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Abstract

ABSTRACT

The modern age faces a progressive lengthening of life span, which is often associated
with the onset of degeneratidesorderssuch as? a r k i ,mJAd @ rh G damilecanées

These diseasel® not yet have a cur€éhe Hedgehog/Gkignalling pathways one of the

most promising pathwayf cellular communicatiorRPharmacological modulation of this
pathway would providea remarkableapproach for newpotential therapeutics in

regenerative medicinend cancerGhapter 1).

Attention was focussed on coagulinlLand withanolide RI, two natural steroidal
lactones featuring interesting reactive functionalities. The aims ©ptbject Chapter
2) were to investigate the chemical modifications of these natural products to prepare

novelanalogues for a structuegtivity relationship study.

Leads compounds coagulinl land withanolide Hl .

3 BMethoxy-pregnenolonéll is known as able to treat degenerative pathologies of the
nervous system which could be implicated in Pakinn 6 s and Al z ihei mer ¢
3 Bmethoxy group also provides metabolic stabilityvivo. Therefore,a library of

steroidal aalogues decorated differently ahe right-hand side(lV and V) hasbeen

prepared by organometallic additions of heterocycles to the -sit@n of this

commerciallyavailable steroidlll , Chapter 3).

Chapter 3. Towards steroids with heterocyclic sideains




Abstract

T h e -hydtdxyl group is rarely found amongst withanolides, and no syntheses of
withanolides withthe cis-C/D ring rearrangement have been reported to date. Thus, the
total synthesis of unnatural withanolide analogebased on the Hajos and Parrish
ketone derivativéX was investigated starting with readily available matendlsVII
andVIll (Chapter 4).

OMe Vil

il
Chapter 4. Studies towards novel withanolide analogues

Coagulin L1 is the majormetabolite extracted at Analyti@ Discovery from plant
material Hence, its conversion into the more active withanolidle \fa intermediatex|
wasexplored(Chapter 5). Further elaboration of the Idftand side to provide additional
novel compounds for our library of small moleculess also investigated.

X

Chapter 5. Elaboration of coagulin L.
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Chapter 1. Introductiorthe Hedgehog/Gli signalling

CHAPTER 1.
INTRODUCTION: THE HEDGEHOG/GI i SIGNALLING

The progress of medical sciences and the widespread wealth in the developduhg/orld

had a major impact in lengtheugiof life expectancy. fiis has led to an increasedmber

of ageassoci at ed | oss of functionalities €
Al zhei mer 6s diseases, neurodegeneration
provided improved knowledge on symptom management and palliative treatments,

reseach into finding definitive cures for many of these patients remains an unmet need.

1.1. STEM CELLS: A CONCISE OVERVIEW

1.1.1. Embryonic and adult stem cells

In the last three decades attention has been given to understand the biology of stem cells
andtheir crucial implications in organ formation, size, regeneration and homeostasis.
Stem cells are unspecialised cells characterised by aédomgselfrenewal capacity and

an extensive differentiation potential, that is, to make copies of themselvesdsavdbop

into specialised cellsBasically, two types of stem cells can be distinguished: embryonic
stem cells (ESC) and adult stem cells. ESC and adult stem cells are both able to
selfrenew, but there is a difference. In fact, ESC are responsiliecfaery early stage

of organ development and growth, and they can differentiate in all the cell lines within an
organism, even under cultured conditions or after transplantatiavo. On the contrary,

adult stem cells can generate only specialised eell are dedicated to mantdime
homeostasis of their own tissues by replacing dead cells throughout life and/or to repair

damages after injuries.

1.1.2. Cancer stem cells

Genetic, ageelated or inherited alterations of stem cells duringsiifen mayead to loss

of their functionalities and to the onset of degenerative diseases and thriserell

known that solid tumours are made of clusters of different cells. Amongst them, a new
type of cell has been recently identified: cancer stem cells (C$@sse cells have the
same properties of stem cells, selhewal and plasticity, but they are able to regenerate
primary tumours after inoculation vivoand to give rise to a progeny of more specialised
cancer cells. CSCs are believed to be respanédnlinitiating and maintaining cancer

growth, and to be the common precursor from which all other cancer cells céh arise.
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1.1.3. Induced pluripotent stem cells

The interest in stem cell research increased remarkably in 2006, when the Nobel laureate
Shinya Yamanaka discovered the genetic factors essential to converting back mature
specialised cells into the pluripotent embryonic statee newly formed cells, called
induced pluripotent stem cellB?SCs), possess both features typical of embryonic stem
cells, i.e. the infinite selfrenewal property and very high plasticitf-hese findings
completely changed the understanding of human biology. In fact, using iPSCs it became
possible to make all theell types existing in the human body directly from mature cells
without destruction of the early embryos and so allowed ethical issues related to

embryonic stem cell research to be sidestefped.

1.2. APPLICABILITY OF STEM CELLS IN NEUROD EGENERATION AND
CANCER

The extraordinary advances in stem cell research is having a huge impact in regenerative
medicine, cellular and genetic therapies and drug discovery. Their applications have
helped, amongst others, to gain an understanding of the transformatidegibfad egg

into an organism, to achieve insights into molecular and genetic mechanisms of inherited
diseases and cancer, to replace damaged or dead cells in disorders such as type Il diabetes,
stroke and neurodegeneration, to create models for dstiggeand to find out side

effects in earlier stage of experimentatios a further advantage, iPS cells generated
directly from an individual patient should be genetically identical to that patient, thus they

could be transplanted with potentially riskrof rejection Figure 1.1).":8

® o

"

)
| iPS cell

[
JL / / \\\
Patient

o — ©F

Regenerative petralicels Cardiac cells  Hepatocytes ~Pancreatic
medicine p-cells

Toxicology, disease model,
drug screening

Figure 1.1.Yamanakads representat i odf iP9 tell techrmlogyFgsres i bl e
reproduced fronCell, 2009,137, p. 13)7
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1.2.1. Parkinsondés di sease

Parkinsonds di s e am@odégénBrativeicenditeon codnenton dmorgst t 1 |
people aged over 65. It is reported that in the United Kingdom in 2012 more than 127000
people suffered from PBPD is caused by the progressive loss of the neurons producing
dopamine in the substantia nigra, a deficit that leattemaors, bradikinesia, rigiditgnd

other neuropsychiatric symptoms such as depression, anxiety and sleep distdrbances.
Current treatments of PD include pharmacological replacement with levodopa, brain
stimulation and palliative care, with poor results especially in-teng therapy (along

with additional side effects). Recently, emtplacement by administration of
dopaminergic cells derived from embryonic stem cell;xarivo PD animal models gave
positive results in preclinical experiments. Nevertheless, continued research to elucidate
the underlying mechanism of stem cell therapgytill needed before applications of PD

cellular therapy are tested in clinical tridfs.

1.2. 2. Al zhei mer 6s di sease

Al zhei mer 6s disease (AD) is a form of der
cognitive abilities which can lead to seversd@f memory, immobility and death. The

Al zhei mer 6s Society reports that in the
amongst them 17000 are under the age df 8here is currently no cure for AD, except

for occupational and symptomatic therapieshditgh the widespread degeneration of
neurons and synaptic connectivity seemed to prevent the application of szl
replacement therapy, recent progress has been made in treating AD using stem cells.
Transplantation of neural stem cells resulted imareased synaptic density, suppression

of inflammation and improvement of neurogenesis in a mouse model of AD. Furthermore,
human AD modelling for genetic studies and drug testing have been realised using
iPSCs!? The hope is that in the future iPSC technology will help to understand the basis
of AD and resolve the numerous issues still related to this complex disease, hopefully

providing personalised therapy to the patiéats.

1.2.3. Cancer

Cancer is amggressive disease in which a heterogeneous mass of cells acquires aberrant
proliferative activity, does not respond to growth suppressors and apoptotic signals, and
can spread to other tissues and organs by invasion and metdsRespite many

advancesn tumour treatments, there are still a considerable number of patients not
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responsive to cherr@and radiation therapy. This seems to be due to the presence of CSC,
a population of cells that can acquire treatmeststance and can be involved in
metastais!* Thus, targeting CSC would provide a good possibility to fully eradicate
cancer.Moreover, iPSC technology could help to understand the oncogenic molecular
mechanisms, to design new drugs for selectumour targeting and/or to replace blood
cells and damaged organs and tissue in leukaemia or after chemoffierapy.

1.3. ABOUT CELL-TO-CELL INTERACTIONS: E MBRYONIC SIGNALLING
PATHWAYS

During development and specialisation, intercellular ctalsis of prime importance to
channel stem cell differentiation into a selected cell lineage. Several mechanisms lie
behind stem cell fate. Amongst others, developmental signalling pathways such a
Hedgehog ( Hicgtehitcdnd NotchWate befen identified as key factors in the
regulation of the two unique characteristics of stem cellsrestfwal and differentiation
(Figure 1.2.31618

These three pathways are evolutionarily conserved, strictly cooperate in the
regulation of embryonic development, cell proliferation, migration and differentiation.
Their aberrances have been related to the onset of several degenerative diseases and
cancert’ Therefore, understanding the processes rétlate cell division, maturation

and dissemination, and being able to manipulate them with selective small molecule
modulators would help to develop new treatments and overcome the many issues still

unresolved in the stem cell field.

1.3.1. Hh/Gli signaling pathway

The Hh/GIi signalling pathway was first identified in the fruit fliprosophila
melanogasteand takes the name from the evidence that mutation of the gene encoding
for its biological agonist gave rise to a phenotype of larvae with particular hair similar to
hedgehog spin€d.In mammals, this pathway is activated after binding of Hh functional
glycoproteins, termed Sonic (Shh), Indian (Ihh), and Desert (Dhh), to the
12-transmenbrane receptor Patchedl (Ptchilgure 1.2, C). This entails the release of

the #transmembrane receptlike Smoothened (Smo), which in turn activates the

intracellular omplex of Costdél (Cos2), Fused (Fuand suppressor of Fused (Suku
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and turns on the cascade of intracellular events ending with the translocation in the
nucleus of the Gltranscription factorg®2?
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Figure 1.2. Overview of Notch(a), Wnt (b) and Hh/Gli(c) signalling pathway$! (Reproduced from
Biochim. Biophys. Act&2013 1830, p. 2483).
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NANOG, the gene that encodes for the protein regulating the embryonic stem cells
renewal and the fprogramming of adult somatic cells to iPS cells, is ohthe most
important transcription factors controlled by the Hh/Gli signalling pathw#ays.
Misregulation of the Hh/GIli cascade has been related to the generation and progression
of several cancer types including medulloblastoma, leukemia, lung, parbmesss, and

colon cancef! Moreover, a higher Hh signalling activity has recently been detected in
CSCs than in normal adult cells, thus strengthening the hypothesis of its contribution to

cancer maintenance and resistariigure 1.2, c).'°

1.3.2. Wnt gjnalling pathway

The Wht signalling pathway derives its name from the contractiowingjless a gene
responsible for segment polarity Drosophila andint-1, its murine homologu®. The

p r o t-eatemn ishthe major intracellular signal transducer in the Wnt cagEmylee

1.2b). When t he pat katenigundesgoes aserieaot pgrocesses leading
to its final proteosomal degradation. On the other hand, activatittieegfathways by
binding of Wnt glycoproteins to a-membered transmembrane-pBteincoupled
receptor Frizzled (Fzd) results in the release of the downstream signal mediator Disheveld
(Dvl), and i n t he d{adtenimdestrdction codex. @habtabilisedy o f
b-catenin is then accumulated in the cytoplasm, and eventually it can translocate into the

nucleus to regulate gene expression in cooperation with other transcription.¥aétors

|t has been de mo n-satenira sigealing tpdthavay istinvavedVim t / b
seltrenewal of ESC and adult stem cells and in the maintenance of their goldri
multipotency?® Deregulated Wnt pathways after mutations of its elements and/or-hyper
acivation have been found in several types of cancer, and are associated with CSCs
activity.*® ¥’ Moreover, Wnt signalling also seems to be involved in the reprogramming

of iPSCs, but its role in this regard needs to be further claffied.

1.3.3. Notchsignalling pathway

The Notch signalling pathway takes its name from the evidence that a genetic defect in
the fliesDrosophila melanogasteraused little notches at the end of their wiffggnlike

Hh/Gli and Wnt pathways, the Notch single transmembracepter is not activated by
secreted glycoproteins, but by interaction with Delta, Serrate,-DiedtéDIl) or Jagged

(Jag) ligands, which are transmembrane proteins in juxtaposed(feigilse 1.2, a).

Downstream events lead to the release of the Nicgdrgtion factor, its translocation
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into the nucleus and further activation of targeted gé&hésThe Notch pathway has a
crucial implication in thecontrol and survival of adult stem cells and its aberrant
regulation has an oncogenic efféet’although less is known about its role in ESC and
iPSCs.

1.4.Hh/Gli MODULATORS : THE STATE OF THE ART

In 2010 Mas and Ruiz i Altaba reported in a comprehensive review the known small
molecule modulators of the Hh/Gli signalling pathway, and classified #ording to
whether they were from a natural or synthetic source, and their mode of?ad¥lore
recently Trinhet al. published an updated review of Hh inhibitdt#A summary of the

most representative modulators of the Hh/Gli cascade is providad. be

1.4.1. Natural Hh/GIli antagonists

Given the significant role of Hh/Gli in tissue patterning and cell number maintenance,
and its implications in tumour formation and development, small molecule inhibitors of
this growthfactor pathway have proven valuable in providing leads for anticancer

therapies, and they are still an active area of research.

1.4.1.1. The first Hh/Gli antagonists: jervidel and cyclopaminé.2

Jervine 1.1 and cyclopaminel.2 are C-nor-D-homo steroids, otherwise called

[ 14 ( 1 3abdeerdids, extracted from the ptanof Veratrum genus, and are
recognised as the first naturally occurring inhibitors of Hh/Gli expregsigare 1.3.3!

They act as Smo receptor antagonists, and they prevent the downstream cascade of
intracellular events by blocking Smo in an inactive form. Compodridsnd1.2feature

an interesting ®-5-6 ring pattern, which differs from the standard steroid&l6s5
skeleton. Ring D is spirocyclic attached to a tetrahydrofuran, which is, in tsed fa a

substituted piperidine.

