2double bond oflienoned8.

Entry Reagents Conditions’ Outcome
1 IBX (4.0 eq.)K,COs (4.0 eq.) to'“eggl ogﬁ(ﬁm)’ rsm98
s [FORTERRS | o o | E
3 DDQ (3.5 eq.) 1,4-dioxane 110 °G 48 h 24212 22;‘;

" Anhydrous conditions and undanargon atmosphere.
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The conversion of dienorf# into trienone92 proceeded iran acceptable yield when the
reaction was run under the DB@Qediaed oxidation conditionsT@ble 3, entry 3) and

hence, these conditions were used when repeating this reaction

2.3.4 Optimisation studies of the epoxidation reaction

There are a number of reports in the literature for the nucleophilic epoxidation of the
1,2-double bond of the Aing of steroids using peroxiemntaining reagents in acceptable

to good yields (up to 85%) and on various scalé$>! Unfortunately, in our hands this
step proceeded in low yield upataleup. This was partly because of recovesy
unreacted trienon®2, and prompteda screening of dffierent epoxidation conditions
(Scheme 23Table 4).

(o

(o]
-nH conditions:

see Table 4

_ =

fo
i

92 91

Scheme 23Synthesis of epoxid@l.

Table 4. Screening of epoxidation conditions.

Entry Reagents Conditions Outcome
'BUOOH (70% w/w in HO) . 91 27%+
1 (30.0 eq.), DBU (cat.) MeOH, 0°CA 1t, 24 h mixture
'BUOOH (70% w/w in HO) 91: 45%+
. THF, 0°CA tt, of o
2 (30.0 eq.), triton B (cat.) A T, on mixture
3 [H20,.urea] (30.0 eq.), TBD (cat CH,Cl, 0 °CA 20°C, 2 h rsm92
H,0, (30% wi/w) (30.0 eq.)
° rsm92
4 K,COs (3.0 eq.) MeOH, 15 °CA rt, o/n
H,0, (30% w/w) (30.0 eq.)
° rsm92
° NaOH (5% in MeOH) (cat.) MeOH, 15°CA t, ofn
H,0, (30% wi/w) (30.0 eq.) R 91: 47%
6 triton B (0.05 eq.) THF/H,0, 0°CA 1t o/n 92: 10%
} H,0, (30% wiw) (27.0 eq.) MeOH 15°C A rt. 24 h 91: 46%
NaOH (10% in MeOH) (cat.) eOH,15°CA 1t 92 20%
H,0, (30% wi/w) (30.0 eq.) ] 91: 48%
8 NaOH (10% in MeOH) (cat.) MeOH, 15°CA 1, 24 h 92 24%
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Table 4 (continued) Screening of epoxidation conditions.

Entry Reagents Conditions Outcome
o H,0, (30% w/w) (40.0 eq.), (g scale) MeOH, 18CA rt, 91: 51%+
NaOH (10% in MeOH) (cat.) 24 h mixture
10 H,0, (30% wi/w) (40.0 eq.), i . 91 72%
PrOH, 1 t,24 h
NaOH (10% in MeOH) (cat.) FOH, 15CA T 92 16%

" Another fration of at least four bproducts that could not be separated and characterisad

collected.

As shown inentries1 to 3, using sterically hinderedreagent such asBuOOH and
[H20,.urea] complex with DBUbr triton B and TBDrespectivelyas the basdid lead to

an improvement in the yield. The use of a milder base in order to avoid multiple
epoxidation returned only the recovery of trien@2e(Table 4, entries4 and5), whilst
using triton B as the base produced the desired epoxide in a modeichi@ gide 4, entry

6). Entries 7 to 9 showedthat increasing the number of equivalents of hydrogen peroxide
significantly improved the yieldThus, increasing the equivalents of hydrogen peroxide to
40 equivalents (entr9) gave the best result in termbyield (51%) anl purity (> 99%).

It was hypothesisethat methanol coul@itherreact with the dienone functionality of the
A/B-ring systemvia a conjugateaddition or cleave the epoxide ringccounting for the
lower yield. Therefore the reaction wasun in'PrOH, a less nueophilic solvent and this
lead tothe formation of epoxid®1 in an improved yield (72%) on smaltale (53 mg
0.150 mma] (entry 10). Furthermore, this result was fairly reproducible on a larger scale
(up to 5.00 g14.1 mmo) albeit with a slight drop of the yield to 60%.

2.3.5Discussion of the stereoselectivity of the epoxidation step

The preferedU-configuration of the epoxide was assumed based on the favoured
nucleophilic attack of the 1;@ouble bond in the Aing, from the bottom face of the
molecule as the top face was sterically hindered by the axial bridgeh&8dn@thyl
group. In additiona small*J (2.0 Hz)"W-c o u p | i n g 6-2 dne HAwaseobsered,
consi st en t-configuratibn Figuree 15.UThe structure of epoxid®l was
confirmed through single crystal-bay analysis. This crystal structure confirmed the
Uconfigurationoftk epoxi de and -t hWee & oalsie g @ mwmid i W
protons Figure 14).
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Figure 15 X-r ay cr yst al -spbxyketabtl depicted wsing Metdyry2310
ORTEP representatiomswn withellipsoid at 50% probabilitf(CCDC983154,
Appendix 1).

2.3.6.The Birch reduction

The next key step of the total synthesis was the conversigposfde91 into 1 U ,-dBob
99 via a Birch reduction using lithium in ammonia and ammonium chlofRigpeting the
procedure used in the total synthesis of withanolide6)® @fforded 1 U ,-dBob99 in
40% yield alongside witlhydroxyenonel00 in 56% yield (Scheme 2% In a prevous
study of this reaction byEl Sheikh for the synthesis of the core structufetle

cyclocitrinol °

it washypothesied that quenching the reamrti mixture at low temperature

( 78 °C) led to the formtion of undesired hydroxyenoas the major product. Taking this
suggestion into consideration, the seate of the eaction was caied out at higher
temperaturej.e. the reaction mixture was quenchbdet ween 110 Al@Gis and
experiment enabled the formation bfU ,-dob99 in good yield on a one gram scale
(76%) along with the diastereocisomefl U ,-d3olU101 (10%) separable ¥ column

chromatography; angithout theformation of hydroxyenon00.

g\o

91 99 100 101
40% yield at -40 °C 56% yield at -40 °C not observed at -40 °C
76% yield at -20 °C not observed at -20 °C 10% vyield at -20 °C

Scheme 24Birch reduction of epoxid@l.

Reagents and conditions:Li/NHs, THF, 4 hthenNH,CI.
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The diastereoisomerg U ,-doob99 a n d  4diol, 131 Were eachsubjected tocCor ey 0 s
acidic conditioss to cleave th&C-20 ketalprotectinggroup and gave the corresponding
C-20 ketonesland G20 ketonel02, respectively, in quantitative yieldS¢heme 252

99, C-3p OH 61, C-3p OH
101, C-30. OH 102, C-30 OH

Scheme25. Synthesis of €0 ketons 61 and102under acidic conditions.

Reagents and conditions:AcCOH/H,O/THF (65:35:10), rt,12 h(100% of61 and 100% of
102).

2.3.7 Structural assignment of ketong@bsand102

At this point the structure ofL U ,-diob61 was proved througtsingle crystal Xray
analysis Figure 16). This X-ray crystallography gave an insight into the stereochemistry
of the molecule showing the axial and equatorial configurations-bf @droxyl and

C-3 hydroxyl groups, respteely.

Figure 16. X-r ay cr yst al -did 61depitted useng Mefcuryl AMRBEP
representation shown with ellipsoid at 50% probabilBCDC 983153 Appendix I).

The stereochentiy o f 1-dib] 1®2was further supported by strong nOe interactions

between H2 U  ( #+1.94, .mY &nd B and between #4 U ( 4-2.62 .mp and
H-3, suggesting that43 is in an equatorial positiofrigure 17).
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Figure 172 Key nOe i nt e rdold®2{Apperdix ib)f 10U, 3U

2.4. C-1 Homologation of Ketone 61 to Adehyde 40

2.4.1 The CoreySeebaclumpolung methodology: literature examples

In 1972, Lettréet al.investigated the synthesis of-B@droxyaldéydes via the addition of
1,3dithiane to derivatives of pregnenolong)> Under standard reaction conditions
using 1.0 eq. of 1;8ithiane andBuLi, ketonel03was converted into dithiane addu€4

in good vyield as a mixture of diastereoisomers €203 Scheme 25 Unfortunately,

no ratio of the diastereoisomers was reported in the literature. Subsequent hydrolysis of the
dithiane adduct104 afforded the corresponding R@ldehyde 105 in a moderate

63% yield.

Schene 26 Synthesis of dithiane addut®4 by Lettréet al

Reagents and conditions:1.0 eq.1,3-dithiane,1.0eq."Bu L i , T ¥€Fo,0 °Q, 240
(77%);ii. HgCL/HgO, CH3CN, reflux, 5 h (63%).

Since then, this synthetic route has been used succegefgiythesise and/or extend the
side chain of steroidelated compounds in moderate to good yiéid4>>*%For example,
during the synthesis ofZ]-20(22)didehydrocholesterol108), Koreedaet al applied
similar reactions p torodn dithiaoenaslduckOs in TO&otjieldr ® 6 s
(Scheme 2y>*
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HO

108

(Z)-20(22)-Didehydrocholesterol

Scheme 27Synthesis of dithiane addut®6 by Koreedaet al

Reagents and conditions:1.0 eq. Zisopropytl,3-dithiane,1.0 eq."Bu L i , T ¥€CF ,
7 h (70%);ii. HgCh-CaCQs, CH3CN/THF/H,0, reflux, 50 h (51%).

More recently (2007)Shingateet al. successfully used th€oreySeebach umpolung

methodologyduring their stereoselective syntheses ofepBcholanic acid derivatives,
e.g. 110°° Thus, ketond.09was treated with 1.5 eq. of i¢ithiane and 1.8 eq. 8BuLi at
low temperature to afford the correspondindr2ydroxydithiane addudi3 in 82% yield
(Scheme 28

AcO

110
20-epi Cholanic acid derivative

Scheme 28Synthesis of ditiane adduch3 by Shingateet al.

Reagents and conditionss:1.5 eq.1,3-dithiane,1.8 eq"Bu L i , T Fh (83%}.5
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2.4.2 Synthesis of dithiane adduti1?

We decided to explore this dithiane chemistiging similar reactionconditionson the
unpr ot e cdhgddoxyketdned,but unfortunatelythe synthesis of dithiane adduct
111 waslow yielding and ledmostly to the recovery of unreacted ketdiie Indeed, the
dithioacetal111 was obtained as a mixture of20R- and G20S-diastereoisomers in a
6:1 ratio in 44% vyield (91% brsmyubsequently, the hydroxyl groups in tridl1 were
proteced astrissMOM derivativesin good yield (83%) $cheme 29%° Therefore, the
dithiane adduct12was synthesised from theZD ketones1in 37% yield over two steps.
Both dithiane adductsl1ll and 112 were novel compoundsind therefore, fully

characterisd.

20R/20S in 6:1 ratio

Scheme 29Synthesis of dithiane addut12

Reagents and conditions: 5.0 eq.1,3-dithiane,5.0 eq."Bu L i , THF, T5 AC
91% brsm)ii. MOMCI, 'Pr,EtN, 1,4dioxane, reflux12 h(83%).

2.4.3 Alternative route taithianell?

It was proposed that by protectingld61 as abissMOM the yield of the CoreySeebach
reaction may be improved. MOMprotected ktal 113 was therefore prepared and
submitted to Coreyds depr o38im&Rbiyieltover two d i t
steps’ The next key step was the CorBgebachtithiane reactiowhich was carried out
using stadard conditions and provided a 6rhixture of G20 hydroxydithioacetal
diastereoisomer39 and 114 which were readily separated by column chromatplgy and

gave the dithiane addu8® in 71% yield. This reaction has also been disclosed by lkekawa
et al in a comparable yield (789%).Subsequently, th€-20 hydroxyl39 wasprotected as

a methoxymehylene ether in very good yield (&) (Scheme 3(. Thus, the dithiane

adductl12wassynthesiedin a slightly improved 42% yield over four steps.
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112

Scheme 30Revised synthetic tde to dithiane addudtl2

Reagents and conditionsi. 7.4 eq. MOMCI, 1,4dioxane, reflux, 6 h 92%);
ii. AcCOH/H,O/THF (6535:10), rt, 12 h (100%; iii. 5.0 eq.1,3-dithiane,5.0 eq. "BuLi,
THF, T 5 AC, 39&nd W6 of 124; %. MOMCI, 'Pr.EtN, 1,4dioxane, reflux,
12 h(85%)

2.4.4Discussion of the stereoseledtivof the CoreySeebach reacoin

The stereochemical aspects of different approaches to construct and/or extend the sid
chain of steroietelated molecules have been reviewed previously by Piatak and Wicha.
Here, they reported that the stereochemistry-a0@vas assumed to IBeaccading to the
preferential nucleophilic attack of the bulkylithio-1,3-dithiane on the less sterically
hindered face of keton@8, i.e. from the G16 side and therefore, tlopposite facef the
steroid core structurasillustrated by the FelkbiAhn modé described irFigure 18.

42



Figure 18 FelkinrAhn model for diastereoselective attack ditRio-1,3-dithiane on
ketone38.

Furthermore, it was expected that the diagndstilMR signals at €1 and G22 offered

the bes option for the confirmation othe stereochemistry at-£0. Indeed, it was
anticipated that the421 ofthe G2 0 b i somer woul d show a si ¢
C20U di ast’e meaui sasenetieH-NMR spectrum of the desired
20R-hydroxydithiane 39 presented a downfield ggial atl 1.42 (s) representative of
H-21 whereashe 'H-NMR spectrum of the undesired 2Bydroxydithianel14 showed a
signal att 1.32 (s). Likewise, F22 of the undesired 20S-diastereocisomer was expected

to show a signal more downfield due to int¢i@ts between F22 andthe @ 0O U hydr o
group. Thus, the ¥22 of the undesired Z®hydroxydithianel14 was observed in the
'H-NMR spectrum atli 4.33 (s) whereashe 'H-NMR spectrum of the desired
20R-hydroxydithiane39 showed a signal afi 4.13 (s). Fom these observations and
precedent, it was concluded thatR2@ydroxydithiane39 was the major product in the
CoreySeebach reactiors¢heme 30

Similar arguments were used to assign Bieand S-diastereoisomers of addudfil
Thus in the H-NMR spectrum of adductlll, H-22 and H21 of the desired
20R-hydroxydithiane showed signals @®.19 (s) andi 1.40 (s), respectively; 422 and
H-21 of the 2&hydroxydithiane were observedia4.35 (s) andi 1.38 (s), respectively.

2.4 .5Dithiane adduct cleavagsynthesis of the model systelh7

The next key step in the total synthesis washyydolysis of dithiane adduci12to form

the corresponding aldehyd#). This reaction was carried out on a similar substrate
20R-hydroxydithiane39 in good yield (85%) under standard mercuwrigde conditions as
reported by | kekawa dis of withamalige D §)FrUnfortgnatelyh e <
usingthe same procedureith MOM-protected €20 hydroxydithiand 12 gave thedesired
aldehyde40in poor yield (27%) and mostly led to decompositiScheme 3}
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Scheme 31Hydrolysis of dithiane addudtl2under mercurioxide conditions
Reagents and conditions:HgO, BRA EQ, THF/HO (1:1), reflux, 4 h (27%).

This step requiredn extensiveptimisationstudyand in order noto use all the dithiane
adduct material12, we proposed to screex range of conditions for the cleavage step on a
model steroid systenrd17 which was a novel compound arahsily accessible from
pregnenolone3g). Toward this aim, the € hydroxyl group of commercially available
pregnenolone3b) wasprotectedas the methoxmethylene ethet15in very goodyield on
gram scale. In turn, ketoriEl5 was treated under Cor&eebacheaction conditions to
afford the dithiane addudtl6in 78%yield as a mixture of diastereocisomers aRCin a

6:1 ratia Fnally, the tertiary alcohol was protected using standard conditions which
affordedcompoundL17in excellent yieldScheme 32 Both of these dithiane addudt$6
and117were novebnd therefore, fully characteed.

Sdheme 32 Synthesis of the model steroid syst&hy.

Reagents and conditionst. MOMCI, 'Pr,EtN, 1,4dioxane, reflux,12 h (88%);
ji. 1,3dithiane,"Bu L i , THF, (78%56:1Aaq at G20);Hii. MOMCI, 'PrEtN,
1,4-dioxane, reflux12 h(92%).
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2.4.6 Strudural assignment of dithiane addugfiand117

Similar argumentgreviously discussetb confirm the structural assignment ofhthine
adducts111 and 39 were used taassign theR- and Sdiastereoisomers of adduti6.
Hence, H21 and H22 showed a downi el d si gnal at a 1. 44 (
a 4.13 (s), respectivel vy, -20Rdiasthreocissneit6h ar a
Likewise, the H21 and H22 of the undesired -20S-diastereoisomeof adduct116 were

(V)

observed atd W U.BF () ,arespectivel y.

Furthermore, & X-ray crystal structure wadtained of the dithiane adduti7in order to
confirm its structure and stereochemistrifigure 19). Pleasingly, the assigned
C-20R-configuration was confirmed with the-Z1L methy group poi nti
Likewise, the C3 b ¢ oatidniofghe protected alcohol was verified as th@ id clearly

in an axial position. We are therefore confident of earlier assignments.

19

Figure 19 X-ray crystal structure d®-enantiomer of dithiane addut17depicted using
Mercury 3.0 ORTEP representation shown wehipsoid at 50% probability.
(CCDC983152 Appendix I).
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2.4.7 Completion of the synthesis of aldehwt®

Several succesdfumethods for the hydrolysis of the dithiane moiety have been
investigated in the past few yeadfs?**Therefore, modelithiane 117 was subjected to a
series ofthesedifferent reaction conditions order to form thecorresponding aldehyde
118as lised inTable 5(Scheme 33

MomMo S

conditions:
see Table 5

117 118, R'= R2= MOM 121
119, R'= MOM; R2=H
120, R'= H; RZ= MOM

Scheme 33Hydrolysisof dithianell?.

Table 5. Screening of conditions for the cleavage of dithiah@

Entry Reagents Conditions Outcome
1 DMP (2.0 eq.), NaHC§(1.0 eq.) CH(%(?T;Il H;gf:?hdz rsm117
2 DMP (2.0 eq.), N&CO; (1.0 eq.) C%ﬂ“’gf’ 4C:f g rsmi117
3 DMP (2.0 eq.), KCO; (1.0 eq.) C";%CT/Szg/ igbf'z rsm117
4 Nal (0.01 (elc?.z)pe-;);?zoquinone CHg,lC;NO/OHé(iélr?:l), rsm117
s | e PSS weonmr o o
6 PIDA (2.0 eq.§* CHsCN/H,0O (9:1), rt, o/n decomtﬁ:?mixture
! e (24:Iuet?d?neA ?1N0qe‘:q? =) THF, 1t,0n decori;isze(ﬁ/omixture
0,
8 HgO (2.2 eq.), BRA EQ (2.2 eq ¥’ THF/HZ;)O(;:;) , 10°C, Eg 330;2
120 49‘:)//0
o e (24(;.Ili?d?neA %1'\'0@;;? " H20/THF (1:1), rt, ofn decoriii:gj (r)nixture
10 NCS (2.1 eq¥ CHCl/ H;Oh(lo:l)’ " 118 54%
11 DMP (2.0 eq¥ CHE’&T:/ ;';?t/ CJ';C'Z 118 70%
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Table 5(continued). Screening of conditions for the cleavage of dithihhé

Entry Reagents Conditions Outcome
12 | NCS(3.9eq), AgNoa.4 eqf | SHCN Z'gonfi‘:;l)’ 0°C, 118 77%
.- 3 CH;CN/H,0 (4:1), :
13 | NBS (6.0 eq.), 2,4utidine (12 eq.§ 0°CA rt. oln decomposed mixture

NCS (4.0 eq.), AgNeX4.5 eq.),

14 2,6-lutidine (10 eq.)

CH:CN/THF (1:1), rt,o/n decomposed mixture

NCS (4.0 eq.)AgNO; (4.5 eq.),

15 2,6-utidine (10 eq.)

CH.CI/THF (1:1), rt, o/n decomposed mixture

16 | NaClO, (10.0 eq.), NabPO,.H,0

(5.0 eq)), Me-2-butene (10.0 ecf.‘) MeOH/H,O (3:1), rt, 1 h| decomposed mixture

Traditionally, the deprotection of dithiane moistidha required drastic hydrolysis
conditions or the use of toxic mercury séftd\evertheless, aseen in entry8, using
mercuric oxideresulted in the formation of compouad8in poor yield (35%. Moreover,

it was found that the reaction conditions were acidic and resulted in the deprotection of
either the E3 or the G20 methoxymethylene ether grougherefore, a screening of more
recently developed conditions was undertakgme conditions assayed in enByDMP)
gave a good yield (70%F.Unfortunately, the use of NaHGONaCQ and KCO; as bases
typically resulted in no reaction at ahich might suggests that the acidity of the reagent
positively influenced the outcome of the reacti@mtries1 to 3). Likewise, conditions
assayed in entr§ usng NCS gave promising resuftslt was thought that changing the
solvent system could help avoid the formation of the undesired d&tand favor the
reaction towards the formation of the corresponding aldeh§8eUnfortunately, this was
not observd, at best it gave aldehyd&8in 40% yield (entrieg, 9 14 and15). Pleasingly,
the Smith reaction conditions (NCS and Agh@ntry12) gaveavery good yield (7%).%°
The conditions of entr§0 have been disclosdry Gademanet al in the total synthsis of
withanolide A 6) anddelivered the aldehyd®4 in 73% vyield*® Disappointingly,in our
case, the yield was not improvedhen comparetb entryl12 (54%). Similarly, none of the
reaction conditions recently developed on related substrates tested dithiane adduct

117were successful (entridsand16).%® ¢’

Entry 12 congitutes the best option for the hydrolysitthe dithiane adduct17in terms
of yield and safety, although, these conditions led to a lower yield on a gram scale

(57% vyield. Fortunately, when applied to target dithiane addLt® these reaction
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conditions worked successiyland pleasingly deliverethe corresponding aldehyd® in

a verygoodyield (85%) which was reliably reproducible on a gram seateout MOM
hydrolysis (Scheme 3% Compound 40 exhibited the typical aldehyde peaks in
'H- and*C-NMR spectraj.e. a downfield signaht U 9.68 (s)and a downfieldsignal at

U 205.4which represented 2 and G22, respectively, andas fully characterised.

112 40

Scheme 34Synthesis of aldehyd&0.

Reagents and conditions:NCS, AgNG@ CH3;CN/H,O (4:1), 0 °G 30 min (85%).

