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|. Defunctionalization of Ouabain

x Defunctionalization ofOuabain

1. Introduction
1.1. Discovery and structuref Ouabain

Ouabain|-1, also known agy-Strophanthin, is a natural product belonging to the
carcenolidesl-2 class.Cardenolidesre steroidscharacterized by ah >unsatured five
or six memberedlactone ring atGm T positionand a hydroxylgroup atGm n position,
which causes theisconnectionbetweenC and Drings anda linkage of the aglycone to
carbohydrateqin this case the cardenolide is known as cardiac glycosidi®) acids at
the hydroxylgroup atGo i position™ Ouabairf &tructure presentsa five membered
lactone ring at €17 position, a rhamnose as a suglmked to the hydroxyl groupt G3
positionand two methyl groups at-C0 and €13 positiors (figure 1).

Lactone moiety

OH
o) R=H or OH

Sugar moiety

1-1 1-2

Figurel. Ouabainl-1 and general cardenolide2 structures

In 1888,0uabainl-1 was discoveredby the FrenchchemistLéonAlbert Arnaud® who
isolatedan amorphous substangthat he identified as glucosid€e! from the bark and
roots of the Oualmio tree, a species oAcocanthera(Acocanthera schimpgri This
glucoside wasised by Somalis of East Africa as an arrow pdsohunting and warfare
Arnaudfound the same glucoside in another arrow poison, which was prepared from
the seeds ofStrophanthus gratug?4 The presence ofhose glycosides in the plants is
extremely important as a defence agaimsedators In 1904,HermanThomsisolated
pure glycosides fronS. lombé and S. gratusand assignedhem the name k- and
g-Strophanthin, to distinguish Ouabain from the Strophanthins of other species
(h-Strophanthin 1-3 or k-Strophanthidin I-4) (figure 2).16.7]

(3]



|. Defunctionalization of Ouabain

Figure2. h-Strophanthin-3 andk-Strophanthdin I-4 structures.

1.1.1. From arrow poison to medicine

African healers knew the medidaénefits of Strophantus plants very early on. Alcoholic
extracts were produced by soaking the plant roots with subsequent fermentatieh
the bittertasting solutiors were administered in small snips over a period of days or
weeks.To avoid poisoning, thadministeredamountwas carefully dosed by the healer
and muscle pain, open wounds, constipation, fgmalsoning, sexdaand heart disease
were treated(®

Several researchers have rendered outstanding services in the clarification of the active
substance contained inStrophanthus and its pharmacological properti€s and,
according to canonical explanatior@uabainand other digitalis derivatives should have
similar therapeutic effects.

However, clinical experience clearly indicghtthat Ouabainwas different from other
digitalis derivativesand ane of the main differences wais fast start ofaction. It was
showedin 1859by the English botanislohn Kirkwho discovered the fast activity of
Ouabainby using a toothbrush contaminated wiStrophathusseeds?!

Since 1865, Thomas Richard Fraserwho taught pharmacognosy, pharmacy,
pharmacology and therapy at the samené in Edinburgh, dealt most intensively with
the kombé arrow poison and Strophanthus kombé Heisolated the pure cardio active
ingredientfrom the seeds ofstrophanthus lombé and characterded it as a glycosidim
1869 He also showed that this active ingredientdhan important cardiac effect and
wassuitablefor therapy in humans.

Indeed, in 1885Fraserpublished his first experience witBtrophanthus tincture in
patients and recommended its use to treatl forms of cardiac fatigueand as a
diuretic[>10l

In 1886,Burroughs Wellcome & Cantroduced aS.kombeéS E (i NI OG  OF £ f SR
Strophanthus = o6 & SR 2 yFradelK &d @@ yedrs |&eFCatillon identified
pure substances fronStrophanthusspecies gratus, hispidus, niger and kombée
isolated a crystalline product only fronStrophantus gratuswhile he identified only
amorphous productérom the others kombéin particular).

[4]

ac
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Later, Arnaud identified the cardioactive principle from thé&trophanthus gratusas
Ouabainand this highlighted that the glycoside investigatedHrgserwas referred tok-
Strophanthidin I-4 (figure 2).

After the First World War, in Franc®uabainl-1, whichwasidentical tog-Strophanthin
largely replacedk-Strophanthdin I-4 preparations in the therapy of heart patits as
¢Ouabain Arnawdé.[>1% Therefore in 1904, Schedelreported on positive experiences
with a Strophantus gratusincture containingOuabainand he highlighted the positive
effects on respiratory distress and pulse in heart patients observed by other clidié¢lans
In 1906,Fraenkelintroduced in Germanyk-Strophanthidin I-4 into cardiac therapy for
acute cardiac insufficiency by intravenous administratide refused oral administration
of Strophanthinpreparations because of the known sensitivity of t&trophanthdin
I-4, which led to the decomposition of the active ingredient in the stomach.