Figure 1.3 Structures of jervingé.1and its 11deoxy derivative cyclopamine2
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1.4.1.2. Potent modators from cyclopaming.2 derivatisation

The potential of cyclopaming&.2 as an antcancer drug has been confirmed by several
experimentsn vitro andin vivo.2* However, its poor solubility and instability under acidic
conditions along with a range of associated side effects drove scientists to synthesise
novel cyclopamine prodrugs, with improved bioavailability and pharmacokinetics, and
selective tumour targetypropertiegFigure 1.4). KAAD-Cyclopaminel.3, the prostate
specific antigen peptideyclopamine conjugaté.4? the water soluble carbohydrate
cyclopamine derivativel.5*®* and carboxylate cyclopamine tartrate6® are some
representative examplesSigure 1.4). IP1-926 otherwise called saridegib (Infinity)7is

a sulfonamide with improved potency and plasmalifelf CompoundL.7is currently in

phase Il trials®

1.6
Figure 1.4.Representative examples of anticarm@rdrugs based on cyclopamibe.

1.4.1.3. Additional natural Hh inhibitors from screening libraries

A wide range of other natural products have shown inhibitory activity by targeting the
pathway at different sited 81.19 Figure 1.5. Curcuminl.8is a diferuloylmethane
derivative extracted fronCurcuma long# which is able to downregulate Shh protein
andthe downstream expressionofGli i n Hh/ Gl i, and tcatendecr e
in Wnt signalling pathway. The cytotoxic effects in medbléstoma cells are

encouraging’
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Figure 1.5.Examples of natural product inhibitors of Hh/Gli signalling

The screening of a library of 94 natural products and 102 plant extracts orbasesll
assay allowed the identification of bisindole alkaloids staurosporinaré
6-hydroxystaurosporinonel.10, 5,6dihydroxyarcyriaflavin A 1.11 sesquiterpene
zerumbond..12 withanolides physalin E.13and physalirB 1.14as potent inhibitors of
the transcription activity of Glil with 1§ values of 1.8, 3.6, 6.9, 7.1, 0.66 and
0.62 pM, respectivelyFigure 1.5. Compoundsdl.9, 1.12 1.13and1.14 also showed
inhibitory activity on Glizmediated transcription (Kgvalues of 7.1, 2.7, 1.4 and 1.5 uM,
respectively) and reduction of the expression of-aptiptotic protein Bcl2. Moreover,
13,14secel16,24cyclosteroids1.13 and 1.14 were remarkablycytotoxic in human
pancreatic cancer cell lines PANC1, withsd@alues of 2.7 and 5.3 uM vs the standard

cyclopaminel.2 with ICso value of 8.0 puM®
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The triazole piperazine itraconazdld 5displayed Hh inhibitory activityn vitro even in

the presencef Smo mutations that confer resistance, whereas, when used in combination
with arsenic trioxide, it blocked the growth of medulloblastoma and basal cell carcinoma
in a mouse cancer mod¥IColecalciferoll.16and other vitamin D derivatives have also

been reported as Hh pathways antagonBigure 1.5).4°

Finally, cytotoxic natural product inhibitors of Glil mediated transcription in cell lines
overexpressing Hh signalling have been extracted fawoecaria agallochasuch as
quercetine derivativé.17,* from Acacia pennatasuch as taepeenin D18 and from
Adenium obesupsuch as cardiac glycosidel9(Figure 1.5.43

1.4.2. Synthetic Hh/Gli antagonists

1.4.2.1. Synthetic Ginediated transcription inhibitors from compound library screening

It is well known that the combination of highroughput chemistry (HTC) and
high-throughput screening (HTS) can produce a range of bioactive lead compounds. In
biological research and drug discovery, cell based assays are widely used to search for
new bpactive compounds in a rapid manner, to evaluate drug toxicity and to study key
molecular events in single cells. Amongst others, the luciferase assay system is a reporter
gene assay that monitors cellular response at the transcription level by detectsigre

of bioluminescence associated with increased activity of the enfmgfig luciferase A
construction in which protein Gli binding sites have been coupled upstream to the gene
encoding luciferase has been applied to compound libraries for prsosegning and

target validation of some of the most potent Hh/Gli pathway antagamitsactivity

downstream of Smo and Su(Ftfy 4°

Examples of such compounds are the symmetric hexaipyainmidine GANT-61 1.20

and the substituted thiophene GANE 1.21, two potent Glil antagonists (G =Gli and
ANT = antagonist) identified from a library diversity set of 1990 compounds supplied by
the USA National Cancer InstitutéHPI1 1.22 HPI21.23 HPI31.24and HP141.25

(HPI = Hh Pathway Inhibitors), which amsrom the screening of 122755 small
moleculest’ and the 2,4lisubstuted thiazole derivative JK1846, identified from a
screen of 20000 heterocycles as a promising inhibitor of the Glil transcription activity
(Figure 1.6). %8

-10-



Chapter 1. Introductiorthe Hedgehog/Gli signalling

cl N7

1.23 1.24 1.25 1.26
Figure 1.6.Synthetic inhibitors of Glmediated transcription from compound library screening

1.4.2.2. Synthetic Smo inhibitors from compound library screening

Smo inhibitors currently represent the largest class of Hh antagonist. Structurally diverse
compounds SANT1.27, SANT21.28 SANT31.29and SANT41.30(S = Smo and

ANT = antagonistere the first synthetic Smo antagonists identified when Beachy and
co-workers screened a library of 10000 compounds during their mechanistic studies on

the modulation of Smo activityF{gure 1.7).°
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Figure 1.7.SomeSmo inhibitors from compound library screening.

The aminoproline CUR61414.31 (Curis) emerged from a HTS against 100000 small
molecules on a Hhesponsive reported cell lifEigure 1.7). It is the first Smo antagonist
to enter clinical trials. However, these studies were stopped because of undesirable

pharmacokinetic issuég >°
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1.4.2.3. Synthetic Smo inhibitors in clinical trials

Smo inhibitors are giving promising results in clinic trials. GD€19 1.32 (Curis,
Evotec, and Genentech), also known as vismodégjithe first Hh pathway inhibitor
approved by the Food and rdministration (FDA)and is currently in lpase Il for
treatment of the medulloblastoma, basal cell carcinoma and a number of other solid
advanced tumourgFigure 1.8. It was developed from lead compourid33
Replacement of the benzimidazyl group witlpyaidyl group and modification of the
aromatic functionality attached to the amide group resulted in a compound with excellent

potency, improved metabolic stability, low clearance and high absopptidn
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Figure 1.8.Synthetic Smo inhibitors in clinical phase | and Il trials.

The potent and selective Smo antagonist NH=2251.34, also known as erismodegib
(Novartis), was discovered through a HTS of compound libraries generated by solid phase
combinatorial chemistrgFigure 1.8).%3 This biphenyl3-carboxamide led to doselated
tumour growth inhibition in a medulloblastoma allograft mouse model, and it is currently
being evaluated in clinical devel opment

syndrome angancreatic cacer>?

Quinazolinel.35(XL-139,Bristol-Myers Squibb and Exelixis) was disclosed as an oral
Smo antagonist, and it is still progressing in clinical trials as a-toleitated
antineoplastic in medulloblastoma, basal cell carcinoma and ichmyreloid leukemia
(Figure 1.8).30- 52

Based upon the evidence that benzimidazole derivatives gave promising results in
inhibiting the activity of Gli/luciferase in a related assay, researchers have undertaken

synthetic efforts to design a lead with improved pharmacokinetic properties. Thiegesu
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urea PF04449913 1.36 (Pfizerf* is currently being tested in humans as a
chemotherapeutic agent for advanced solid tumours as well as for haematologic

malignanciesKigure 1.8).5?

1.4.2.4. Robotnikinid.37 joint targetbased screening and combiagal chemistry

Robotnikinin1.37 (Figure 1.9) is the first reported Hh/Gli antagonist active upstream of
Smo, identified at Harvard University during a targaesed screening against a library of
10000 structurally diverse compounds including 13- and14-membered macrocycles.

Its discovery stemmed from a novel investigative approach in the field of Hh pathway
modulators, that is, the identification of compounds able to bind the known protein target
of interest ShiN-terminal peptide (ShhN) in small nealule microarrays (SMM),

followed by library deconvolutioff: > %

1.37 1.38 1.39
Figure 1.9.The directShhbinder robotnikininl.37, the hit compound.38and the Smo antagonist39

A library of macrocycles was synthesised a diversityoriented synthesis (DOS) in the
solid phase using the encoded one macrob
chiral auxiliaries, chiral 1;aminoalcohols, and unsaturated acids as readily available
building blocks. Macrocyclel.38 was dentified as the best binder of ShhN in a
concentration dependent manfeAfterwards a number of additional analogues were
synthesised in liquid phase, and subjected to a secondary screening in cellular assays and
structureactivity relationship (SAR)tady. As the result, two novel Hh/GIi inhibitors

with diverse mode of action were identifiace. the Hh ligand inhibitor robotnikinin

1.37,°° and the potent Smo antagonist BEB511.39(ICso value of 0.4 uM vs 0.6 uM

of cyclopaminel.2).%° The authors ginted out that the presence of the inverted amino
alcohol was enough to diversify the bioactivity of analogu8gand1.39 in spite of the
retention of the l2Znembered scaffold, the ene functionality and the lipophilic

substituents withR)-configuratbn (Figure 1.9).%°
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In addition to the number of Hh antagonists descrived above, several other inhépers
been identified They include pyrrolopyridines, phthalazines, piperidines, piperazines,
N-acylthioureasN-acylureas N-acylguanidinestriazoles, indazoles, estrone derivatives
and many others arising from HTS of chemical libraries, ratialiesign, chemical
complexityor simplification of earlier hitsSome ofthese compoundse currently under

investigationas potential anticancer drsity: 24 30
1.4.3. Hh/Gli agonists

1.4.3.1. Synthetic Hh/Gli agonists from HTS

Despite the extensive findings concerning the Hh/Gli signalling pathway inhibitors, only
a little is known about the related agonists. The first compound classified as a Smo agonist
and named HiAg 1.11.40was identified at Curis in 2002, and it emergexhf theHTS

of 140000 synthetic compounds in a mammalian cell based &&gaye(1.10.%’

NC NC

Figure 1.10.Hh/Gli agonists.

Structureactivity studies on hit.40led to the synthesis of analogue-Ag 1.21.41with

better stability in vitro and in vivo and with less toxicity (Figure 1.10.°’
Chlorobenzothiopheng.42 (named SAG, S = Smo and AG = AGonist) was studied in
Beachyds group, during experiments to el
was shavn that binding of SAG to Smo at low doses (about 3 nM) resulted in the
activation of the pathways. By contrast, when the concentration was increased it acted as

an inhibitor, maybe because of dual binding to both Smo and to a downstream effector
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that preented the starting of the cascade. A few years later, a patent was placed on the
prophylactic and therapeutic uselofiQ 1.41and1.42to treat anxiety, depression, and
cognitive and degenerative disorders because of the ability of such compmuntisase

brain cell divisiorr®

Purmorphaminé.43 a 2,6,9trisubstituted purine containing adorpholinoaniline is an
agonist of Shh receptor Sr{feigure 1.10. It was discovered when researchers from The
Scripps Research Institute and Novartis screened a library of 50000 heterocycles to search
for compounds with osteogenesgisiucing activity>® In this assay, Smo agoni$t43

induced differentiation in multipent stem cells from fibroblast to osteocyte after 6 days

of treatment at 2 uM? Moreover, in a recent experimentritreased up to eigfiold the
differentiation rate of mammalian dopamipeducing cells PC12 by activation of the
oncogene SCL/TAL 1 inteupting locus® Together, these results give value to the role

of Hh/Gli agonists as promoters of stem cell differentiation, and indicate their use as

possible therapeutics for Parkinsonbés an:i

1.4.3.2. Natural Hh/GIi agonist oxysterols

Oxysterols are oxidised derivatives of cholesterol, an endogenous steroid involved in Shh
pathway activation and transduction. It is known that cholesterol participates in the
autocatalytic activation process of Shh morphogen before its ngintti Patclt?
However, in the case of genetic mutations leading to deficiencies in sterol synthesis, Shh
protein can still activate its pathways, although aberrancies in downstream events could
be seen. Therefore, it appears that oxysterols play a cesigrah the Hh/Gli signalling
transductiorP> The most active steroid, 2B¢hydroxycholesterol1.44 exerts an
osteoinductive effect in pluripotent mesenchymal cells by stimulation of Ht¥/&tid
activates Wnt and Notch target genes in bone marrow atroetis® The mechanism of
action of oxysterols remains unclear, although recent experiments carried out using
unnatural oxysterols supports the hypothesis of an allosteric interaction with Smo at a
different site to the one used by cyclopamite€2 and dher Smo regulators
(Figure 1.10).55 66

1.5. SUMMARY

Signalling pathways such as Hh/Gli, Wnt and Notch are being actively studied to find

cures for debilitating degenerative diseases;mealing wounds and cancérHowever,
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in spite of the encouraginggesults achieved, examples of drug resistance have been
displayed during clinical trials of Hh/Gli antagonists, several side effects have been
identified, and a clear correlation between kinds of tumours and dependence from Hh/Gli
signalling is still not wailable, thus preventing personalised cife¥ Furthermore, the

number of known Hh/GIi agonists is limited to few examples, and none of them have
been progressed into clinical trials, although Curis are believed to be exploring
applications of Hhaganst s i n Par ki nsonds, %AHenceéti mer
appears that resaerch into the discovery of selective modulators of these signalling

pathways is still a valuable research area.
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CHAPTER 2.
RESEARCH OBJECTIVES

The structural variety of Hh/GIli modulators and their potential medical applications have
spurred our interest in the identification and synthesis of novel small molecule Hh/Gli

agonists or antagonists to provide leads for anticancer drugs or regenéetyes.

The objectives of this project are tviad:

1. Identification of active lead compounds

2. Conversion of the active lead compounds into drug candidates.

2.1. LEAD COMPOUNDS

Though synthetic small molecules provide an enormous contribution to tieeagen
and identification of new drug candidates, one very successful drug discovery strategy is

based on the exploitation of the potential diversity of active natural prduts.

Thus, we first sought novel potential Hh/Gli modulators amongst algbuoductsvia
cell-based HTS. This was carried out at Ani&@gin Discovery GmbH (Postdam,
Germany |, one of the worl dbébs | argest manuf e
compounds, in cooperation wiBrof. Altabagroup(University of Geneva), a pioeein
developmental genetics with particular focus on the role of Gli proteins in embryo

formation and diseases.

Amongst a number of natural products screened, attention has been focuseed on
compoundsisolated fromWithania adpressacoagulin L 2.1 and withanolide F2.2
(Figure 2.1), which showed interesting activity in the modulation of embryonic signalling

pathwaysThe detailed results of this collaboration are confidential.

Figure 2.1.Coagulin L2.1and withanolide 2.2
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Interestingly, these compounds have an oxygenated steroidal framework, which is also
present in jervind.landcyclopaminel.2 (Figure 1.3) and oxysterols such as compound
1.44 (Figure 1.10. Moreover, withanolide R.2f e at u r eussataated thrbdnyl
functionality, typical also of physalins E13and B1.14(Figure 1.5, and known to be

an important anticancer pharmacoph@re.

2.2. LEAD OPTIMISATION

In drug discovery it is important to structurally modify the leadnpound in order to
identify the pharmacophoric features. This is especially true for natural products, as they
often bear functionalities that do not contribute to their biological activity and may lead

to toxic side effects or compromise the metabstability.

Thus, with regards to withanolideZ=2, weaimed to synthesise a number of derivatives
for SAR studies, as shown gure 2.2

Modification
of the side chain ,\

HOZ

Elaboration of »
left-hand side | 2 ‘ B

Figure 2.2Intended modification in the hit to lead generation for withanoli@e2F
There were three main aims:

1. We wanted first to investigate the influence of the FHgdumd side and the
importance of the lactone ring in the modulation of the Hh/Gli signalling pathway.
For that, we decided to elaborate the silain of a commercigl available
steroid with a number of heterocycles via organometallic additions eclasmg
metathesis reactions, in a diversilyven approachHigure 2.3). Details of this
work are presented in Chapter 3.
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Modification
of the side chain

HO

A

Figure 2.3. Elaborations of the side chain of a readily available steroid.

2. Changes in the configuration of the steroidal framework framares-C/D-ring
fusion (common in sterols, the bile acids and nearly all types of steroids) to a
cis-C/D-ring fusion (typical of the cardiac glycosides and related aglycones) could
entail changes in bioactivity. Thus, we planned the asymmetric total synthesis of
the unnatural withanolide B.5, featuring the methyl group at-€3 and the
hydroxyl group atC-14 cis to each other, starting from cheap commercially

available materialsHigure 2.4). This research is outlined in Chapter 4.