2.5. Summary and Future Work

2.5.1 Summary

Initial efforts towards the total synthesis of 14diAydro-17-epiwithanolide F 24)
concerned the synthesis of aldehyife a key intermediate in the proposed retrosynthesis
(Scheme 7. Pleasingly, aldetde 40 was synthesised in nine steps and an overall

14% yield from pregnenolon8&g) (Scheme 3%
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HO

Scheme 350ptimised synthetic route to aldehyi@

Reagents and conditionsi. ethylene glycol, 7sOH, toluene, 130 °C,12 h
(90%); ii. Pd(OAc), ADP, NaCGQs;, DMF, 160 °C, 72 h (62%)iii. H,O, (30% w/w),

10% NaOH in MeOH!PrOH, 15 °C,12 h (72%); iv. Li/NHs, NH,C 1 THF, T 7
toT 40 AC to 1 @) A GIOMCAE 1 4dioxane, reflux, 6 h (92%);

vi. AcCOH/HO/THF (66:35:10), rt, 12 h (100%); vii. 1,3dithiane, "BuLi, THF,

15 AC, 8viii.H\/IOMGI,iP%EtN, 1,4dioxane, reflux12 h(85%) ix. NCS, AgN@
CH3CN/HO (4:1), 0 °C, 30 min (85%).

The key steps of the synthesis included a Pd(@A®diated catalytioxidation process, a

Birch reduction, a € homologationvia a CoreySeebach reaction and an efficient

dithiane hydrolysis
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2.5.2 Future work

With aldehyde40 in hand, further studieswa r ds t he ¢ o n-fadtonaiside i or
chain were planned. ltwasnvi si oned tumsaturated taetonekie the side b
chain could be installedia a stereoselective vinylogous aldol reaction using a procedure

developed by lkekawat al®

The strategy outlined previously would involve the
condensation of the stadal aldehydetO with the lithium enolate derived from estE22

(Scheme 3Bk This investigation is discussed@mapter 3

40 4

Scheme 36Con st r udactonedh. o f U

Suggestedeaagents and conditions:LDA, THF/DMPU,T 78 °C, 6 h.
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Chapter3.Const r uct-Hastane 8dé Chairh e

As discussed in Chapter 2, the key step in the total synthesis of
14,17dideoxy17-eprwithanolide F 24) wa s -lattdne sida chain formation.
The installation of thistructural feature, which is unique to the withanolides in steroid
synthesis, has been thoroughly investigated over the past few amehlgs led to the
development of a number of different methods for its construction.

3.1. U-Lactone Construction: Literature Examples

In 1973, Hermanet al developed a deconjugative alkylation method to fampaternary
carbon center bearing a vinyl substituent, a key structural feature found in a number of
natural compounds such as vernolepinl2§, as sesquiterpene lactoffe

A nonnucleophilic form of LDA as a complex with HMPA was used in order to avoid any
Michael addition of the base to the ethyl crotonk28 and gave the desired alkylated
crotonate 124 in high yields (88%- 98%) using a broad range of alkyl halides
(Scheme 3Y.

CO,CH,CH;y i i CO,CH,CH,
7 R
| R
123 124 125 o
R =R'=alkyl Vernolepin

Scheme37. Deconjugative alkylation to form quaternary carbon center

Reagents and conditions:L DA/ HMPA (1: 1) , iR XDA/HWVIPAR(1:1),T 7 8
RO X, T HF(88%iufté 98%)C

The first studies ot he constr uctm®at ueldaond kide &idin bf
withanolides were conduct édUsilgyhe méteod afwa 6
Herrmannds gr opstesi22 and180avere radetedvveth LDA/HMPA

and the resulting dienolaté26 and131, respectively, were treated with steroidal aldehyde
127 (Scheme 38 . Their studies | ed -d¢ouplingih the addols c o
reaction of tetrasubstitut ensatueated lactosek?® o ¢
and132 respedately. The steroidal lactones thus formed were structurally identical to the
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side chains of withanolides but with the-22S stereochemistry instead of the
C-22R-configuration.

HI:\/CHO

EtO

\l CO,Et i Mou

122 126

'Bu0O
CO,'Bu i >_/2—0Li
>—< —_—
CH,OH CH,OLi

130 131

Scheme38. -Lactone formatiorwvia o-coupling of lithium enolate

Reagents and conditons: L DA, THF, 1i.78THKARE, 1208 mi@s; 1
and 22% ofl29:iii. THF, 178 A&and55%ofl39.11% of

Later, Gonzalezt al investigated an aldol condensation of aldeh$84 with acetone
under al kaline condi ti ons -unsdiuratet ketarte35and e d
hydroxyketone136 (no vyields were reported in the pap€r)The alcohol 136 was
acetylated and treated under-bromepfoponaead s k )
form the corresponding estekr37. After alkaline hydrolysis of the estel37, the
corresponding carboxylic acid cyclised under acidic conditions. The concomitant
dehydration of the tertiary@ 4 hy dr oxy g-lactonep38(@cheme 3¥ Ithwas U
suggested that the product formed was a mixture of epimers -22 @ith
Sconfiguration as the major one according to the Cotton effect of the lactone

(s 3. 72) .
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Scheme39. -Lakctone formatiorvia aldol con@nsation.

Reagents and conditionsi. acetone, 10% aqg. NaOHji. 1) AcO, 2) ethyl
Ubromopropionate, zindji. 1 M NaOH, MeOH, rt jv. 2 M HCI, MeOH, 60 °C, 24 h.

Ikekawaet al. subsequently investigated the construction of the lactone side chtie by
condensation of the -€20 hydroxyaldehyde 139 with the lithium enolate of
U ,-umsaturated ester22 and obtained keton®6 in 80% yield, which was suggested to

arise from elimination of the-@0 formyl group under basic conditiorScheme 4>°

139 Pregenolone (36)

Schemed0. Deformylation under lactontorming conditions

Reagents and conditions:ethyl 2,3dimethylbutenoatel@?) , LDA/ HMPA, THF

3 h, 1t, 19 h (80%).

On the other hand, the condensation of the correspond@ethoxymethylene ether

protected aldehyd@40wi t h a | i t hi wneatueated dstar?2alloveedl thel , b

formation of the desired -22R-lactone142 in 16% yield and the hydroxyestédl in
44% yield Scheme 4). These results have demonstratesl ithportance of protecting the

C-20 hydroxyl functionality in order to avoid subsequent deformylation during the
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condensation step and to promote the formation of lactbf2 with the desired

C-22R-configuration.

Schemedl. U-Lactone formation with the desir€i22R-configuration.

Reagents and conditions:ethyl 2,3dimethylbutenoatel@?) , LDA/ HMPA, THI
to 135 AC,1418ndH6%ot4D)% o f

Cleavage of the MOM protecting group also promoted the lactammsati hydroxy ester
141to form the final compound43in good yield (83%) $cheme 42 In the literaturg®
it was proposed that this resaliggested that the-22 alcohol was hindered by the MOM

functionality which, consequently, did not favour thedacsation step.

Scheme42. MOM deprotection using iodine

Reagents and conditions:l,, THF, 50- 60 °C, 16 h (83%).

Ikekawa and cavorkers developed analternative procedure to obtain the
C-22R-configuration for tle -lactone following the synthetic strategy developed by
McMorris for the synthesis of the 2Boxyantheridiol 152).”>"* As shown inScheme 43
after alkylation of the epoxidk44using 2methylt1,3-dithiane followed by deprotection of
the hydroxythiokeal with mercury(l) oxide, hydroxyketoneld5 was treated with
bromoacetyl bromide which following the McMorris procedure, gave the ladié8with

the correct €2R-configuration. The €5 hydroxymethyl was introduceda formation of

phenylthielactonel49 as a mixture of diastereoisomers aR®&in a 2:1 in favour of the
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U-configuration separable by column chromatography. Subsequent exposure of the latte
149 to an excess of formaldehydexCPBA oxidation of the sulfidel49 to the
corresponding sulfoxide and desulfenylation at high temperature allowed the formation of
the unsaturated lactonEs0in 14% yield over 10 steps. The lattds0 possessethe same
trHlactone side chain as found in the weailbwn withanolide, withaferin A §).

The dimethylactonel51was also prepared by this rougcheme 43

23-Deoxyantheridiol

Schemed3. Stereoselective synthesis of th&actone side chain.

Reagents and conditions. 2-methyl-1,3-dithiane, "Bu L i |, THF ,ii. HgD8 A
BF:A EQ, rt (76% over two steps)ii. BrCH,COBr, pyridine, EfO, 0 °C;iv. P(OEt},
100 °C,50 min;v. NaH, THF, rt, 30 min (79% over three stepd);H,, PdC, NaHCQ,

1,4dioxane, rt (100%)yvii. 1) Li CHA, THF, 1 3&HMRPACTHF 30
178 AC, (280of1480 and 15% of14%); vii. 1) Li CHA, THF,
2)CHO, THE 178 AC, 31 mB8RBA, CHG,®YJ, ;10 minx. 100 °C

(70% over two stepsi. 1) Li CHA, THF, 178 AC, 1 h, :
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Casinoviet al proposed a -lacionetnioiety of the withanotidasa theli
condensation of the stadal aldehydel53 with ethyl 4,6dimethyt2-oxo-2H-pyran
5-carboxylate 154) under alkaline condition$. The diacid155thus formed in good yield
(75%) was then decarboxylated by heating and simultaneously lactonisation took place tc
gi ve t hdactdnelsGinr38%yield Scheme 44

153

Scheme44. -Lactone formatiorvia decarboxylation of diacid55.

Reagents and conditions.. ethyl 4,6dimethyt2-oxo2H-pyran5-carboxylate 154),
NaOH, MeOH, reflux, 1 h (75%i. 2,4dimethylpyridine, toluene, 100 °C, 1 h (33%).

Another strategy was proposed by Honda angvorkers for the construction of the side
chain characteristic of the withanolid@sTheir method was based on the riejargement

of a furylcarbinol type bcompound. The stereoselective synthesis-@2&furylcarbinol

159 was achieved in good yieldia the addition of Zithio-3,4-dimethylfuran to the
aldehydel57. The next key step was the rieglargemenvia an Achmatowicz reaction
using NBS to give thdactol 160 in 84% vyield. The following reactions using standard
chemistry gave access to the desired lactdbd in 13% vyield over four steps
(Scheme 45 This synthetic approach was successfully applied in the total synthesis of
minabeolide3 (165 acheved in 30% yield over 12 steps.
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Minabeolide-3

Schemedb. -Lactone formatiorvia ring-enlargement of the -@2S-furylcarbinol 159,

Reagents and conditions: 3,4dimethylfuran,"BuLi, methylaluminiunbis(2,4,6tri-tert-

butylphenoxide), CkCly, rt, 2 h (80%);ii. NBS, anhydrous NaOAag. THF, 0 °C, 30 min
(84%); iii. PCC, celite, anhydrous NaOAc, &, rt, 2 h; iv. NaBH,, MeOH, 0 °C,
30 min (73% over two stepsy; 1) AgO, DMAP, pyridine, ChKCl,, 0 °C, 1 h (95%),
2) zincamalgam, HCI, BO, 15i°C, 15 min (21%, 77% brsmyj. DBU, THF, rt, 2 h
(91%).

3.2. Synthesis of Ethyl 2,3Dimethylbutenoate (122

Based on the previous literature precedents, the most straightforward method and valid ir
terms of obtaining the desiredZ2R-configuration was the one step synthesis conducted
by | k ek awatéossisedrofa nusleophilic attack of the lithium dienolate of ester
122onto the steroidal aldehyd® as shown irscheme 36

Unfortunately, he ethyl 2,3dimethylbutenoate 122) is not commercially available;
therefore, its synthesis was investigated.
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3.2.1.Synthess of ethyl 2,3dimethylbutenate (L22): literature routes

The synthesis oéthyl 2,3dimethylbutenoate1? has been exhaustively examined by
many groups over the years and we herein describe the most successful results.

Initially, Gallagheret al adieved the synthesis of ethyl 2d8nethylbutenoatel@?) via a

Wittig reaction with triphenylphosphorarié7 using standard conditionS¢heme 45
Unfortunately, the yield of the reaction was not reported in the publication. Furthermore,
later on Isaes and EIDin reported that the same reaction conditions delivered the desired
unsaturated estd22in only 1% yield. In their case, the Wittig reaction required very high
pressure conditions (P = 9 kbar) to be able to acetbgs 2,3dimethylbutenoatél122) in

good yield (80%)’

(o] (o) .

1

)J\ + Etojkfpphs B ————— = COzEt
166 167 122

Scheme 46Synthesis oéthyl 2,3dimethylbutenoatel@?) via a Wittig reaction.
Reagents and conditions:CH,Cly, reflux,12 h.

Another interesting approach was the direct silylatiolittoium enolate derived from ester
168 followed by a Petersoetype of reaction to afford the corresponding ethyl
2,3-dimethylbutenoatél122) in 54% yield(Scheme 4Y."®

0 i, ii o i
How 1 e e eom
Ph/sil‘Ph
168 169 122

Scheme 47Synthesis oéthyl 2,3dimethylbutenoatél2?) via a Petersomreaction.

Reagents and conditions:.LDA, THF,7 78 AC,,ii.BMCH®i €1 , 178 AC,
2 h (9% over two stepsiii. acetone, LDA, THF, 178 AC,
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Skibbieet al. were able to prepare the desired e$&via a HornerWadsworthREmmons
reaction usingriethyl phosponopropionatg170) with sodium hydride in DME in 69%
yield (Scheme 48"

o o9 i

)’J\ + Eto)k('::\ EE ——————— = ~CO,Et

OEt
166 170 122

Scheme 48Synthesis oéthyl 2,3dimethylbutenoatel?) via a HornerWadsworth

Emmons reaction.
Reagents and conditions:NaH, DME, 0 °Chen reflux,12 h(69%).

3.2.2 Synthesis ofthyl 2,3dimethylbutenate (L22): results and discussion

Unfortunately, in our hands any attempts to repeat the procedure develosdabbie

et al.only led to the recovery dfiethyl phosphonopropionaté 70) (Scheme 48.”° Other
bases BuLi, LIHMDS) and solvent (THF) were screened but none of these conditions
resulted in the formation of the desired prodi2® Likewise,the synthesis ogthyl
2,3-dimethylbutenoate 122) via a Wittig reaction with triphenylplsphoranel67 using
standard conditions only led to recovery of the starting mat&6@@lafter purification
(Scheme 4%

The synthesi®f ethyl 2,3dimethylbutenoatel@?) was consideredlia a Br/Li exchange.
Lithiation of commercially available bromobuie171 and trapping with C@delivered

the desired carboxylic acid72 in 36% vyield (Scheme 4% This reaction has been
disclosed in the literature in a comparable 34% \i®lurther esterification was
attempted using differenteaction conditions (EtOhwvith SOCL or H,SOy). Thus the
reaction mixture needed to be stirred for a long period of time (3 days) and at 50 °C in
order to push the reaction to completiorRPleasingly, the desired thyl
2,3-dimethylbutenoaté¢122) was observed in the crude-NMR spectrum, in conjunction

with ethanol. Unfortunately, estet22 is very volatile and concentration as well as
distillation of the solvent did not offer a good separatibarefore, na@wonclusive yield can

bereported
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w/LBr ' _>coH " | Z>C0,Et

171 172 122

Scheme 49 Synthesisof ethyl 2,3-dimethylbutenoatel22) via esterification

Reagents and conditions: Li, CO,, THF, 130 AC t 0%)jii780CHoE t o
H,SQ, EtOH, 50 °C, 3 d.

Considering that none of the aforementioned conditions were uaefuither method for
the synthesis of t h y-tlimethylbbitenoatel?) was consideredia a Br/Li exchange. It
wasproposed that lithiation of commercially available bromobutefteand trapping with
ethyl chloroformate {73 would give the desired crotonat@?2 directly (Scheme 5p®
Unfortunately, upon purification by column chromatography, decomposition of the cru

residue was observed. Likewise, the usiBol.i led only to a decomposed mixture.

(0] i
=z 74
ﬁ)\Br + m)koa \H\COZEt

171 173 122

Scheme 50Synthesis oéthyl 2,3dimethylbutenoatel@?) via lithiation of bromobutene
171

Reagents and conditions:"BuLi or*Buli, ELO, 1778 AC to rt, 3 h.

Another method for the synthesis 0Of,-unsaturated estdr22 was based on the treatment
of enol triflate 175 accessible from the commercially availalfidetoesterl74 with a
cuprate reagentThus, b-ketoester 174 was treatedwith triflic anhydride under
SchotteaBaumann type conditions to furnish the correspondif)gefol triflate175in an
increased yield when compared to the literature (100% vs. &79%he
(2)-configuration of the product75 was established by the prese of the high field
signal of theC-5met hyl gr oup ‘HNMRispe@runivéhichi was corisistent
with *H-NMR data previously published in the literatfféndeed, thec-5 methyl group in

the E)-enol triflate was expectedshowat U 2. 42 accor®ding to 1

60



Lipshutz and Bvorthy described in the literature that for the coupling between vinyl
triflates and allylic cuprates, cyanocuprates presented the highest redttiigrefore,
(2)-enol triflate 175 was treated with methyl cyanocuprate in order to synthesise the
desie d -uhsafurated estet22 Disappointingly, the outcome of the reaction was a

decomposed mixturé&SEheme 51

o o i 0 o .
MOB - . )\(MOH — - )\rcoza
5
174 175 122

Scheme 51Synthesis oethyl 2,3dimethylbutenoatel@?) via a cuprate coupling.

Reagents and conditions: THO, aq.LIOH, toluene, 5 10 °C, 30 min (100%)j. CuCN,
MeLi,EtO, 178 AC, 1 h.

A screening of different cuprate reagents wiherefore undertaken as summedsin

Table 6 (Schame 52.

O O i
M*‘ L )\rcozEt

175 122

Scheme 52Coupling béween g)-enol triflatel75and an organocuprate.

Reagents and conditions:1.0 eq CuX 2.0 eqMeLi, EtO, 1 78 AC, 1 h.

Table 6. Screening of cuprateagents.

Entry CuX Outcome
1 CuOAc decomposd mixture
2 CuCl rsmil75
3 CuOTf decomposd mixture
4 Cul 122 87%

Most of the reaction conditions assayed led to decomposition avascof the starting
material 175 (Schemeb52, Table 6, entriesl to 3). Fortunately, the use of copper iodide
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deliveredethyl 2,3-dimethylbutenoat€122) in very good jeld (87%) [Table 6, entry4).
This result was pleasingly reproducible on large scale (up to 4 g, 9.56 mmol).

The absence ofJos BB HA INCANMR specttuin&haraateristic of the
CF; group of the triflate functionality of the starting matetidb along with the presence
ofa third met hy }1.80g(m)oin the'HaNIMR $pecttum &aénfined the
structural assignment of ethyl 2dmethylbutenoatel?).

33. Studi es Towards t-lhaeton€ddnstruction of U

3.3.1Studies usingtlyl 3,3-dimethylbutenoat€l78)

Our first approach was to test the vinylogous aldol type reaction using conditions
develomd by Ikekawaet al on a simple and easily accessible model system such as
2,2-dimethylphenylacetaldehyde (177) using commercially available ethyl
3,3-dimethylacrylate 178. Hence,2,2-dimethylphenylacetaldehyd@ 77) was obtained
from 2-phenylpropionklehyde 176) repeating a published procedurevery goodyield

87% vs 77% in the literaturd).  Unfortunately,  submitting
2,2-dimethylphenylacetaldehydé€l77) to the previously described aldol condensation

conditionsresulted exclusively in the recoyenf the starting materidl77 (Scheme 53

©/LCH0 i ©><CHO

176 177 179 o

\KCOZEt
i 178

2
o g

Scheme 53 At t elacmmhedathatidn using a model aldehyde7.

Reagents and conditions. NaH, Mel, THF, 0 °C, 1 h (87%)j. LDA, DMPU, THF,
i78 AC to rt, 6 h.

T h elactdne synthesis was attempted on benzaldei&® (epeating the same literature
procedure developed by Ilkekawat al wusing commercially available ethyl
3,3-dimethylbutenoate 1(78.%° Pleasingly, this reaction delivered the desired lactone

product 181 in excellent yield (78%) along with the hydroxyeste#82 in 8% vyield
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(Scheme 5% 'H-NMR data of these two compound81 and 182 were consistent with
those previously published in the literatfi?&’

\Kcoza
i

o o
12
o 178 (0] | OH | o™ 13
+
o |
181 182

180

Scheme 54 -Lactonel81formationusingbenzaldehyd€180).

Reagents and conditions. L D A , DMP U, THF, 178 Al8lando r f
8% of 182).

Unfortunately, these reaction conditiowgre unsuccessful when applied to the steroidal
model systeni18andonly led to decompositiorScheme 5h

118 183

Scheme 55 At t elacphek88formation upon deprotonation with LDA.

Reagents and conditions:L D A , DMPU, THF12h178 AC to rt,
Another option wasthe optimised reactiooc o ndi t i o n dactoheo formatioh e
developed by Gademaret al during their synthesis of withanolide 8)(° To this end,
aldehyde 118 was treated with ethyl ,3-dimethylbutenoate 1(/8 and LIHMDS in
THF/DMPU at low temperaturéScheme 5% . TldetenelB3 was isolated as a mixture

of diastereoisomers at-22 in a 1:1 ratio in poor yield (9%). The structural assignment of
lactone 183 will be discussed later in this Chapter. The major product isolated was the
U, b-dienpidiacidl84 (25% vyield). Mehanistically, it was thought that the open chain
lactone was first synthesised as a hydroxyester which underwent subsequently dehydratio
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to give the isolated dienoic aciB4 The latterl84 was a novel compounchd as such

was fully characterisd. Its $ructure was confirmed by key signals in thé-NMR
spectrumincludingt hr ee downf i en58 (dskhgsnallé. 4t HA) ,
(d,J23= 16. 4 Hz) areptesemtdtive of the virylie prgtang23d, H22 and

H-25, respectively, along with downfield signalste *C-NMR s pect ¥58In at
(C-29) , 4.1 (€22, U 12%8239 0( 11€&-23 chdracteristic of the

U, b-unsatutated diene. The carboxylic acid moiety was confirmed by IR spectroscopy,
namely by the presence of typical peak&384cm® and at 1714m* representative of the

O-H strett and theC=0 stretch, respectively.

YCOZEt
, OMOM

R~ CHO 178

118

MOMO

Scheme 56 -Lactonel83formation upon deprotonation with LIHMDS.

Reagents and conditions:L i HMD S, THF, DMP U, 1788346 t o
25% 0f184).

Given the side reaicin encountered when using ethyl -8lignethylbutenoatel(79), it was
proposed that the lattd78 did not constitute a good model system to use for this type of
sensitive reaction. Th elactene tomation were Benceforth d i
cariedoute x c | usi v el y-dimehylbugnoatdl@?y I U, b

3.3.2 Studies usingthyl 2,3-dimethylbutenoatél22)

Initially, the studies towards the unsaturated lactone side chain construction were focusec
on the steroidal model aldehydl&8 (Scheme 5Y. A saeening of reaction conditions were

run in order to optimise the synthesis of the desired lad85as summarised ihable 7.
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\%\COZEt

122

—_—
conditions:

see Table 7 MOMO

118 185 115

Scheme 57S y nt h e-Rdtose usirig thd modaldehydel18

Table 7. Screening of conddns for thed-lactonisatioron model systeri18.

Entry | Deprotonation step conditions Addition step conditions Outcome
| T AR, T a1 0 sanuan] S
’ 122(2.;zqg,’NarN;ID?é&qué),’ 118(1.0 eq.) . de;?;?f:;sed
e T e
4 122(2'T7ﬁlqg’,LiH'\TA[;ség'ercg): 118(1.0eq. ), 178  11548%
| RS IS s o eq | el
o | TSSO a1 0 eaigo a| lel
M O
o | RO SUOSCOS) s 1 0 emiyo A et

*. DMPU freshly distilled over Cai
' inverted addition,i.e. a solution of the lithium dienolate derived frob22 was added to the
aldehydel18ati 78 °C.