This was the first time that an arrow poison was used as medicabanit took more
than three decades util intravenousStrophanthintherapy was generally accepted and
used[S,lO,lZ]

1.2. Ouabain as endogenous hormone,its mechanism of action and
pharmaceutical use

Many years of practical use dDuabainl-1 have shown benefits in prevention and
treatment of acute heart attacks, and its prophylactic and therapeutic h&e been
recommended irinsufficiencyof the left ventriclel’s! Exceptionally, orally administered
Ouabain has highlighted a biological activityfor the treatment of cardiovascular
diseass. [4]

In pharmacological researcBuabainis used to investigate the multiple functions of the
sodiumpotassium ATPasgump (Nd&/K*-ATPase). This pump is an omnipresent
membranebound enzyme and it isnvolved in many physiological processes. It
transports sodium ions from the cell and potassium ions into the cell, assuring the vital
ion gradient between interior of cells and the extracellular fluid. This process requires
energy that is obtained by hydlysis of adenosine triphosphatéigure 3).1°!

Sodium-Potassium Pump

Extracellular fluid

'''''''

.......

Cytoplasm

ATP K" s
+Pi

Figure 3. The sodiurpotassium exchange pump mechanism. Te/K*-ATPasanoves two potassium ions from
outside to insidehe celland three sodium ions from inside to outsitte cellby thehydrolysisof ATP molecule?

(5]
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In high concentrationOuabainis able to inhibit the NdK*-ATPase pump, but not
selectivelyi8] Once Ouabainbinds to this enzyme, th@ump endsto function which
leadsto an ncrease of intracellular sodium, reducitige activity of theintracellular
sodiumcalcium exchanger (NCXyhich under normal conditiongoumps one calcium

ion out of the cell and three sodium ions into the §ethus increasingintracellular
calciuml” This results in higher cardiac contractility and an increase in cardiac vagal
tone. The change in ionic gradients causeddnabaincan also affect the membrane
voltage of the cell and resulin cardiac arrhythmias.

Despite the positive clinical experiences wiuabainin humans, current research
announce that several disease states seem to be associated with elevated levels of a
compoundinto the human bodyd K &G A& Of I A YS ROu#bgit (E@Qa a Sy R2:
hormone originated or producedithin an organism, tissue, or celt has been shown

to be themain factor not only in the heagathogenesi$ut in many commordiseases
acting as a prdnypertrophic andgrowth-promoting hormone, which might lead to
cardiac remodelling affecting cardiovascular functions and structiffes.

In the late 1970s,th© 2 Yy OSLJG 2F da9hé gl a 2NARAIAYI 0SSR 6K
endogenous inhibitor of vascular M&*-ATPase could be a natriuretic hormone causing
hypertension(1°]

Therefore, this EO conceptiggested thatOuabain as inhibitor of the N&K*-ATPasg
could increase the blood pressure, in contrast to clinical experience, because in more
than two centuries of clinical use with therapeutic concentrations Qafabain no
hypertensinogeniceffects have been observed but only a reduction aghhblood
pressurel2l

In 1991, Hamlyn et al.cooperatively with scientists fromUpjohn Laboratories in
Kalamazoo (Michigan) reportethe purification of a compound in human plasma
indistinguishable from Ouabain by mass spectroscopy. Therefor€§uabain was
idertified as an endogenous hormone aidvas intensively reexaminated as a drug, in
particular its physiological functions and mechanism oficm[21:2223.24 Subsequent
work seemed to confirm this observation andlicated that mammaliarOuabainwas
present in multiple body fluids and tissuék.

In 1992 ,Doursoutand coworkersand, a year lateryuan and colleaguesemonstrated

that prolonged Ouabainadministration induced hypertension in normal rats. These
remarkable observatins have been replicated severallaboratories!?®!

The mutually exclusive effects Gfuabainand the inhibitor activity of the sodium pump
observed in mammalian tissuéswve not supported the hypothesis that this inhibitois
identical withOuabain but have highlighted that the natriuretic hormone something
different, which alsas able toreact with Ouabainantibodies. Indeed, some working
group hasshowed that no endogenouSuabaincan be detected in human plasma with

the help of chromatography methods, initially ignored.

Vogeser et al.developed a particular and extremely sensitive method (validated
according to FDA guidelines) to dete@uabainin human plasma thahas showed

(6]
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negative results. These resultgve confirmed that endogenou®uabainis different
from Ouabain refuting thehypothesis o026l

Nowadays, there are still studies and contrasting ideas about endogedoalsain New
researchhas shown that Ouabainis an endogenous steroidal hormone of mammals
synthesized in the adrenal glands and the hypothalafls.

However, over the years, therlgave beenstudies and research questimg what has
been confirmed so far.

Based on the hypothesis thatOuabain could cause hypertension (inhibiting
Na/K*-ATPase pump), a research group at theiversity ofMaryland in cooperation
with the Italian pharmaceutical companigmaTay has developed an Ouabain
antagonist that in animal modé able tolower blood pressure, butas been shown to

be ineffectiveduringclinical trials in humanig®!

In-depth research on possible mechanism@fiabai2 & | Hashiyiighted thatlow
concentrations othis cardenolidecaninduce signalling cascadem Na'/K*-ATPasé¢hat
regulates different cell functions, sucls cell proliferation, apoptosis, metaliem and

cell mobility, thatare independent effects of the transport of sodium cmpotassium
ions by sodium pump.