Figure 2.4.Modification of the lead compouri2i2into its epimer2.5.

3. Finally, we wanted to investigate the importance of tHod-2,5-diene pattern in
rings A and B towards the bioactivity. Therefore, we aimed to evaluate the
reactivity of a series of withanolide derivatives$ (Figure 2.5). This will be
described in Chapr 5.

Elaboration of
left-hand side | 2 ‘

Figure 2.5 Modifications of rings Aand B. W, X, Y, Z=H, C, O, S, N, halogen

-19-



Chapter 3. Towards steroids with heterocyclic sidains

CHAPTER 3.
TOWARDS STEROIDS WIT H HETEROCYCLIC SIDE -CHAINS

3.1. THE SIDE-CHAIN OF STEROIDS

The femaleand male sex hormones such estrone3.1 and testosteron8.2 lack a
sidechain, and €17 is oxidised to the ketone or alcohol level respectively, whilst
progesteron&.3 and corticosteroids suas cortison&.4 have a two carbon sidghain
containing a keto grougFgure 3.1). Aliphatic sidechains are more common in bile
acids such as cholic acRl5, sterols such as choleste®b and phytosterols such as
stigmasteroB.7. Polyhydroxylated aliphatic sidehains decorate the more exotic plant
hormones such as brassinoli@® and cucurbitacind® 3.9, which possess impamt
effects in plant growtht and antitumour activity? respectively, and in the insect
hormone$’ such as ecdysorg&10

Brassinolide 3.8 Cucurbitacine B 3.9 Ecdysone 3.10

Figure 3.1.Selected examples of opehain steroids.

Nature has also provided a number of steroids decorated with cyclic appendages in the
form of oxygenated and, less commonly, nitrocgentaining heterocyclesigure 3.2).

Cardiac glycosides and aglycones sucHiggoxigenin3.11and bufalin3.12possess an

uns at u-roa tlane, xespectively, which is directly linked te1€. Similar

functionalities are present amongsithanolides such as withanolide B.13 and
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ixocarpalactone /3.14 although a one or twcarbon linker distances the heterocycle
from the tetracyclic stroidal core. A unique spiro growonsisting of two oxygenated
rings fused at €2 forms the sidehain of the sapogenins such as sarsasapogetiin
Finally, cyclic sidechains containingnitrogen are present in some steroidal alkaloids:
tomatidine 3.16 and veratramine3.17 are two examples of these compounds with
Onor ma&d5 t(eét r acycl i c656adetratyclic)sleldtong, regpechvely. 6

Digitoxigenin 3.11 Bufalin 3.12 Withanolide B 3.13 Ixocarpalactone A 3.14

Sarsasapogenin 3.15 Tomatidine 3.16 Veratramine 3.17

Figure 3.2.Selected steroids with cyclic siddains.
3.1.1. The sidehain of steroidal modulators of Hh/Gli signalling pathway

As described in Chapter 1, steroidal compounds play a critical role in the modulation of
the embryonic signalling pathways, particularly the Hh/GIi, but also the Wnt and

Notch 38, 43, 63, 66

3.1.1.1. Steroidal Smo modulators

Cyclopaminel.2 and its denatives, featuring an alkalotaeterobicyclic sidehain, are
Hh/Gli antagonists binding Smo in a narrow pocket between tmeeribered
transmembrane region and the extracellular doni&iff. Oxysterols such as 28
hydroxycholesterol.44 also bind Smpand their binding site has been identified at a
different place to cyclopaming.2 and mimics,i.e. at an extracellular domain rich in
cysteines. Oxysterols are characterised by an aliphatic hydroxylatechsithe and they
are the only naturally occung Hh/Gli activators knowf> ®®Recently, researchers at the

Harvard Medical School have developed the st8rb8 bearing a nitrogeontaining
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aliphatic sidechain. Interestingly, this compound showed inhibition of Hh/Gli in mouse
embryo fibroblast dés (NIH-3T3) with an IGo value of 5 uM, by binding to Smo at the

same site as oxysteroBigure 3.3).”°

Figure 3.3. Spatial representations of cyclopaming.2, 20()-hydroxycholesterol 1.44 and
22-azacholesterd.18

The Smo modulator$.2, 1.44 and 3.18 possess a common steroidal framework with
transj uncti ons between r i ngs-hydoxgsete p@tternmnd C
rings A and B(Figure 3.3. However, these compounds possess remarkably different
mechanisms of actioit: ® Therefore, we could speculate that the orientation and the
presence of heteroatoms in the siti@in rather than the steroidal skeleton could be the
pharmacophore responsilite their different activities

3.1.1.2. Steroidal Gli transcription factors modulators

Steroids are also found amongst the compounds which modulate the Gli transcription
factor. In fact, two compounds belonging to the withanolide and the cardenokde cla
physalin B1.13a n dD-glucosyt( 1 Y-B-D-thevetosidd.19(Figure 3.4), have shown
interesting Gli transcription factor inhibition, with d¢€values of 1.4 and 0.11 pM,

respectively’® “*However, their binding site remains unclear.
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Physalin1.13 and cardenolidel.19 are structurally very different. The-dxo-2-ene
syst em a n-epoxiddpeesebthn,th@ fefitand side of compountil3are absent

in compoundl.19  wh i |-lkeydraxyl grou dihelinked to the sugar appendage in
compoundL.19is missing in withanolidd.13 (Figure 3.4). Thus, we imagirgthat the
pharmacophore of the compounds involved in the inhibition of the Hh/GIi signalling
might be the righthand side sidehain containg a lactorng which is present in both
compoundsalthough included in a complex cagleaped structure in physaliril 3whilst

easily accessible in cardenolitid 9

z H 2O~ 0

Figure 3.4. Spatial representations of the Gli transcription factors inhibitdr8and1.19

3.1.1.3. Structuractivity relationshipstudies of oxysterols

Preliminary SAR studies by Nachtergaed¢ al. on oxysterols showed that the
stereochemistry at the chiral centres was crucial for the activation of the Hh/GIli pathway
in  Shhresponsive mouse embryonic fibroblast cell line (MNFH3 cdls).
20(9-Hydroxycholesterol.44proved to be the most active compoyE®sovalue of 3

uM), while the 20R)-diastereocisomeB.19 and the enantiomeB.20 were inactie.
Compounds.21-3.27lacking theC-20 hydroxyl were also inactive, even in firesence

of hydroxyls distributed along the sid@ain or in the tetracyclic scaffol&igure 3.5).%°
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The 20(S)-hydroxy! is '/_;o s
required for the activity 3

3.21R"=00OH,R2=R®=R*=R5=R®=H
3.22R'"=BOH,R?=R*=R*=R%=R6=H
3.23 R? = OH (stereochemistry not specified),
R'"=R3=R*=R%=R6=H

3.24R%=0H,R'=R?=R*=R%=R®=H
3.25R*=0H,R'=R?=R3=R5=R6=H
326 R5=0H,R'=R?=R3=R*=R®=H
3.27R6=0H,R'=R?=R%®=R*=R%=H

3.21-3.27

Figure 3.5.SAR of oxysterols as Hh/Gli activators in NB3T3 cells®

A number of studies have highlighted thgoortance of oxysterols in Hh/Gli signallifig,

66,76, 77and this class of steroids has also been recently evaluated for their selectivity
towards theliver X receptor (LXR), a nuclear receptor implied in the homeostasis of
cholesterol and identified asan inhibitor of Hh/Gli signalling® 20(S)-
Hydroxycholesterol 1.44  20@),25dihydroxycholesterol 3.28 and 23(S-
hydroxycholesteroB.29 (Figure 3.6) demonstrated the best activation of the Hh/GlIi
signalling in the osteogenic pluripotent stem cell line (C3H10T1/2) with 91.8, 107.8 and
87.1 fold mRNA induction respectively over DMSO control, and 6.8, 4.1 and 17.8 fold
Hh selectivity against LXR. Moreoveioxysterol 3.29 upregulated Gli and Patch
expression in both C3H10T1/2 and murine bone stromal cell linel®B2) with Eeo
values ranging between 08465 pM, and 3 fold selectivity relative to LXf.
Compound3.29lacks the 20%)-hydroxyl, thus the gestion whether this functionality is

crucial seems to remain unanswered.

Figure 3.6. Oxysterols inducing osteogenic differentiation with highly Hh/Gli selective agonism relative

to liver X receptor

After this PhD project began, Nedeleual. published SAR studies on the sideans of
oxysterols and azasterdfs. With regard to oxysterols, it was noted that the

stereochemistry at-20 and the length of the sidbdain had influence in the Hh/GIi
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activation (Figure 3.7). Compounds3.30-3.32and3.35-3.37which possess linear side
chains of two, three or four carbon in length were not active in the luciferase assay on a
cell line derived from mouse embryo fibroblast (Shh Light cells 1l), whether B8 C
hydroxyl -({3883.3D)n edotfigurafo (3.353.37). Compounds with linear
side-chains of five(3.33and3.34) or six (3.38 and3.39) carbons in length preserved the
activity as long as the 28¢stereochemistry was maintained. For example ste®R%
and 3.34 were active, while th0(R)-diastereoisomer8.38 and 3.39 were inactive.
Saturation of the &,C-6 double bond did not affect the bioactivity, and0énd 20R)-
steroids 3.40 and 3.41 were active and inactive, respectively, against the Hh/GIi
signalling, as were the parembsaturated 2&- and 20R)-compounds3.34 and 3.39
Finally, it was shown that a free hydroxyl group aBC was requi r-ed,
methoxyderivatives3.42and3.43exhibited reduced bioactivitiy.

HO
20
Uls!
ggg n= ? ggg "’ ? 3.40 C-20: BOH, aMe 3.42 C-20: BOH, aMe
33202 337no2 3.41 C-20: aOH, pMe 3.43 C-20: aOH, BOH
3.33n=3 3.38n=3
3.34n=4 3.39n=4

Figure 3.7.0xysterol SAR for Hh/signalling activation by Nedektal ™

For azasterols, the length of the sad&in and the stereochemistry aRC appear to be
less importan(Figure 3.8.” In fact, azasterol8.44 3.45 3.48 and 3.49 retain the
inhibitory actvity of the lead 22azasteroB.18 irrespective of the stereochemistry at C
20. Instead, hydroxylation at the terminal carbon such as in comp8ut&i8.47, 3.50

and3.51resulted in reduced activity

“,20 H
Psg N N N
20 20
\/>/ GiH R ol TN\—R
HO

3.44 C-20: p-Me; R=H 3.48 C-20: p-Me; R=H

ZT

3.45 C-20: a-Me; R=H 3.49 C-20: a-Me; R=H
3.46 C-20: p-Me; R = OH 3.50 C-20: p-Me; R = OH
3.47 C-20: a-Me; R = OH 3.51 C-20: a-Me; R = OH

Figure 3.8 AzasterolSAR for Hh/signalling inhibition by Nedeloet al”®
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3.2 PROJECT AIM: TOWARDS Hh/Gli MODULATORS WITH
HETEROCYCLIC SIDE -CHAINS

The chemical variety of steroidal Hh/GIli modulators reflects the diversity of their modes
of action and, up to date, a comprehensive correlation of these structures with their
activities is not available. In the light of the results showRigures 3.33.8, we first
focussed our attention on an investigation of sidain variations. To the best of our
knowledge, no examples of heterocyclic analogues of steroids, in particulatioza

and azaanalogues, have been evaluated in embryonic signallingvagsh Thus, our

aim was to synthesise a number of steroids bearing diverselsdes and to test them

in Hh/GIli signalling pathway in order to identify the structural features enhancing the
biological activity.

Our interest in the preparation of a smiddtary of heterocyclic steroids in a diversity
oriented manner drove a need for a flexible strategy in which a variety efrsdtes
could be attached to a common intermediStehéme 3.L

Scheme 3.1General approach to the construction of heterocyclicaidéns. R = H or protecting group,

R! = heterocycle or aliphatic chain.

It was envisaged that nucleophilic addition of organometallic rea@esddo the G20
ketone of readily available stero8b2would be a feasible way to synthesise a number
of novel compounds.54 featuring the € 0 -hyllroxyl group which seems to be

required for the bioactivity of oxysterolS¢heme 3.1a).

Also of interest was the synthesis of potential steroidal Glistmaption inhibitors
containing a lactone ring in the sidhain (generalised in compour@l®5), which could

mimic members of the cardenolide, bufadienolide and withanolide classes. These
compounds could be generated by further elaboration of com@Bdadals described later
(Scheme 3.1b).
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3.3. RESULTS AND DISCUSSION

3.3.1. The scaffold: B-methoxypregnenolone 3.60

Commercially available pregnenoloBé&b6was chosen as a suitable building block as it
possesses a cholesteligk core and a ketone atZD for elaboration. We realised that
t h e-hy@dxyl5-ene pattern can be converted into progeste3d@i&a compound with
strong hormonal activityyby meam s o f t h ehydeorysteraedeh@diogenase
(HSD3B) in the presence of NAD Mo r e ohydeoxysteroRl tsulfotransferases
(HST) , i n t hghogphoadenesive-@hospghbsulf&e (PAPS), can give
3 Epregnenolone sulfat&58 which is also lilogically active Scheme 3.p8°

Scheme 3.2Enzymatictransformation of pregnenoloi3e56

Although it is has recently be noted that a methoxy group&atight be detrimental to

activity against the Hh/Gli signalling,Baulieuet al®*h av e s h o wimethokyat o f
pregnenolone.60 might be useful to treat neurodegenerative lesions, thus providing a
potenti al treatment for Parkinsonds and
c 0 n v e r -hydroxlgl group &f pregnenolor®56i n t o -methyseth&@360before

constructilg the sidechain Scheme 3.38184

Scheme 3.3Sy nt h e sniethoxygpfegné&nblond.60
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3.3.1.1. Nei ghbouri ng gr ou-qmetipsypragnecolomeat i o
3.60

The conversion of alcohoB.56i nt o -mdthyl etBeb3.60 with retention of
configuration is a welknown reaction in the steroid field which occurs in two steps and
requires the participatioof the G5,C-6 double bond as a neighbouring groGgt{eme
3.3.8¥% Thus, homoallylic alohol 3.56 was first converted into tosylat8.59
(Table 3.1).

Entry Conditions Yield / Comments
1 p-TsCl (3.3 eq), py, rt 3.59949¢
2 p-TsCl (5 eq), py, rt 3.59799%
3 p-TsCl (5 eq), DMAP (0.01 eq), py, rt 3.59929¢
4 p-TsCl (5 eq), DMAP (0.01 egpy, 30 °C 3.5967%"
5 p-TsCl (5 eq), DMAP (0.1 eq), py, rt 3.5964%23.61 7%
6 p-TsCl (2 eq), DMAP (1 eq), BN (3 eq), CHCIp, rt  3.5999%

Table 3.1.Diverser eacti on condi t i o ntesyl pregnendloh859 Readiidnbweesei s o f
performed on 500 m{ 5 g scale. Reaction time: 18 Furificationvia crystallisation from watePAfter

extraction of the mother liquor with GBI», then columrchromatography on silica gel.