When applied to steroidal aldehy#l&8 the conditions developed by Ikekaetal led to
decomposition as predicted by the test reaction ruthermodel system18 usingethyl
3,3-dimethylbutenoat¢l78) (Scheme 5% (Table 7, entry1).*° Subsequentlyht e -ladione
185 synthesis was attempted usirtige optimised reaction conditions developed by

65



Gademanret al. as previously describéd.To this end, ethyl 2 8imethylbutenoatel@?)

was deprotonated using LIHMDS in THF/DMPU (8:2) at low temperature eguiesitly,
aldehydel18was added slowlgver15 min. Fortunately, these conditiolesl to formation

of t he -lacei8bia 83% yield along with keton&15in 8% yield Table 7,
entry7). In order to optimise the yield, the reactionwasrun dttegr t emper at ur
so that the nucleophilic attack would be favour&dble 7, entry 8). After noticing by

TLC that the desired produdB5 was formed predominantly within the first hour of the
reaction and then decomposed into other products afterttte reaction was repeated at
T40 AC for one hour. Pl easingly, a sign
(Table 7, entry9). Moreover, in order to try a broad range of temperatures, the reaction
was attempted at very low temperature (betwied0 °C and 90 °C) which surprisingly
delivered a small amount of the desired prodd&6 in poor yield (11%) and
predominantly afforded the-20 ketonel15(52% vyield,Table 7, entry6). One hypothesis

to explain the recurring low yield of this reactiorasvthat the initial deprotonation step
was not complete, leaving an excess of base in the reaction mixture upon addition of the
aldehydel18 The base may be involved in the cleavage ofmle¢hoxymeéhylene ether
protectinggroup of the €0 alcohol118 which followed by a deformylation step would
lead to the formation of the-20 ketonell5 as the major producWith this in mind, it

was thought that reducing the number of equivalents of the base and of the ethyl
2,3-dimethylbutenoatg122?) could positivéy influence the reaction and help avoid the
synthesis of the 20 ketonel15 Unfortunately, this was not observeéhble 7, entry5).

Other bases such as NaHMDS and KHMDS did not improve the outcome of the reaction
either Table 7, enties 2 and 3). Additionally, the presence of DMPU seemed to be
determining f or -lactore siflecham astshowmin evfifyFortuhagty, U

t he d datonel8Siwadiobtained in very good yield (73%) whesing the standard
conditions buttransfering the dienolateinto a solution ofaldehyde118 via canulaat

178 °C (Table 7, entry 10) . T h e -ldctoseil85avds alhovel compoundnd
therefore, fully charactemsl. Its structural assignment will be discussed later in this

Chapter.
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3.3.3Sy nt h e-kdtogedlo f u

Considering the aforementioned optimisation study, the most promising reaction
conditions to form the unsaturated lactone side chain were tested using the target aldehyd
40 as described iable 8 (Scheme 58

\%\COZEt

122

conditions:
see Table 8

Scheme 58Sy nt h e-Rdtose usirighe largetaldehyde systerO.

Table 8 Screening of conditions for tlelactonisatiorof steroidal aldehydé0.

Entry Deprotonation step conditions Addition step conditions Outcome
122(2.7 eq.), iIHMDS (3.0 eq.) i} " 40: 68%
1 THF/DMPU* (1 8: 2) , 40(1.0 emi 30 Af 38 11%

122(2.7 eq.), iIHMDS (3.0 eq.) 41: 33%

40( 1. .
2 | THF/ DMPU* (8:2) 0(1.0 eaq.), 38 41%
. 41 67%

| 122(2.7 eq.), HMDS (3.0 eq.) )
3 N ) 40(10¢q . ) , 1 78 38 4%
THF/ DMPU* (8: 2) Lo 20

*: DMPU freshly distilled over Cal

: inverted additionj.e. a solution of the lithium dienolate derived froh22 was added to the
aldehyde40Oati 78 °C.

When applying the conditions developed by Gadenwrai to the target systed0,* the
desired lactonell was formed in 33% vyield along with 41% of the deformylated side
product38 (Table 8, entry2). Therefore, the same strategy as with the model sy$fén
was used and the reaction was repeatéd@t’C forl h using the target aldehyde steroid
40. Unfortunately, in this case, most of the starting matdalas recovered along with
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some G20 ketone38 (Table 8, entryl). Fortunatelyjnverting the order of addition of the
reagents helpednce again to deler the desired lacton#l in an improved67% yield
along wih 4% yield of the €0 ketone38 and3% vyield of the hydroxyl este86 both of
which were readily separable by column chromatogrgphaple 8, entry3). Hence, these

conditions were used wheapeating this reaction.

3.3.4Discussion of the stereoselect i t y -laxtbnisatibnestepl

The struct ur albctorredlsvasgeonfitmed tby the fpresénce of a downfield
signal at U 4. 2 3%a8«= 43.3Hp anblek.= ADHehIh thet  (
'H-NMR spectrum characteristic of a metain p r ot o nlactoné side fchain. i

C-22 <conf i gu rletbne side chaih was hnécipated tofbdndeed, according

to Cramdés rul es, the condensationd0was t h
assumed to occur through a Cram chetatdic model. Therefore, the nucleophilic attack
would arise along the less hindered faae,on opposite face of the steroid core structure

to deliver the €2R-configuration as shown iRigure 20.

Li ®
—o0 —0
H,C, OMOM \_—-00 \_—0 OH H,C, OMOM

. [T — — Nuc
Ster = Nuc N = Ster -
uc Ster— HO 'H
° " ster [ cHy H SHs

126 Ster =

MOMO

Figure 20. Cram chiate cyclic model for diastereoselective vinylogous aldol condensation
of lithium dienolatel26 with aldehydetO.

Similar arguments were wused t dactonesi8band m t
183which both presented key downfield methine proton signals in'tHeitMR spectra.
Hydroxyester186 exhibited typicalethyl peaks in*H-NMR spectrum i.e. a downfield

s i g n adll6(lar g, 4Abs= 7.1 Hz) assigned to the Gigroup of the ethyl functionality
and a high 1325& U8s=9.1 gz thé methyl graup of the ethyl moiety of
esterl86
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3.4. Synthesis of Tiol 21

3.4.1 Study on model systedB5

The next step in the total synthesis bd,1#dideoxy17-epiwithanolide F 24) was the
cleavage of the methoxymethylene ether protecting groupslatG3 and G20 using
strongly acidic condition$’ The 6 M ag. HCI in THF conditions were first tested on the
model steroid systerh85 and proceeded to give the desired d&6lin quantitative yield
(Scheme 5% The structure of did6 was confirmed byH- and**C-NMR spectramissing

the signals characteristic of MOM groupamelyt wo downfi el d si gn
representative ohe CHgr oups and two singlets at -~
groups of the MOM functionality These data were consistent with those previously
published in the literatur®.

185 56

Scheme 59MOM deprotection under acidic conditions.

Reagents and conditions:6 M ag. HC| THF, rt, 3 h (100%).

3.4.2 Application to target systedil

In the same manner, lactongl was submitted to 6 M aq. HCI conditions to deliver
quantitaively the corresponding trid21 (Scheme60). This reaction has been previously
disclosed in the literature in a lower yield (82%) using the exact same reaction conditions
and substratd1 as reported by Ikekawet al during the synthesis of withanolide(p).%°
Moreover, the absence Gf-NMR signals characteristic of MOM group of the starting
material41 confirmed the structure of tri@l which was fully characteresl.
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41 21

Scheme 60MOM deprotection of lactonél.

Reagentsnd conditionsi. 6 M aq. HC| THF, rt, 7h (100%).

3.5. Summary and Future Work

3.5.1Summary

The U-lactone side chain oi4,17dideoxy17-epiwithanolide F 24) was successfully
introduced using methodology developed during the synthesis of the model comigéund
Extensive optimisation studies were required to obtain the desired lattamon aldol
condensation of aldehyd40 with lithium dienolate derived from estehr22, readily
prepared from a coupling with vinyl triflaté75 as previously outlined in Schent2.
Subsequent cleavage of the methoxymethylene ether groups of lddtonéer strongly
acidic conditions allowed the synthesis of tr&d, a key intermediate in theuggested

retrosyntheticstrategy(Schemer), in 67% yield over two stepS¢heme 61

Scheme 61Synthesis of trioR1.

Reagents and conditis: i. 122 LIHMD S , THF/ DMPU ( 81i1i.B5)Maq.1 7 8

HCI, THF, rt, 7h (67% over two steps).
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3.5.2 Future work

Future work was focused on completing the total synthesid4gE7dideoxy17-epk

withanolide F 24) via A/B-ring functionalisation to construt¢he desired 2;8ien-1-one
fragment. Namely, it was proposed to selectively acetylate tridl at G3 and the
C-1 hydroxyl functonality would then be oxidised under standard conditions. Finiéy,
desired target compourfdl could be accesseada the elimination of the C3 acetatgroup
of compound23 (Scheme62). The culminatiorof thetotal synthesigs further detailed in
Chapter 4.

oxidation

Scheme62. Construction oA/B-ring 2,5-dien-1-one fragment
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Chapter 4. A/BRing Functionalisation: The
Synthesis of 14,1-Dideoxy17-Epi-Withanolide F
(24)

4.1. A/B-Ring Functionalisation: Synthesis of 2 ,8Dien-1-One Fragment

4.1.12.5Dien1-ones literature exampke

As previously mentined inChapter 1, the 2,5dien1-one fragment isa@mmon for the
A/B-rings of different withanolided={gure 3). Several syntheses of this key structure have
been disclosed in the literatuf€® Most of them followed the same synthetic strategy;
namely the conversion of the id®l functionality in theA-ring into the corresponding
U ,-umsaturated ketonevia a selective protection of the-& alcohol, oxidation of the

C-1 hydroxyl group and elimination of theleaving group.

In 1975, Ikekawaet al developed a synthetic sequence to conleifhydraxycholesterol

(187) into the corresponding choles2eb-dien1-one (89 in 54% yield over three steps.

A selective acetylation at-@ under standard conditions and the oxidation -df &cohol
187using Jonesd reagent wer BaOH mUdibxaneSfEhkmd y ¢
63)l26

188

189

Scheme 63Synthesis otholesta2,5dien-1-one (189).

Reagents and conditions: AcO, AcOH, 80 °C, 4 h (60%)j. CrOs acetone, rt,
iii. 1.5% aqg. NaOH, 1;dioxane, rt, 6 h (90% ovéwo steps).
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Okamuraet al used the same strategy when studying the synthesis of vitay(i®Ipand
analogues with modified Aings®® Thus, selective benzoylation at3under standard
conditions was achieved in good vyield. Subsequent oxidation vithn e s 6 r e a g ¢
elimination of the €3 benzoyl group using DBN as the base delivered the desired
2,5dien1-onel189in 36% yield over two stepStheme 64

190 189

HO™ Vitamin D,

Scheme 64Synthesis of 2n1-one fragmentia selective Bnzoylation of dioll87.

Reagents and conditions: BzCl, pyridine 0 °C, 15- 20 min (72%), ii. CrOs, acetone
10 min (98%)jii. DBN, E$O, rt, 1.5 h (37%).

In 1982, Ikekawaet al applied the same synthetic approach during the synthesis of
jaborosahctone A 195.2° Hence, diol 192 was selectively protected at-T with a
TBDMS group followed by oxidation of the-Calcohol in moderate yield under standard
conditions.The final seqence of reactionsf the synthesisvolved cleavage of the silyl
ethe protecting group under acidic conditgnacetylation of the corresponding
C-3 alcohol and subsequent elimination which was achieved unddy fodsic conditions

using aluminao deliver 2,5dien1-onel94in 13% yield over eight stegScheme 65
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Vv, Vi,

Jaborosalactone A

Scheme 65Synthesis of jaborosalactone 295).

Reagents and conditions. TBDMSCI, imidazoleDMF (63%j) ii. 1) mCPBA, CHC4,
178 AC, 2) i OMEM@, ®Pr,NE6 GHl,; iv. PDC, DMF (41% over two
steps);v. AcOH, BHO, THF; vi. AgO, pyridine; vii. AlLOs, benzeneyiii. H,SQ,, THF
(81% over four steps)x. mCPBA, CHCI,(71%).

Another similar example was reporteg Grieco and cavorkers during the total synthesis
of (+)-withanolide E 7).*? Thereby, the selective acetylationbfU ,-dBob196 at G3 and
subsequent Swern oxidation ofIChydroxyl group furnished ketonk98in 56% yield
over two steps. The eliminaticof G-3 acetyl group was successfully achieved using DBN
and the final epoxidation step using peracid deliveredvthanolide E 7) in 71% vyield

over two steps§cheme 65
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(+)-Withanolide E

Scheme 66Synthesi®,5dien1-onefragmentvia selective acetylation.

Reagents and conditiong: AcO, DMAP, pyridinert, 15 h (72%) ii. (COCl),, DMSQ
EtsN, CHCl,, 178 AC t o iit DBN,ICHGI, rh 40(nmin8ivoeinCPBA,
NaHCG;, CHCIy, 18 h (71% over two steps).

More recently (2001), Sodano6s -dgrrlonep0l wa s
in 55% vyield from diol199 over three steps durindpe total synthesis ofl-acetyt24-
desmethyistoloniferone C Z02), a bioactive secondary metabolite from a marine

invertebrate $cheme 67.%°
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11-Acetyl-24-desmethyl-
stoloniferone C

Scheme 67Synthesis of I-hcetyt24-desmethyistoloniferone CZ02).

Reagats and conditionsi. AGO, pyridine rt, 12 h(91%) ii. P D C, 3
CH.CI, rt, 6 h (75%);iii . Al,O3, benzene, reflux (80%iy. mCPBA, NaHCQ, CH,Cl,, 0

°C, 5 h (28%).

4.1.2 Studies of the Aing functionalisation using a model system

U mol ecu

In order to investigate th&-ring functionalisation, an optiisation study was undertaken

using ketoné1as a model system. The first step was the selective acetylation 6fL@ibI

C-3, to this aim several conditions were attempted and are summariséabli@ 9

(Scheme 638

conditions:
see Table 9

Scheme 68 Attempted slective acetylation of di@1.
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Table 9. Screening of conditions for tlselective acetylation of di@l.

Entry Reagents Conditions Outcome
- 203 8%

1 Ac,0 (2.2eq.),pyridine (5.0 eq, DMAP (0.1 eq.); CHCI, rt,1.5 h 204 62%
203 24%

2 Ac,0 (3.6eq.),NEt; (2.6 eq), DMAP (0.1 eq.), | CHyCly, rt,o/n 204 67%
203: 43%

3 AcO (1.8 eq.)NEt; (1.3 eq.), DMAP (0.1 eq.),| CH.ClI,, rt,0o/n 204 24%
203 44%

4 Ac,0 (3.6 eq.)NEt; (2.6 eq.), DMAP (0.1 eq.) | CH,CI,, 0 °C,of

20 (3.6 eq.)NEt; (2.6 eq.) (0.1 eq.) | CHCI, om0 19%

203: 49%,

5 Ac,0 (1.8 eq.)NEt; (1.3 eq.), DMAP (0.1 eq.),| CH.Cly, rt,1.5h 85%brsm
204 10%

6 Ac,0 (2.2 eq.)pyridine (5.0eq.), CH.CI,, rt, o/n 203 50%
203 65%

7 Ac,0 (3.6 eq.)NEt; (2.6 eq), DMAP (0.05 eq.) | CHCI, rt, o/n 204 20%

As outlinedin Scheme 67for the synthesis ofll-acetyt24-desmethyistoloniferone C
(202), the selective acetylation of&hydroxyl group has been reporiedhe literature in

good yield® Unfortunately, in our handgesereaction conditions dy led to moderate

yield (Table 9, entry6) . Similarly, the conditions wus
synthesis of withanolide A8) (Scheme § were attempted and unfortunately, the major
compound isolated was the diacetylated pro@0dtin 67% yeld, probablybecaus®f the
excess of acetic anhydride usgkhble 9 entry 2).*® Therefore, a screeninsfudy was
undertaken based on the variation of the previous reaction conditions such as changing th
base, decreasing the number of equivalent of rdagents, varying the time and the
temperature of the reactiomdble 9, entries 1, 3, 4 and5). Disappointingly, none of these
reaction conditions significantly improved the yieltdthe reactionFortunately, decreasing

the number of equivalent of theMAP catalyst helpeé deliver the desired compou03

in an acceptablé5% yield Table 9, entry7). Hence these conditions were used when
applying this reaction to the target steroidal sysednThe desired aceta@3was a novel
compound and thereforylly characterised'H- and**C-NMR data of diacetat204 were

consistent with those prexisly published in the literatur¥.

It was considexd that the protection of di@1 could be achieved withetter selectivity
using bulkier protecting groups. @&tefore, diol61 was selectively protected atZwith

the benzoyl functionality usingbenzoyl chloride undestandard reaction conditions
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allowing the formation of the desired produ@®d5 in 68% yield alongside with the
dibenzoylated produ@06in 19% yild (Scheme 69

Scheme 69Selective benzoylation of di6l1.

Reagents and conditions: BzCl, pyridine, ChKCl,, rt, 12 h (68% of 205 and 19%
of 206).

Another option was to protect di6ll with a pivaloyl group. Tis reaction was run under
standard conditions anghfortunately,led mostly to the recovery of the starting material
61 alongside formation ofhe desired compoun207 selectively butn poor yield (14%)
(Scheme 7p°

Scheme 70Selective pivaloylation of didb1.

Reagents and conditions:PvCl, pyridine, CHCl,, rt, 12 h(14%).

These three last compound®5 206 and 207 were novel and therefore, fully

characterised.

The next key step was the oxidation ofl@lcdiol 205to the corresponding ketone using
DessMartin reactionconditions. Unfortunizly, decompositiomeactions competeahd the
desired keton€08 was only formed in poor yield (32%}urthermore, lie following
elimination stepusing KOHwasunsuccessiun this instance andnly led torecovery of

thestarting materia08(Scheme 71
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209

Scheme 71Synthesis of 2lien1-one209via elimination of G3 benzoyl group.

Reagents and conditions:DMP, CHCI;, rt, 12 h(32%); ii. 0.1 M KOH, dioxane, rt, 15

min.

Giventhe previougesults, it was suggested that using thisZoghprotecting groupwvas
not the best optionFortunately, the Desdlartin oxidation of the acetoxy protected
C-1 alcohol 203 was successfuland plasingly delivered the desired keton210
quantitatively (Scheme 72 Ketone 210 was a novel compound and thieme, fully

characterised.

AcO

Scheme 72DessMartin oxidation ofalcohol203

Reagents and conditions:DMP, CH,Cly, rt, 12 h(100%).

The elimination step of acetat®10 to obtain the corresponding -2n-1-one 209 was

investigatechext(Scheme 73Table 10).

conditions:
see Table 10

2

Scheme 73Synthesis of 2;8lien1-one209.
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Table 10 Screening of aaditions for the elimination of €3 acetategroup210.

Entry Conditions Outcome
1 0.1 M KOH (0.5 mL) dioxane rt,3 h 209 76%, 100% brsn|
2 DBN (2.0 eq.), rt40 min 211 89% yield
3 DBN (0.5 eq.), rt10 min 211209 (1:0.12)
4 Al,O5 (25 eq), benzene rt A 55 °C 5h 209 95%

Considering that a related eliminatiaas reported in the literatutsing DBN as the base,
these reaction conditions were the first to be tested with our model spd@ri®
Surprisingly upon elimination of the acetageoup, 3,5dien1-one211was isolated as the
major compound in a very good yiel@able 10, entry2). It was initially proposed that the
prolonged time of the reaction might have facilitated isomerisation of the double bond
from the 2,3 to the 3,4posiion. Therefore, the previous reaction was run under the same
conditions but for 10 min which led to an inseparable mixture ofi&b1-one211 and
2,5dien1-one209in a 1:0.12 ratio{able 10, entry3). Fortunately, other basic conditions
using less hidered bases delivered the desireghnd-one 209 in very good to excellent
yields (Table 10, entriesl and4).

Both dienone product209 and 211 were novel compoundsnd therefore, fully

characterisd.

4.1.3 Discussion of the elimination step

It is likely that the elimination stepin Scheme 73proceeded byan Elcg type of
elimination leading tajive the 2en-1-one substitution in the Aing. The assignment of
enone209was supported by typical peaks in‘its- and**C-NMR spectrumindicating the
presence ofra  Winshturated ketopeamelya s i g n6a7V @dd,t)s, =i10.0 Hz,

J: ##.9Hz, J3 #2.5Hz)a n d 587 (ddi;,=10.0 Hz,J, #&.1 Hz)assigned tdhe

vinylic protonsH-3 and H2, respectively and peaki$4at 2 [ at@ibutéd? 4 . ¢
to C-1, C-3, andC-2, respectively.

Given the aforementioned results of the screening of different bases for the elimination
reaction leading to two different substitution patterns in theng, we initially thought

that alkene isomerisatiaof 2091ed to the formation o211, but an alternative hypothesis
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is that the steric hindrance between DBN and th&9Caxial methyl group may lead to
E2-type elimination of H4 rather than an &g elimination. The structural assignment of
the 3,5dien1-one 211 was verified by the presence of distinctive peaks in‘Hieand
3C.NMR spectraie. t wo downf i6603 (brddki=®B8Hz) s @559 @p 1
assigned tahe vinylic protonsH-4 and H-3, respectively, and two high field peaks at
0129.4 and aii 121.6attributed to G4 and G3, respectively.

414AThe End Gameo: t-dideoxyd Aepiwithanaslided 24 f 14, 17

Given the aforementioned optimisation studies on the model sySfetowards the
synthesis of the -2n1-one fragmenin the Aring, the best results were applied to the
desired steroidal target; thus, diBdl was selectively acetylated at-Xin good yield
(only 17% of the bisacetylated compoud2 was isolated). Subsequent Dégartin
oxidation of G1 hydroxyl group22 delivered keton@3 in 84% and the final elimination
step usingoasicalumina allowed the formation of the desired targetd?gfhr1-one 24 in
excellent yield $cheme 73 The data of acetat2?2, the undesired diaceta®l2 and

ketone23 were consistentith those previously published in the literatéte.

21 22 R'=H;R2=Ac
212, R'"=R2=Ac

Scheme 74Construction ofA-ring 2-en-1-onefragmentof targetcompound?4.

Reagents and conditions: Ac,O, EgN (50% in CHCI,), DMAP, CHCIy, rt, 6 h (72%);
ii. DMP, CHClIy, rt, 2 h (84%);iii . Al,O3, benzene, 50 °C, 3t5(90%).
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4.1 5 Characterisation of 14,idideoxy17-epiwithanolide F 24)

Once the total synthesis df4,17dideoxy17-epiwithanolide F 24) was completed,
'H- and*C-NMR spectral dataf the syntletic sample (se@Appendix Il for copies of

NMR spectra) were comparetb the data previously reported in the literature
by Choudharyet a

publishediterature. The incorrect peaksported in the literature are highlightedTiables

11andl12.