Other recent experimental studies indicate cargitecting effects of Ouabain
preventing hypertrophy of the heart and adrenal cortex in rats exposed to hypoxia,
ischemia/reperfusion injury. In additionQuabain has showed promising effects in
skeletal muscle motor dysfunctioimmune-mediated diseaseand neurodegenerative
disordes, antiproliferative effects on various cancer cells including breast cancer, lung
cancer, prostate cancer, colon cancer and leukemia by apoptosis, autophagy and
immunogenic cell death (mechanism not fully elucidateah)d protection of kidney
developmentfrom adverse effects of malnutritiolg®-30.31,32,33,34,35,36]

Due to the pandemic situation of recent yea@®uyabainhas been one of several drugs
studied and analyzed in the treatment against SARS2 infection and its implications

for COVIBL9, shoving interesting antivirbactivity![37:38.39

1.3. Structure-Activity Relationship (SAR)

Crystallographic data together with in silico studies have been performed in order to

study theStructureActivity Relationshipf Ouabainl-1.

Thebinding siteof Ouabainwithin Na/K*-ATPase pump resid@ y LJdzY LJQ& SE G NJ C
loops, especially between specific transmembrane domaifisere are important

essential features for the inhibitory activity on sodium purtige steroid nucleu$5 has

to be in a chair configuratio(-6), with AB and €D ring bonds in aisconfiguration and

B/C bond in atrans configuration Furthermore,a hydroxylgroup at C14 position, a

sugar at € positionand the unsaturated lactone arequired(figure4).

[7]
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Figure4. Structure with essential features for adtivl-1, steroid nucleu$-5 and chair configuratiof6 of Ouabain

The lactone ring at -C7 position is accommodated near to the residue V283and
Ala330 in thetransmembrane domain 4 displacing Gly326, essential for the K
coordination(figures 5, A). Modifying the lactone moiety, such as a saturation of double
02YR YR GKS O Nuabgimffindyas rendarikallyiréddcgdz G K S
The steroid nucleus interacts directly with theansmembrane The key factor for a
correct chair and aisconfiguation of the AB and €D ring junctions is represented by
three phenylalanine residues (Phe323, Phe790 and Phe{@)res 5, A). These
residues are able to create a close hydropic pocket that is replaced lihe steroid
nucleus, allowing for a better accommodation of this group.

The hydroxyl group at-C4 position forms a hydrogen bond with Thr8@d this proves
that it is an importantresidue for theOuabainbinding (figures 5 A). On the contrary,
the hydoxyl group at €1 position is not involved with the interactions and could
reduce the affinity because of a sterit¢ahdrancel#0:41.42]

Figure 5. The N&K*-ATPase binding cavity f@uabain Residues of theNa/K*ATPasesubunit important for
coordination andOuabainare shown in sticks. IA, residues important foOuabaininteraction in the low affinity
Ouabainbound crystal structure are shown; B) the original high affinitfDuabainbound structure is showH?3!

The rhamnose residue at¥position can interact with Glu319 and Arg887 by hygen
bonding (figures 5 B), giving the Ouabainan higher affinity than Ouabageninl-7

(figure6)r G KA OK R2SayQi BINBaSyd | adzaAl N Y2ASGe&c

(8]



|. Defunctionalization of Ouabain

Figure6. Ouabagenin

Some research present conflicting ideas and studies regarding the involvement of sugar
for the inhibitory activity ofOuabainl

1.4. Toxicology

Ouabainis a highly toxic compound with LDy (lethal dose, the amount of material,
given all at once, which causes the death of 50% of a group of test anohalsjg/kg, if
orallyadministered to rodent$°l

Nevertheless, it has a lowioavailability*®! becauseit is absorbed poorly fronthe
alimentary tract, destroying the oral dose. Intravenous administration shows better
available concentrationwith a LDy to 2.2 mgkg, also in rodent¥3 Ouabainis
eliminated by renaéxcretion largely unchanged.

Since the lethal dose is very close to the pharmaceutical dose, an overd@sebé&in

can easily occur with the lowing symptoms rapid twitching of the neck and chest
musculature, respiratory distress, increased and irregular heartbeat, rise in blood
pressure, convulsions, wheezing, clicking, and gasping rattling. Death is caused by
cardiac arrest'”!

1.5. Total synthesis

The total synthesis oDuabainwas a challenge for different research greuphe first

total synthesis was published in 2008 bgslongchamps et glschemel).[*6]

Their strategy was based on the initial construction of steroid skeleton which contains
the functionalities required foOuabagenin-7 (the aglycone oDuabainisolated for the

first time in 1942 byMannich and Siewert*’l), and Ouabainl-1. Ouabageninl-7 was
obtained after twenty-seven steps from cyclohexanonederivative I-8 and Nazarov
substrae 1-9 through a polyanionic cyclization (douHiéchael addition followed by
aldol condensation) strategy, allowing facile access to a tetracyclic intermediate with the
desired A/Bcisl-10, B/Ctrans and C/Dcisl-11 ring junctionsand the formation of the

key intermediatel-12 in nineteen steps. This derivative led to the preparation of
Ouabagenin-7 via eightstepssynthesisOuabainl-1 was prepared fronDuabagenin-7

in sixstepsinstallingthe rhamnose sugauccessfully

(9]
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OTBDPS

Ouabagenin 6 Steps Ouabain

—_— >
-7 —— 1-1

Schemel. Total synthesisf Ouabainby Deslongchamps et al.