Early attempts following published procedures led to tos@d&i®in yield up to 94% by
exposure of pregnenolor®&56to an excess gb-toluenesulfonyl chloride in pyridine
(entries 1and?2),8! and cataftic amounts o#-dimethylamin@yridine entry 3).3* The
yield dropped to 67% when the reaction mixture was stirred at 3ént€/ @). When the
amount of4d-dimethylaminopyridinavas increased to 10 mol% cyclic alcol3o61was
also isolated in 7% yiela(try 5).8% 8In order to avoid the vast amountmfridine used
and simplify the worlup, we tried to carry out the reaction usipgoluenesulfonyl
chloride, triethylamine and-dimethylaminopyridine in dichloromethane as previously
reported for the tosylation of amhindered primary alcohaiitry 6).26 Pleasingly, when
these conditions were applied to our substrate, tosyBH was obtained in

nearquantitative yield.
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3.3.1.2. iSteroid formation

As mentioned above, in one example itsteroid3.61was obtained in 7% yielcetry

5, Table 3.1). Compound3.61is known in the literatufé 8 but the incomplete and
conflicting published assignments’f- and**C-NMR signals recorded at 200 MHz did
not match our results. Therefore compouéll was syithesised following published
procedures for full characterisation and structural confirmaschéme 3183

H,0, AcOK (6 eq)
_—

acetone
59%

Scheme 3.4Synthesis of cyclalcohol3.61

Compound3.61preparedvia the literature method was identical to the sample obtained
from the tosylatiorprocedure. On inspection 8f-, 13C-, DEPT-NMR and 2DH,*3C-
HSQC,'H,1*C-HMBC andH,'H-COSY NMR spectra recorded at 500 MHz the signals

of the G4 cyclopropylic protons werglentified at 0.28 and 0.51 ppm, while the proton

at G3 was observed at 1.07 ppm. These data are in contrast to the published values, which
showed the three cyclopropylic protons as a multiplet between 0.24 and 0.49 ppm. A
discrepancy was also found fibie chemical shift of the-@9 methyl group at 1.03 ppm,
against the published value of 1.18 ppm. On the other hand, the chemical shifts of the
C-6 proton (X4 ppm) and of the @8 and G21 methyl groups (0.65 and 2.p%m,
respectively) matched the litgure®?

The mechanism leading teteroids was studied first by Shoppeand Winsteiret al®

““The reaction occurs in two -lsydrexypgroupdbhat i
into a leaving group such as a chloride or tosylate (compdi6@snd3.63, followed

by alcoholysis or acetolysis to give sterddds43.66 However, in the presence of a base,

t h e-alk§l kethers3.64-3.66 were not produced, but 3¢yclosteroids also called
i-steroids3.67-3.70were formed $cheme 3.h
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H

(&)
>
Reflux RO
a) HCl or SOCI, H 3.64 R'=Me, 3.65R" = Et
or PCls ‘@ 3.66 R"=Ac

_—

b) p-TsCl, py R H

;
3.62R=Cl R'OH , ’e
Base

3.63R=0Ts 5
Reflux OR!

3.67R"=H, 3.68 R2= Me
3.69R"=FEt, 3.70R" = Ac

Scheme 3.5.Neighbouring group participation in the nucleophilic substitution & @f cholesterol
3.6.88.90

Looking at the mechanisn®¢heme 3.5 the first step is the unimolecular displacement

of the leaving group to give the cyclopropylic cat®idl, which is in equilibrium with

the unsaturated for®.72 In the presence of nucleophiles such as methanol, the more
reactive carbocatioB.71readly gives the kinetic produ@.68 However, the instability

of thei-steroids under slightly acidic conditions enables the reverse reaction, thus leading
to the formation of the thermodynamic prod8d&4 On the contrary, when a buffer such

as potassiuracetate is added the reaction mixture, cyclosterdddb8is formed 88 1

3.64
Scheme 3.6Neighbouring group participation in homoallylic steroids.

3.3.1. 3. Swethoxypregnenslond.60frodnfiosylpregnenolone.59

Wi t h-tos@ fpregnenoloneé.59 in hand, we were in a position to carry out its

stereoselectiveonversion to th8 Emethoxyderivative3.60(Table 3.2.
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MeOH

Entry Conditions Results

1 3.590.1 M, reflux,4 h 3.603.73=81/19, 99%

2 3.590.01 M, reflux, 18 h 3.6013.73= 76/24

3 3.590.1 M reflux, 18 h  3.603.73= 80/2G

4 3.590.01 M, rt, 18 h Sm3.5%

5 3.590.1 M, rt, 18 h Sm3.59

6 3.590.01 M, 30 °C, 18 h Mainly sm3.59 trace 0f3.60"
7 3.590.1 M, 30 °C, 18 h Sm3.59and3.60= 1/1*

8 3.590.03 M, reflux, 1.5 h 3.603.73=89/11, 100%

Table 3.2.Diversereactiorc ondi t i ons f o rmethdxygregngnolonB.80sAll the readtions b
were performed in MeOH as reagent and solvent, on a 50 mg3taie. determined by NMR analysis of

the crude product.

In spite of the stereospecificity and excellent yields publi§hed, 3 we found that

methyl ethe3.60was not i sol ated as a si neplmer di as
3.73in an 81/19 ratio as determined by NMR analysistrfy 1). Attempts to minimise

the formation of the undesired isomer by changing the reaction time, temperature,
molarity and puriftation methods proved ineffectiventries 2-8).

However, he major and desired isom&60 could be isolated by recrystallisation from
methanol leaving the filtrate enriched up4@/53i n f av o u r-isomey3.78 he 1

Crystallographic studies confirmdige structure of compourgi60(Figure 3.9).

Figure 3.9.X-Ray <cr y st al-mahgxypregnenolonB860 (BCC 1021885Appendix VII).

The -idoihdd3.73is known in the literature, although it has never been fully
characterisedRodig et al®? described it as a secondary product of the synthesis of

3 Bmethoxypregnenolone3.60 from tosylate3.59 Its structure was proposed after a
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process of elimination which involved the comparison of infrared, optical rotation, optical
rotatory dispersionah el ement al analysis data with g
methoxypregnenolon&.74a n d-méHoxycyclo-steroid3.75(Figure 3.10.%2

Figure 3.10.St r uct ur emethoxfpregn@nblon®.63 -Beihoxypregnenolone.74and- 6 b

methoxycyclo-pregnenolon&.75

We were therefore interest edomerB73®indedsi ni n ¢
isolation by recrystallisation was unsuccesfule tried to epimerise the-C7 position

of th e -laher3.60by treatment with aci¢entries 1-4, Table 3.3 or basgentries 5

ande).%?

Entry Conditions Results

1 AcOH, THF, rt, 20 h Sm3.60

2 AcOH, THF, reflux,20h  Sm3.60

3 AcOH, MeOH, reflux, 20 h Sm3.60

4 PTSA, MeOH, reflux, 18 h Sm3.60and decompositiol
5 LIHMDS, -78 °C, 2h Sm3.60

6 KOH, MeOH, reflux, 18 h Mixture 3.603.73= 4/1

Table3.3 At t empt ed i s ocmethoxypregneniolond.600 fo 3 kepimet3773)

Unfortunatel vy, t he onl y -isomer68was expogesl toa c h i
refluxing methanol containing potassium hydroxide followed by a quench with acetic
acid (entry 6). This prowded a 4/lratio of compound3.60 to 3.73 but the

diastereoisonts could not be separatadd no further work was carried out.

3.3.1.4. Al t e-mettoxyregrenclorSd es t o 3D

Al ternati ve c on dnethoxypreghenotone3.60 in torei step fBim

pregnenolon@.56were also explorediable 3.4).
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Entry Conditions Yield

1 Mel (20 eq), AgO (1.5 eq), MS 4 A, EO/THF, 40 °C, 18 I 3.6070%

2 Mel (5 eq), NaH (1.2 eq), ED/THF, rt, 18 h 3.6080%

3 Mel (5 eq), NaH (1.5 eq), ED/THF, rt, 3 d 3.6063%
3.765%

Table3.4.Al t er nat i v-methoxypregresolon8®0 3 b

Treatment of pregnenolor®56 with freshly prepared silver(l) oxide and an excess of
methyl iodide led to diasteromerically pure methyl e81@@in 70% yield compared with

the 57% publishedield (entry 1).%* Methylation using sodium hydride and methyl

i odide, conditions a-metHoxyedativativeof chdiesteral witht h e ¢
a saturated aliphatic sigdain?® was also successfutrftry 2). The major secondary
product of the reaatn was identified as the ethyl derivat®&6(entry 3),% formedvia
an-cdrbonyl al k y-inahtyliether3.60 With éxbtess mathyl iodide.
Compound3.76is known in the literature although it has never been fully charactéfised.

Its complete suctural assignment is provided in the experimental section

Finally, we synthesisedi-pregnenolonanethytether 3.75 by refluxing tosyl
pregnenolone.59in methanol containing potassium acettd’ As expected, cyclo

steroid3.75was exclusivelybtained in 79% yield3cheme 3.).

AcOK (5 eq)
MeOH, reflux
79%

OMe
3.75

Scheme 3.7Synthesis of-pregnenolormethyl ethei3.75
3.3.1.5.'H- and**C-NMR analysis

Al t h o umethoxypregnenolone3.60, 1 7 U-matlioxypregnenolone3.73 tosyl
pregnenolone 3.59 ethyl ketone 3.76 cyclo-3 Ehydroxysteroid 3.61 and
cyclo-3 Bmethoxysteroid3.75 (Figure 3.11) are reported in severphpers, no detailed

-33-



Chapter 3. Towards steroids with heterocyclic sidains

NMR data are available. Therefore, we ran- Add 2DNMR experiments for the full
assignment of these compounds using a 500 MHz spectrometer. In particular, we found
it convenient to narrow the spectral window from 5.5 to O fipabtain a better resolutio

of the overlapping low field signals in COSY, HSQC aAMBC techniques The

chemical shifts and spectra for these compounds are repo/Agpemdices HIl .

Figure 3.11 Compounds discussedAppendices HII .

3.3.2.Stereoselective addition of organolithium reagents to the sitiain of steroids

The reaction of organometallic reagents wit2@keto steroids is known as a valuable
method to build sidehains with aliphatic or aromatic appendages whose diversity is

reflected in a wide range of biological activitfs>®

3.3.2.1. Thiazolysteroids

Encouraged by earlier work confirming that addition of lithiated thiazole and pyridine to
C20 ketones would give +ertizmfacohadywewantet e c o
to evaluate the out cnmethexypednenblbn@.60e r eact i o1

Although metallation at € of thiazole is often carried by lithium halogen exchange of
2-bromothiazol€?® 1% examples of direct lithiation can be also foud®%? Thus,
2-lithiothiazole was prepared situ by the reaction of thiazol@.78with n-butyllithium
ati3 0 A C ,-methoxgpBd@nenolond.60was addedTable 3.5.
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o

N
¢
S
3.78
Conditions in Table 3.5

wWiH

(IeTs
MeO

Entry Conditions Yield

1 i) 3.78(1.1 eq),n-BulLi (1.1 eq),-30 °C, 30 min 3.793.80= 9/1:35%
i) 3.60-20°Ctort,4h Sm3.60 51%

2 i) 3.78(2.5 eq),n-BulLi (2.5 eq),-30 °C, 30 min 3.793.80=9/1: 84%

i) 3.60 -20 °Cto rt, 2 h

Table 3.5 Synthesis of thiazolyl derivativ& 79

We found that when a stoichiometric amount gfamrolithium was used, thiazolferoid
3.79was obtained in poor yield along with recovered starting matemaiy( 1). In the
presence of an excess of lithiothizahe yield could be increased up to 84% and in a
shorter reaction timeefitry 2). In both cases, analysis by NMR spectroscopy showed the
presence of an inseparable compound identified as 1b@ €pimer3.80(3.793.80 =

9/1). However, pure 28)-thiazole 3.79 could be obtained in 48% vyield by
recrystallisation of the epimeric mixture from methanol, leaving the filtrate as a 77/23

mixture of diasterecoisomeBs79and3.80

The proton NMR spectrum of thiazolyl ster@dd79 showed three singlets @86, 0.99
and 1.70 ppm corresponding to the methyl graapG&-18, G19 and C21 respectively,
which are in accordance to the data described by Shimgath for an analogous
compound® An exhaustive structural assignment was obtained by combininguid

2D-NMR experimentsAppendices IV-VI).

Indicative signals for the minor isom&i80were determined from tH&793.80mixture.
The differences were the aromatic doublets at 7.69 and 7.24 ppm shifted dowitfield
respect to theR)-isomer3.79 and the chemical shifts of methyl groups at& G19
and G21, which slightly decreased to 0.84, 0.91 and 1.58 ppm, resgigctivthe carbon
NMR spectrum the atoms in ring D and the sitiain also showed differences. Of
particular relevance was the decrease in the chemical shife@ffédm 180.6 to 179.4
ppm and of €13 from 43.3 to 42.8 ppm in the B){ 3.79 and 20§)-isomers3.8Q,
respectively. Full NMR data for compoun8s9and3.80are reported ilAppendices
IV-VI.
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Conclusive evidence for the structure of thiaZEwas obtained by Xay diffraction,

whi ¢ h c¢ on f-donfigunetibn df the €Mmhydroxyl group. In the solid state,
thiazolesteroid3.79 was observed as a dimer linked by hydrogen bonds between the
tertiary hydroxyl group in the sidehain as donor anthe heterocyclic nitrogen as
acceptor. Two additional hydrogen bonds between the hydroxyl and two molecules of
methanol used for recrystallisation were also observigni(e 3.12.

Figure 3.12.X-ray structure of thiazolybteroid3.79(CCDC 1019833Appendix VIII ).

3.3.2.2. Stereochemical rationale

It is precedented that organometallic additions to th20Cketone of pregnenolone
anal ogues are highly ster eosswiloglpmdustsE, pr c
99, 103105 1t has also been shown that the carbonyl group in thechidie adopts the
preferred conformation as shown in compoBr&2because of three factors: the presence

of a chiral centre U to the ketone umn whi
and largesized groupsra the ring D (as representeddr8l); the G18 methyl group,

whose steric hindrance pushes the ketone towards the outside of the molecuiglthe C
methyl group, which must be also staggered to avoid the bulky ring C

(Scheme 38).%8: 105
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H Cig
Il o | 'i' 18
Cie C OH |
H X 13 C1s C
® Ci2 HT S 13
S - . Ci2
| Co1 Nu Ca1
M o . H H
\ Nu
L 3.82 3.83
S Cy H Cis 'i' Cig
3.81 $.Q l Ce I ¢
. ~C1s Cis HT 'S 13,
| ‘*\\\ 021 Nu
H Ca1 " Nu H
3.85 3.86

Anti-Felkin-Anh product

C OH
18(R) wCo1
C12 (R) 20 Nu
Cis

Felkin-Anh product
(major)
3.84

Cie

(minor)
3.87

Scheme 3.8Nucleophilic additions to the-20 ketone: FelkirAnh andanti-FelkinrAnh products.

With this in mind, it is easy to picture that the attack of a nucleophile occurs from the
external side of the molecule according the Bignitz angle, thus giving compound
3.83 as the major compound, as predicted from the F&lkin model. Therefore, ¢h
newly formed hydroxyl g r o-eomfiguration and it woaldv e
be insynrelationship with the methyl group at1B, as shown i13.841% On the other
hand, the addition of a nucleophile to the most hindered face of the carbonyi.8s i
would lead to the sterically unfavoured compo@r&5 in which the G20 hydroxyl group

and the €18 methyl group would be enti-relationship and the-20 chiral centre would

have §)-configuration as in the min@nti-Felkin-rAnh product3.87.

These findings were in accordance with our results, and pleasingly the stereochemistry of

p |

t he major compound i sol at-eodfiguation desined fa@gr e e

our target molecules.