Although most of the signals match, some ermege noticed in the

Table 11 Comparison otH-NMR spedral data. 400 MHz, CDGI

Atom d (ppm) Reported d (ppm) Synthetic
2 5.89 (dd, 9.8, 3.0) 5.87 (dd, 9.9, 3.0)
3 6.74 (m) 6.75 (ddd, 9.9, 4.6, 3.0)
4 2.79 (dd, 21.6, 4.8) 3.27 (dd, 21.4, 2.4), 2.85 (dd, 21.4, 4.6
6 5.58 (br d, 6.0) 5.55 (br d, 6.10)
7 1.98 (m) 1.90 (m) 1.97-1.94 (m), 1.521.45 (m)
8 1.52 (m) 1.421.37 (m)
9 1.60 (m) 1.641.59 (m)
11 1.50 (m) 2.18 (br dd, 13.1, 3.4)
12 1.69 (m) 2.04 (br d, 12.8)
14 3.65 (m) 1.12-1.07 (m)
15 1.251.09 (m) 1.621.59(m)
16 2.01 (m) 1.981.95(m)
17 1.58 (m) 1.47-1.43 (m)
18 1.21 1.21
19 0.89 0.89
21 1.28 1.29
22 4.20 (dd, 13.2, 3.4) 4.20 (dd, 13.4, 3.3)
23 2.38 (m), 2.10 (m) 2.39 (br dd, 15.6, 15.0)
27 1.86 1.87
28 1.93 1.97

"'H-NMR spectral data recorded at 500 MHZOBCls.
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Table 12 Comparison of°C-NMR spectral dta. 125 MHz, CDGlI

Atom d (ppm) Reported d (ppm) Synthetic
1 204.5 204.4
2 127.9 127.9
3 145.2 145.1
4 33.4 33.5
5 135.9 135.9
6 124.7 124.7
7 31.6 30.7
8 39.7 32.6
9 40.1 42.8

10 50.1 50.5
11 21.9 23.4
12 23.4 40.2
13 49.6 42.9
14 54.7 56.7
15 29.6 23.9
16 42.9 21.8
17 56.6 54.7
18 18.9 19.0
19 13.6 13.6
20 75.2 75.2
21 20.5 21.0
22 81.0 81.0
23 30.6 31.6
24 149.0 148.8
25 122.0 122.0
26 166.2 166.0
27 12.7 12.4
28 21.7 20.5

"13C-NMR spectral data recorded at 125 MHZOBCls.
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As can be seen in the above tablésables 11 and 12), our spectroscopic data for
14,1 7dideoxy17-eprwithanolide F 24) fail to match that reportelsly Choudharyet al in

the original isolation paper. In order gather a clearer conclusion as to the discrepancies
observed in théH- and **C-NMR spectra, a sample of 14;titleoxy17-epiwithanolide

F (24) or the original NMR spectroscopic datéll berequested directly from the authors

of the isolation paper. Only upon receipt and processing of the raw data will we be able to
confirm that théhypothesis thatriginal structural assignemengs incorrect.

4.2. Synthesis of Other Analogues of Withanolide K1)

As mentioned irChapter 1, biological properties of analogueswithanolide F {) have
not been studied in detail y&thaefore,in order to broaden the SAR studefscompound

(1), thesyntheses of other withanoliéfe(l) analogues were investigated

4.2.1The first ynthesis of3 4-dihydro-qp**-14,1 Zdideoxy17-epiwithanolide F 213

An interesting outcome of the optimigm study on the model systeBil was the
formation of the &nl-one compound®1l1 when using DBN as the bas€hesebasic
conditions were attempted on acet®® and led toa mixture of 3enl-one 213 and
2-en1-one24in a 1:0.18ratio andin excellentyield (91%) (Scheme 7% Unfortunately,

these two compoundsl3and24 were not separable lmplumn chromatography.

Scheme 75Synthesis of 3 lien1-one213via elimination of acetatgroup23.

Reagents and conditions:DBN, CH,Cl, rt, 45 min(91% 0f21324in 1:0.18 ratig.

In the literature, thamigration of the Aring double bond from a 2@osition to the
3,4-position has been discloseoy Lavie et al strictly under acidic conditions (both in
nature and under synthetic conditiofiSfortunately, in our hands, isomerisation of the
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2,3-double bond in the Aing was successful under basic conditions and delivered the
desired 3,4-dihydro-qp"*14,17dideoxy17-epiwithanolide F 213 as a single product in

excellent yield cheme 7%

Scheme 76Synthesis of 3/dlien1-one213viaisomerisation of 2, 8louble bond

Reagents and conditions:DBN, CH,Cl, rt, 3 h(98%).

This constitutes the first total synthesis &f4-dihydro-oqp'*14,17dideoxy17-epr
withanolide F 213), an interesting analogue of withanolide F, (that is novel andvas
never been isolated. It has been reported in thetliterdy Lavieet al that this 3en-1-one
substitution pattern is rarely observed in nature and the only isolated withanolides that

possess it are withanolide214)** and withanolide K215 (Figure 21).

214 215
Withanolide | Withanolide K

Figure 21 Stuctures of withanolide 214 and withanolide KZ15).

4.2.2 Characterisation of 3-dihydro-qp'*-14,1%dideoxy17-epiwithanolide F 213

Based on comparison of tfe- and**C-NMR signals of withanolide 1214) and K @15
that possess the same -8jBn1-one system, the structure 8f4-dihydroqp*14,17
dideoxy17-epiwithanolide F 213) was confirmedseeAppendix IV for copies of NMR
spectra)! Thus, the coupling pattern of the olefinic protons3H (6.60:5.58, m),
H-4 6.0B, d,J;3= 9.2 Hz),H-6 .68, br dJ = 3.1 Hz) and of the CigroupH-2
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( 8.28 brd,J=19.5Hz andi2.73, dd,J = 19.5 Hz,J, 3 = 4.3 Hz) together with the high
value of G19 methyl signal ali 1 weBe5consistent with a 3dien-1-one substitution

pattern.

4.2 .3 Attempted synthesis of glycosi@46

Promising results of cardiadygosidesthat produced strong inhibitors of Hh/Gli signalling
pathway expressed in human pancreatic cancer cells duringrthgiro screening were
previously outlined irChapter 1. Moreover a sugar derivative of withanolide E)(was
isolated fromWithania adpressaby AnalytiCon Discovery GmbH and showed some
interesting bioactivity during thim vivo testing (these results cannot be reported here for
confidentiality reasons). Given tbeprevious observations, it became clear that it would
be intersting to synthesise a similar&aglycone analogu#l6 (Figure 22).

Figure 22 Structure of €3 aglyconeanalogue?16.

To this aim a synthetic route was designed usigkey intermediate from the total
synthesis praously describedTriol 21 was selectively protected atXusinga THP ether
protecting group. bder standard reaction conditioamsdat roomtemperature thesaction
was not selective; the bi$HP protected compoun®l8 was obtained as an inseparable
mixture of four diastereoisomers at20 and G34.%° However, pleasinglyhe desired
C-3 THP protecteddompound217 was obtained in 57% yields a mixture of inseparable
two diastereoisomers atZ9 when carrying out the reach at low temperature with fewe
equivalents of DHPScheme 7). The following oxidation step allowed the formation of
ketone219in 61% yield under Des#artin reaction conditionsThe subsequermieavage
of THP protecting groupusing standard acidic conditions led to the deseglalcohol
220 quantitatively’® These three key intermediat2$7, 219 and 220 in the synthesis of
C-3 aglycone analogugl6were novel, and therefore, fully characterised.
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Scheme 77Synthesis of hydroxyketorz20.

Reagets and conditionsi. DHP, p-TsOH, CHCIy, rt, 3 h 67% of217and 19% of218);
ii. DMP, CHClIy, rt, 3 h (61%);iii. 2 M HCI, MeOH, rt, 2 h (100%).

Unfortunately, an attempted glycosylation of alcoB@0 with commercially available
acetobroméJD-glucose (221) and CRSO;Ag promotion was unsuccessflil This
reactiononly led to the synthesis of aceta?8 and 2,5dien-1lone 24, which probably
resulted from the elimination of-3 acetate23 under basic conditiong§Scheme 78

This reaction was run on a very small scale (~ 15 mg, 0.0329 mmol), therefore, no

conclusive yields were obtained.

AcO

AcO

AcO" "OH
OAc
222

Scheme 78Attempt toglycosylate alcoha220.

Reagents and conditions:CFsSQAg,4 rblecular sievesGH,Cly, 0 °C to rt, 6 h.
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The competing hydrolysis of glucose derivativ€21 via ortho-ester formationwas
previously reported in the literatudey Polt et al during their synthesis oD-linked

glycopeptides analogues of encephaBoieme 79

OAc OAc OAc
o) i ) ROH 0
AcO AcO 219 AcO
AcO — AcO @ AcO
AcO o : o
Br Y() >(O
221 223 OR
OAc
H,O o
— » AcO + ROAc
AcO
(work-up) HO OH
R =
222 23

Scheme 790rtho-ester formation

Reagents and conditions:CF;SQiAg,4 rablecular sieves, 0 °C to rt, 6 h.

They suggested that usiagsugar protected with benzyl grougsuld help avoid this side
reaction. Unfortunately, in our case, there is a good chdhat the subsequent
deprotection of the benzyl groups under hggneation conditionsvould also hydrogenate

the 5,6double bond ofhe desiredarget molecul16.
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4.3. Summary and Future Work

4.3.1.Summary

In summary, the acetylatieoxidationrelimination sequence enabled the total synthesis of
14,17dideoxy17-eprwithanolide F R4) to be achievedni 14 steps and in an overall
5.3% yield (Scheme 8. The key features of the total synthesis included a Birch reduction,
a G1 homologation process through a Cefsebach reaction, an efficient dithiane
cleavage and aniy | ogous al dol r eidactone side chairm Pléasingly, d
a novelanalogue of withanolide R, 3,4dihydro-qi*14,17%dideoxy17-epiwithanolide

F (213, was sythesised in 15 steps and in %.?verall yield Scheme 8D The key step

of the total synthesis was the migration of the -d@8ble bond of
14,1 7dideoxy17-eprwithanolide F 24) under basic conditions.
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X, Xil
—

xiv

Scheme 80Total synthese of 14,17dideoxy17-eptwithanolide F 24) and3,4-dihydro-
o *-14,17dideoxy17-epiwithanolide F(213.

Reagents and conditions: ehylene glycol, pTsOH toluene, 130 °C12 h (90%); ii.

Pd(OAc), ADP, NaCOs;, DMF, 160 °C, 72 h (@%); ii. H.O, (30% wiw),
10% NaOH in MeOH'PrOH, 15 °C,12 h (72%); iv. Li/NHs, NH,Cl, THF,T 78 AC
to 140 AC t o (7699;0v. MONICI, 14dioXane, reflux, 6 h (92

vi. AcOH/HO/THF (65:35:10), rt, 12 h (100%); vii. 1,3dithiane, "BuLi, THF,
15 AC, 8viii .H\/IOMGI,iP%EtN, 1,4dioxane, reflux12 h(85%) ix. NCS, AgN@
CHsCN/H,O (4:1), 0 °C, 30 min (85%)x. Li HMDS, THF/ DMPU ( 8:
6 h;xi. 6 M aq. HQ, THF, rt, 7h (67% over two stepskii. AcO, EgN (50% in CHCIy),
DMAP, CHCIy, rt, 6 h (72%);xiii. DMP, CHCI,, rt, 2 h (84%);xiv. Al,Os, benzea,
50 °C, 3.5 (90%); xv. DBN, CHClIy, rt, 3 h (98%).
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4.3.2 Future work

Future work willfocus onbuilding a library of other analogues of withanolidellf {sing
14,17dideoxy17-epiwithanolide F 24) and 3,4-dihydroop*14,17dideoxy17-epi
withanolide F 213 via A/B-ring functionalisation and variation of the side chain. Many
variants should be available using standard chemistry such as, for example, epoxidation t
f or m aepdxife®® thib is a key feature that has showed some positive influence on
the bioactivity of some withanolides (see SAR studieChapter 1).3° Completing the
synthesis of the G aglycone analogu2l16 by using other sugars that possess different
protecting groups should also be investigafe@ther methods could be studied imler to
synthesise different sugar derivatives, for example, the Ferrier reaction using
commercially available ttO-acetytD-glucal 24) to form glycoside225, anothernovel

analogue of withanolide R (Scheme 81"

Scheme 81Synthesis ofylycoside analogu225 via Ferrier reaction.

Suggested reagents and conditionsBR:A EQ, CHCl,, 120 AC it KeCOy t |,
MeOH/HO (4:1), 1t, 1 h.

As mentioned inChapter 1, the main purpose dbuilding a library of analogues of
withanolide F {) is to allow a better understandingtbéir possible biological activitgnd

to develop SAR studies. Therefore, the next step of this project should be the biological
testing of the compound®4 and 213 so far synthesisedang with intermediates of the

total syntheses previously described. These tests should mainly be focused on the influenc
of these molecules and their structural features on th&lHand WntTCF biological
pathways>'®The experiments would involveuciferase reporter assays which would be

performed on three different cancer cell types and the level of target gene expression fol
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both signalling pathways would be examined. These experiments should indicate whethel

the tested compounds are Gli and/oFT&gonists or antagonists.

Figure 23. Structurs of withanolideF {) and analogue®4 and213

Moreover, dven the low vyields encountered during the synthesis of the
U-lactone si@ chain of the target molecu?d, a new synthetic approach to the synthesis of
the side chain and later a methodology towards the construction of other type of
heterocycles as side chairssneededTo this end a new gene methodology for the

const r uc tlactone sidefchaits discussed ihapter 5
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Chapter 5.Methodology Towards the Construction

of U-Lactones

~

51. Overview of Pub-lactesnessed Routes to U

An overview of published routes ti-lactonehas been described ®hapter 3. From all

the methods to construct tlidactoneside chain developed so far, the one step vinylogous
condensation of an enolate with an aldehyde developed by lkekaalawas the most
efficient in terms of steeospecificity and yield. As shown Bcheme 4 this reaction has
been disclosed in the literature to deliver the desir&PRCU-lactone4l in a very good
yield (86%) during the total synthesis of withanolideé°DMore recently (2011), this
procedure hadeen repeated by Gademaenh al. using slightly optimised reaction

conditions to deliver @2R U-lactone55in 87% vyield Scheme .

Unfortunately, as discussed earlierGhapter 3, problems were encountered when trying
to repeat these literature procees to form theklactone side chajrf®® Another future
project would be to develoinprovedprocedures. A very short study was carried out to

evaluate a new variant of the DreidiBghmidt reaction for this purpo®.

5.2. The Dreiding-Schmidt Reaction

5.2.1.The DreidingSchmidt reaction: literature examples

I n 1970 wusing Dreidingds previous -bomo k o
and-brdmdt i gl i c esters unde rSRefnd rdmadtss kgyr 6osu p
a zinemediated reaction betweea ketone226 and a bromomethyl acrylic estgR7 to

g i v-methieneo-lactones228in good yield{42%to 100%) Gcheme 821"

(0] lo) (0]

L i
R'""R2 R B — o
’ ° ' . R'=R2= R® = alkyl
R2
226 227 228

Scheme 82Synthesiso f -mdthyleneo-lactone228via the DreidingSchmidt reaction.

Reagnt and conditionst. Zn, THF, ® °C,1 h (42%to 100%).
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Csuk et al. investigated the stereoselectivity of the DreidBghmidt reaction with
carbohydrate$?® They achieved the formation spiroanellated butyrolacton@81 with

an additional stereocente i nposttidn ®f thie anellated lactone ring. The yield and the
stereoselectivity were significantly improved by using the highly reactive
zinc-silver/graphite surface reagent when compared to using starwalcbhydrate
reaction conditions (24% yidd reported in the literaturé}? It was suggested that the
favoured transition state of the reaction proceeds throuBb-fe attack which avoids
1,3-diaxial interactions between the substitue®isheme 8R

B *

(o) CO,Et i
Ph/vo% + B;J/ =_ Ph/EO o)
/o OMe Re-face Me™ N\l co,et
o OMe
229 230 )

En—Br
Re-Re attack

Re-face

Scheme 83Synthesis of spiroanellatddityrolactone231via the DreidingSchmidt

reaction.

Reagents and conditions:Zn-Ag/graphite, THFT 30 AC (7 4 %) .

Csukos group was al so abl e t o per f
Umethyleneo-butyrolactones 236 via an diastereinselective DreidingSchmidt
reaction'® Thus, nonracemic bromomethyl acrylate reagents were tested for their
potential use as chiral reagents. Carboxylic a@82 was transformed into amidz34 by
using the amino moiety of+)-Op p o | z e r @33 irsgoddtyialan(7406). Thesyn
orientation of the chiral bromomethylacayg 234 was favoured by the zinc chelation of
the carbayl functionalitiespresent in the methacrylami@34. The methacrylamid@34

thus formed was submitted to the Dreidi@ghmidt reaction conditions which allowed the
formation of the correspondindisubstituted butyrolactorz86. The scope of the reaction
was extended to a broad range of aldehyBtsand allowed the fonation of the desired
products236in very good yield (up to 95%) and e.e. (up to 828gheme 83 The chiral
auxiliary 234 was recovered in good yields. It was suggested that the favsixed
membered chailike transition state would go throughSgnreagent R€aidenydeattack. Indeed,

the attack of th&-face of the zinc reage@iB84 was preferred due toetsteric hindrance of
the camphposkeletonand the attack of the aldehy@85 through its Re-face would bring
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the R functional group into a favourable equatorial position and avoid angidxaal

interactions with the other substituents.

%%

o’ﬂo
i 233

BrJr

0 1
e YR’ )
Br "’H
o’ﬁo
232 235 236
R' = alkyl

Scheme 84The DreidingSchmidt reactiowia methacrylamid@34.

/\\

Reagents and conditions: NaH, toluene, 25 °C, 2 h (74%i); Zn/Aggraphite, THF,
0 °C(68% up to 95% yieldP% up to 826 ee).

5.2.2 Possible new route tdlactonesvia the DreidingSchmidt reaction

An mentioned earlier, igen the problems waénitially encountered with the published
routes tobuild d i me t h yldctanesSthenie58),>* we decidd to devisea novel
route. The plan was to use the Diieg-Schmidt reaction of bronester237 andaldehyde

40 to generate an intermediate lacta?@8 in a onestep reaction The cyclic sulfone
moiety would ensure that there would be B& issues; subsequent reductive removal of
the sulfonegroupwould reveallh e -dimefiyl substitutioro f t h e -lacerse4lr e d
(Scheme 8%

o EtO,C "
! (o] (o]
RJJ\ y + Br\Lsoz _______ - = | so, ----- > = |
R R
40 237 238 41
R =

Scheme 85S y nt h e-kdtonedIcsynthasisvia the DreidingSchmidt reaction.

Suggested reagents and conditionZnAg/graphite, THF, 0 °Cii. Raney nickel.
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Unfortunately, bromoest&t37is not commercially available. Therefore, its synthesis was

investigated.

5.2.3 Literature routes to bromoesZ37

Unforturately, to datethe synthesis obromoester237 has not been reported in the
literature. Onthe other hand, Takayanet al disclosed a synthetic approach to form
dibromide 241 from commercially available?,3-dimethylbutal,3-diene (239 in 75%

yield over two steps3cheme 85

No” o\\//

o_ 0
i S i S
R TR
Br Br
239 240 241

Scheme 86Synthesis of dibroide 241

Reagents and conditions: SO, hydroquinone, MeOH, rt (99%)i. NBS, CHCl,, reflux
(76%).

Later, Itoet al. synthesised morbromide242 from cyclic sulfone240in moderate yield

by refluxing NBS and catalytic amounts of benzoyl peroxidesinzene$chemes?).1%’

Q%¥Q i O%fp
Q%}%
Br

240 242

Scheme 87Synthesis of montromide242

Reagents and conditions:NBS, (PhCQ®),, benzene, reflux, 3 h (50%).
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More recently (2011), Jaiet al described the synthesis of sulfa2#b in 88% yield over
two steps from commercially availabl@chloro2-methylprogne (243.'® The final
ring-closing metathesis step to synthesise cyclic sulfi#ttehas been disclosed by Yao in

excellent yield Scheme 83'%°

LY.
i ii OO0 iii S
243 244 245 240

Scheme 88 Synthesis otyclic sulfone240.
Reagents and conditions: N&S, HO, MeOH, rt to reflux, 8 h (88%)i. m-CPBA,
CH.ClI;, 0 °C, 45 min (100%)iii. 0.05 eq. ofGrubbs Il generation catCH,Cl,, reflux,

24 1 (99%6).

5.2.4 Proposed retrosynthesislmomoeste37

Based on the reactions outlined above, a retrosynthetic route for bromagsteras
designed. Thusydm a retrosynthetic point of view bromoes28i7 could be obtained from

the key moncbromide 242 via oxidation of the bromide functionajitto give the
correspondingaldehyde and subsequently, the carboxylic acid which, in turn, could be
treated under standard conditions to form theresigiety of the final compoun@37.
Finally, the latter could be submitted to standardmination reactio conditions to form
bromoesteP37. This synthetic approach relies on a rolgsing metathesis of sulfor5

usi ng Gecand gendration catalyst, followed by treatment with NBS to give
moncbromide 242 In turn, it was envisaged that sulfo845 could be prepared from

commercially available-8hora2-methylpropened43 (Scheme 8%

i. hydrolysis vii. Na,S,

Y ii. oxidation %P | v-rom 0 o H,O/MeOH

\/
— ——> )@s’JJ\ ———> kC'
iii. esterification — vi. bromination iii. oxidati
CO,Et iv. bromination Vil oxidation
Br Br
237 242 245 243

Scheme 89Proposed retrosynthesis of bromoe2i&r.
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5.2.5Synthesis of th&ey monebromide242

The initial efforts of the synthesis wefecused on accessing mehomomide242 a key
intermediate in the proposed retrosynthesis of bromoex3&r(Scheme 8% Thus,
methallyl sulfide (244) was synthesed from commercially available3-choro2-
methylpropene 43 in an improved yield compared the literature (100% vs. 88%¥
Standard hydrogen peroxide conditions led onlyhe formation of the sulfoxidg46'*°
which in turn was oxidiad to the corresponding sulforg45 in quantitative yield using
m-CPBA. Fortunately, methallyl sulfid@44) could be oxidized using three equivalents of
m-CPBA to deliver directly sulfone 245 in good yield as previously reported in the

literature(Scheme 9p*%®

JUP PN Y GRS LIS S P,

245

|

Scheme 90Synthesis of sulfon245.

243

Reagents and conditionsi. NaS, MeOH/HO (1:1), reflux, 12 h (100%;
ii. HoO2 (30% wiw), AcOH, rt12 h (46%); iii. mCPBA, CHCI,, 0 °C, 45 min (10%); iv.
m-CPBA, CHCI,, 0 °C, 45 min (8%).

The next key st of the synthesis was the rhetpsing metathesis reaction using
Grubb®$second generation catalysts outlined inScheme88, this reaction was reported

to work in excellent yield (99%) when using 5 mol% of the catafjdtinfortunately, in

our hands these reaction conditiodslivered cyclic sulfone 240 in only 45% yeld

(79% brsm). During optimisation studies, it was observed that using 8 mol% of the catalyst
added portiorwise over 4 h ensured the reactiwent to completion. Pleasingly, the cyclic

sulfone240was obtained iguantitative yieldScheme 9L
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\\ ’/

245 240

Scheme 91Synthesis of cyclic sulfon240via ring-closing metathesis.

Reagents and conditions:Grubbs Il generation cat., Gi€l,, reflux, 24 h (10%).

With the cyclic sulfone240 in hand, the montrominationwas attempd using similar

reaction conditions as described by Takayaeta al

to form dibromide 24

1106

Unfortunately, in our hands the reaction led only tovecy of the starting materi@40

(Table 13 entry1). Therefore, the reaction was thoroughly invesédan order to find the

optimum conditions$cheme 92Table 13.

\\ //

conditions: O\\ //O

;—Z see Table 11
4

240

Br
242

Br Br
241

Scheme 92Bromination of cyclic sulfon@40.

Table 13 Optimisationstudyof the bromination step.