In 2013 Baran at alreported the synthesis oDuabagenin-7 with an unusual take on
the ageold practiceof steroid semi synthesidbased on the strategic interplay of two
relay elements: redox relay (rapid transfer of redox information from one site to another
within a framework) and oxidative stereochemical relay (transfer of stereochemical
information during an oxidative proced$J. Cortisone acetatd-14 was chosen asn
ided starting material for its cheap price and was converteth adrenosteronel-15
(more expensivejscheme2). This approach was focused on the evolution of synthetic
strategy to access hydroxylation atl@ position of cglobutanoll-16, achievedvia two-

step synthesisrom intermediatel-15.

After fifteen steps, protectedOuabagenione I-18 was formed on a scale of >500 mg
and few chromatographic purifications were required. Compoiii8 wasthe ketonic
core of the target molecule that would allow not only the synthesi©akbagenin-7

but also the versatile access to analogs iearat G17 position, bearing a hydroxyl group

at G19 position.Then,Ouabagenin-7 wasaffordedvia five-stepssynthesis

[10]
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1-14
oH y @
IO
12 Steps L _55teps_  gyabagenin
= =

0._.0

B

Bt 117

Scheme2. Total synthesis cdDuabagenirby Baran et al. in 2013

Two years laterlnoue at al.synthesizedOuabagenin-7 using a convergent synthesis
based on assembly of the A/Bigs, D ring and butenolide moietyThe A/B ring |-21
were synthesized irfifteen steps using dien&19 and (R)-perillaldehydel-20 as starting
materials, through DielsAlderreaction and sequential oxidations. Theroidalskeleton
I-24 was obtainedin selective way by intramolecular acetal formation of the A/B ring
[-21 and Dring fragments|-22 and a combinatin of intramolecular radical and aldol
reactions. At the end, €7 butenolide wasconnected by Stille coupling and
hydrogenation, obtainingDuabagenin-7 (scheme3).l*!

NMe, o] OH Br OAc
_— 15 Steps ~
. H E— OA @ + MeO
- > |

0 Br R
TBSO o.| .0 AcO
1-19 1-20 1-21 1-22
AcO,,
Br -
Meo‘j/&\\\- R
(o) 6Ac 3 Steps > .
- 5 - . 2 °™F3 Ouabagenin
[N [ 1-7
(0}
¢}
AR g
1-23 1-24

Scheme3. Total synthesis dbuabagenirby Inoue et al.

1.6. Structural modifications ofOuabain

The structure ofOuabainpresents attractive functional groupajlowingthe possibility
of being modified anaf improvingits biological activitylts structure isich inhydroxyl
groupsandit can be subjected tprotection or deprotectionpxidationor dehydration

[11]



|. Defunctionalization of Ouabain

elimination or deoxygenationreactions.As previously mentionedhe lactone moiety
has a considerable importaze for biological interactionwhereby Ouabain should
undergaesmodifications withoutlosingits pharmacological activity.

1.6.1. Protection and deprotection ohydroxylgroup (OH)

A protecting groups a molecular framework introduced into a moleculley chemical
modification of a functional groufo obtain chemoselectivity in a subsequent chemical
reaction especiallyn a multifunctional compoun&?

In organic chemistrythere is asignificantvariety of protectng groups which are specific
to each functional group, such as alcohols, amines, carbonyls, carboxylic acids,
phosphates, terminal alkynes and so die structure ofOuabaincontains six hydroxyl
groups, and in order to selectively work on one of themsihécessary to protect the
others by usingspecificprotecting groups like acetonidesacetates, alkylating groups
(i.e, MOMCl)or silyl ethers.

In 1942, Mannich and Siewert*”] published their work on Ouabain showing the
possibilityto protect the diol, formed by the secondary and primary alcahat G1 and
G19 positions(I-25), with an acetonide andto cleawe the rhamno® moiety byusing
hydrochloric acidn acetone

This protecting groupvasremoved using sulfuric acid water at low temperatures or
refluxing in alcohql obtaining Ouabageninl-7, then @nverted into the tetra aceate
compoundl-26 if treated withexcess ofcetic anhydride in pyridineschemed).

If compoundI-25 wasdirectly handledwith acetic anhydride in pyridine, the diacetate
compound I-27 was afforded whichwas deprotected with sulfuric acid,furnishing
compoundl-28.147]

(12]
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H,S04 (2.5 equiv)

_ =

HCI (7.0 equiv)

—_—

Acetone H,0
rt,21d
46% HO rt., 7h HO
OH 80%-90% OH
1-25 I-7
Ac,0 (20.0 equiv) Ac,0 (52.0 equiv)
Pyridine Pyridine
rt.,5d rt., 14d
72% 65%

H,SO4 (2.5 equiv)
MeOH
>rt., 15 min
90% AcO

1-26

Schemed. Acetonideandacetate protection and deprotection @icetonideOuabagenin-7.