3.3.2.3. Ademnaloguen to the 17U

We next expl or ed-emidmeé t-methdxyp@dnendloned.73. A3 U
expected, treatment of the epimeric mixt@t603.73 (in 42/58 and 78/22 ratio) with

lithiothiazole gave a corresponding mixture of diastereomeric produ¢®3.88 (in

37/63and 72/28 ratio, respectivelygritries 1and2, Table 3.6.
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3.78

Conditions

Entry Conditions Yield

1 i) 3.78(1.1 eq),n-BulLi (1.1 eq),-30 °C, 30 min 3.793.88= 37/63:60%
ii) 3.603.73=42/58,-20 °C tort, 3 h

2 i) 3.78(2.5 eq),n-BulLi (2.5 eq),-30 °C, 20 min; 3.793.88=72/28, 73%

i) 3.603.73=78/22,-20 °C t0-10 °C, 30 min

Table 3.6.Synthesis of €17 epimeric thiazolyl steroids79and3.88 THF was used as solvent.

The formation of diasteroisom8r88was proven by NMR spectroscopic analysis of the
complicated diastereomeric mixtuBe793.88 (Appendices IV-VI). However, it was

possible to isolate3.88 cleanly by recrystallisation of the diastereomeric mixture
3.793.88(in a 72/28ratio) from methanollndisputable evidence for the formation of

diastereoisome8.88was obtained by Xay diffraction analysisKigure 3.13.

Figure 3.13.X-ray structure of thiazoly$teroid3.88(CCDC 1019834Appendix IX).

3.3.2.4. The preparation off@yridyl analogues

The idea to prepare a steroid bearing a pyridyl group arose from the intention to insert a
basic centre in the sidehain. Nitrogercontaining sidechains are a feature of
cyclopaminel.2and azacholester8l18 two potent Hh/Gli which interact with different
binding sites on the Smo recep{bigure 3.3).

The stereoselective addition ofithio-pyridine3.90to 17-keto and 2&keto steroids was
described first by Heer and Hoffmann to occur with high steteosvity in favour of the

20(R)-isomer3.91(Scheme 3.3 results recently confirmed by Shingateal. *°
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3.91/3.92 = 10/1

Scheme3.9Heer and Hof f mdithio-@ysdine3@with ai 2@kato stefoid3B907

We aimed to achieve a s i-nmeihdxyregnenolond.@0r si on
with 2-lithio-pyridine, which was freshly prepared by brofithium exchange of
2-bromopyridine 3.93 and n-butyllithium.1°® As expected, the reaction resulted in a
mixture of diastereocisome®s943.95in a 9/1 ratio as determined by NMR spectroscopy,
which after recrystallisation from methanol and dichloromethane gave piRgei&0her

3.94in 53% vyield, leaving the filtratenriched 3/2n favour of the minor isomes.95

(Scheme 3.1p

X
|

Br N
3.93

n-BuLi (2.5 eq)

(2.2 eq),

Z

-78°Ctort,3.5h
68%

3.94/3.95 = 9/1

Scheme 3.10Synthesis of pyridykteroid3.94.

NMR analysisof pyridyl steroid3.94 showed three singlets at 0.95, 1.02 and 1.60 ppm
corresponding to the protons atl8, G19 and G21 respectively, as previously reported
by Shingateest al®® for a similar compoundndicative signals for the minor isom@©95
were found at 8.48 and 7.J%m for the aromatic protons, and at 3.31, 1.45, 0.87 and
0.73 ppm for the methyl groups. In accordance with the results of Heer and Hoffthann,
the newly formed hydroxyl of the major compouh@4dw a s f o -“oriemtation RR)D

and this was confirmelly crystallographic studie§igure 3.14.
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Figure 3.14.X-ray structure of pyridybteroid3.94(CCDC 1019835Appendix X).

3.3.2.5. Thiophene analogue

We also wanted to synthesise a steroid featuring a thiophene group in tbleasidel his
aromaticsulfur-containing heterocycle is bioisosteric with benzene. Thiophesdified
steroids are known in the literatu®96-3.98 Figure 3.15.199 110

/S
= /S o

wH —

OH HO

3.96 3.97 3.98

HO

Figure 3.15.Selected steroids containing a thiophenyl grfdg°

Nevertheless, to the best of our knowledge, no nucleophilic i@t of
2-thiophenyllithium toC-20 steroidal ketones have been reported to datiel€ 3.7).

)
S
3.99
Conditions in Table 3.7

THF

Entry Conditions Yield

1 i) 3.99(2.2 eq)n-Buli (2.5 eq),-40 to-10 °C, 20 min 3.1003.101=57/43:
i) 3.600°Ctort, 2.5h 48%

2 i) 3.99(1.1 eq)n-BuLi (1.1 eq), TMEDA (1.1 eq), 3.10051%

0 °C tort, 50 min
i) 3.600°Ctort,3h

Table 3.7.Synthesis of thiophemgteroid3.10Q
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Treatment of keton8.60with an excess of lithiothiophene led to a complex mixture of
compounds. After column chromatography, thiophsteeoid 3.100 was detected.
However, an inseparable compound was also fowitich wasassignedas the novel
n-butyl derivative 3.101 (on the basis of a similar compound described by Shirejate
al.)''resulting fromadditionofn-b u t y I | i tnieihaxypregnenol@8.60(entry

1). However, compon@®.101was not fully characterised

We thought the useN, N, Ntétramethylethylenediamik® might increase the
reactivity of the stoichiometrilithiothiophene, and avoid the formation 2fL01(entry

2). Under these conditiongfter column chromatography and recrystallisation from
methanol, thiophensteroid3.100was obtained diastereomerically pure in 51% yield. It
should be noted th&.100readily undergoes dehydration (&I} had to be employed
for NMR studies as CDgkaused dehydration).

The structure and stereochemistry of ste®idDOwas elucidated by 10and 2DNMR
spectroscopy. The chemical shifts ofl€, G17, G18, G19 and G21 were in
accordance to those above described for thiazalydl pyridytsteroids3.79 and 3.94

The assignment of the ZR)¢stereochemistry therefore seems secure.

3.3.2.6.0xaheterocycles: furybteroids

Having validated thisgproach, we wanted to use fusda build oxygenated heterocyclic
sidechains. Nucleophilic additions of lithiofurans to-k&to steroids have precedent in
the literature, and they have been exteglgiused by Kametamit al.during their studies

towards the synthesis of the ecdysones and brassin&lidés.

Of relevance in this regard, Kametani 0s
lactone in the sidehain using an Achmatowicz reamgement of furan3.104 to
dihydropyran3.105 (Scheme 3.1)11%> 18 Stereoselective addition of lithiofur&103

gave the tertiary alcoh8.104 which was treated wittm-chloroperbenzoic acid to afford
hemiacetaB.105in high yield. It was noted that the furyl derivati#d. 04was unstable

thus it was used without any further purification in the following oxidation to pyranone
3.106 Hydrogenation of the sidehain resulted in a mixture of produ@sl073.109

whosedistributions varied accordirtg the hydrogenation conditioA¥
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3.104

e) NaBH,-MeOH/CH,Cl,

98%
17%

Scheme 3.11Kamet ani 6 s

m-CPBA, AcONa

—_— =

CHCI3, 0°C
94% from 3.102
PCC, AcONa
CH,Cl,, 0°C
91%
O
a) Hy, 10% Pd/C-benzene
b) H,, Pt,0-AcOEt
c¢) H,, Pt,O-benzene
d) NaBH4-MeOH/CH,Cl, H O

3.106

rear3n@i®ge ment of

furan

In order to investigate an Achmatowicz reaction and introduce a lactone functionality, we

first had to add a furyl group to the2D ketone. Hence, our next challenge was the

isolation of pure furyl steroi@.111(Table 3.8.

3.110

Entry Conditions Yield

1 i) 3.110(2 eq),n-BuLi (2 eq),-10 °C, 30 min 3.112 33 %
i) 3.60-10°Ctort,2.5h

2 i) 3.110(2 eq), TMEDA (2.5 eq)p-BuLi (2.1 eq), 3.111 84%

-50 °C, 40 min
ii) 3.60 -50 °C t0-30 °C, 30 min

Table 3.8.Synthesis of furykteroid3.111 Reactions were performed in THF.

An initial attempt was carried out following a slightly modified procedure of Kaméfani

118yt this failed and the novel styreBd 12was obtaineddgntry 1). We therefore began

a screening of different reaction temperatures, quenches;upsrkpurifications and

deuterated NMR solvents, informed by the findings for the thiophene steroid study

described above. We discovered that the reaction works bestuhaf fL10is lithiated

at150 °C and the starting mater&60is added at the same temperature in the presence
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of N, N, NtétranmketylethylenediamineThin layer chromatography and column
chromatography were performed on silica gel basified by additgf triethylamine to

the eluting system. Moreover, NMR experiments were run in deuterobenzene. These
conditions proved sucessful in suppressing the formati@rilaPand furyl steroi8.111

was obtained in 84% yield along wittaces of sidg@roducts wich were not identified

(entry 2). The stereochemistry of the R){hydroxyl in compound.111wasprovedby

NMR spectroscopypy comparisorof the chemical shifts ahe protons and carbons at
C-11, G12, C-13, G15, G16,C-20 and G21 withthose described above for thiazelyl

and pyridytsteroids3.79and3.94, and further confirmed by crystallographic studies on
derivative3.124as described below.

3.3.2.7. The Achmatowicz rearrangement of furans

With the furyl group successfully addethe Achmatowicz rearrangement could be
investigated. The proposed mechartiSnnvolved bromination of a furare(g.3.113
Scheme 3.1Pwhich leads to bromonium ic&114 Formation of oxonium io8.115is
followed by the addition of methanol which givé4.16 Displacement of bromide leads
to a second oxonium i08.117which is trapped by methanob give dimethoxyacetal
3.118 Finally, in the presence of acidic media, dimethoxyac8tall8 is readily
hydrolysed to un unstable acyclic d&arbonyl intemediate3.119 which in turn

undergoes an intramolecular rearrangement to form thmembered lactds.120

Bromination mechanism

LN SN 2 2 SN & WIS ¢ W (-
Br o

0 0 © MeO MeO N7

R - R (, R @ e o Br O@

MeOH MeOH
3.113 3.114 3.115 3.116 3.117
OH /\ OH
- - — HO —
Rm _HO.H >_<_>_H — 9
MeO™ g~ ™*OMe R 00 R
3.118
3.119 0
Peroxide mechanism 3.120
0
—LOY_R Hol U,
Hog 4 N9 -R'COOH °
o) H/0 R
3.122
3.113 3.121

Scheme 3.12Proposed mechanism for the Achmatowicz rearrangement.
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A number of reagents for the ring openityglisation sequence have been published,
including peroxyacids such &s121(which lead to diketon8.119via the formation of
epoxide3.122 and further ringopening, Scheme 3.1p'2%122 glso in the presence of
vanadium acetylacetonate cataf{fStdimethyldioxiranet?* N-bromosuccinimidé?®: 12>

126 pyridinium chlorochromaté’?> More recently an example of Achmatowicz
rearrangement by means of the enzyme laccase in the presence of oxygen and
4-acetamide(2,2 6,6-tetramethylpiperidirl-yl)oxidanyl (4acetamideTEMPO) as the

mediator have been also reportéd.

Amongst the number of methods available, we decided to use the milder
N-bromosuccinimiddor the furan ring openingng closure?! because of th€-5,G-6
double bond in3.11 which might react with peroxyacids or bromine, and
tetrapropylammonium perruthenate in the presends-wfethylmorpholineN-oxidet?®

for the following oxidation of lacto3.123 to lactone3.124 (Scheme 3.1B These
conditions proved successful, andmethytpyran3,6-one 3.124 was obtained

exclusively in two steps as a single diastereoisomét%iyield.

O TPAP (0.1 eq),

NBS (1 eq) NMO (3.5 eq)
——e -
THF/HZO. CH,Cly, 1t, 2 h
0 °C, 10 min
78% MeO 53% MeO

Scheme 3.13Achmatowicz rearrangement of furgteroid3.124

The structure and stereochemistry of compowhii24 was confirmed by Xay
crystallographyFigure 3.16.

Figure 3.16 X-ray crystallography of lactor124 (CCDC 1019836Appendix XI).
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Having demonstrated the viability of tAehmatowicz rearrangement on furyl derivative
3.111we speculated that a similar protocol could be applied to convert furfuryl steroid
3.125into hemiacetaB.12§ i.e.a steroid with a sidehain similar to withanolide3.128

featuring an oxygenated heterocycle a2@ and r et ehgdrokybgnoupoaf t h e
C-20 (Scheme 3.14 In theory, two possible producds126and3.127could result. We
suspected that by using suitable protecting groups the reaction could be dgléatiea

to form the desired isomé&r126

General structure of withanolides
3.128

Scheme 3.14Potential strategy to withanolide analogu&26.

The attempted synthesis of sterd@dl25 started with the preparation of ttert-

butyldimethylsilyl ether3.131in 75% yield(Schemes 3.1%@nd 3.16). Addition of the
lithiated Shydroxymethydtert-butyldimethylsislyl ether 3.130%° t o -nthoxy

pregnenolon@.60gave a single diastereoisomer which was assigned B3 [2ied on
NMR comparisorof thechemical shifts of therotons and carbons at1d, G12, G13,

C-14, G15, G116, G17, G18, G20 and G21 with those previously descridbéor furyl-

steroid3.111

@\/OH TBSCI (2 eq), imidazole (2.4 eq) (ZLOTBS

o}
3.129 DMF, rt, 2 h 3.130
100%

Scheme 3.15TBS protection of furfuryl alcohd.13Q

QLOTBS (2 eq)

3.130
n-BuLi (2.1 eq), TMEDA (2 eq)

THF,0°Ctort, 18h
75%

Scheme 3.16Synthesis of addu@&.131

Next, protection of the secondary hydroxyl group of ste®iB1as an acetate was

attemptedusingacetic anhydridéentries 1-3, Table 3.9 or acetyl chloride dntries 4
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and5). Unfortunatéy, acetate8.132could not be obtained and alke®@33was isolated

as a sidgoroduct(entries 2 3, and4).

Entry Conditions Results/Yield

1 AcO/py =1/3,rt,2d By-products

2 AcO/py =1/3,1t,2 h By-products3.131and 8% 0f3.133
3 Ac.O/py = 1/1, DMAP (cat), rt, 2 ¢ By-products an®.133'

4 AcClI (15 eq), py, rt, overnight By-products an®.133'

5 AcCl (1.3 eq), CHClo rt, 30 min  Decomposition

Table 3.9 Attempted acetylation of tertiary alcoh®ll31 ?Detected by NMR spectroscopy of the crude

product.

We next looked at the removal of ttert-butyldimethylsilyl ether cheme 3.1Y. On
subjecting ethei3.131 to tetrabutylammonium fluorid& the formation ofa single
product was apparent liiin layer chromatographgnd confirmed by high resolution
mass spectroscopylowever,the appearance of additional signaisthe proton and
carbon NMR spctra did not allowsecure characterisation thfis compound aalcohol

3.125 thereforethis study was abandoned

Scheme 3.17Attempted deprotection of silyl ethgrl31

3.3.2.8. Benzdused heterocycles: benzofuranybenzothianyl and Nmethytindolyl

steroids

Based on the observation that aryl groups are common amongst Hh/Gli modulators, we
next examined oxathio- and azebenzofused rings. We started our investigation on
benzofuran, benzothiophene ahdmethyl protected indole, commercially available
heterocgles also identibd in natural Hh/Gli antagonistaepeenin D1.18 and

staurosporinoné.9, and in the synthetic Hh/Gli agonist SAGI1 (Figure 3.17).
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Figure 3.17. Examples of Hh/Gli modulator with benfasedheterocycles.