Entry Reagents Conditions Outcome
1 NBS (1.0 eq.) CH.CI,, 45 °C, o/n rsm240
2 | phoop0obey) |  CHCls0°C.om ocompased mixtre
o[ [ oo | e
4 (PE(?CS})(:(OZO?EZq) benzene, 80 °C, o/n decomposed mixture
5| ohoop 0 gy | CTOPenzenac0Com | i e
6 (ngz)il('g Oe; ga.) cCl,, 80 °C, o/n 2401242 (1:1)
7 (Psgg)il(ioe; gq’.) CCl,, 80 °C, o/n 240/242 (1:6)
8 (PE(E?Z)(ZZ(Q oesq g'q.) CCl,, 80 °C, o/n 240/242/241(0.29:1:0.14)
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It was first suggested that using catalytic amounts of benzoyl peroxide could help initiate
the reaction. The reaction was run inlocbform which allowed the formation of the
desired mondoromide 242in low yield (22%) Table 13 entry2). Increasing the quantity
of the reagents did not improve the yielchble 13 entry 3). Unfortunately, repeating the
procedure previously publisheoly Ito et al to from monebromide 242 only led to
decomposition in our cag&able 13 entry4).*°” Changing to a higher boiling solvent such
as chlorobenzene resulted in a slight increase of the yield¥tocazshg with the isolation

of dibromide241 (Table 13 entry5). Given the mixed decomposition fractions isolated
previously, it was suggested that the brominated compazditiand 242 were not stable
upon purification by column chromatograpfiyhe bromination step was attemptaader
Wohl-Ziegler readbn conditions;*!i.e. usingCCl, as the solvent, angarying the number
of equivalens of NBS in order toallow the reaction tagyo to completionand to use the
resulting monebromide242 as crude mixturén the next stepAs shown in entrie$ to 8
(Table 13, when up tol.5 eq. of NBS was used, no dibromi@d1l was formed.
Therefore, the best conditions were obtained by refluxing a mixture of cyclic s@éne
and 15 eq. of NBS Table 13, entry 6). The structure assignment of melmmmide242
was suppded by the presence of typical peaks in fie and **C-NMR spectrum
indicating the presence of three £¢ir o u p 4.06 &bt s),li3.953.93 (m),u 3.843.82
(m) attributed to H6, H4 and H1, respectively Furthermore the assignment of
moncbromide 242 was reinfored by the presence of one bromine atom in mass
spectrometry (ESI) analysi§hese data werconsistent with those previously described in

the literature®’

5.2.6 Studies towards theysthesis obromoesteP37

The next key stepowards the synthesis of bromoes28i7 was thesynthesis of aldehyde
253 which was attemptedia the Kornblumoxidation d mono-bromide242 This reaction
has been disclosed in the literature using allylic halides in moderate to good-¥iétds.
A good example was reported recently (2006) by Kulinkoeichl during the synthesis of
(2S3R,7R)-3,7-dimethyltridec2-yl acetate 249, an insect pheromone, where they

synthesised aldehyd&8in 71% yield under standard reaction conditidBsheme93).}*?
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QAc

i =
/JL\V/Br - _0 ' CeHas
CoHis CoHis i

247 248 249
(2S, 3R, 7R)-3,7-Dimethyltridec-2-yl acetate

Scheme 93Kornblum oxidation ofallyl-bromide 247.

Reagents and conditions:DMSO,NaHCG;, rt, 48 h (71%)

The oxidation of allylbromide250has also been reportedthe literatureby Trauneret al

using IBX and DMSO in very good yield during the synthesis of shimalactor2b3, (
113

a neuritogenic natural produ@cheme94).

Shimalactone A

Scheme 940xidation ofallyl-bromide250using IBX

Reagents and conditions:IBX, DMSO, 50 °C12 h(84%).

Unfortunately in our hands, these reaction conditiomgplied to our mondromide

substrate242only led to deomposition Scheme9s).112113

Q.0 i Q.0
S ! S
5—% / CHO
Br
242 253

Scheme 95Kornblum ocidation ofallyl-bromide242

Reagents and conditions:DMSO,NaHCG;, rt, 12 hor IBX, DMSO, 50 °C12 h
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Considering thabxidation of allytbromide242to the aldayde253was unsuccessful, an
alternative synthetic route was designed mnmhcbromide 242 was first hydrolysed to the
corresponding alcohd56 prior to the oxidation to form aldehy@®3 A similar reaction
has been disclosed in the literature by Takeyat al in the course of their studies
towards the construction of furamnelated ulpholene Z55.'** Thus, the hydrolysis of
dibromide 241 by treatment with CJCO,Ag delivered diol 254 in excellent yield
(Scheme 9%

()\\ //o i \ /9 ()\\ //o
S S S
_—
;/ \i
Br Br HO OH o
241 254 255
Furan-annelated 3-sulpholene

Scheme 96Synthesisof diol 254.

Reagents and conditions:CRCOAg, HO, rt, 3 d (93%).

Based on the reaction conditions described above, hydrolysis of-bnomode 242 was

attempted but only delivered the desired allylic alca®teh in poor yied (Scheme 9Y.

Therefore, acreening of conditions wasnduced assummarigdin Table 14

o0 i o0
S S
R ’
Br HO
242 256

Scheme 97Synthesisof allyl-alcohol256.

Reagents and conditions:2.0 eq CF3CO,Ag, H0, rt, 12 h(15%).
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Table 14 Screening of conditions for the hydrolysis of mem@mide242

Entry Reagent Conditions Outcome
1 AgNO; (1.0 eq.) H.0O, rt, o/n rsm242
2 AgO (2.0 eq.) H.0O, rt, o/n 256 83%
3* CFR:COAg (2.0 eq.) H,0O, rt, o/n 256 100%

*

. Inverted addition, mondromide 242 was added to a solution of
CRCGAg in H,O at rt.

A screening of different silver salts was undertaken and the desire@latiylol 256 was
obtained in good yield when using silver oxidalfle 14 entry?2). It was suggested that
the yield of the eaction could be improved by inverting the addition of the reagents and
applying a vigorous stirring as thheonobromide242was not soluble in water. Pleasingly,

the reaction conditions described in erdtyallowed the formation of novel alcoh@b6
quartitatively.

The next step was the oxidation of alco286 to aldehyde253 which was carried out

usingstandardeaction conditions as summaxisinTable 15(Scheme 93

., conditions: o0
N7 N7
S see Table 13 S
5—1 / CHO
HO
256 253

Scheme 98Synthesis of aldehyd&b3via oxidation of alcohoR56.

Table 15 Screening of conditions for the ozitbn of alcohol256.

Entry Conditions Outcome
1115

MnQO, (5.0 eq.) CH,Cl,, rt, o/n 253 40%, 96% brsn

21e DMP (2.0 eq.)CH,Cl,, rt, o/n 253 49%

Disappointingly, aldehyd@53 was sythesised in only moderate yields up to 49% under
standard reaction conditionggble 15 entriesl and 2). Aldehyde 253 was a novel
compoundand therefore, fully characteed.
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Unfortunately,attempt to access carboxylic a@87 from aldehyde253 was unsiccessful
under Pinnicko6s andanlyteato decompositioSgideme 9B N'S

\ 7/ \ 7/

S i
CHO

253 257

COOH

Scheme 99Synthesis of carboxylic ac2b7 via Pinnick oxidation

Reagents and conditions: NaClQ,, NaHPO,, 2-methyt2-butene, CHCN/H,O (3:1), rt,
12 h

In order to address previous issues to synthesise the ester moiety of bror@8@ster
another synthetic approach was investigated. One option was tp@btamdem oxidation

process devel oped b yesisd astets amdbamideg framuagtivated

alcohols which was reported in moderate to excellent y@ttiéme100).**°

. o
1
@MOH Woa
258 259
Scheme 100Synthesis of estet59via tandem oxidation process

Reagents and conditions:MnQO,, NaCN,EtOH, THF, rt, 7 d (49%).

Unfortunately, in our case, these reaction conditions only led to recovery of the starting
material256 (Schemel0l).

00 (0]

\// . \ //o
S ! S
5—% ’ COOEt
HO
256 260

Scheme 101Synthesis of esté&?60via tandem oxidation process

Reagentsad conditionsi. MnO,, NaCN, EtOH, THF, rt, 3 d.
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5.3. Summary and Future Work

5.3.1Summary

Although not yet completedjood progress has been made towarddfiteesynthesis of
bromoester237, a key reagenfor the DreidingSchmidt reaction. The synthesis of
aldehyde253was achieved in 40% yield over steps $cheme 10 The key features of
the synthesis includedn efficientm-CPBA oxidation, a ringlosing metathesis and

silver salt promoted hydrolysis of bromide moiety.

\/ N \ 7/

o0 (o ] OO0
i, i, iii S iv, v S vi S
cl s - - . S Z
CHO
HO
240 253

243 256

Scheme 102Synthesis oaldehyde253

Reagents and conditionsi. N&S, MeOH/HO (1:1), reflux, 12 h (100%);
ii. mCPBA, CHCl,, 0 °C, 45 min (81%)iii. Grubbs Il generation cat., Gi€l,, reflux,
24 h (100%);v. 1.5 eqNBS, (PhC®), chlorobenzene,d0 °C,12 h v. CRsCO,Ag, H-0,
rt, 12 by vi. DMP, CHClIy, rt, 12 h(49% over three steps).

5.3.2 Future work

The next key steps of the synthesis of bromoeaBarinvolve a screening of reaction
conditions tooxidize aldehyde253to carboxylic acid257 including using KMnQ, AgO,

PDC#1211221n tyrn carboxylic acid257 could be converted into the corresponding ester

260 using standaresterificationconditions*?® Finally, the desired bromoest287 would

be obtained usingreviously described Woltieglerreaction condition¢Schemel103).***

Scheme 103Synthesis of the key bromoesg37.

Suggestedaagents and conditions: KMnQ, or AgO or PDC;ii. H,SQ,, EtOH, reflux;
iii. NBS, CCJ, reflux,12 h
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On the other handkulinkovich et al has reported recently the synthesis of €&from
allyl-bromide261 quantitatively in one step possibha a DreidingSchmidt type reaction
(Schemel04).***

Br ——

OTHP OTHP
261 262

Scheme 104Synthesis of est&?62from bromide261

Reagents and conditions: Zn, CuCl, 1,2libromoethane, CICgt, THF/EtO, reflux,
1.5 h (100%).

This reaction outlined above would constitute an interesting option to accesgater
directly from monebromide242(Schemel05).

242 260

Scheme 105Synthesis of est&60from allyl-bromide242

Suggestedeagents and conditions. Zn, CuCl, 1,2dibromoethane, CICgEt, THF/E$O,
reflux, 1.5 h.

With bromoester237 in hand a range of differenaldehyds 263 including the model
system aldehydd 18 synthesised inChapter 2, could be subitted to the standard
DreidingSchmidt reaction conditions to form theorresponding heterocyclic

U-lactones 264. In turn, the sulfonemoitey of compound264 could be reduced using

standard Raney nickel conditions to allow the farmi on o f  tabtee265e s i

(Scheme 108B
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263 264 265
R = steroid core

Scheme 106Synthesiso f -ladione265via the DreidingSchmidt reactiomsing
bromoesteR37.

Suggested reagents and conditionZnAg/graphite, THF, 0 °Cii. Raney nickel.

From this screening of conditions on model steroid systems, optimum reaction conditions
could be developed and imepented in the total synthesis &#,17dideoxy17-epk
withanolide F(24) i n or der t o i mlpctooeside chameonsirucéoh a o
described irBchemesb.

Another focus ofthe projectin the future could involvevariations of the side chain, in
particular the substitution of thé-lactone by other heterocysleLactams, carbamates,
cyclic ethers and amines are options, as well as variation of the rintp ipastruct the

correspondingylactone ore-lactone Figure 23).

Option 1 Option 2 Option 3
(o]
" NH IX
| R H R
Y]><
OH OH
n=0,1,2 X =0, NH, CH,
R = steroid core Y =0, NH, CH,

Figure24.Var i at i dactone $ide thhie 0

Variation of the side chagwould give the opportunity to expand thrary of analogues
of withanolide F {) and allow a better understanding cittpossible biological activities
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Chapter 6. Experimental

6.1. General Experimental Procedures

NMR spectrawere recorded on a Jeol ECX 400 instrumelht: (400 MHz and
13C: 100 MHz) at the University of York and @nBruker DPX 400'H: 400 MHz and
13C: 100 MHz) ora Bruker DRX 500'H: 500 MHz and®C: 125 MHz) spectrometet
AnalytiCon DiscoveryGmbH, and neasured at rt. Chemical shifts are quoted in ppm,
they are calibrated to the residual rieuterated solvent peak'H, CHCk:

U = 7.25 ppm, MEQBHCEU = =3.7WB7.. ®pmpm, MeOH:
and are reported as f (@imbes ofprotons, maltplicity,a | S
coupling constant/Hz, assignment) [br, broad; s, singlet; d, doublet; t, triplet; m,
multiplet]. Coupling constants), are reported to the nearest 0.1 Ftructural
assignments were verified by COSY, NOESY, HMBC ar®lX spectroscopy where
necessary. The numbering of compounds is for characterisation purposes and, while it
conforms to IUPAC where possible, it may vary from the numbering in the compound
name.Infra-red spectra were recorded neat on a ThermoNicoldi0Rspectrometer.
Spectra were analysed as thin films on NaCl plates dispersed froms;.COQy
structurally important absorptions are quoted. Absorption maximg) (are quoted in
wavenumbers (cH). Optical rotations were determined using a JASCO-BW@

Digital polarimeterusing a sodium lampt a wavelength of 589 nm and are quoted in
units of 10* deg cnf g'%. Concentrations are quoted in g/100 Mvlassspectra (low

and high resolution) were obtained by the University of York Mass Spectrometry
Service, using electrospray ionization (ESI) on a Bruker Daltonics, Miofo
spectrometer. Melting points were determined using a Gallenkamp melting point
apparatus and are uncorrect@thin layer chromatography (TLC) was performed on
aluminium plates coated witierck Silica gel 60 Fs4, and visualisation was achieved

by UV ki 3 858 nm() and/or by staining with anisaldehyde or potassium
permanganate. Flash column chromatography was carried out using Fluka flash silica
gel 60 using head pressure by means of bellows and the sgeglifient. Petroleum

ether (PE) refers to the fraction boiling in the ranges@CC. When required, diethyl

ether, THF, CHCI,, acetonitrile and toluene were obtained dry from an Innovative
Technology Inc. PureSolv Purification System. Degassed solvésrs reo solvent
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which has been purged with argon for at least 2 h. All reactions were carried out in
ovendried glassware and under an inert atmosphere of argon unless stated otherwise.
All commercially available reagents and solvents were used as supplest stated
otherwise.

The literature reference above tbempoundtitles correspond to known procedures
eitherfrom the identical substrate or agyaneral procedure. The literature references
corresponding to théata @e included within the text.

6.2. Experimental Procedures

6.2.1 Chapter 2Synthesis of the key aldehyde for withanoligatbesis

20-Hydroxypregnolone (90%°

NaBH, (130 mg, 3.30 mmol, 0.eq.)was added over 5 min to a solution of pregnenolone
(36) (1.00 g, 3.20 mmol, 1.0 eq.) MeOH (10 mL) and THF (6 mL) at O °C. After
50 min, the reaction mixture was carefully quenched with water (10 mLadndted to

pH 2 with 1 M ag. HCIThe mixture was then extracted with & (20 mL). The organic
fraction was dried over N8O, filtered andconcentrated to dryne&s vacuoto give the
titte compound0 (1.12 g, 3.51 mol, 100%) as a white foam and as an inseparable mixture
of two diastereoisomers at-ZD in a 4:1 ratio: mp 188191 °C decomposed (Lit?
184185 °C decomposed)R; 0.39 (1:1 leptane/EtOAc)[ WF T 7 9 ¢ @.0, CHCh)
(Lit.*** [ @P71 6.8 c 0.8, CHG); gmadcm™ (neat) 3374 (€H stretch), 2895 (¢H
strech); Uy (400 MHz, MeOD) 5.34 (1 H, br dJ 4.8, H-6), 3.6%3.59 (1 H, m,H-20),
3.433.37 (1 H, mH-3), 2.272.15 (3 H, mH-4, H-124), 2.061.77 (3 H, mH-1a, H-2a,
H-7a), 1.681.43 (7 H, m,H-2b, H7b, H8, H11, H16), 1.371.28 (1 H, m,H-17),
1.241.14 (3 H, mH-12b, H15), 1.10 (3 H, sH-21), 1.081.07 (1 H, mH-1b), 1.041.03

(1 H, m,H-14),1.03 (3 H, sH-19), 0.99-0.92 (1 H, mH-9), 0.78 (3 H, sH-18), 0.62

(3 H, s,H-18%); Uc (125 MHz, MeOD) 142.8 C-5), 122.2 C-6), 72.1 C-3), 70.5 C-20),
59.1(C-17), 58.7 C-8), 57.5 C-14), 51.7 C-9), 43.4 C-13), 42.7 C-4), 40.4 C-12), 38.4
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(C-1), 37.2 C-10), 32.8 C-7), 31.9 C-2), 26.0 C-16), 26.0 C-15), 23.5 C-21), 21.7
(C-11), 19.6 C-19), 12.2 C-18); m/z (ESI) 341 [MNaJ. Calcd. for GiHsz/NaO:
341.2451. Found: [MN&]341.2462( 1 3. 3 ppm error) . *: sign
Data consistent with those previously reported in the literatdre.

Lab. Book: LNB0084-001-01.

20-Hydroxypregna-1,4,6trien-3-one (89%°

A solution of diol90 (202 mg, 0.634 mmol, 1.0 eq.) and DDQ (475 mg, 2.09 mmol,
3.3 eq.) in 1,4ioxane (7 mL) was stirred at reflux temperature for 8 h. The reaction
mixture was cooled to room tempene, filtered through Celifeand washed with Ci€l,
(15mL). The filtrate was concentrated to drynassacuo The crude residue was purified
by column chromatography on silica gel (6:4 to 3:7 heptane/Et@A@&fford the title
compound9 (75.0 mg, 0.20 mmol, 386) as a yellow solidnd as an inseparable mixture
of two diastereoisomers at-ZD in a 9:1 ratioc mp 129132 °C decomposed (L3t.
131-134 °C decomposedR; 0.27 (1:1 heptane/EtOAc) WF 1 2 1 c 0.1, CHCH)
(Lit.**® [U3*°T 1 9 ¢ 6.5, CHCl3); gmadcm™ (nea) 2932 (GH stretch), 1646 (C=0
stretch),1598 (C=C streh); Uiy (400 MHz, MeOD) 7.08 (1 H, dJ 10.2,H-1), 6.25 (1 H,

br d,J 10.2,H-2), 6.23 (1 H, ddJ 10.0, 2.7 H-6), 6.03 (1 H, br dJ 10.0,H-7), 6.00 (1 H,

br s,H-4), 3.783.73 (1 H, m,H-20), 2.30 (1 H, ddJ 10.3,10.2,H-8), 2.21 (1 H, ddd,

J 13.0, 3.4, 3.2H-123), 1.861.62 (4 H, m,H-11, H16), 1.491.43 (1 H, m,H-9),
1.401.23 (5 H, m,H-12b, H14, H15, H17), 1.20 (3 H, sH-19), 1.16 (3 H, dJ 6.1,
H-21), 0.88(3 H, s,H-18), 0.76 (3 H, sH-18%); Uc (125 MHz, MeOD) 187.2 C-3),
162.7 C-5), 152.7 C-1), 138.4 C-7), 127.6 C-2), 125.6 C-6), 123.7 C-4), 70.2 C-20),
57.9 C-17), 53.2 C-14), 48.3 C-9), 42.5 C-13), 41.2 C-10), 39.4 C-12), 37.8 (C-8),
26.0 (C-16), 25.8 (C-15), 23.7 (C-21), 21.6 (C-11), 20.7 (C-19), 12.2 (C-18);

m/z (ESI) 313 [MHJ". Calcd. for GiH,90,: 313.2162 Found: [MH], 313.2156(2.1 ppm
error). *: signal of minor diastereoisomer. Data consistent with those previously reported in
the literature’? Lab. Book: LNB0084-019-08,
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20-Tetrahydropyra nyloxypregna-1.4,6-trien -3-one (78%°

A solution of hydroxy trienone89 (156 mg, 0.499 mmoll.0 eq.), dihydropyran
(0.123 mL, 1.45 mmol, 2.9 eq.) aqETsOH (1.00 mg, 0.007 mmol, 0.013 eq.) in T
(4 mL) was stirred at ran temperature for 3 h. The reaction mixture was quenualid
sat. agNaHCQ; (10 mL) and extracted with Cil, (10 mL) The aqueous layer was back
extracted with ChLCl, (10 mL), the combined organic extracts were dried ovesSig
filtered and concentratl to drynessn vacuoto give the title compound8 (170 mg,
0.430 mmol, 86%) as a white solid and as an inseparable mixture of four diastereoisomer:
at G20 and G22: R; 0.62 (1:1 heptane/EtOAc + 1.5E#N); Uy (400 MHz, MeOD) 7.29
(1 H, dd,J 5.2, 5.2,H-1), 6.30 (1 H, br dJ 9.6,H-6), 6.21 (1 H, ddJ 5.2,5.2,H-2), 6.14
(1 H, d,J9.6,H-7), 5.98 (1 H, br sH-4), 4.48 (1 H, ddJ 3.5, 3.4,H-22), 3.883.82 (1 H,
m, H-269), 3.733.64 (1 H, mH-20), 3.553.49 (1 H, mH-26b), 2.422.34 (1 H, mH-8),
2.26 (1 H, dddJ 12.9, 3.4, 3.2H-123), 1.881.39 (13 H, mH-9, H-11, H15, H16, H23,
H-24, H-25), 1.371.31 (1 H, mH-17), 1.3:1.25 (2 H, mH-12h H-14), 1.23 (3 H, s,
H-19), 1.11 (3 H, dJJ6.1,H-21), 0.91 (3 H, sH-18), 0.84 (3 H, sH-18*); U (125 MHz,
MeOD) 187.5 C-3), 165.5 C-5), 155.3 C-1), 140.5 C-7), 127.0 C-2), 126.9 (C-6),
122.5 C-4),100.2 C-22),69.5 (C-20), 61.8 C-26), 58.0 C-17), 53.9 C-14), 49.0 C-9),
43.0 C-13), 41.6 C-10), 39.2 C-12), 38.4 (C-8), 30.6 C-16), 30.0(C-23), 25.0 C-25),
25.0 (C-15), 25.0 C-11), 229 (C-21), 19.9 (C-19, 195 (C-24), 11.2 (C-18);
m/z (ESI) 397 [MH]". Calcd. for GgHs7O,: 397.2737 Found: [MH], 397.2733(1.1 ppm
error). *. signal of one of the minor diastereoisosadData consistentwith those
previously reported in the literatufe.