Recently Kirsch et aldiscovered aelectiveprotection ofthe secondary alcohol at-ClL
position ofacetonideOuabagenin-25, in presence of théree secondary alcohol at-8
position (scheme 5) by usinga solid phase bound-Dimethylaminopyridine (DMAPJhe
sequence of the peptides, with whidbMAP is linked to the resihad a crucial role for
preventing byproducts (double benpate protectior), allowing only the synthesis of
benzoate compound-29.54

A (10 mol%) Harz
Bz,0 (45 equiv) N=N N
: R W, = Nf
Et3N (5 equiv) NH =
DMF R= \TN \_\/
rt, 5d S ;\
quant.

Schemeb. Selective benzate protection of acetonideDuabagenin-25.

TheacetonideOuabagenin-25 can also be protected usinglgl protecting groups, such
as trimethylsilyl ether TMS), triethylsilyl ether (TE$ tert-butyldimethylsiyl ether
(TBS/TBMS),tert-butyldiphenylsilyl etherTBDPS) andiiisopropylsilyl ether TIPS).
Selectiveprotection of the secondary alcohol at-8 position is possibléy employing
TBDMEIto generate silyl ethecompoundI-30 (scheme6).[52 This selectivity is due to
the high steric bulk of the protecting group.

[13]
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TBDMSCI (1.2 equiv)
imidazole

ACN/DMF (1/1)
rt, 12 h

97% TBDMSO

Schemeb. Selective TBDMS protection of acetonideabagenin

In 2000, Templeton et alstudied the selective protection of free alcoholsQuabain
includingthose inrhamnose.The primary alcohoat G19 position the most reactive
one, wasprotected in all casesThe two tertiaryalcoholsRA Ry Qi NBX I OG |y R |
alcohols could be protected using seven equivalents of

trimethylsilyltrifluoromethanesulfonateTMSOTf(I-31) (scheme?).[53]

However, by using only fougquivalents of triisopropylsilyltriluoromethanesulfonate
(TIPSO7Jfonlythe alcohobk at G1, G19 and @ Q  LJ2 &ekelprotBcyed(l-32).

TMSOTTf (7 equiv)

- .
Pyridine
rt., 1h
95%

TIPSOTS (4 equiv)

HOL__-~
Pyridine 0
rt,1h o

TIPSO Y Y0

87%
OH

1-32

Scheme7. TMS and TIPS protection©fiabain
Another interestingprotecting reagentis the chloromethyl methyl ether (MOMCIYy

which it is possible to protect both secondary alcohols and the tertiary alcoholldt C
position (I-33a) of compoundl-25 (schemeB).l*4!

[14]
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MOMCI (6 equiv)
DIPEA (10 equiv)
DCM
rt, 3d
75%

Scheme8. MOM protection of acetonid®uabagenin-25.
1.6.2. Oxidation ofhydroxylgroups(OH)

The oxidation of alcohols iskaghly important reaction in organic chemistry, by which
primary alcohols can be oxidized &dehydes and carboxylic acjdgecondary alcohols
to ketonesand tertiary alcohols, in contrast, céhbe oxidized without breaking the
molecule's GC bond(scheme9).

OH
PN —.[O] PO _,[O] /&
R OH - R S0 <—7= R (6]
[H] [H]
Primary Aldehyde Carboxylic acid
alcohol
R R
5 I GV
R™ "OH P — R ~O
[H]
Secondary Ketone
alcohol

R
R
RXOH —x

Tertiary
alcohol

Scheme9. Oxidation of alcohols.

Several studies concernin@uabain have shown the possibility of selective and
non-selective oxidation of hydroxyl groupast G3, G11 and Gl9 positiors using
different reaction conditions.

The hydroxylgroup at G3 position ofOuabagenin-7, after reducing theunsaturated
lactone (I-34), can be oxidied with platinum (Pt) under oxygenatmosphere achieving
ketonel-35 (schemel0).[54]

[15]
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PtO, (10 mol%) Pt (25 mol%) Ho HO

Hs (1 atm) O, (1 atm) HO
MeOH H,0
rt, 24 h rt., 48 h
83% 84% (0]
OH
1-35

Schemel0. Reduction oOuabagenits lactone and oxidation of OH at3josition.

For aselectiveoxidation ofthe secondary alcohol at-Cl position, thesilyl compound
[-30 can be treated with DessMartin periodinane (DMP) obtaining the ketone
derivativel-36 which, in presence afodium borohydrid€NaBH), lead to the formation
of the corresponding alghol I-37 with an inversion of the stereocenteit has been
shown that itis possible to resynthesize the starting materidt30 by reducing the
intermediatel-36 with triisobutylalumirium (TIBAYschemel1).[>2

DCM
rt., 5h
83%

P —
iBusAl (11.0 equiv)
Toluol
rt,6h
84%

NaBH, (1.5 equiv)
MeOH
0°C,1h
92%

1-37

Schemell. Selective oxidation of secondary alcohol at Cposition andsubsequent inversion of stereocenter.