7-Benzofuranyl and 1-Benzothianyl steroids have been previously synthesised by Suzuki
coupling of 17iodo steroids with the corresponding boronic acids in poor yté¥ds.
However, to the best of our knowledge no examples of organometalittoadof such

heterocycles to 28eto steroids have been reported.

Following modified literature procedures, benzofurau1343! and benzothiophene
3.13632 were successfully lithiated and, upon reaction with ke®66, benzofuranyl
and benzothiany$teroids3.135and 3.137were obtained as single diastereoisomers in
56% and 47% yield, respectivelg¢heme 3.18

(/\/© (2.5 eq)
0

3.134
n-BulLi (2.5 eq)

THF,-30°Ctort,4 h
56%

(/Sj@ (2.5eq)

3.136
n-Buli (2.5 eq)

THF,-30°Ctort,3 h
47%

Scheme 3.18Synthesis of benzofuranydnd benzothiany$teroids3.135and3.137

Metallation of N-methyl indole 3.138 is known to require a strong base such as
tert-butyllithium®®3 or to occur at high temperatur¥.Thus, we perforradthe lithiation

at reflux, whilst the subsequent addition wasied out at room temperature. Under these
conditions indolyl derivative8.139was obtained, albeit in an unoptimised 12% vyield
(Scheme3.19.
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(/ji) (1.1 eq)
N

Me

B I 3.138
n-BuLi (1.1 eq)
MeO

THF, reflux tort, 18 h
3.60 12%

Scheme 3.19Synthesis ofN-methytindolyl steroid3.139

In all these casesnly one diastereoisomer was seen, which was assumed toR)e 20(

based on NMR comparison with the adducts previously prepared.

3.3.2.9. Heterocyclicsteroids: thiazolyland furanytderivatives

To expand the small library of heterocyclic steroids, wesehto synthesise thiazolyl
cyclo-steroid3.140and furanyl cyclesteroid3.141to establish the importance of whether
the steroid is in an open or cyclic form, and of a substituentzagfd at @& in SAR
studies(Scheme 3.2p) Based on the results previously achieved, lithiation of thiazole
3.78was carried out a30°C, and after addition of ketoler5 thiazolyl cyclesteroid
3.140 was obtained in 58% yield.ithiation of furan 3.110 worked better at lower
temperature, andh the presence ™ , N, Ntétramethylethylenediaminéuryl cyclo-
steroid3.141was obtained in 47% vyield.

N
QB (2.5 eq)
S

3.78
n-BuLi (2.5 eq)

THF,-30°Ctort,3.5h
58%

@(2 eq)

3.110
TMEDA (2.5 eq)
n-BuLi (2.1 eq)

THF,-50°Ctort, 3.5h
45%

OMe
3.141

Scheme 3.20Synthesis of thiazy8.140and furyl3.141derivatives of-pregnenolommethyl ethe3.75

In both cases, a secondary product likely to be th&)2basteroisomer could be seen in
the protonand carborNMR spectra. However, the small amount detected did not allow
their identification to be confirmedccordingwith the FelkirAnh prediction, the newly
formed stereocentre atZD was assigned as B)for the major product, by comparison

to the NMR spectra of the analogous compoud@9and3.111, respectively
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3.3.2.10. Towards lactone skdbains via ringclosing metathesis

Previously we reported that an Achmatowicz rearrangement of furyl and furfuryl
functionalities could lead to compounds featuring oxygenatedchidie such a8.124

that resemble the withanolid&128 or the bufadienolide8.142 (Figure 3.18). We
thought it would be interesting to mimilsese naturally occurring cyclic siddains by

sy nt he s-unsatura@d ladgtorfes such 2443 These steroids could be further

functionalised at the double bond for SAR studies

(o)

(o)
\ 7
Ul

MeO
withanolide bufadienolide R'and R? = any functional group
3.124 general structure general structure
. 3.128 3.142 3.143

Figure 3.18.Similarities between diketopyranoi3123 withanolides3.128 bufadienolides3.142 and

f uct i o n-arsdtusatedlactdnedwith general strucBufet3

We proposed that the lactone ring3ri43could be closedia an olefin metathesis of
compound3.144(Scheme 3.2}L One of the two terminal vinyl groups could be inserted

via esterification of the tertiary alcoh®.146 with the acyl chloride3.145 Grignard

reaction of ajlmagnesium bromidd.147t o -nt@thoxypregnenolon8&.60would lead

to the installation of the first olefinic branch and give addut46in which the newly
formed hydroxyl g r o u-ponfigwatidn dccandangy te thet Fellin d e s
Ahn model (se&cheme 3.8

Ring-closing
metathesis

Scheme 3.21Retrosynthetic plan tb|b-unsaturated lactones.

-49-



Chapter 3. Towards steroids with heterocyclic sidains

Alkene metathesis has emerged as a potent tool in the steroid field, and all-tieging
transformationsj.e. cross, enyne, ringlosing enyne, ringlosing dienyne and ring
opening metathesis, have foundteresting applications in theotal synthesis,

hemisynthesis, dimerisation and sicteain modification of steroids?®

Despite this, to the best of our knodige, the only example of ringosing metathesis
applied to the formation of withanolides has been published by Mattugi during
studies towards the synthesis of sorminoBd57 and its analogues as novel
antFAl zhei mer 6 s d (Sshenwe3.29.%¢Taenpdepadation ef she substrate
for the ringclosing metathesis started with the construction of tHer Gidechain of
commer ci al |-gydraxy dehytr@epidndrosteroBel48by Wittig olefination
of the protectedert-butyldimethylsilyl ether 3.149 followed by ene reaction with
paraformaldehydereduction of the alkeng 150andfurtheroxidationof the sidechain

with pyridinium dichromate to obtain the ZD aldehyde3.151

i) PhaP=CHMe
ii) (CH,0),,, Me,AICI

73% over three steps

i) Hp, 5% PH(C)
ii) PDC
—_—

83%

i) Catalyst 3.156
toluene, 80 °C
22%

ii) HF-py
79%  Ho

Me /— Me
Y
MeTMe

cl,
Cl'iu_
Me

. v

Catalyst 3.156

3.155

Scheme 3.22Ring-closing metathesis approachMétsuya et alto sominones.157.%6

The first olefinic branch was inserted via a Barbier reaction involvimgethylallyl

bromide3.152and magnesium powder. The reaction resulted in poor stereoselectivity
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and the R)-isomer3.153was obtained in 42% yield. The second olefinic branch was
installed by esterification of alcohd®.153 with 2-hydroxymethylacryloyl chloride
protected apara-methoxyphenyl ethe8.154 which was afterward released on treatment
with cerium ammonium nitrate to give compouhd55in 50% yield over two steps. The
o-tolyl variant of the secondgeneration Hoveyd&r u b b s 6 3.166wasddund sotbe
the best reagent for the rhafpsing metathesis. The use of this catalyst foctmersion

of 3.155t0 the hindered lacton®& 157 gave only 22% yield, but the unreacted starting

material could be recovered andised

I n 2012, Matsuyabds group patented31i6Be sy
characterised by an aron@ti r i n g -lctoaenirdthesidefain monosubstituted

with a hydroxymethyl grougScheme 328 Thi s compound was def
havingneuriteo ut gr owi ng activityodé with applicahb
neurodegenerativeiseases®’ Its synthesis was aldmased on a ringlosing metathesis
approachNotably, the less hindered olef$1161, which was prepareby oxidation of

alcohol 3.158 with pyridinium dichromateollowed by asymmetric allylboration and
esterification ofthe resulting compound.159with acryloyl chloride3.16Q showed a

better reactivity towards catalys2.156 compared to compoun@.155 and the

corresponding lacton&162was obtained in 57% yield

i) Hp, 5% PH(C)
86%

ii) PDC, MS 4A
65%

iil) (+)-lpc,B(allyl)
83%

i) Catalyst 3.156 10 mol%
toluene, 80 °C
57%

ii) 70% HF-py
96%

Scheme 3.23Patented synthesis of ster@d 62by Matsuya et al®’

Inspired by these results, we targeted the simple unsubstitu@l I&ctone3.168
(Scheme 3.21 The first step was the stereoselective addition of allyimagnesium bromide
3.163to ketone3.60+*8 which afforded exclusively the 28)¢alcohol3.164in 72% yield
The following esterification of the sterically hindered tertiary alcoBdl64 with
commercially available acryloyl chlorid®.165 was difficult and esteB.166 was
isolated in 33% yieldalbeit along with recovered starting material. Afterwards, the use
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of secondgeneration Hoveyd&rubbs catalyst3.167 led to the formation of the

U ,-umsaturated lactor®168in excellent yield

o]
Cl)l\/ (2eq)

3.165

Bng/\/

2
3163 (2°9)

Et3N (2.5 eq), DMAP (0.01 eq)
CH,Cl,, 40 °C, 2 d
33%

Me ,—\ Me
Y es.
Me MeTMe Me

Cl,
Cl'zu_
Me\( t )
Me

Hoveyda-Grubbs catalyst (II)
3.167

THF,0°Ctort, 4 h
72%

Hoveyda-Grubbs
catalyst (Il) (0.1 eq)
3.167

CH,Cl,, rt, 18 h
98%

Scheme 3.24Synthesis ofhe G20 steroidal lacton8.168

Structural confirmation of steroi@.168was obtained by Xay diffraction, and it once
again confirmed that the addition of the organometallic reagent to-#teketo group
occurred under FelkiAnh control, thus leading o -textiarfy alcohol in a stereoselective

fashion(Figure 3.19.

Figure 3.19 Crystal structure of steroidal lactoB4.68(CCDC 1019837Appendix XII ).

Finally, we wanted to see whether similar reaction conditions could be applied to the
synthesio f  a-dimethytb ,-umsaturated @0-U-lactone3.173 functionality typical
of the withanolidegScheme 3.2b

The addition of 2methylallylmagnesium chlorid8.169to ketone3.60at 0 °C gave
steroid3.170in a mixture along with inseparable sideoducts. Therefore, a switch to a

| ower temperatur e wa salcohald ¥ Qwhiehnvas olitamedsn r e s |
75% vyield. Esterification in the presence of the bulky me#ieyl/loylchloride3.171gave
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diene3.172in 12% yield along with recovered starting material. Nonetheless, the steric
hindrance did not prevent the intramolecular fohgsure, and, on treatment with the
secondgeneration Hoveyd&rubbs catalys3.167 dimethytU ,-umsaturated lactone
3.173was obtained in 24% yield.

O

C|)j\(
(3 eq)

3.171

MgCI/\(
(1.5+0.5€q)

3.169

EtzN (4 eq), DMAP (0.01 eq)
CH,Cl,, 40 °C, 18 h
12%

THF
-7810-30 °C, 4 h
75%

Hoveyda-Grubbs'
catalyst (Il) (0.1 + 0.5 eq)
3.167

toluene, 120 °C, 36 h
24%

oiH

Scheme 3.25Synthesis of the @0 dimethyl lactong.173

The structure of steroid3.173 was elucidated by NMR spectroscopy and the
stereochemistry was secured by comparison of the chemical shiftl@f G20 and
C-21 with those of the unsubstituted lact@&68

With regards to the lactone ring, tHé- and*3C-NMR spectra of compoun@l173were

in reasonable agreement with those of withanoli@e2gFigure 3.20.1*° Indeed, théH-

NMR spectrum showed singlets for the methylks @nd CG7 at 1.85 and 1.72 ppm,
respectively, in withanolid@.2, while they were a unique singlet at 1.88 ppm in steroid
3.173 Methylenic protons at-@ appeared as a multiplet between 2.35 and 2.50 ppm in
withanolide2.2, whereas they were spilt in a doublet at 2.71 ppm17.8 Hz) and in a
multiplet between 2.0and 1.69 ppm in steroid.173 The*C-NMR showed a closer
correspondence between the chemical shifts-of G3, G4, G5, G6 and G7 at 81.0,
150.7, 120.1, 165.9, 20.2 and 12.1 ppm for withandtideand at 82.6, 146.5, 121.4,
165.9, 20.8 and 12.5 ppior steroid3.173 respectivly. However, the signals of-8and

C-2 were shifted downfield from 19.1 and 34.3 ppm in compdldo 24.6 and 41.1
ppm in compoun@®.173 respectively. This result was expected, considering the positions

C-8 and G2 as thanost affected by of proximity of the steroidal framework
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Figure 3.2Q Structures of novel stero8173and withanolide 2.2

3.4. SUMMARY

A number of novel steroids have been prepared as potential modulatorsHif/@ile
signalling pathway Kigures 3.213.24). The majority of these compounds feature a
cholestercolike skeleton and a heterocylic sideaincontaining a 20)-hydroxyl group
(3.79 3.94 3.10Q 3.111 3.131 3.135 3.137 3.139, or are G20 vinylic analogues
(3.112and3.133 Figure 3.21).

Figure 3.21 N o v-mdthoxypfegnenolone derivatives featuring a heterocylic -stin and a

20(R)-hydroxyl or a G20 vinyl group.

Isomeric compounds featuring a phydroxyl group @.80and3.95 , -ariented
sidechain 3.88 or a cyclic ring A 8.140 and 3.141) have been also prepared
(Figure 3.22.
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Figure 3.22 No v el imgetborypregnenoloBebderivatives

Novel intermediates witlaliphatic linear and branched sidkains containing a free
20(S)-hydroxyl 3.164and 3.170Q or a G20 ester §.166and 3.172 provide a wider

chemical diversity to our small molecule librafidure 3.23.

Figure 3.23 Novel steroids with acyclic sidehains

Finally, we successfully dagtol@.h28 s icactonk n o v €
(3.124 3.168and3.173 in the sidechain Figure 3.24)

Figure 3.24 Novel lactonicsteroids with a withanolidéke sidechain

Lactonic sidechains area typical featureof withanolides. An overview of the main
characteristics of these natural products and our efforts towards the synthesis of an
unnatural withanolide are provided in @ier 4.
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CHAPTER 4.
STUDIES TOWARDS NOVEL WITHANOLIDE ANALOG UES

4.1. INTRODUCTION TO WITHANOLIDES

In the history of medicine nature has always been a rich source of therapeutic agents, and
many drugs that are now in commercial use are derived from plants, microbes or marine

organismg?40. 141

Traditional medicine prelated Western mediaand its origins are earlier than recorded
human history. Ayurveda is one of the oldest and most diffused forms of popular medicine
born in India more than 4000 years ago. Studies on the folklore claim Ayurvedic
practitioners have provided useful leadsdmig discovery and they have inspired the

development of important therapeutics currently used to treat several chronic digeases.

Withania somniferaalso named Ashwagandha, Winter cherry or Indian ginseng, is an
important plant in Ayurvedic healinfpat has been used since ancient times to enhance
longevity and rejuvenatio(Figure 4.1). It belongs to Rasayana, a group of treatments
traditionally known to improve physical and mental abilities, to strengthen and give
vigour to the body, to increase mery and acquire intelligence, to stimulate the defence
system and to retard and arrest cell degener&tfon.

Withania somnifera (L.) Dun.