Lab. Book: LNB0084-013-01.
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1a,2a-Epoxy-20-tetrahydropyr anyloxypregna-4,6-dien-3-one (373%°

To a solution of trienon&8 (170 mg,0.400 mmol, 1.0 eq.) in MeOK} mL) containing
10% NaOH in MeOH (0.050 mL, cat.)) was added hydrogen perox{88% w/w,
0.320 mL, 0.010 mol, 25.@q.) at 0 °C. The reaction mixture was stirré2 h at
15 °C. The resulting solution was diluted with@%10 mL) and concentrated to dryn@ss
vacuo The crude residue was purified by column chromatography on silica gel (9:1
heptane/EtOA) to afford he title compound®7 (50.0 mg, 0.121 mmol, 36) as a white
solid and as a mixture of four diastereocisomers at2@ and G22: R; 0.68 (1:1
heptane/EtOAe 1.5% EtN); Uy (400 MHz, MeOD) 6.17-6.12 (2 H, mH-6, H-7), 5.61

(1 H, br s,H-4), 4.664.64 (1 H, mH-22), 3.963.93 (1 H, mH-263), 3.863.84 (1 H, m,
H-20), 3.70 (1 H, d)J 4.3,H-1), 3.51:3.48 (1 H, mH-26b), 3.38 (1 H, ddJ 4.3,2.0, H-2),
2.32 (1 H, ddJ 10.8, 10.6H-8), 2.19 (1 H, dddJ 13.3, 3.1, 3.2H-123), 1.861.27 (16 H,
m, H-9, H-11, H12b H-14, H15, H16, H17, H-23, H24, H25), 1.21 (3 H, sH-19),
1.08 (3 H, dJ5.9,H-21), 0.90 (3 H, sH-18), 0.83 (3 H, sH-18*); Uc (125 MHz, MeOD)
197.0(C-3), 162.1 C-5), 142.0 C-7), 128.1 C-6), 119.7 C-4),102.3 C-22),73.7 (C-20),
64.2 C-26), 60.3 C-1), 57.8 C-17), 55.3 C-2), 54.2 C-14), 47.6 C-9), 43.9 C-13), 40.4
(C-12), 39.7 C-10), 38.6 (-8), 32.6 C-16), 32.5 (C-23), 26.5 C-25), 26.5(C-15), 22.0
(C-21), 21.8 C-11), 21.0 C-24), 18.7 C-19), 12.7 C-18%), 11.7 C-18); m/z (ESI) 413
[MH]". Calcd. for GeHz/Os 413.2686 Found: [MH], 413.2687( 1 0. 1 ppm
*. signal of one of the minor diastereoisomeData consistent with those previously
reported in the literature.

Lab. Book: LNB0084-014-02.

112



3 bHydroxy-2020-ethylenedioxypregnrb-ene (93

To a solution of pregnenolon&g) (10.0 g, 0.032 mol, 1.0 eq.) in toluene (130 mL) were
added ethylene glycol (8.80 mL, 0.160 mol, 5.0 eq.) @idOH (42.6 mg, 0.224 mmol,
cat.) and the resulting mixture was stirré®d h at 135 °C. The reaction mixture was
guenched witrsat. aq.NaHCQ; (100 mL) and extracted with EtOAc (100 mL). A white
solid precipitated in the extraction funnel and was filtered afterwards on a Buchner funnel;
it was a part of the title compourf#B which was stored in a separate flask. The organic
layer was washed with @ (60 mL) and brine (60 mL). The aqueous phase was back
extracted with EtOAc (60 mL). The combined organic extracts were dried oy8Oha
filtered and concentrated to dryneiss vacuoto give the title compoun®3 (10.3 g,
0.029 mol, 90%) as a white poerdwhich required no further purificatiomp 164165 °C
decomposed (Lt**163-166 °C decomposedR; 0.45 (1:1 heptane/EtOAc + 1.5MEts);
[U3%T 4 3 ¢190, GQHCE) (Lit.**°[ @¥T 3 9 ¢ 006,CHCL); gmadcm ™ (neat) 3241 (eH
stretch), 2887 (€H stretch),1633 (C=0 streh), 1037 (C-O-C strech); dy (400 MHz,
MeOD) 5.34 (1 H, br dJ 5.0,H-6), 3.983.82 (4 H, mH-22, H23), 3.4%:3.35 (L H, m,
H-3), 2.252.16 (2 H, mH-4), 2.08 (1 H, dddJ 12.8, 3.2, 3.1H-123), 1.981.95 (1 H, m,
H-7a), 1.851.78 (1 H, mH-1a), 1.781.69 (4 H, mH-8, H-11, H17), 1.641.61 (1 H, m,
H-16a), 1.57-1.44 (5 H, m,H-7b, H2, H-15), 1.26 (3 H, sH-21), 1.221.19 (2 H, m,
H-12b, H16b), 1.091.06 (1 H, mH-1b), 1.021.01 (1 H, mH-14), 1.01 (3 H, sH-19),
0.960.91 (1 H, mH-9), 0.79 (3 H, sH-18); dc (125 MHz, MeOD) 142.5 C-5), 122.6
(C-6), 112.8 C-20), 72.3 C-3), 65.9 C-23), 63.9 C-22), 59.4 C-17),58.0 C-14), 51.6
(C-9), 42.8 C-4), 42.6 C-13), 40.6 C-12), 38.3 C-1), 37.4 C-10), 32.7 C-7), 32.3 C-2),

31.9 C-8), 24.6 C-21), 24.5 C-16), 23.8 C-11), 21.5 C-15), 19.7 C-19), 13.3 (C-18);

m/z (ESI) 361 [MH]". Calcd. for GsH370s: 361.2737. Found: [MH] 361.2740 1 0. 8 pp
error). Data consistent with those previously reported in the liter&ture.

Lab. Book: LNB0107-008 11
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20.20Ethylenedoxypregn-1.,4,6trien-3-one (92

DDQ procedure?® A solution of ketal93 (50.0 mg, 0.139 mmol1.0 eq.) and DDQ
(110 mg, 0.485mmol, 3.5 eq.) in 14lioxane(3 mL) was stirred at 115 °C for 8 h. The

reaction mixture was cooled to room temgiare, filtered through Celifeand washed with
EtOAc (15mL). The filtrate was concentrated to drynasgacuo The crude mixture was
purified by column chromatography on silica gel (7:3 heptane/EtOAc + NEY) to
afford the title compoun@2 (20.7 mg 0.058 mmol, 42%) as a yellow solid.

Lab. Book: LNB0084-029-02.

Pd(OAc) procedure®® To a solution of Pd(OAgY405 ng, 1.80 mmol, 0.1 eq.) and ADP
(28.3 mL, 0.159 mol, 8.8 eq.) stirred beforehand in DME rfiL) at room temperature for

30 min was addedla,CO; (20.1 g, 0.189 mol, 10.5 eq.) and ke3al(6.50 g, 0.018 mol,

1.0 eq.) in DMF (13 mL) and the reaction mixture was stirred for 72 h at 160 °C under

argon atmosphere. The resulting mixture was cooled to room temperature, diluted with
EtOAc (50 mL) ad concentratedh vacuo The crude residue was dissolved in EtOAc
(300 mL). A 100 mL portion of this solution was diluted with EtOAc (350 mL) and
washed three times with i@®ld water (150 mL). This procedure was repeated three times
(one time for eachhird of the crude). All the combined organic extracts were dried over
NaSQO,, filtered and concentrated to drynesssacuo The crude residue was purified by
column chromatography on silica gel (9:1 to 6:4 heptane/EtOAc + NE&) to afford the

title compound92 (3.95 g, 0.011 mol, 62%) as a yellow soldp 164165 °C decomposed
(Lit.**® 162163 °C decomposedR; 0.57 (1:1 heptane/EtOAc + 1.5MEt:); [ WF 11.9

(c 1.0, CHC}) (Lit.***[ @*¥13.6,c 0.5, CHCh); gmadcm™* (neat) 2921 (€H stretch), 651
(C=0 stretch), 1599 (C=C stretcH)049 (GO-C streéch); Uy (400 MHz, MeOD) 7.29

(1 H, d,J10.3,H-1), 6.31 (1 H, br dJ 9.8,H-6), 6.22 (1 H, br dJ 10.3,H-2), 6.16 (1 H,
d,J9.8,H-7), 5.98 (1 H, br sH-4), 4.0£3.82 (4 H, mH-22, H23), 2.36(1 H, dd,J 10.7,
10.1,H-8), 2.16(1 H, ddd,J 13.0, 3.2, 3.1H-129), 1.871.67 (6 H, mH-11, H15a, H16,
H-17), 1.451.33 (2 H, mH-9, H15b), 1.27 (3 H, sH-19), 1.241.23 (2 H, mH-12h,

114



H-14), 1.23 (3 H, sH-21), 0.91 (3 H, sH-18); Uc (125 MHz, MeOD) 188.2 C-3), 166.2
(C-5), 156.1 C-1), 140.9 C-7), 127.9 C-6), 127.7 C-2), 123.3 C-4), 112.5 -20), 65.6
(C-23), 63.7 C-22), 59.1 C-17), 54.7 C-14), 49.8 C-9), 43.1 C-13), 43.0 C-10), 40.2
(C-12), 38.8 (C-8), 24.4 C-19), 23.8 C-15), 23.2 (C-16), 21.5 C-11), 20.6 C-21), 13.0
(C-18); m/z (ESI) 355 [MH]". Calcd. for GsHz10s: 355.2268. Found: [MH] 355.2263
(1.2 ppm error). Data consistent with those previously reported in the litef&ture.

Lab. Book: LNB0107-033-08.

Also isdated was20,2Gethylenedioxypregnd,6-dien-3-one (98) (475 mg, 1.33 mmol,
7%) as a yellowsolid: mp 166168 °C decomposed (Lit° 164166 °C decomposed);
Rf 0.60 (1:1 heptane/EtOAc + 1.5%Et); [ WY 57.9 € 1.0, CHCL); gmadcm™ (neat)
3381 (GH stretch), 2899 (€H stretch), 1636 (C=0 stretch)593 (C=C stréch), 1033
(C-O-C strech); Uy (400 MHz, MeOD) 6.24 (1 H, br d,J 9.8,H-6), 6.17 (1 H, dd,) 9.8,
2.5,H-7), 5.64 (1 H, br sH-4), 4.013.84 (4 H, mH-22, H23), 2.672.59 (1 H, mH-24a),
2.40-2.35 (1 H, mH-1a), 2.27 (1 H, ddJ 10.8, 10.7H-8), 2.13 (1 H, dddJ 13.0, 3.2, 3.1,
H-12a), 2.082.04 (1 H, mH-1b), 1.891.77 (1 H, m H-17), 1.761.70 (1 H, m H-2b),
1.591.30 (5 H, m,H-11, H15, H164), 1.27 (3 H, sH-21), 1.261.19 (4 H,m, H-9,
H-12b, H14, H-16b), 1.14 (3 H, sH-19), 0.87 (3 H, sH-18); Uc (125 MHz, MeOD)
202.6 C-3), 167.6 C-5), 143.2 C-6), 128.3 C-7), 123.5 C-4), 112.8 €-20), 65.6 C-23),
63.9 C-22), 58.9 C-17), 54.8 C-14), 54.3 C-10), 52.3 C-9), 43.6 C-13), 40.5 C-12),
38.3 (C-8), 34.6(C-1), 34.4 C-2), 24.6 C-21), 24.2 C-16), 24.1 C-15), 21.4 C-11), 16.1
(C-19), 13.3(C-18); m/z (ESI) 357 [MH]". Calcd. for GzHz4Os: 357.2424 Found: [MHT,
357.2422 (0.5 ppm error). Data consistent with those previously reported in the
literature*

Lab. Book: LNB0107-033-06.
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Further elution gaveregnl,4,6trien-3,20-dione (94) (155 mg, 0.499 mmol,%) as an
orangesolid: mp 136-140 °C decomposed (Lif! 144146 °C decomposedR; 0.44 (1:1
heptane/EtOAc + 1.59Et); [ WF 45.2 € 1.0, CHCE); gmadcm™ (ned) 2937 (GH

stretch), 1701 (C=Gstretch), 1651 (C=0 stretch), 1602 (C=C stretaly);(400 MHz,

MeOD) 7.29 (1 H, dJ 10.1,H-1), 6.32 (1 H, dd,) 9.8, 2.4,H-6), 6.23 (1 H, br dJ 10.1,
H-2), 6.14 (1 H, d.J 9.8,H-7), 5.99 (1 H, br sH-4), 2.66 (1 H, tJ 9.2,H-17), 2.382.33
(1 H, dd,J 10.5, 10.1 H-8), 2.21-2.19(1 H, m,H-123), 2.162.14 (1 H, mH-12b), 2.12
(3 H, s,H-21), 1.951.85(4 H, m, H-11, H15a, H16d), 1.57-1.43 (3 H, m, H-9, H-14,

H-15b), 1.24-1.23 (1H, m,H-16b), 1.23 (3 H, sH-19), 0.74(3 H, s,H-18); Uic (125 MHz,

MeOD) 211.8 C-20), 188.6 C-3), 166.3 C-5), 156.3 C-1), 140.4 C-7), 128.6 C-6),

128.3 C-2), 124.0 C-4), 64.1 C-17), 55.0 C-14), 49.9 C-9), 45.4 C-13), 43.0 C-10),

39.6 (C-8), 39.5 (C-12), 31.6 C-21), 23.8 (C-15), 23.0 C-16), 21.2(C-11), 20.9 (C-19),

13.6 C-18); m/z (ESI) 311 [MH]". Calcd. for GiH.7O.: 311.2006. Found: [MH]

311.2009( 1 1. 0 p p Bata econsistent) with thosereviously reportedin the
literature!*?

Lab. Book: LNB0107-011-06.

la , ZFaoxy-20,26ethylenedioxypregna-4,6-dien-3-one (91)%°

To a solution of trienon®2 (53.0 mg, 0.150 mmol, 1.0 eq.) iRArOH (4 mL) containing
10% NaOH in MeOH (0.03 mL, cat.) was added hydnogeroxide (30% w/w, 0.180 mL,
5.98 mmol, 40.0 eq.) at 0 °C. The resulting mixtwes stirred overnight allowing to reach
room temperature. The reaction mixture was diluted wit® E10 mL), quenched with

brine (10 mL) and the organic layer was washed wig® KR x 10 mL). The combined
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organic extracts were dried over J8&), filtered and concentrated to drynessvacuo
The crude residue was purified by column chromatography on silica gel (9:1
heptane/EtOAc + 7.5%ELts) to afford the title compounél (40.0 mg, 0.108 mmol, 72P6
as a white solidmp 140-141 °C decomposed (Lit® 137-138 °C decomposedR; 0.37
(1:1 heptane/EtOAc + 1.5%Et); [ WF212.2(c 1.0, CHCLy) (Lit.***[ ©*233.6,c 0.5,
CHCL); gmadcm™ (neat) 3346 (€H stretch), 2888 (& stretch), 1633 (C=0 stretch),
1592 (C=C streh), 1031 (GO-C strech); dy (400 MHz, MeOD) 6.186.13 (2 H, mH-7,
H-6), 5.61 (1 H, br sH-4), 4.01-3.83 (4 H, mH-22, H23),3.69 (1 H, br dJ 4.1, H-1),
3.37 (1 H, ddJ 4.1, 1.9,H-2), 2.342.30 (1 H, mH-8), 2.19 (1 H, ddd) 13.0, 3.1, 3.0
H-12), 1.891.70 (5 H, mH-11, H16, H17), 1.621.57 (1 H, mH-9), 1.401.31 (3 H, m,
H-12, H15), 1.291.28 (1 H, mH-14), 1.28(3 H, s,H-21), 1.20 (3 H, sH-19), 0.90 (3 H,
s,H-18); dc (125 MHz, MeOD) 196.8(C-3), 161.7 C-5), 142.0 C-7), 128.6 (C-6), 119.8
(C-4), 111.5 C-20), 65.8 C-23), 64.1 C-22), 60.4 C-1), 59.1 C-17), 55.6 C-2), 54.6
(C-14), 47.8 C-9), 43.4 C-13), 40.4(C-12), 40.0 C-10), 38.3 (C-8), 24.6 (C-15), 24.5
(C-21), 24.2 C-16), 22.1 C-11), 18.7 C-19), 13.1 C-18); m/z (ESI) 371 [MH]". Calcd.
for Cp3H3104: 371.2217 Found: [MHJ, 371.2213(1.2 ppm error). XRay crystallography:
CCDC 983154 contains the supplementary crystallographic data for this compsaend,
Appendix |. Crystals were grown by slow evaporation of EtOPata consistent with
those previously reported in the literatdt®.

Lab. Book: LNB0107-022-02.

1a , alihydroxyl-20,26ethylenedioxypregn-5-ene (99)%°

In a threenecked flask, argon was swept through the system for 15 min ap@NHL)

was trapped in the flask at 178 AC. Lith

into short piece and slowly added: the reaction mixture became instantly dark blue. After
1 h, a solution of epoxid@1 (0.970 g, 2.62 mmol, 1.0 eq.) in THF (95 mL) was added

dropwi se over 20 min. The reaction Mhs
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(28.0 g, 0524 mol, 200 eq.) was added portionwise over 1 h at reflux temperaxteen@l
temperaturdb et ween 120 AC and 710 AC): the rese
Most of the NH was removed in a stream of argon. The residue was diluted with Et
(100mL) and washed with brine (2 x 100 mL). The combined organic extracts were dried
over NaSQy, filtered and concentrated to dryn@svacuo The crude residue was purified
by column chromatography on silica gel (1:1 to 4:6 heptane/EtOAc% M) to afford
the title compound®9 (745 mg, 1.98 mmol, 76%3s a white solidmp 201-205 °C
decomposed (Lit?*®203-207 °C decomposedR; 0.20 (1:1 heptane/EtOAc + 1.5MEts);

[ UF1 4 9 c120, QHCH) (Lit.**®] Y1 4 7 c 006, CHCL); gma'cm™ (neat) 338qO-H
stretch), 2929C-H stretch), 2894 C-H stretch), 104§C-O-C stretch);ly (400 MHz,
MeOD) 5.48 (1 H, br dJ 5.5,H-6), 4.033.81 (5 H, mH-3, H22, H23), 3.79(1 H, br s,
H-1), 2.322.21 (2 H, mH-4), 2.091.92 (4 H, mH-2a, H7, H-123), 1.8%1.43 (9 H, m,
H-2b, H8, H9, H-11, H15, H16a, H17), 1.28 (3 H, sH-21), 1.231.04 (3 H, mH-12b,
H-14, H16b), 1.00 (3 H, sH-19), 0.79 (3 H, sH-18); Uc (125 MHz, MeOD) 138.0 C-5),
124.2 C-6), 111.9 C-20), 72.6 C-1), 65.2 C-3), 64.9 C-23), 63.0 C-22), 59.2 (C-17),
57.0 C-14), 43.6 C-10), 42.5 C-13), 41.9 C-9), 41.3 C-4), 40.4 C-12), 38.5 C-2), 32.6
(C-7), 32.5(C-8), 24.9(C-21), 24.8 C-15), 23.1C-16), 20.5 C-11), 19.0 C-19), 12.4
(C-18); m/z (ESI) 399 [MNa]. Calcd. for GsHszeNaQy: 399.2506 Found: [MNa],
399.2507( 1 0. 4 ppm error). Data <consistent
literature!?®

Lab. Book: LNB0170-082-04.

Also isolated wad [ 3dthydroxy}t20,20ethylenedioxypregid-ene(101) (97.6 mg, 0.259
mmol, 10%)as an amorphous white solichp 147-150 € decomposedR; 0.56 (6:4
PE/EtOAC + 1.59NEt); [ @ 47.3 € 1.0, CHCL); gmad/cm™ (neat) 32490-H stretch),
2928(C-H stretch), 105%C-O-C stretch)iiy (400 MHz, MeOD) 5.54 (1 H, br dJ 5.3,H-
6), 4.074.05 (1 H, mH-3), 4.013.83 (4 H, m H-22, H23), 3.73 (1 H, br sH-1), 2.64
2.58 (1 H, mH-4a), 2.232.18 (1 H, mH-4b), 2.162.05 (1 H, dtJ 12.7, 3.3, 3.3H-7a),
2.021.42 (11 H, mH-2, H-7b, H8, H9, H11, H15, H16a, H17), 1.27 (3 H, sH-21),
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1.231.06 (4 H, mH-12, H14, H16b), 0.99 (3 H, sH-19), 0.80 (3 H, sH-18); lic (125
MHz, MeOD) 135.7 C-5), 125.5 C-6), 111.8 C-20), 73.2 C-1), 68.1(C-3), 64.8 C-23),
62.9 (C-22), 58.2 C-17), 56.7 C-14), 42.6 C-10), 41.6 C-13), 41.4 C-9), 39.2 C-4),
39.0 C-12), 32.7 C-2), 31.7 C-7), 31.6(C-8), 24.0(C-15), 23.6 C-21), 23.0(C-16), 20.5
(C-11), 18.3 C-19), 12.1 €-18); m/z (ESI) 399 [MNa]. Calcd. for GsHszsNaQy:
399.2506 Found: [MNa], 399.2499(1.6 ppm error).

Lab. Book: LNB0170-078-03.

20,20Ethylenedioxy-1a-hydroxy-4-pregnen-3-one (L00)

In a threeneded flask, argon was swept through the system for 15 min and™HRiL)

was trapped in the fl ask altl.2mmpl889.Zeq).werki t h
cut into short pieces and slowly added: the reaction mixture became instantly dark blue.
After 1 h, a solution of epoxid®1 (46.3 mg,0.125 mmol, 1.0 eq.) in THFS(mL) was
added dropwise over 20 min. The reaction
The reaction was ¢ oNHG (0.776@ 6.4 raot, 118qd.)8wasA C
added pdronwise over 1 h: the reaction mixture became white and pasty. Most of the NH
was removed in a stream of argon. The residue was diluted with(BdmL) and washed

with brine (2 x 10mL). The combined organic extracts were dried oveiSiy, filtered

and concentrated to dryness vacuo The crude residue was purified by column
chromatography on silica gel (1:1 to 4:6 heptane/EtOAc % MNEkt;) to afford thetitle
compoundL00(26.1 mg, 0.07 mmol, 36) as a white solidmp 222223 °C decomposed,;

Rf 0.41 (1:1 heptane/EtOAe 1.5% NEt); [ @ 30.1 € 0.93, CHCL); gmad/cm™ (neat)

3380 (O-H strech), 2924(C-H strech), 1672 (C=0 stretch), 105Z-O-C strech); Uy

(400 MHz, MeOD) 5.70 (1 H, br sH-4), 4.064.04 (1 H, m,H-1), 3.993.84 (4 H, m

H-22, H23), 2.80 (1 H, ddJ 16.9, 2.5H-2a), 2.46 (1 H, dd, 16.9, 2.5H-2b), 2.11 (1 H,
d,J12.5 H-12a), 1.841.45 (11 H, mH-6a, H-7, H-8, H-9, H-11, H-15a H-16, H-17),
1.43-1.38 (1 H, m,H-6b), 1.301.27 (2 H, m,H-12b, H-15b), 1.29 (3 H, sH-21), 1.22
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(3 H, s,H-19), 1.151.11(1 H, m,H-14), 0.85 (3 H, sH-18); lic (125 MHz, MeOD) 199.5
(C-3), 140.2(C-5), 123.4 C-4), 112.7 C-20), 71.6 C-1), 63.3 C-23), 63.0 C-22), 59.1
(C-17), 56.3 C-14), 45.2 C-9), 43.6 C-10), 43.4 C-13), 42.4 C-2), 40.1 C-12), 33.1
(C-6), 31.8(C-8), 31.4 C-7), 30.1 C-21), 23.7 C-15), 22.2 C-16), 19.9 C-11), 18.1
(C-19), 12.4 C-18); m/z (ESI) 375 [MH]". Calcd. for GsHss04: 375.2530 Found: [MHT,
375.2510(5.3 ppm error).