In 1967,Reichstein et aloxidized selectivelyhe primary alcohol at €9 position of
diacetate Ouabageninl-28 to aldehydel-38 with Pt under oxygenatmosphereand,
subsequently, to carboxylic acid39 using copper (II) acetat€Cu(Ac) in water
(schemel2).[5%

[16]
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1) PtO, (80 mol%)

H, (1 atm)
rt, 2h
2) 0, (1 atm) Cu(Ac),
rt, 24 h 0, (1 atm)
H,0 H,0
95% rt,40h
AcO quant. AcO

Schemel2. Selective oxidation of primary alcohol al@ position.

In 1964,J. S.Baran oxidized both secondary alcohols at3Cand Gl1 positiors of
acetonide Ouabageninl-25 using chromium (VI) oxidéCrQ) to give diketonel-40
(schemel3).[58]

CrO3 (5 equiv)
_ =

Pyridine
rt, 18 h
70%

1-25

Schemel3. Oxidation of secondary alcohols aB@nd C11 positiors of acetonideOuabagenin

1.6.3. Deoxygenation ofalcohols (OH)
1.6.3.1. Defunctionalization of hydroxylgroups

The deoxygenation of alcohol éschemicalreaction involving theremoval of oxygen
atoms from amolecule importantfor the synthesis of natural productyith or without
selectivty. There are disparate applicable methods to carry out the deoxygenation,
compatible withdifferent substrates and functional grouggure7).

Normally, the deoxygenation of alcohols employs a-step procedure One method
consists in replacing the alcohol withsaitable leaving group which is removed in a
second stepit can be convertednto halide(l), followed by dehalogenatiofil), orinto
ethers or esterg(lll) with O-thiocarbonyls as typical derivative tht can be reduced
either by electron transfe(lV) with alkali metals or with stannanes in the knoBarton

Mc Combiedeoxygenation(V). However, undesired radical side reactions and the-two
step procedure render this approach stilsadvantageous and the direct deoxygenation
(Vl) and the use of catalysts are far more desirabldhe problem of the direct
deoxygenationis that requires specific reaction conditions and only few functional
groups are tolerate.The most common twstep deoxygenation of alcohols is the
elimination(VII), obtaining the alkengfollowed by hydrogenatioi@VIIl) to alkanel®!

[17]
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hydrogenolytic
substitution deoxygenation
> R-0-X
1] v
radical v
deoxygenation

direct deoxygenation

R-OH » R-H

VI A
hal ti dehalogenation
alogenation R—-Hal g

elimination R./\/R" hydrogenation
Vil Vil

Figure?. Different methods of alcohols deoxygenation.

Currently, in literature there are nananydeoxygenation reactions applied @uabain
but mainly to structurally similar steroid compoundBor this reason, some examples of
steroidal and nonsteroidal compounds will be reported.

Regardinghe halogenation reaction, one of the belshown is theAppelreaction, by
which an alkyl chlorides generaté using triphenylphosphine (PPR) and carbon
tetrachloride (CCJ).158 The alkyl chloride cabe removedvia a radical reaction using
hydride source

In 2018, Stephenson et aldiscovered a photochemical approach obtainiimg situ
halogenation followed by defunctionaiation of alcoholThe reactions were carried out
in a flow reactorand, @mbining the GareggSamuelssorreaction and photoredox
catalysis, the alcohol at&positionof steroid|-41 wasdeoxygenatedschemel4).l5%

1) PPh3 (1.20 equiv)
I (1.20 equiv)
imidazole (1.20 equiv)
ACN, 2 h

2) fac-Ir(ppy)s (0.25 mol%)
ProNEt, (10.0 equiv)
MeOH
Fluss-LED

72%
I-41 ° I-42

Schemel4. Halogenation and defunctionalizatidn situof secondaryalcoholat G3 position ofsteroid|-41.

As mentioned above, thBartonMc Combias one of thebestknown reactionsfor the
deoxygenation of alcohol. First, the alcohol is substituted by a xanthate and, then,
radically defunctionalize§® Another plausible substituentn place of xanthates the
phosphorouswhich can be easily attached and defunctionalizedairsimilar way of
xanthates.

(18]
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In scheme 15, the primay alcohol at €0 position of unsaturated ketonel-43 is
substituted and then radically remov€td46) when phosphorylated intermediate45is
treated with tributyltin hydride(n-BwsSnH)as hydride sorce.[6

Cl,POMe, (2.5 equiv)
(i-Pr),NEt (7.5 equiv)

OH OH |
(3.5 equiv) o, o
Ny
1-44 ¥ F"
THF OMe
’ 1-45

-78 °C, 10 min.
85%

n-Bu3SnH (1.4 mol equiv)
AIBN (cat.)
PhH
reflux
87%

Schemel5. Deoxygenatiorof primary alcohol at 0 position ofunsaturated ketond-43.

By using indium (lll) chlorid@nCt) as catalystand chlorodiphenylsilanéPhSiHCl)as
reducing agent, alcohols can be defunctionalized throagtirect deoxygenatin, as
shown inschemel6.62]

OH InCl; (5 mol%)
Ph._  Ph,SiHCI (2 equiv) ph\)\
DCM

1-47 80°C,3h 1-48
99%

Schemel6. Direct deoxygenation of tertiary alcohol 2imethyl1-phenylpropan2-ol I-47.