Figure 4.1.Representations &Fithania somnifera

The chemical constitution of Aswagandha has been extensively investigated.
Withanolides are the main bioactive components, localised in the leaves, where the
concentration ranges between 04D8% of the dry weight, but are also present in the
roots and fruits. These secondary metabolites are not directly involved in the normal
growth, development or reproduction of the plants, but usually act as a defence system

against animals, microorganisms or interspecies att4tkK8.withaferin A4.1was the
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first withanolide isolated and it was found in the leave®/ahania somniferdoy Lavie
et al.in 1965 (Figure 4.2). It has been described as a white crystalline powder and its
structure has been elucidated by spectroscopic methods and supported by chemical

modifications'*’

Figure 4.2 Withaferin A4.1

A number of additional withanolides were subsequently purified and characterised.
Recent reviews report more than 650 withanolides, more than half of which have been
isolated over the last 14 yeaf§&1>°

4.1.1. Natural occurrence of withanolides

TheSolanaceaare a family of dicotyledonous flowering plants, herbs and shrubs present
in every continent and consisting ofamky 100 genera and more tha®0B species, many

of which are edible or with medicinal propertfé$.1>**Amongst them, plants belonging

to Withanig Jaborosa Datura and Physalis genera are the major source of
withanolidest® The genusnithaniacontains 23 species distributed in the dry parts of
the temperate and tropical zones of the Mediterranean areadspy from the Canary
Islands to Southwest Asidaborosa Datura and Physalisgenera are endemic to the

North and South America continenfs.

As comprehensively reported by Misiebal.,*** after their first appearance Withania
somniferawithanoldes have been extracted from many other species of plants belonging
to the Withania Physalis Jaborosaand Datura genera® Moreover, biologically
interesting withanolides have been more recently extracted from other plants including

Leguminosaglabiatag andTaccacea@nd from marine microorganisns:152
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4.1.2. Structural features of withanolides

Withanolides are natural steroids characterised by-ea#®n ergostane skeleton in
which G22 and G26 or G23 and C26 are ox d i s e d - bro-lagftoner(such @s in
compounds4.2 and 4.3, respectively,Figure 4.3, or, less common, lactalé® The
backbone consisting of the steroidal ABCD ring system and the oxygenatexhaides
generally designat ed ™ Hydoxys grouph ecam typicallg e
decorate the framework at nearly every carbons, and thepepresent as the free

hydroxy or aepoxides, ethers, esters or more complex heterocyé&fes.

4.2 4.3

Figure 4.3:Bas i ¢ st rluaccttuorndastorsmnfithatolides

In light of the plethora of structures, a classification of withanolides have been proposed
(Figure 4.4),1481%0

According to the size of the siadain, withanolides can be divided in:

1 Withanolile s wi & it o-laaol sidechains.
T Wit hanol!l i daecst owasietbl bidechams.

Within each group, a second classification divides withanolides into subclasses

depending on the similarities between their skeletons:

1 Withanolides with unmodified skeleton, which are characterised by the parent
skeleton of withaferin Al.1(general structurd.4).

1 Withanolides with modified skeleton, which arise from different rearrangements
of the sidechain and ring D mainly promoted llye hyperoxygenation (general
structurest.5-4.23.
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General withanolides with

unmodified skeleton 4.4 Withaphysalins 4.5

Q 27

(o) 2631 ‘“""OH
23 23 T4 28

21

Withametelins 4.8 Acnistines 4.9 Withajardins 4.10 Subtriflora-8-lactones 4.11

21

- . ) Norbornane-type
Sativolides 4.12 Spiranoid-5-lactones 4.13 withanolides 4.14 Taccalonolide-5-lactones 4.15

R
15
Ring-A aromatic Ring-D aromatic
withanolides 4.16 withanolides 4.17 Ixocarpalactones 4.18 Perulolactones 4.19

Spiranoid-y-lactones 4.20  Trechonolides 4.21  Sybtriflora-y-lactones 4.22 Taccalonide-y-lactones 4.23

Figure 4.4.Classification of withanolides. R = H, OH; O.

4.1.3. Biosynthesis of withanolides

Although the biosynthetic route is not well established, it is commonly acknowledged
that withanolidesre likely to be naturally synthesised according to the same iseprene
pathway of natural triterpenes and stef6fst>%In plants, the synthesis of isoprene occurs

via two different routes both starting withducose: the mavalonate pathway in cytosol
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and the normevalonate pathway in plastids. By administration‘#t1]-D-glucose tdn

vitro producing withanolide shoots aFithania somniferaChaurasiyaet al®* have
recently demonstrated that both mevalonate anehmmralonate pathways participate f

the synthesis of withanolides, with a contribution of 75:25 in favour of the cytosolic route.

An overview of the latter route leading to withaferimtA is shown inScheme 4.1

O "—o-P
H——OH H OH
HO——H HO——H

HO___O ) SCoA ; O O
H——oH — H oH = Cenzima A )\ Thiolase )I\/U\ .

0”7 "Me Me SCoA
H——OH H——OH 07 "Me *

LoH o-P
4.26 4.27 4.28
4.24 4.25
HO Me ©O HO’, Me HO, Me
”, Hydroxymethyl « A/\ “,
*HZCA*)LSCOA glutaryl CoA reductase Hﬁ\ S *HZCA*/\O-P-P —_—
P on 0% oH P on
4.29 4.30 4.31

4.33 4.34

HO

Scheme 4.10verview of biosynthesis of withaferin A 1143 154 abelled intermediates relate to the work

of Chaurasiyat al!>

The biosynthetic pathway starts with the enzymatic conversioi@fl{D-glucose4.24
into pyruvate 4.26 in several steps including -fbuctosel,6-biphosphate4.25 as
intermediate. Two enzymatic transformations convert pyruda?é into acetyl Ce
enzyme A4.27 and acetoacetyl CoA.28 Combination of metabolite$.27 and 4.28
gives 3hydroxy-3-methykglutaryl-Co-enzyme A4.29 which is in turn enzymatically
metabolised to mevalonic acid30 Only the(R)-form of this acid proceeds along the
route via first phosphorylation to mevalona$epyrophosphate4.31 followed by
decarboxylation to isopenten$tpyroplosphate4.32 Headto-tail and heado-head
condensations of 6 units of pyrophosph&t&?lead to squalené.33 which undergoes

epoxidation to4.34in the presence of NADPH and mytochondrial oxygen. Subsequent
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cyclisation leads to compoundl.35 which ca undergo methylenation by
Sadenosylmethionine to 2dethylenecholesterdl.36 a well known intermediate in the

synthesis of ablesterol and related steroitfs 14

The relationship between zZdethylene cholesterct.36 and withanolides was first
reported by Lockley in the 1970s, who showed that administration efHR24-
methylenecholesterol to young leaves or the stenWihania somnifergproduced
radioactive withanolide®® 1°¢ Additional proof was found when Velds al, during
studies orthe constituents ofV. somnifer®’ and W. coagulang®® isolated the novel
steroids4.37,%°" 4.38"8 and 4.391°8 which were identified as biogetic precursors of
withanolideg(Figure 4.5).

Figure 4.5.Potentiali nt er medi ates of t hé&"%ithanoli des:¢

Valde proposed that the biosynthetic pathway could start with the oxidation of
24-methylene cholesteral.36to sterol4.39 followed by G22 hydroxylation to4.40
(Scheme 4.2 Lactol 4.44 could be obtained in two ways. One way entailed the
cyclisation of diol4.40to pyran4.41followed by hydroxylation. Otherwise, an allylic
isomerisation of alcohat.40to diol 4.42 followed by oxidation to aldehydé43and
subsequent ringlosure cou be also considered. Final oxidation of laciod4 led

afterwards to the typical withanolide sideain4.45%%8
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Scheme 4.2Proposed biosynthesis of the withanolide sitiain’®®

Velde suggested also that thmchemical elaboration of rings A and B leading to the
recurrent 3oxo-2,5-diene pattern could occur after the formation of the-stun®’ The
simple sequence of-C hydroxylation to diol4.46 selective oxidation to-keto-3 b
alcohol4.47 and elimingion to enonet.48 has been confirmed by the isolation of the
intermediates4.454.48 which were afterwards subjected to biomimetic reactions
(Scheme 4.R1°8

OH
H H o H (0] H
G 90 180
______ - e
5
6 HO 5 3
6

5
6

4.46 447 4.48

Scheme43Pr oposed biogenetical moAl¥ 9 cations of

The huge diversity of withanolide structures is reflected in the array of suggested
biosyntheses. Particular attention has been given to the biosynthesis of withanolides with
modified %eletons, including physalins, withametelins, acnistins, withajardins and
withanolides with an aromatic ring D. These biogenetic pathways have in common the
elaboration of hyperoxygenated precursor compounds in which the lactonichside

and the stero@ framework have been already preforff&d>° However, an irdepth

analysis of these routes is beyond the scope of this work.
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4.1.4. Biological activities of withanolides

The pharmacological properties of withanolides have aroused the interessaétitdic
community, especially in recent years. The list of their biological activities is wide and
includes: phytotoxic, antifeedant, insecticidal, antimicrobial, antiparasitic, trypanocidal,
leishmanicidal, artinflammatory, antistress, immunosuppiessimmunomodulatory
effects; CNSrelated activities on synaptogenesis, neurite outgrowth and inhibition of
cholinesterae; and anticancer activities includingtotoxic, cancecchemopreventive,

antiangiogenic anthicrotubule stabilisator agent®: 10

4.1.4.1. Anticancer withanolides

With regard to cancer, in the last decades the cytotoxicity of withanolides has been widely
investigated against a number of cancer cells lines, and several compounds have been
considered as potential anticancer therapsutit recent work Zhangt al'®° reported
interesting antiproliferative activity of 15 withanolides with unmodified skeletons (IC
values in the range of 0.0477 . 4 e M), ei ther extracted f
via hemisyntheses, against 7 cancell lines including melanoma cell lines (murine
B16F10 and human SKMEL28), human head and neck squamous cell carcinomas
(HNSCC) cell lines (JMAR, MDA1986, DRO08L), human breast cancer cell lines
(Hs578T) and nomalignant human renal epithelial cell¢iftMRCS5), using cisplatin as

a positive control. Combination of these results with precedent data allowed the authors

to draw aSAR table for anticancer withanolides as follo(isgure 4.6):

qr-1-Oxo functionality is required in ring A

Hydroxylation ofC-4 slightly reduces the potency; acetylation increases it
Repl acement -ep oxtyhegr ®»h,p6 &£hdras Hhydroxip e 4 (
functionality does not decrease the cytotoxicity

Substitution at € has essentially no effect on acéincer activity

Hydroxylation at C11 and G12 decreases the activity

1 4 U ,-Bpéxidation reduces the anticancer activity

Hydroxylation, acetylation and epoxidation atl6 and C17 slightly reduces the
potential of withanolides

Hydroxylation or acetylation atT8 and G19 dcees not decrease the potency
Hydroxylation at G20, C-23, G24 and G27 of the sidechain decreases the

anticancer potential
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T h elactbne is important in order to retain the antiproliferative activity
Glycosylation of withanolides decreases the cytat@fiect
Withanolides with unmodified skeletons generally show the highest activity as

antitumour agents compared to physarechonolides and acnistine.

further hydroxylations of rings C and D
do not increase the activity
hydroxylation at C-19 28
decreases the activity

2,3-ene-1-one
pattern is required'\‘ O 19

OH
0 ‘_\
removal or acetylation of OH at

2 C-27 increases the activity

O
OH
removal or acetylation of f \—/ 5B.6p-epoxy group

OH at C-4 increases the activity 41 is important for the activity

Figure 4.6: SAR of cytotoxic withanolides based on witaferitA.15°

Addi tionally, the nec eepexaety thecanticanaer abtivity i o n
has been recently confirmed by Joshial by replacement of this functionality with
alcohols, thiirane and amino alcoh@®eScheme 5.Zor synthetic details)in fact, the
cytotoxicity of the resulting compounds appeared significantly reduced in tests against
colon cancer (CAC), prostate cancer (P8), liver cancer (WRt68) and breast cancer
(MCF-7) cell lines (IGo values > 85 uM)whilst the I1Go values of withaferin A4.1

ranged between 3.8 and 5.4 1.

4.1.4.2. Withanolides with neurite outgrowth activity

Withanolide A4.49is a highly oxygenated steroidal lactone isolated first from the roots
of Withania somniferawhich is krown to possess interesting neuropharmacological
activities in promoting neurite outgrowth, reversing neurite atrophy and aiding synapse
reconstruction. After its successful total synthesis from pregnentib@ademann and
co-workers have recently invegtited the influence of thedxo-2-ene system towards

the neurite outgrowth activity through the elaboration of ring A of withanolide48

and evaluation in human medulloblastoma c@eeScheme 5.3 and5.4 for synthetic
details)'®? The quantitative results of the biological screening were uncertain, however

some conclusions could be drag#igure 4.7):

T 123allylic-latodlyoi c a-I2Zabylicaltohodsmethin B
activity of withanolide A4.49
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1 C-1 hydroxylanine derivative does not change the activity
T A 2Uem@dlki de -1@allylicaacetaté) showed less the activity then
withanolide A4.49

1 C-1 methyl, allyl or benzyl oximes sidiantly decrease the activity

hydroxylamine or
1a-2,3-allylic alcohol
retain the activity

3a or 3p-1,2-allylic
alcohols retain the activity .

Figure 4.7: SAR of neuriteoutgrowth withanolides based on withanolide 49162

The authors assumed that the enone pattern in ring A might not be required for the
bioactivity, and that the size of the substituents had more influence than the kind of

functionalityitself.162

4.1.4.3. Withanolides active in the Hh/Gli signalling pathway

Withanolides have also shown activity as inhibitors of the Hh/Gli signalling pathways. In
2008 Hosoya and coworkers screened 94 natural products, including terpenoids,
flavonoids, plenylpropanoids, glycosides and bisindole alkaloids, and 192 tropical plant
extracts in a celbased reporter assay to identify potential Hh/Gli inhibitors. Amongst
them, two withanolides extracted frdamysalia minimaphysalin FL.13and physalin B

1.14 (Figure 4.8), exhibited the highest inhibitory activity of the @@tiediated
transcription (IGo= 0. 66 and O0.62 &M, respel@fdsvel y)
> 40 eM). Addi ti3anda 14Ehpwed gotent symtbxicity sn human
cancer pacreatic cell lines (PANQ) expressing Hh/Gli components §G 2.7 and 5.3

e M, respectively). Again, $8.c0.cbaM)i.ne ga\

Figure 4.8.Withanolide inhibitors of the Hh/Gli signallingathway.
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4.1.5. Chemical synthesis of withanolides

The large number of withanolides and their biological activities have motivated many
researchers to embark on the synthesis of this class of natural products. Generally two
strategies have been chosen: first, the transformation of a commercially asigadbie

into the target withanolide; secondly, a stereocontrolled total synthesis when no suitable
starting material was readily available. In the first case, chole&&rahd pregnenolone
3.56have been often used in model studies towards the synthesis of withanolides, as they
b e a r -hyarox$l hroup and a 6,C-6 double bond suitable for modification, and, in

the case of pregnenoloBes6 a G20 ketone on which the withanolide sideain coudl

be easily installedRigure 4.9).1%3

Figure 4.9.CholesteroBB.6 and pregnenolong.56as commercially available materials for studies on the

right- and lefthand side elaboration of withanolides.