Lab. Book: LNB0084-121-02.

la , DMydroxy-5-pregnen20-one (61>

A solution of ketal99 (650 mg, 0.172 mmol, 1.0 eq.) in AH/H,O/THF (65:35:10,
33 mL)was stirred overnight at room temperature. The reaction mixture was diluted with
EtOAc (50 mL) and slowly quenched with sat. ag. NaH(D mL). The organic phase
was adjusted to pH 8 by washingth sat. aq. NaHC@®The organic extract was dried over
NaSQO,, filtered and concentrated to drynessvacuoto give the title compoundl
(57.2 mg, 0.172 mmol, 100%) as white solid whichuresd no further purification:
mp 222225 °C decomposed (Lf® 232236 °C decomposed)R; 0.05 (1:1
heptane/EtOAc)[ W% 46.3(c 1.0, CHC}) (Lit.**®[ @*¥49.2 ¢ 0.16, CHC}); gmadcm™
(neat) 3337 (€H stretch), 2894 (€ stretch), 1671 (C=0 stretch); (400 MHz, MeOD)
5.49 (1 H, br dJ5.2,H-6), 3.963.87 (1 H, m H-3), 3.80 (1 H, br sH-1), 2.64 (1 H, dd,
J9.2,9.1H-17), 2.292.15 (3 H, mH-4, H-163), 2.12 (3 H, sH-21), 2.031.21 (14 H, m,
H-2, H7, H8, H-9, H11, H12, H14, H15, H16b), 1.01 (3 H, sH-19), 0.62 (3 H, s,
H-18); Uc (125 MHz, MeOD) 209.9 C-20), 137.6 (C-5), 125.8 C-6), 73.2 C-1), 66.9
(C-3), 64.0 C-17), 57.2 C-14), 44.1 C-13), 42.0 C-10), 41.5 C-9), 41.4 C-4), 38.9
(C-12), 38.6 C-2), 32.0 C-7), 31.8 (C-8), 31.6 C-21), 24.5 C-15), 23.2 C-16), 20.3
(C-11), 19.7(C-19), 13.5 C-18); m/z (ESI) 333 [MH]". Calcd. for G;H330s: 333.2424.
Found: [MH]', 333.2422(0.8 ppm error). XRay crystallographyCCDC 983153 contains

the supplementargrystallographic data fahis compound, se&ppendix |. Crystals were
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grown by $ow evaporation of CkCl,. Data consistent with those previously reported in
the literature'?®
Lab. Book: LNB0107-018-01.

la ,UDihydroxy -5-pregnen-20-one (103

A solution of ketal101 (50.0 mg, 0.133 mmol, 1.0 eqr) AcOH/H,O/THF (65:35:10)
(3 mL) was stirred overnight at room temperature. The reaction mixture was diluted with
EtOAc (10 mL) and slowly quenched witfat. aqNaHCGQ; (10 mL). The organic phase
was adjusted to pH 8 by washingth sat. agNaHCG;. The organic extract was dried over
NaSQO,, filtered and concentrated to drynassvacuoto give thetitle compoundl102
(44.2 mg, 0.133 mmol, 100) as a yellow solid which required no further purification:
mp 147-150 °C decomposed®; 0.21 (1:1 heptane/EtOAc]; W 36.7 ¢ 1.0, CHC);
(Found: C, 75.67; H, 9.73;58H4.0 requires C, 75.86; H, 9.70%J;a/cm™ (neat) 3317
(O-H strech), 2925(C-H stretch), 1706 (C=0 stretch)y (400 MHz, CDCI3) 5.57 (1 H,

br d,J 5.4,H-6), 416 (1 H, br s, H-3), 375 (1 H, br s, H-1), 2.64 (1 H, ddd, 15.0, 4.9,
2.7,H-44q), 2.54 (1 H, ddJ 9.3 9.0,H-17), 2.232.19 (1 H, mH-4b), 2.11 (3 H, sH-21),
2.061.88 6 H, m, H-2, H7a, H9, H123), 1.721.33 @ H, m, H-7b, H-8, H-11, H12b,
H-15a, H-16), 1.23-1.21 (2H, m, H-14, H-15b), 0.96 (3 H, sH-19), 0.61 (3 H, sH-18);

Uc (100 MHz, CDCl3) 209.8 C-20), 135.2 C-5), 126.3 C-6), 73.2 C-1), 68.5 C-3), 63.7
(C-17), 56.7 C-14), 44.0 C-13), 42.8 (C-10), 41.3 C-9), 39.7 C-4), 38.5 C-12), 33.5
(C-2), 31.9 C-7), 31.8 C-8), 31.7 C-21), 24.5 C-15), 22.8 (C-16), 19.9 C-11), 19.2
(C-19), 13.2 C-18); m/z (ESI) 355 [MNa]. Calcd. for G;H3:NaQs: 355.2244. Found:
[MNa]*, 355.2230(3.9 ppm error).

Lab. Book: LNB0189-009-01
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la , Phhydroxy-(20R)-20-hydroxydithianepregn-5-ene (L11)

To a solution of 1,&lithiane(696 mg, 5.79 mmol5.0 eq.) in THF (8 mL) was added
"BulLi (1.6 M in hexane, 3.62 mL, 5.79 mr
resulting solution was added dropwise a solution of ke®hg385 mg, 1.16 mmol,
1.0 eq.) in THF (8 mL). The reactianixture was stirred fob h ati 5 A C, di | ut
Et,O (20 mL) and quenched with sat. aq. J&H(10 mL). The organic phase was adjusted
to pH 7 by washing with $D, dried over Ng5Qy, filtered and concentrated to drynéss
vacua The crude residue wasunified by column chromatography on silica gel (2:8
heptane/EtOAc) to afford thiitle compoundl11 (230 mg, 0.506 mmol, 44%gs a white
solid as a mixture of two diastereoisomers a0Cin a6:1 ratio in favor of the @ 0 b
diastereoisomemp 148151 °CdecomposedR; 0.11 (1:1 heptane/EtOAc + 1.5%Hj);

[ UFT 5 7 ¢ 100, QHCE); gmax/cm™ (neat) 33380-H stretch), 2890 (¢ stretch), 2856
(S-H stretch):ly (400 MHz, MeOD) 5.48 (1 H,br d, J 4.8, H-6), 4.35 (1 H, sH-22%),
4.19 (1 H, sH-22), 3.923.85 (1 H, m,H-3), 3.78 (1 H, br sH-1), 2.922.79 (4 H, m,
H-23, H25), 2.302.20 (2 H, mH-4), 2.092.04 (1 H, mH-2a), 1.961.47 (13 H, mH-2b,
H-7, H9, H11, H12a, H15, H16a, H17, H24),1.40 (3 H, sH-21*), 1.39 (3 H, s,
H-21), 1.241.03(4 H, m,H-8, H-12b, H14, H16b), 1.00 (3 H, sH-19), 0.88 (3 H, s,
H-18), 0.83 (3 H, sH-18%); Uc (125 MHz, MeOD) 138.4 C-5), 124.2 (C-6), 76.8 C-20),
72.4 C-1), 60.7 C-22), 60.0 C-3),57.3 C-14), 55.4 C-17), 42.7 C-13), 41.4 C-4), 41.1
(C-9), 40.9 C-10), 40.2 C-12), 38.4 C-2), 31.8 C-7), 31.5 (C-8), 31.0 C-23,C-25), 26.4
(C-24), 24.9(C-15), 23.0(C-21*), 228 (C-21), 21.2 C-16), 20.0(C-11), 18.9 C-19), 13.5
(C-18%), 12.9 (C-18); m/z (ESI) 475 [MNa]. Calcd. For CysHsioNaGsS,: 475.2311.
Found: [MNa], 475.2304(1.6 ppm error). *: signals of the other diastereoisomer.

Lab. Book: LNB017304801
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20,20Ethylenedioxy-la , dibmethoxymethylenoxypregn5-ene (113

To a solution of dioB9 (2.90 g 7.70 mmal 1.0 eq.) in 1,4lioxane (65 mL) were added
H¢ni g 6@0.1bmh,9.658 mmol, 7.6 eq.) and chloromethyl methyl ether (4.30 mL,
0.057 mmol, 7.4 eq.) and the réswyg mixture was stirred overnight at reflux temperature.
After cooling to room temperature, the reaction mixture was diluted with EtOAc (50 mL),
guenched wittsat. agNH4ClI (30 mL) and stirred vigorously for 5 min. The organic phase
was washed with $#0 (30 mL) and brine (30 mL). The combined organic extracts were
dried over MgSQ filtered and concentrated to drynessvacuo The crude residue was
purified by column chromatography on silica 812 heptane/EtOA& 7.5% NEt;) to
afford thetitle compoud 113 (3.31 g, 7.12 mmol, 92%) as a white soldp 84-87 °C
decomposedR; 0.50 (7:3 heptane/EtOAc + 1.5%Et;); [ WF 71 9 . 061.0,( CHCY);
(Found: C, 69.64; H, 9.51;,814.0¢ requires C, 69.79; H, 9.54%;.a/cm™ (ned) 3368
(O-H stretch), 2881 (€1 dretch), 1614 (C=Cstretch), 1025 (GO-C stretch); Uy
(400 MHz, MeOD) 5.46 (1 H, br dJ 5.2,H-6), 4.72 (1 H, d,J) 7.0,H-244), 4.66 (1 H, d,
J6.7,H-263), 4.63 (1 H, dJ 6.7,H-26b), 4.56 (1 H, d,) 7.0,H-24b), 4.003.76 (5 H, m,
H-3, H-22, H23), 371 (1 H, br sH-1), 3.37 (3 H, sH-25), 3.34 (3 H, sH-27), 2.401.44

(16 H, m,H-2, H4, H7, H8, H9, H12a, H11, H14, H15, H16a, H17), 1.27 (3 H, s,
H-21), 1.201.15 (2 H, m,H-12b, H16b), 1.03 (3 H, sH-19), 0.81 (3 H, sH-18); Uc
(125 MHz, MeOD) 138.3 C-5), 124.0 C-6), 111.8 (C-20), 95.8 (C-24), 94.8 C-26), 79.5
(C-1), 72.7 C-3), 65.1 C-23), 63.1 C-22), 58.6 C-8), 58.5 C-17), 57.1 C-14), 55.2
(C-25), 54.2 C-27), 41.8 C-13), 41.3 C-10), 41.1 C-9), 39.9 C-12), 39.0 C-4), 327
(C-2), 31.9 C-15), 31.6 C-7), 23.8 C-21), 23.6 C-16), 19.9 C-11), 19.1 C-19), 12.4
(C-18); m/z (ESI) 487 [MNa]. Calcd. for G/HsNaQs: 487.3030 Found: [MNa],
487303 1 0. 4 ppm error) .

Lab. Book: LNB0170-120-02.
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la , Bismethoxymethylenoxypregns-en-20-one (38°2

A solution of ketal113 (267 mg, 0.575 mmol, 1.0 eq.) in Ad/H,O/THF (65:35:10)
(18 mL) was stirred overnight at room temperature. The reactigturaiwas diluted with
EtOAc (40 mL) and slowly quenched witfat. aqNaHCGQ; (20 mL). The organic phase
was adjusted to pH 8 by washingth sat. agNaHCG;. The organic extract was dried over
NaSQO,, filtered and concentrated to drynessvacuoto give the title compound38
(247 mg, 0.575 mmol, 100%) as an orange solid whichired) no further purification:
mp 125127 °C decomposed (Lif. 128129 °C decomposed)R; 0.44 (1:1
heptane/EtOAc)] W7F 48.0 € 1.0, CHCE); gmadcm™ (neat) 2901 (€H stretch), 1706
(C=0 stretch), 1042 (©-C stretch);Uy (400 MHz, MeOD) 5.48 (1 H, br d,J 5.4, H-6),
4.74 (1 H, dJ 7.0,H-224), 4.66 (1 H, d.J 6.7, H-243), 4.63 (1 H, dJ 6.7, H-24b), 4.58
(1 H, dJ7.0,H-22b), 3.853.78 (1 H, mH-3), 3.73 (1 H, br sH-1), 3.40 (3 H, sH-23),
3.34 (3 H, sH-25), 2.64 (1 H, ddJ 9.1, 9.1, H-17), 2.422.24 (3 H, mH-2a, H4), 2.12
(3 H, s,H-21), 2.091.24 (14 H, mH-2b, H7, H-8, H9, H11, H12, H14, H15, H-16),
1.04 (3 H, sH-19), 0.64 (3 H, sH-18); lic (125 MHz, MeOD) 210.2 C-20), 138.7 C-5),
124.4 C-6), 96.9 C-22), 95.8 C-24), 80.2 C-1), 73.3 C-3), 64.7 C-17), 58.3 C-8), 57.9
(C-14), 56.4 C-23), 55.2 C-25), 44.7 C-13), 42.3 C-10), 42.2 C-9), 39.9 C-4), 39.5
(C-12), 33.3 C-2), 32.4 C-7), 31.3 C-21), 25.2 C-16), 20.9 C-11), 20.8 C-15), 19.9
(C-19), 13.4 (C-18); m/z (ESI) 443 [MNaJ. Calcd. for GsHiNaQs: 443.2768
Found: [MNaJ, 443.2763(1.1 ppm error). Data consistent with those previously reported
in the literature®®

Lab. Book: LNB0107-010-01.
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la , Bismethoxymethylenoxy(20R)-20-hydroxydithianepregn-5-ene (39%°

To a solution of 1,&lithiane (8.23 g, 0.069 mol, 10dy.) in THF (30 mL) was added
"BuLi (1.6 M in hexane, 42.8 mL, 0.069 n
resultingsolution was added dropwise a solution of ket®88€2.88 g, 6.85 mol, 1.0 eq.) in
THF (30 mL). The reaction mixture was s
(60 mL) and quenched with sat. aq. XiH (60 mL). The organic phase was adjusted to
pH 7 by washing with HO (4 x 15 mL), dried over N&Q,, filtered and concentrated
vacuoto dryness. The crude residue was purified by column chromatography on silica gel
(8:2 heptane/EtOActo afford the title compound9 (2.63 g, 4.86 mmol, 71%gs a whi¢

solid: mp 150153 °C decomposed (L3f. 154156 °C decomposed)R; 0.68 (1:1
heptane/EtOAc + 1.5% B); [ WF 1 2 7 .c®.5, (CHCE); gmadcm™ (neat) 3480

(O-H stretch), 2931 (€ stretch), 2843 (&% stretch), 1037 (@-C stretch); Uy

(400 MHz, CDCl3) 5.54 (1 H, br dJ 4.9,H-6), 4.73 (1 H, dJ 6.7,H-263), 4.66 (1 H, d,

J 6.9,H-28a), 4.63 (1 H, d,) 6.9, H-28b), 4.58 (1 H, dJ 6.7,H-26b), 4.13 (1 H, sH-22),
3.863.82 (1 H, mH-3), 3.72 (1 H, br sH-1), 3.38 (3 H, sH-27), 3.34 (3 H, sH-29),
2.97-2.81 (4 H, mH-23, H25), 2.44 (1 H, dddJ 13.5, 5.0, 1.6H-4a), 2.362.31 (1 H, m,
H-4b), 2.22(1 H, br d,J 13.4,H-24d), 2.162.07 (1 H, mH-12a), 1.95 (1 H, ddJ 17.7, 2.4,

H-7a), 1.921.47 (13 H, mH-2b, H7b, H8, H9, H11, H15, H16, H17, H24), 1.42

(3 H, s,H-21), 1.241.13 (2 H, mH-12b, H14), 1.02 (3 H, sH-19), 0.88 (3 H, sH-18);

Uc (125 MHz, CDCl3) 137.9 €-5), 124.1 C-6), 95.6 C-26), 95.1 C-28), 78.7 C-1), 77.0
(C-20), 72.5 C-3), 61.2 C-22), 56.9 C-14), 56.2 C-29), 55.2 C-17), 55.1 C-27), 43.0
(C-13), 41.6 C-9), 41.1 C-10), 40.0 C-12), 38.9 (C-4), 32.5 C-2), 31.6(C-7), 31.5(C-8),

31.3 C-23), 30.9 C-25), 26.0 C-24), 24.2 C-15), 23.8 C-21), 21.7 C-16), 20.2 C-11),

19.7 C-19), 13.5 C-18); m/z (ESI) 563 [MNaJ. Calcd. for GoHsgNaGQ:S,: 563.2835
Found: [MNaJ, 563.2820(2.8 ppm error). Data consistent witiose previously reported

in the literaturé®

Lab. Book: LNB0170-12302.
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Further elution gavéa , dibmethoxymethylenoxy20S)-20-hydroxydithianepregid-ene
(114) (16.0 mg, 0.030 mmol,%) as a white solidmp 142146 °C decomposefLit.?°
148150 °C decomposedR; 0.60 (1:1 heptane/EtOAc + 1.5%:8); [ WFT1 2 9 c 40, (
CHCL); gmax/cm™* (nea) 3472 (GH stretch), 2928 (& stretch), 2853 ($H stretch), 1040
(C-O-C stretch);iy (400 MHz, CDCl3) 5.54 (1 H, br dJ 5.5,H-6), 4.73 (1 H, dJ 7.3,
H-264d), 4.66 (1 H, dJ 7.1,H-284), 4.63 (1 H, d,J 7.1,H-28b), 4.59 (1 H, d,) 7.3,H-26b),
4.33(1 H, s,H-22), 3.883.81 (1 H, mH-3), 3.71 (1 H, br sH-1), 3.38 (3 H, sH-29),
3.34 (3 H, sH-27), 2.962.80 (4 H, mH-23, H25), 2.43 (1 H, dddJ 13.9, 5.3, 2.0H-4a),
2.352.29 (1 H, mH-4b), 2.21 (1 H, br dJ 14.0,H-2a), 2.081.41 (14 H, mH-2b, H7,
H-9, H11, H12a, H15, H16, H17, H24),1.32 (3 H, sH-21), 1.221.08 (3 H, mH-8,
H-12b, H14), 1.01 (3 H, sH-19), 0.89 (3 H, sH-18); Uc (125 MHz, CDCl3) 137.8 C-5),
124.1 C-6), 95.9 C-26), 95.1 C-28), 79.0 C-1), 77.7 C-20), 72.5 C-3), 61.1 C-22),
56.6 C-14), 56.1 C-29), 55.1 C-17), 55.0 C-27), 43.4 C-13), 41.6 C-10), 41.1 C-9),
39.7 C-12), 38.9 C-4), 32.8 C-2), 31.5 C-7), 31.3 C-8), 31.2 (C-23), 30.8 C-25), 29.7
(C-24), 25.9 C-15), 25.0 C-21), 23.9 C-16), 20.3 C-11), 19.7 C-19), 13.9 C-18);
m/z (ESI) 563 [MNa]. Calcd. for GgHsgNaG:S,: 563.2835 Found: [MNa], 563.2843
(1T1.4 ppm err or ) hoselpatioasly ceponted iinshe lgenatdfe.wi t h t
Lab. Book: LNB0170-115-04.
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(20R)-20-Dithiane-1a , 2@R-trismethoxymethylenoxy-pregn-5-ene (112

To a solution of alcohoB9 (1.12 g, 2.07 mmoll.0 eq.) in 1,4ioxane (55 mL) were
add e d Hs¢ bmse g(&74 mL, 0.61mol, 7.6 eq.) ancchloromethyl methyl ether
(1.16mL, 0.015mol, 7.4 eq.). The resulting mixture was stirred overnigl®0atC. After
cooling to roomtemperature, the reactionixture was diluted with EtOAc (b mL),
quenched witha. ag. NHCI (20 mL) and stirred vigorously fos min. The organic phase
was washed with $#0 (20 mL) and brine (2@nL). The organic extract was dried over
MgSQ,, filtered and concentrated to drynésssacuo The crude residue was purified by
column chromatography on silica gel (7:3 PE/EtOAc) to afford titke compoundl12
(1.03 g, 1.76 mmol, 85%) as a yellow solidnp 188191 °C decomposedy; 0.84
(1:1 PE/EtOAC); (Found: C, 63.69; H, 8.923185,06S; requires C, 63.66; H, 8.96%);
[ G¥Fi749.0(c 1.0,CHCL); gmadcm™ (neat) 3361 (€H stretch), 2894 (¢ stretch), 2849
(S-H stretch), 1020 (€O-C stretch);ty (400 MHz, MeOD) 5.48 (1 H, br dJ 4.8, H-6),
4.93 (1 H, dJ 6.6,H-30a), 4.72 (1 H, d.J 7.3,H-26a), 4.70 (1 H, d,J 6.6, H-30b), 4.66
(1 H,dJ6.8 H-28d), 4.64 (1 H, dJ 6.8 H-28b), 4.57 (1 H, dJ 7.3,H-26b), 4.37 (1 H, s,
H-22), 3.843.79 (1 H, mH-3), 3.71 (1 H, br sH-1), 3.40 (3 H, sH-27), 3.38 (3 H, s,
H-29), 3.34 (3 H, sH-31), 2.922.82 (4 H, mH-23, H-25), 2.40 (1 H, dddJ 13.4, 5.5, 2.1,
H-4a), 2.332.22 (2 H, mH-2a, H-4b), 2.1%1.46 (15 H, mH-2b, H7, H-8, H-9, H-12a,
H-11, H14, H15, H16, H17, H24), 1.56 (3 H, sH-21), 1.281.19 (2 H, m,H-12b,
H-16), 1.03(3 H, s,H-19), 0.90 (3 H, sH-18); lc (100 MHz, MeOD) 137.8 C-5), 123.8
(C-6), 111.8 (C-20), 95.6 C-26), 94.6 C-28), 91.8 C-30), 79.1 C-1), 72.2 C-3), 61.5
(C-22), 56.8 (C-14), 55.5 (C-17), 55.5 C-27), 55.2 C-29), 54.1 C-31), 41.3 C-13), 41.3
(C-9), 41.1 C-10), 40.2 C-12), 390 (C-4), 32.5 C-2), 31.8 (-8), 31.3 C-7), 31.3 C-23,
C-25), 26.5 C-24), 23.8 C-15), 221 (C-16), 21.8 C-21), 21.2(C-11), 18.8 C-19), 12.8
(C-18); m/z (ESI) 607 [MNa]. Calcd. for GiHs,NaGOsS,: 607.3098. Found: [MN3]
607.3086 (1.9 ppm errof.ab. Book: LNB0149-116-03.
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3 bBMethoxymethylenoxypregn5-ene (115%°

To a solution of pregnenolon&g) (1.00 g, 3.16 mmol, 1.0 eq.) in icgdoxane (20 mL)
were added H¢gnigbébs base (4.17 mL, 24.0 1
(1.76 mL, 23.4 mmol, 7.4 eq.). Thestdting mixture was stirred overnight at reflux
temperature. After cooling to room temperature, the reaction mixture was diluted with
EtOAc (20 mL), quenched with sat. ag. MH (10 mL) and stirred vigorously for 5 min.
The organic phase was washed wifOH10 mL) and brine (10 mL). The organic extract
was dried over MgSg) filtered and concentrated to drynassvacuoto afford the title
compound115 which required no further purificatio(L.00 g, 2.77 mmol, 88%) as an
amorphous orange solichp 105107 °C decomposed (Li2* 109111 °C decomposed);

Rf 0.74 (8:2 PE/EtOAc)] W 15.0 € 1.0, CHCH) (Lit.™*[ ©13.0, ¢ 0.254)gmadcm™
(neat) 3375 (€H stretch), 2894 (€ stretch), 1679 (C=0 stretch), 1028-Q=C stretch);

Uy (400 MHz, CDClI3) 5.36 (1 H br d,J 5.3,H-6), 4.69 (2 H, sH-22), 3.473.39 (1 H, m,

H-3), 3.37 (3 H, sH-23), 2.53 (1 H, ddJ 9.2, 9.2,H-17), 2.382.19 (3 H, mH-2, H-4),