The dehydration or elimination of alcohols is an important reactiowolving the
StAYAYLFOGA2Y 2F | ¢ (SNDa affofRdkénésdefisScanTobl2 ¥ (0 K
possible wherthe alcohol ha a hydrogen atom orthe h-carbon atom(schemel?), i.e.,

the carbon atom next t@ne carryinghe hydroxylgroup. When there is more than one

hydrogen on the -carbon atom then isomeric alkenes may ari§d.

a-carbon atom

HoQH N
H-C-C-H ——> C=C__
[ -H,0 /
H H 2
Alcohol Alkene

Schemel?. Dehydration ofanalcohol.
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Many analyses ordehydration of OuabageninR S NA @ hydiox®IS@udps have
demonstrated the formation oélkenes or the breaking of thelactone.

Obviously, the selective elimination of alcohols regsitee presence of selective
suitableprotectinggroups.

In 1961,Baran et al.discovered that the tertiary alcohol at-12} position of diacetate
acetonideOuabagenin-27 could be eliminated using thionyl chlorig€OQC) in pyridine
obtaining the alkene derivative49 without involvingthe tertiary alcohol at & position.
The alkend-49 could be reduced witlpalladium on activated charcodd/Q catalystin
acetic adi to a diastereoisomer mixture50 (schemel8).[64

Pd/C (5.0 mol%)
H, (3 atm)
—_—

AcOH
rt,55h
43% AcO

SOCI, (1.05 equiv)

Pyridine
-15 °C, 15 min
AcO 89% AcO

OH OH
1-27 I-49

Schemel8. Dehydration of tertiary alcohol at©4 position of diacetate acetonideuabagenin-27 and subsequent
hydrogenation

The hydroxyl groupat G14 position an be also eliminated treating the silgdther
substratel-30 with methanesulfonyichloride (MsCl)leading tothe alkenel-51. Under
this reaction condition, only this albol is eliminated, the others aG11 and G5
positions are not involved(schemel9).552

MsCI (6 equiv)
Et3N (18 equiv)
_ =
DCM
rt,1h
75% TBDMSO

OH
1-51

Schemel9. Dehydration of tertiary alcohol at-C4 of sylil protectedduabagenin

Furthermore, he secondary alcohol at-T positionhas been selectively eliminated by
treating the diketond-40 with basic alumia (AbGs) in boiling ethanol. Thensaturated
diketore 1-52 has beenhydrogenatedusing Pd/Cunder H. pressure obtaining the
intermediatel-53 which hadost the tertiary alcohol at G positionafter treatmentwith
acid (-54) (scheme20).56]
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Pd/C (5 mol%)
H, (1 atm)
MeOH
r.t.

18%

Al,O3 (37 equiv)
—_—

EtOH
80°C,1.25h
28% (0]

AcOH

e
120 °C, 15 min
82%

1-54

Scheme20. Dehydration of secondary artdrtiary alcohokat G1 and G5 positiors of diketone derivative.

However,Ouabainmay undergo aromatization of the ring, As shown irscheme?21.
Indeed, by treating ketonel-35 with sodium hydroxidgNaOH) the two alcohols at -G
and G5 positions are eliminated by-elimination The subsequentetroalddic reaction
has resulted in the elimination gfrimary alcohol at €9 positionas formaldehyde and
the reduction ofketone at G3 position to alcohol that is methylated by dimethylsulfate
((CH)2SQ), obtaining he finalaromaticcompoundl-55.[54

OH
1-35 1-55

Scheme21. Aromatization of ring A dDuabagenif etone derivative.

The opening of lactone can bgenerated by ozonolysis thus f the tetracetate
intermediate 1-26 is treated with zinc(Zn) in acetic acid and potassium hydrogen
carbonate(KHCG), tK S -hydroxyl ketond-56 is afforded (scheme22).165]

Recent reactions regarding the opening of the lactone with consequent modification
date back to 2018465

[21]
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AcOACQ
1) O3, Zn-AcOH ~ ACOy |

_— >

2) KHCO3
AcO

OH
1-26 1-56

Scheme22. Lactone opening by ozonolysis.

To summarize in most caseshe elimination ofan alcohol and the subsequent
formation of alkene is guaranteed by using dehydrating reagentsnigthanesulfonyl
chloride (MsCI) (1-57), thionyl chloride (SOG) (I-58) and phosphoryl chloride(POG)
(1-59). They areghe most easily accessible reagents buie to their high reactivity can
origin other side products

Other dehydrating reagent such Bsirgessreagent (-60),[%6! MartinQ Sulfurane(l-61)[67]
and methyltriphenoxyphosphonium iodidéMTPI) (1-62)%8 can offer more selective
methods (figure 8) because of their mechanism of action and steric bililke final alkene
can bereducedusing different hydrogenation methodsd., Pd/C and b).