4.1.5.1. Earlier studts towards withanolide rings A and B

Amongst a wide number of possible patterns which can decorate rings A and B, the

synthesis of the epoxide and quindikk moieties typical of withaferin 4.1 have been

widely investigated, both because it was the first withanolide isolated and it possesses a
wide range of bioactivities, and because the decoration is quite recurrent amongst

withanolides'®316¢

In the mid seventies two independent groups, ekad s % t%%@nd Weissemberg
at al,'®® studied concurrently the synthesis of thexb-2-en5 b ,-epdxy4 Ehydroxy
pattern (.e. pattern of rings A and B) using cholesterol derivatives as starting materials.

| k e k awa praceeded through the rihesis of the key intermediae54 (whose
1-oxo0-2,5-diene system is also present in rings A and B of withanolRI&)FElaboration
of ring A began with the reduction of epoxides0 with hydrazine, followed by @
oxi dati on t-unsatutat keiomet.52(8ckems 4.4pathway i Afterwards
the alkene in ring B was installed by alkaline hydrolysis of the acét&® and

subsequent dehyation with phosphoryl chlorideThe second stFrateg:
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hydroxycholesterof.55as starting material, and led to intermedi&t&din three steps,

that iIs the selecti ve -hgdrogytgyoupafollonecby dohesi t s
oxidation of L+hydroxyl groupin compoun4.56and, f i nal delyninatienl k a | i
of keto eser4.57(Scheme 4.4pathway B.164 165

Pathway a

Jones reagent
acetone
45% from 4.50

15% aq. NaOH

dioxane ‘e POCl3, py, 0 °C
: 90%

Pathway b 15% aq. NaOH
2 dioxane 90% from 4.56
OH
E H "
; L ACZO/’?COH Jones reagent M
‘@ 80 °C 0@ acetone ‘@
_— _ =
HO 60%  AcO a5 AcO
4.55 ' 4.57

Scheme 4.4l kekawabs sy n{oxo25diese systerd.54Fe®t he 1

Once dienone4.56 was in hand, further functionalisation was carried out by its
epoxidation to compound&58 and4.59 with m-chloroperbenzoic acid, followed by a
nearly quantitative ring openirg/imination sequence to allylic alcoh4l60 (Scheme
45.The r e ghydraxygioupiwas installed as a glycol on treatmektwiesylate
4.61with osmium tetroxide, thus allowing the stereoselective epoxide formation to give
5 b ,-epdxy4 Ehydroxy5 kcholest2-en-1-one4.63.164 165
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(0]
15% aq. NaOH H
m-CPBA, CHC|3 dloxane reflux
69% 97% 52
4 z
OH

4.54 4.60
4.58/4.59 = 112

0 H

° o 15% aq. NaOH

M Oe M dio;an?e, reflux

. o on% 85% from 4.60

OMs OH OMs
4.61 4.62 4.63

Scheme 45l kekawads syn tehoxytithydroayfsysterid€3 5b, 6 b

The procedure designed by Weissenhsirgl1%® has the advantage that it also give the
1-oxo0-2,5dien4 Ehydroxy system4.74, which is another of the most common

substitution patterns of withanolide rings A and®lteme 4.k

OH

Hy, 5% Pd(CaCO3) O, My LiAIH,, THF H My PhcogH
benzene Qe reflux gﬁ benzene
_ refwx _ benzene
100% S
° 07 s HOY =775
4.65 4.66

70% from 4 65

(e}
Jones reagent Al,O3 M
ACZO/py __acetone _ hexane Oe
Ho“ \‘ - 2
AcO O‘ 2
4 67
4.70

(0}

H,S0,/glacial AcOH H
acetone Ac,O/py SOCl,, py, 0 °C ‘@
—_—
73% from 4.70 88%
OAC 4.73

o)
Ba(OMe),, H PhCO3H
MeOH/CHCl, 0 °C @@ benzene
—_—
100% 5 96%
O 474 OH 4.63

Scheme 4.6Wei ssenber gobs s3jepokyd éhgdiosy systénd.63H% 5b, 6 Db

The G6,CG7 doubl e b-epoxsicholestal,64ien3-drig 4.64 was seletively
hydrogenated firsfThe formation of the -bxo-2-ene system began with theduction of
t he -epdxid2 End &etone in compound.65 then epoxidatiorof the G4,C-5
double bond in compoundl.66 followed byregioselective €3 acetylationof 4.67 and
C-1 oxidationof 4.68to giveketone4.69 Af t e r -dimikatioh epaxgendué.7b
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was obtained in good yield. Acithtalysed opening of epoxidefOg a v ealceh®4.71
Fi nal | yb-epoxide wak introBucesmoothlyby first dehydraton of acetate.72
with thionyl chlorideto dienone4.73 followed by a barium methoxide catalysed
transesterificationo allylic alcohol4.74 and goxidationin the presence gierbenzoic

acid166

4.1.5.2. Rings A and B elaboration: towards the syntledsisthanolide D4.86

Ten years | ater, | kekawads group 4@&as cri b
compound with the same A andriBg functionality, starting from a pregnenoloB&6

through a different sequence of ever@stiieme 4.Y.16’

i) DHP, PTSA
ii)10% methanolic NaOH,
30% aq H,0,, 15 °C

i) NaBH, MeOH/THF, 0°C
ii) DDQ, dioxane, reflux

61% 83%

Li/NH3, anhydrous NH,CI
-78 °C to -40 °C

76%

OH
H H oH H
m-CPBA X
TBSCI, imidazole ‘@ CHCI,, -5 °C ‘G DMF -5 °C
—_—
90% TBSO 5 TBSO > 9
° 6 76% & 80/ TBSO
4.79
4.80 4 81
PTSAH,0 o CPBA
PhSH, AlL,O o
2U3 benzene 60 °C CHCI3
75% 84%
SPh PhSsg
4.83 484

m-CPBA

P(OMe);, MeOH, THF CHCl,, -5 °C
_— >

0,
55% from 4.83 72%

4.86

Scheme 4.7l kekawads synt het86% of withanol i de

Elaboration of rings A and B of pregnenolo8e6 started with the oxidation of its

3 Ehydroxy-5-ene system to trienonke75on treatment witt2,3-dichloro-5,6-dicyanc
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1,4benzoquinone f ol | owed b yeposidatior with iakatine fhytroganU
peroxide to intermediat. 76 Using lithium reduction in liquid ammonia, epoxydienone
476was conver tdoleb-enehn? dfterlhbvingibstalld the sidechain, the
more accessible hydroxyl of didl78was protected as ths#lyl ether4.79 and theC,5
C,6 double bond selectively epoxidisedo 4.80 before oxidation of the
1 thydroxyl groupto obtain ketonet.81 Epoxide ring opening with thiophenol and
aluminium oxide furnished thioether 4.82 which was dehydrated to dienode83
oxidised taallylic sulfoxide4.84and finally subjected ta 2,3sigmatropic rearrangement
to introduce lh e -hgdboxyl in compound4.85 Epoxidationwith m-chloroperbenzoic
acidaffordeds t er e o s e | eepaxitlet.86in gyoodbyeld'B b

4. 1.5. 3. Earlier studies -tagomear ds t he syn:

The first stereoselective construction of aR2f-lactone in the steroid sieehain was
achieved by Weihe and McMorris, during studies towards the synthesis of the fungi

sexual hormone 28eoxyantheridiol.96(Scheme 4.38

O
7 )\/U\7pph3

4.88
DMSO, 65 °C

30% H,0,
4 M aq NaOH
EtOH, 35 °C

87% 94%

Al(Hg), cat H,O
Et,0, EtOH

B ——

86%

P(OEt);
130 °C

88%

THF, reflux

—_—

86%

4.94 4.95 4.96

Scheme 4.8 Wei he and Mc Mo rdeoxyariheridiehy@'¥®hesi s of 23

To obtain the natural 2R}-configuration, aldehydd.87 was frst converted into vinyl
ketone 4.89 by Wittig reaction with ylide4.88 and afterwardsstereoselectively
epoxi di sed -dpaxided.80eRin@opdningoBepoxidd.900on treatment with
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aluminium amalgam yielded exclusively the desired=2-Bydroxy ketonet.91in 86%
yield. Ketol 4.91 was acetylatedw i t -bromidacetyl bromide&.92to compound4.93

which was in turn subjected to @&rbuzov reaction with triethyl phosphite obtain
phosphonate4.94 Ring-closure via an intramolecularHornerWadsworthEmmons
reacti on ¢aatoned. B whichafdaturgd the same B{configuration of the
natur al wlactohed®h ol i de

4. 1.5. 4. Functi onal-liactoret i on of the withan:

Amongst a number of studies towards the synthesis of withanolide, lkekawa -and co
workers also developed a strategy to functionalise the mith& i-ldctone,g.g. by

inserting a 27hydroxyl group which is also a feature of withaferid A (Scheme 4.2%°

Prior to its decoration, the simembered lactone was installed following the procedure
previously developed by McMorrig€® altough the substrat.106was preparedia a
different routg{Scheme 4.91°

|l kekawads synt hesi s nefttanmeraatlly availabléhcompbuaed c o n
4.97into olefin4.10Q Reduction ofacid4.97with lithium aluminium hydride furnished
alcohol 4.98 whose rings A and B were converted into aceta8® before further
elaboration of the sidehain. The €20 hydroxyl group was oxidaseudth pyridinium
chlorochromate and afterwards subjected toa Wittig reaction with
methylenetriphenylph@horaneto give olefin4.10Q0 Osmium tetraoxide oxidation of
4.101 resulted in a mixture of 23- and 22R)-diols in 5/2 ratio. Only the desired
22(S)-isomer was progressed in the synthesis, and, after its tosy@atompoundt.102

it was selectively epoxidised to compouhd03on treatment with potassium carbonate.
An additional carbon was inserted in the sith@in via a CoreySeebach umpolung
reaction using 2nethyl dithianet.104 andthe dithioethed.105wasreleased to ketee
4.106 by means of mercuric oxide and boron trifluoride etherate. On Ket6g the
uns at u-laaonedd07 was then built in three steps in 79% vyield following
Mc Morrisé procé8daeameé8 descri bed in

Wi t h -lactoree inthand, its functionahtion was achieved by first stereospecific
hydrogenation of the unsaturated rioggive compound.108f o | | o walkylatibny U
with lithium N-isopropylcyclohexylamide and diphenyl sulfide to give a mixture of
25(9)- 4.109and25(R)-thioethers in 3/2 ratio. Alkylation of the desired isoM&r09by

means of lithium N-isopropylcyclohexylamide and formaldehyde was highly
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stereoselective, and gave timended 25Q)-isomer4.110in 68% vyield. Finally,after
elaboration of rings A and Bo give compound.111 thermal elimination of the
corresponding sulfoxidé.112f u r n i sthresda tUulabtmried1d 3 which featured
the 22R)-U-lactone and the 2fydroxyl group typical of withanolides and, in particular,
of withaferin A4.1.16°

i) PCC, CH,Cl,
ii) PhaP=CH,
_—

Et,0, THFa

i) 0s04, NMO
t-BuOH, THF, H,0
62% 22(S)/22(R) = 5/1

ii) p-TsCl, py

4.102

T (R"OH HgO, BF3Et,0
\'H THF, H,0
76% from 4.103

4.106

O (PhS),, LICA
HMPA, THF, -78 °C

75% 25(S)25(R) = 3/2

0492, EL0.py  Momg ' O Hy, 5% Pd(C)
ii) P(OEt)3 = dioxane

ii) NaH, THF
> 100%

79% MOMO

>
HN
°
©

O CH,0, LilCA
HMPA, THF, -78 °C

76% 25(R)/25(S) = 9/1

4.109
m-CPBA
CHCI3, -78 °C 100 °C
63%
from 4.111 TBSO

4.112

Scheme 49l kekawabs s-2Bthescsi andl Cz-dattane@?ieldndt given forh a n o | |

the specific reactiot?®

-72-



Chapter 4. Studies towards novel withanolide analogues

4.1.5.5. Synthess f -lacibne in 20(Rhydroxylwithanolides

It was known that the reaction of-2Rlehydet.114with the anion of the substituted ethyl
crotonate4.115was stereoselective, and furnished exclusively thengmbered lactone
with the unnatural 28)-configuration4.116(Scheme 4.1)'68 170, 171

0O

o}
2
NOE'E
4.115

Q ‘ 2 TrLi, THF, -78 to 0 °C Q ‘@ -
(O o) 23% (O N©)

4.114 4.116

Scheme 4.10Stereoselective aldol condensation towards unsaturated lakcto@ 7% 171

However, during the synthesis of withanolidei361 ke k awads group di
in the presence of a hydroxyl groupdiposition to the aldehyde, this reaction conversely

resulted in a lactone ring with Z¢configuration Scheme 4.1)1¢7

N

- 4.‘;13_ i) HgO, BF3Et,O

n-buLli
8 steps A THF, -5 °C aq. THF, reflux

........... - _ 85%
78% A ii) DECA, MOMCI
MOMO 20(R)/20(S) = 6/1 dioxane, reflux
4.119 81%

i_CHO 4.121
LDA, HMPA
THF, -78 °C
86%
-
6 M HCI, THF, rt
4.120 82%
Scheme 4.11l kekawads | actone ring format#48% during

To synthesise withanolide 286 pregnenolon8&.56was chosen as starting material and
firstly elaborated in ring Ao give compoundt.117 Construction of sidehain started

with homologatiornvia a CoreySeebach umpolung reaction in the presence of dithiane
4.118 giving a mixture of 2(R)-alcohol4.119 and its 209-isomer in 6/1 ratio.The
aldehyde in compound.119was released by treatment witkercuric oxide and boron
trifluoride etherateand afterwards protecteds its methoxymethyl derivativé.120Q

Finally, reaction of aldehydd.120wi t h t he | i t hidimethylethydp | at e

crotonoatet.121afforded lactond.78 which wassubsequently converted in eight steps
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into withanolide D4.86(seeScheme 4.Y. In contrast with literature precedescheme
4.10, the newly formed €2 chiral centre was found in the natuffd)-configuration.
The author assumed this was duéhe steric hindrance of thef2tnethoxymethyl group,
which selectivelydrove the attack of the enolate from the backside of the molecule and

gavea2X®)-l act one according t¥% the Cramb6s cyc

4 . 1. 5 .-GrientafBchvathaiblide sidehain: total synthesis of withanolide4£137

Although the sidechain can bee i t h e r-oridntated r the mumber of withanolides
bear i rogentated sidéhain is slightly smaller and this pattern always occurs with
a th7rybdr ox vyl or , mmathgl groug't®'e® |Aytypicalaexampieb of
withanol i de fs@ecthuariinn ga-hydnoey gidizglb withanolide E
4.137 whose synthesis was accomplished by Rbtedrano and Grieco starting from
17-keto steroidt.122(Schemes 4.12nd4.13.172

Before starting the construction of the sein,ketone4.122was converted intdiene
4.124in good yield by a Seagusa reaction followed by acetylation with isopropenyl
acetatel.123(Scheme 4.1 A 1 4-hydroxyl wasafterwardsnsertedvia a hetero Deals
Alder reaction using benzyl nitrosoformatel25as the dienophile, which in turn was
generatedn situ by oxidation of benzyN-hydroxycarbamate with tetbutylammonium
periodate. The [#2]-cycloaddition resulted in a mixture of isom&rd264.127in 1/2
rati o. Ho we v e risomet 426 isamariaea tyt boiting ib toluene, thus
giving cycloadduct4.127in 85% overall yield. Hydrogenation of sterofd127 and
subsequent reaction with copper(ll) chloride were used to release-1eh@droxyl
group. Deacetylation of @ and G3 under basic condins led finally to triol4.128in
79%vyield.1"?

Scheme 4.12C-1 4 -hyldroxylation in the synthesis of withanolidetB.37172
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