2.13 (3 H, sH-21), 2.061.04 (15 H, mH-1, H-2, H7, H8, H9, H-11, H12, H15,
H-16), 1.01 (3 H, sH-19), 0.990.97 (1 H, mH-14), 0.63 (3 H, sH-18); Uc (100 MHz,
CDCl3) 209.6 C-20), 140.7 C-5), 121.3 C-6), 95.3 C-22), 76.3 C-3), 63.8 C-17), 56.9
(C-14), 55.4 C-23), 50.1 C-9), 44.1 (C-13), 39.6 (C-12), 38.8 C-4), 37.3 C-1), 36.8
(C-10), 31.9 C-7), 31.8 (C-21), 31.5(C-8), 28.9 (C-2), 24.6 (C-15), 22.9 (C-16), 21.1
(C-11), 19.5 C-19), 13.2 C-18); m/z (ESI) 361 [MH]". Calcd. for G3Hz70s: 361.2737.
Found: [MHT, 361.2728 (2.6 ppm error). Data consistent with those previously reported in
the literature-*

Lab. Book: LNB0107-142-01.
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(20R)-20-Hydroxydithiane -3 Bmethoxymethylenoxypregnas-ene (116

To a solution of 1,3lithiane (1.67 g, 13.9 mmol, 5.0 eq.) in THF (5 mL) was adBedl.i

(1.6 M in hexane, 8. 67 mL, 13.9 mmol , 5.
solution was added dropwise algadn of ketonel15(1.00 g,2.77 mmol, 1.0 eq.) in THF
(15 mL). The reaction mixture vwoa® m&)tandr r e

guenched with sat. aq. N&I (10 mL). The organic phase was adjusted to pH 7 by
washing with HO (4 x 10 mL),dried over NaSQ;, filtered and concentratéd vacuoto
dryness. The crude residue was purified by column chromatography on silica gel (90:10 to
85:15 PE/EtOAC): the product containing fractions were concentrated andndvesclioto

afford thetitle conpound116 (1.04 g,2.16 mmol, 78%) as a mixture of diastereoisomers
at G20 in a6:1 ratio as a white solidmp 190194 °C; R; 0.50 (8:2 PE/EtOAC);
(Found: C, 66.63; H, 9.16;,8H4.05S, requires C, 67.45; H, 9.22%); Y*'1 5 1 ¢ 770, (
CHCL); gmadcm™* (neat) 3422 (€H stretch), 2931 (& stretch), 2888 ($1 stretch), 1032
(C-O-C stretch) Uy (400 MHz, CDCI3) 5.36 (1 H, bd, J 5.2,H-6), 4.69 (2 H, sH-26),

4.36 (1 H, sH-22%), 4.15 (1 H, sH-22), 3.443.40 (1 H m, H-3), 3.38 (3 H, sH-27),
3.002.82 (4 H, mH-23, H25), 2.382.27 (2 H, mH-4), 2.121.50 (16 H, mH-1, H-2,

H-7, H9, H11, H15, H16, H17, H24), 1.44 (3 H, sH-21), 1.33 (3 H, sH-21%),
1.341.06 (4 H, m,H-8, H12, H14), 1.02 (3 H, s,H-19), 0.89 (3 H, s,H-18); Uc

(100 MHz, CDCl3) 140.8 C-5), 121.6 C-6), 94.4 C-26), 77.3 C-20), 77.0 C-3), 60.8
(C-22), 56.8 C-14), 55.4 C-27), 55.2 C-17), 50.1 C-9), 43.0 C-13), 40.0 C-12), 39.5
(C-9), 37.3 C-1), 36.8 C-10), 31.8 C-7), 31.6 C-23), 31.5 C-25), 31.4 (C-8), 31.0
(C-24), 28.8 C-2), 24.4 C-21), 23.8 C-15), 21.7 C-16), 21.0 C-11), 19.4 C-19), 13.4
(C-18); m/z (ESI) 4 6 3 ,O.\Maldd. for GH;0.S,: 463. 2699 .,0Koun
463.2706 (112.4 ppm error). *: signals of
Lab. Book: LNB0107-144-04.
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(20R)-20-Dithiane-3 b ,Rbi@methoxymethylenoxypregns-ene (117

To a solution of alcohol16 (3.00 g, 6.25 mmol, 1.0 eq.) in igdoxane (90 mL) were
added H¢ni goés base (8. 26 mL , 0. 04 *hermo |
(3.49 mL, 0.046 mol, 7.4 eq.) and the resulting mixture was stirred overnight at reflux.
After cooling to room temperature, the reaction mixture was diluted with EtOAc (40 mL),
guenched with sat. ag. N@I (20 mL) and stirred vigorously for 5 min. &lorganic phase
was washed with $#0 (20 mL) and brine (20 mL). The organic extract was dried over
MgSQ,, filtered and concentrated to drynéssvacuo The crude residue was purified by
column chromatography on silica gel (9:1 PEBtto afford thetitle compound117
(3.00 g, 5.72 mmol, 98) as an amorphous orange soldgp 108110 °C R; 0.34 (8:2
PE/EtO); (Found: C, 66.04; H, 9.12; ,gH4s0,S, requires C, 66.37; H, 9.22%);

[ GF124.5 €1.0,CHCL); gma/cm™ (neat) 3345 (CH stretch), 2889 (¢ strech), 2849
(S-H stretch), 1022 (€O-C stretch);ty (400 MHz, CDClI3) 5.34 (1 H, br dJ 5.2, H-6),

4.92 (1 H, dJ6.8,H-283), 4.75 (1 H, d,) 6.8, H-28b), 4.69 (2 H, sH-26), 4.27 (1 H, s,
H-22), 3.453.40 (1 H, mH-3), 3.42 (3 H, sH-29), 3.37 (3 Hs,H-27), 2.902.80 (4 H, m,
H-23, H-25), 2.36 (1 H, dddJ 13.0, 6.6, 1.8H-4a), 2.292.24 (1 H, mH-4b), 2.101.44

(18 H, m,H-1, H-2, H-7, H8, H9, H-12a, H11, H14, H15, H16a, H17, H24), 1.57

(3 H, s,H-21), 1.321.28 (2 H, mH-12b, H16b), 1.00 (3 H, sH-19), 0.87 (3 H, sH-18);

Uc (100 MHz, CDCIl3) 140.7 C-5), 121.7 C-6), 94.7 C-26), 92.3 (C-28), 81.8 (C-20),

77.0 C-3), 61.7 C-22), 56.8 (C-17), 56.6 C-14), 56.7 C-29), 55.1 C-27), 50.1 C-9),

43.1 C-13), 40.2 C-12), 39.6 C-4), 37.3 C-1), 36.7 C-10), 32.4 C-23), 31.8 C-7), 31.8
(C-25), 31.4 C-8), 28.9(C-2), 26.5 C-24), 24.0 C-15), 22.5 C-16), 21.0 C-11), 21.9
(C-21), 19.5 C-19), 13.5 C-18); m/z (ESI) 547 [MNaJ. Calcd. for GoHsgNaO,S,:
547.2886. Found: [MNA&] 547.2878 (1.5 ppm error). -Ray crystallography CCDC
983152 contains the supplementary crystallographic dataitocompound, se&ppendix

I. Crystals were grown by slow evaporation of PE.

Lab. Book: LNB0107-14503.
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3 B(20R)-20-Bismethoxymethylenoxy-22-oxopregn-5-ene (118§

To a solution of diiane adductl17 (30.0 mg, 0.057 mmol, 1.0 eq.) in @EN/H,O
(4:1, 3.3 mL) was added a solution of AgN@2.7 mg, 0.252 mmol, 4.4 eq.) and NCS
(30.5 mg, 0.229 mmol, 4.0 eq.) in GEN/HO (4:1, 1.4 mL) at 0 °C. The reaction mixture
was protected from lighand stirred for 30 min. After warming to room temperature, the
reaction mixture was quenched with sag. NaSO; (1 mL) then with sat. ag. NaHGO
(1 mL) and with brine (1 mL). The reaction mixture was stirred vigorously for 5 min and
filtered through @lite®. The aqueous layer was extracted withCE{3 x 20 mL). The
combined organic phases were dried over MgSiDered and concentrated to dryness
in vacua The crude residue was purified by column chromatogramhysilica gel
(8:2 PE/E$O) to affordthe title compoundl18 (19.0 mg, 0.044 mmol, P%) as a white
amorphous solidmp 106107 °G R; 0.52 (7:3 PE/ED); [ WF 1 1 7 ¢ 5.0, CHCY);
gmad/cm™ (neat) 3350 (CH stretch), 2895 (& stretch), 1693 (C=0 stretch), 1019-QEC
stretch);Uy (400 MHz, CDCl3) 9.70 (1 H, sH-22), 5.35 (1 H, br dJ 5.2,H-6), 4.85 (1 H,
d,J7.5,H-259), 4.69 (2 H, sH-23), 4.62 (1 H, dJ 7.5,H-25b), 3.453.40 (1 H, mH-3),
3.42 (3 H, sH-26), 3.37 (3 H, sH-24), 2.35 (1 H, dddJ 13.2, 5.0, 2.0H-4a), 2.282.22

(1 H, m,H-4b), 2.212.18 (2 H, mH-2), 1.981.39 (13 H, mH-1, H-7, H-8, H-11, H12a,
H-15, H16, H17),1.37 (3 H, sH-21), 1.241.19 (1 H, mH-9), 1.061.01 (2 H, mH-12b,
H-14), 1.01 (3 H, sH-19), 0.78 (3 H, sH-18); lic (100 MHz, CDCl3) 205.4(C-22), 140.8
(C-5), 121.6 (C-6), 94.8 C-23), 91.9 (C-25), 85.7 C-20), 77.0 C-3), 58.5 C-17), 56.1
(C-14), 56.1 C-26), 55.3 C-24), 50.1 C-9), 43.4 C-13), 40.1 C-12), 39.6 C-4), 37.3
(C-1), 36.8 C-10), 31.8 C-7), 31.7 C-8), 29.0 C-2), 24.0 C-15), 22.0 C-16), 20.9
(C-11), 19.4 (C-19), 18.9 (C-21), 14.8 C-18); m/z (ESI) 457 [MNa]. Calcd. for
CaeHa2NaQs: 457.2924. Found: [MN4] 457.2920 (0.9 ppm error).

Lab. Book: LNB0107-15803.
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(20R)-20-Hydroxyformyl -3 Emethoxymethylenoxypregn5-ene(119)

A solution of dithiane addudt17 (100 mg,0.191 mmol, 1.0 eq.) in THF (1 mL) was added
dropwise to a suspension of HgO (90.7 mg, 0.419 mmol, 2.2 eq.) aAJEEF(0.052 mL,
0.419 mmol, 2.2 eq.) in THFAD (1:1, 1.3 mL). The reaction was stidrat reflux for 4 h.
The reaction mixture was cooled to room temperature and filtered through®Gaedie
washed with BEO (5 mL). The organic phase was washed with sat. aq. NgHZ®
5 mL). The organic phase was dried over MgSfitered and concerdtedin vacuo The
crude residue was purified by column chromatograghgilica gel(7:3 to 1:1 PE/EtOAC)
to afford thetitle compoundL19 (20.0 mg, 0.051 mmol, 27%) as a white amorphous solid:
mp 125127 °C;R; 0.33 (7:3 PE/BED); [ W1 7 7 ¢ 120, GHCls); gma/cm™ (neat) 3409
(O-H stretch), 2889 (€ stretch), 1698 (C=0 stretch), 1024 -Q=C stretch); Uy
(400 MHz, CDCl3) 9.57 (1 H, sH-22), 5.35 (1 H, br dJ 5.2, H-6), 4.69 (2 H, sH-23),
3.47-3.40 (1 H, mH-3), 3.38 (3 H, sH-24), 2.36 (1 H, dd, J 12.8, 4.6, 1.5H-4a),
2.302.24 (1 H, mH-4b), 1.981.34 (16H, m, H-1, H2, H7, H9, H-11, H12a, H14,
H-15, H16, H17), 1.36 (3 H, sH-21), 1.271.03 (2 H, m H-8, H-12b), 1.02 (3 H, s,
H-19), 0.80 (3 H, sH-18); Uc (100 MHz, CDCl3) 203.6(C-22), 140.9 C-5), 121.5 C-6),
94.8 (C-23), 79.6 C-20), 77.0 C-3), 56.6 C-17), 55.5 C-24), 55.3 C-14), 50.2 C-9),
43.4 C-13), 40.1 C-12), 39.6 (C-4), 37.3 C-1), 36.8 C-10), 31.8 C-7), 31.4(C-8), 29.0
(C-2), 24.2 (C-15), 23.1 (C-21), 222 (C-16), 21.0 C-11), 19.5 C-19), 13.9 (C-18);
m/z (ESI) 413 [MNaJ. Calcd. for GsHzgNaQy: 413.2662. Found: [MN3&] 413.2674
(172.8 ppm error).

Lab. Book: LNB0107-14804.
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Further elution gave(20R}20-formyt3 Ehydroxyt20-methoxymethylenogsegn5-ene
(120 (36.3 mg, 0.093 mmol, 49%) as a white amorphous safig: 118120 °C
decomposedR; 0.16 (6:4 PE/ED); gma/cm™ (neat) 3345 (€H stretch), 2889 (CH

stretch), 1700 (C=0 stretch), 1013-QG=C stretch);ly (400 MHz, CDCl3) 9.70 (1 H, s,
H-22), 5.35 (1 H, br dJ 5.5,H-6), 4.85 (1 H, dJ 7.2,H-233), 4.62 (1 H, dJ 7.2,H-23b),

3.51:3.46 (1 H, mH-3), 3.42 (3 H, sH-24), 2.332.23 (2 H, mH-4), 2.061.94 (1 H, m,
H-7), 1.891.46 (16H, m, H-1, H-2, H-7, H9, H11, H12a, H14, H15, H16, H17),

1.37 (3 H, sH-21), 1.271.03 (2 H, m H-8, H-12b), 1.01 (3 H, sH-19), 0.79 (3 H, s,
H-18); Uc (100 MHz, CDCl3) 205.4(C-22), 140.9 C-5), 121.6 C-6), 92.0 C-23), 85.7
(C-20), 71.8 C-3), 58.5 C-17), 56.1 C-14), 55.9 C-24), 50.1 C-9), 43.5 C-13), 42.3
(C-12), 40.0 C-4), 37.3 C-1), 36.6 C-10), 31.7 C-7), 31.6(C-2), 31.5(C-8), 23.9(C-15),

21.9 (C-16), 20.9(C-11), 19.5 C-19), 18.8 €-21), 14.7 C-18); m/z (ESI) 391 [MH]".

Calcd. for G4H3904: 391.2843. Found: [MH] 3 9 1 .33 gmn&rrof).1

Lab. Book: LNB0107-148-05.

3 B20R)-20-Bismethaxymethylenoxy-22-dimethoxypregn-5-ene (21)

To a solution of AgN@ (72.8 mg, 0.429 mmol, 4.5 eq.) in MeOH (0.61 mL) was added
NCS (50.9 mg, 0.381 mmol, 4.0 eq.) and-2gkdine (0.111 mL, 0.952 mmol, 10 eq.) at
room temperature. The reaction mixture was protected from light. After 30 min, a solution
of dithiane adductl17 (50 mg, 0.095 mmol, 1.0 eqg.) in THF (0.61 mL) was added
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dropwise and the reaction mixture was stirred overnigtierAooling to 0 °C, the reaction
mixture was quenched with sag. NaSQO; (1 mL) then with sat. aq. NaHG@1 mL) and
with H,O (1 mL). The reaction mixture was stirred vigorously for 5 min and diluted with
Et,O (1 mL). The aqueous layer was extractethvEtO (2 x 1 mL). The combined
organic phases were dried over MgSfitered and concentrated to dryn@ssacuo The
crude residue was purified by column chromatographgilica ge8:2 PE/E$O) to afford
the title compoundl21 (31.3 mg, 0.065 mmok8%) as a white solidmp 103105 °C
Rf 0.53 (7:3 PE/BD); [ W1 2 6(c BO, CHCL); gma/cm™ (neat) 3387 (CH stretch),
2891 (GH stretch), 1702 (C=0 stretch),022 (CO-C stretch)ily (400 MHz, CDCl3) 5.35
(1 H, br d,J5.3,H-6), 4.99(1 H, d,J 6.6,H-273), 4.69 (2 H, sH-25), 4.66 (1 H, d,) 6.6,
H-27b), 4.02 (1 H, sH-22), 3.53 (3 H, sH-24), 3.46 (3 H, sH-23), 3.453.41 (1 H, m,
H-3), 3.41 (3 H, sH-28), 3.38 (3 H, sH-26), 2.36 (1 H, dddJ 13.2, 4.9, 1.6H-4a),
2.302.23 (1 H, mH-4b), 2.0#1.41 (15 H, mH-1, H2, H-7, H8, H-11, H12a, H15,
H-16, H17),1.33 (3 H, sH-21), 1.251.01 (2 H, mH-12b, H14), 1.01 (3 H, sH-19),
0.920.88 (1 H, m,H-9), 0.88 (3 H, sH-18); Uc (100 MHz, CDCl3) 140.9 C-5), 121.8
(C-6), 111.2 C-22), 94.8 (C-25), 92.5 C-27), 81.0 C-20), 77.0 C-3), 59.0 C-24), 57.5
(C-23), 56.7 C-14), 56.4 C-28), 55.3 C-26), 55.1(C-17), 50.2 C-9), 42.8 C-13), 40.3
(C-12), 39.6 C-4), 37.1 C-1), 36.8 C-10), 31.8 C-7), 31.3 C-8), 28.9 C-2), 23.9 C-15),
21.7 C-16), 20.8 C-11), 19.4 C-19), 15.9 C-21), 13.5 C-18); m/z (ESI) 503 [MNaJ .
Calcd. for GgHigNaOs: 503.3346. Found: [MN&] 503.3336 (1.3 ppm error).

Lab. Book: LNB0107-156-03.

(20R)-20-Formyl-1a , 2®tri smethoxymethylenoxypregn-5-ene @40)%°

To a solution of dithiane addui2 (500 mg, 0.855 mmol, 1.0 eq.) in @EN/HO (4:1,

54 mL) was added a solution of AgN(@544 mg, 3.79 mmol, 4.4 eq.) and NCS (451 mg,
3.38 mmol, 4.0 eq.) in GEN/H,O (4:1, 22 mL) at O °C. The reaction mixtunes
protected from light and stirred for 30 min. After warming to room temperature, the
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reaction mixture was quenched with sadq. NaSO; (5 mL) then with sat. aq. NaHGO
(5 mL) and with brine (5 mL). The reaction mixture was stirred vigorously for Samih
filtered through Celitt. The aqueous layer was extracted withCE{3 x 50 mL). The
combined organic phases were dried over MgSidered and concentrated to dryneéss
vacua The crude residue was purified by column chromatography silica gel
(8:2 PE/ELO) to afford the title compoundO (358 mg, 0.724 mmol85%) as an
amorphous yellow solidmp 115117 °C decomposed (L3%.118120 °C decomposed);
Rf 0.69 (7:3 PE/EtOAC) (BF118.8 € 1.0, CHCE); gma/cm™ (neat) 3389 (CH stretch),
2889 (C-H stretch), 1701 (C=0 stretch), 1025QEC stretch)ily (400 MHz, CDCl3) 9.68
(1 H, s,H-22), 5.54 (1 H, br dJ 5.2,H-6), 4.83 (1 H, dJ) 7.2,H-274), 4.73 (1 H, dJ 7.1,
H-23a), 4.66 (1 H, dJ 7.0,H-253), 4.64 (1 H, d,) 7.0,H-25b), 4.60 (1 H, dJ 7.1,H-23b),
456 (1 H, dJ 7.2 H-27b), 3.873.78 (1 H, mH-3), 3.72 (1 H, br sH-1), 3.39 (3 H, s,
H-24), 3.38 (3 H, sH-26), 3.33 (3 H, sH-28), 2.43 (1 H, ddd,] 13.6, 5.3, 1.8H-4a),
2.352.29 (1 H, mH-4b), 2.252.20 (1 H, mH-24d), 1.981.90 (1 H, mH-7a), 1.741.39
(11 H, m,H-2b, H7b, H8, H9, H11, H12a, H15a, H16, H17),1.34 (3 H, sH-21),
1.241.03 (3 H, m H-12b, H14, H15b), 1.01 (3 H, sH-19), 0.77 (3 H, sH-18); Uc
(100 MHz, CDCl3) 205.4 C-22), 138.0 C-5), 124.1 C-6), 95.7 C-23), 95.2 (C-25), 92.0
(C-27), 85.7 C-20), 78.8 C-1), 72.6 C-3), 58.6 C-17), 56.3 (C-26), 56.2 C-14), 55.9
(C-28), 55.2 (C-24), 43.5 C-13), 41.6 C-10), 41.2 C-9), 39.9 C-12), 39.0 C-4), 32.6
(C-2), 31.5 C-7), 31.5 C-8), 24.0 C-15), 21.9 C-16), 20.2 C-11), 19.8 C-19), 18.8
(C-21), 14.8 C-18); m/z (ESI) 517 [MNa]. Calcd. for GgHseNaO;: 517.3136.
Found: [MNaJ, 517.3121 (2.8 ppm error). Data consistent with those previously reported
in the literature®®

Lab. Book: LNB0170-14802/03
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6.2.2. Chapter3.6 nst r uct dactane sodéleaih h e U

2 3-Dimethyl-2-butenoic acid(172)°%°

To a suspension of lithium (32.6 mg, 4.70 mmol, 2.8 eq.) in THF (0.5 mL) was added
dropwise a solution of-Bromo3-methyl2-butene {71) (250 ng, 1.68 mmol, 1.0 eq.) in
THF (0.5 mL) over 5 min at30 °C. The eaction mixture was warmedité °C and stirred

for 5 min. The reaction mixture was cooled downi @@ °C and an excess of G@Was
added (bubbling through the reaction mixture). After 30,nte reaction mixture was
warmed to 0 °C, quenched with iceld water (1 mL) and diluted with heptane (3 mL).
The aqueous phase was acidified with 1 M ag. HCI (1 mL) and extracted with heptane
(5 mL). The organic phase was separated, dried ovgs@afiltered and concentrated to
drynessin vacuoto afford the title compoundi72 (69.7 mg, 0.611 mmol, 36%) as yellow
needdlesmp 70-74 °C decomposed (L#.71 °C decomposedR; 0.70 (15:1 PE/EtOAc);
Omadcm™ (neat) 2822 (E€H stretch), 1670 (C=0O stretgh)l655 (C=C stretch); Uy

(400 MHz, CDCl3) 2.11 (3 H, s,H-5), 1.88 (3 H, s,H-6), 1.86 (3 H, s,H-4); Uc

(100 MHz, CDCl3) 174.9 C-1), 148.4 C-3), 121.5 C-2), 23.5 C-5), 23.4 C-4), 15.7

(C-6); m/z (ESI) 115 [MH]". Calcd. for GH1:0,: 115.0754. Found[MH]*, 115.0754

(1 0.5 pp m censistentwith thosB previausly reported in the literatlre.

Lab. Book: LNB0149-047-01

Ethyl 2-methyl-3-trifluorosulfonatebut -2-enoate (75)%2

To a solution okthyl 2methylacetoaceta{d 74) (0.580 mL, 0004 mol, 1.0 eq.) in toluene
(20 mL) was added 5 M aqg. LiOH (6.0 mL, 0.030 mol, 7.5 eq.) at 10 °C and the reaction
mixture was stirred gorously for 5 min. Triflic anhydrid¢1.7 mL, 0.010 mol, 2.5 eq.)

was added dropwise maintaining the temperaturéefeaction between 5 °C and 15 °C.
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