CF3y 0.{ O\ CF; o—g"— '
cl o} 0 o o CF Q§© i
3 3
PO S S O 0

cI” >l cI” ol Et;N" 1
cl 8

(7]

1-57 1-58 1-59 1-60 1-61 1-62

Figure8. Dehydratingreagents.
1.6.3.2. Defunctionalization ofcarbonyl group

The deoxygenation cdpe caried out alsoinvolving acarbonyl grougscheme 23

)O\"' Oxidation )CJ)\ Deoxygenation -
Oxidation _
R R, R/ R,
1-63 1-64 1-65

Scheme23. Deoxygenation of ketone.

The most common reactions atbe Clemmensemeduction!®?! which employszincin
acidic conditions and the Wolff-Kischnerreduction!”® which requires hydrazine and
strongly basic conditionscheme 23

[22]
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Clemmensen Wolff-Kischner
o Zn(Hg), HCI o 1. HoNNH,
AT 2. KOH
" R/R PS R R
R4 Ry ! 2 R Ry ! 2
1-64 1-66 -64 66

Scheme24. ClemmenseandWolff-Kischnereactions

By using theClemmenserreduction, selective deoxygenation of the ketone at3C
position ofsteroidl-67 can be obtainedscheme25)."4

: t., 15 min
o] B r

H

1-67

87%

Scheme25. Selective deoxygenation of ketone aB@osition of derivative-67.

As an alternative method, the ketone can first be conveiitéd a dithianderivativel-69
and then desulfuriegd usingRaneynickelascatalyst(scheme26).l"2!

HS(CH,),SH
Lewis acid s s Raney-Ni H H
R1 R2 R1 R2 R’l R2
1-64 1-69 1-66

Scheme26. Ketone deoxygenation by usiftaney Nicketatalyst.
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2. Task

Thefirst aim of this projectconsists ofselectively eliminang all six alcohdt functions
present inOuabai & & 0 NUzOG dzZNB X 26 U | A-§0koy135 skiofrSin T A y I §
scheme?27, without changing the stereocenter of the remaining hydroxyl gsyupe

da0SNRPAR &l NiQdnhezNE YR GKS

Scheme27. Final desired productshould besynthesizedy selective defunctionalization @uabain

The secondjoal of this projectconsists ofselectivelyremovingtwo of the six alcoholic
functions present inOuabai & & ( MtlevndguwKiaal derivativesl-76 to 1-79
shown inscheme28. In this case, it ialsoimportant not to change thetereocenter of

G§KS NBYIFIAYAY3 KeRNREé&f 3INRladokeaswélKS &G SNRAR
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HO

1-77
(19-Hydroxysarmentogenin)

1-78
(Strophantidol)

Scheme28. Final desired productshould beobtained byselectively elimination of twalcoholic functions

The desired productd-77 and I-78 represent key molecules for the synthesi$
well-known natural product$-4 and1-80 to 1-84, highlighted in thescheme29.

[25]
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HO

1-77 1-80 1-81
(19-Hydroxysarmentogenin)

HO

OH
1-4 1-82
(Strophanthidin) (Strophanthidinic acid)

1-78
(Strophantidol)

OH
183 1-84
(Periplogenin) (Reevesioside)

Scheme?9. Final desired natural products.

In order to reach the desired final products, the useaftectinggroups and oxidation,
elimination and deoxygenation reactions, generally described above, are required.
Before showing how these final productsght besynthesizedit is necessary to specify
that the starting material used for each pathway is represented by acetonide
Ouabagenin-25, achiewed by treating theOuabainl-1 with hydrochloricacid HC) in
acebne, in 9%6% yield(scheme30).

S
o O

HCI (3 equiv)
Acetone
rt, 14 h
->10d
96% HO OH

Scheme30. Synthesis of acetonid®@uabagenin-25.

Specifically, derivatives-71, I-73 and I-79 have been previously synthesized by
Dr. Torsten Cellnik®!
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The deoxygenated produdt71 was obtained from acetonideOuabageninl-25 via a
three-step sequencen 39%overallyield (scheme31). First,the alcohol at €3 position
was selectively eliminatedby usinga | NI A Y Q & (I-§1ddetydiandg yeSgentin
76% yield The resultingalkeneintermediate -85 (confirmed by a crystal structur&yas
hydrogenatedwith Wilkinsor & O lin(B4%yiéldila the last step, the deprotection of
[-86 with acetic acid in methana@ave the desired produdt71in 55% yield.

Martin's Sulfurane (5 equiv)

DMF
r.t., 25 min
76%

(PPh3)sRhCI (10 mol%) >L OH
H, (1 atm) o o- AcOH (20 equiv)
—_—

EtOAc “ MeOH
rt., 16 h rt.,1h

94% 55%

OH
1-86 1-71

overall yield: 39%

Scheme31. Defunctionalization ofcetonideOuabagenin-25at G3 position(l-71).

Compoundl-73 wasformed from acetonideOuabagenin-25 by a three-step sequence
in 48% overall yiellscheme32). At the beginningthe secondary alcohol at&position

was protected with TIPSCI, obtaining intermediak87 in 87% yield. Therithe hydroxyl

group at Gl11 position waseliminatedusinga I NI A Y Q & (I-gl)dzchiediigalkgnS

[-88 in 82% yield. The followedhydrogenaion anddeprotecion led to final compound
I-73in 67% yield.
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TIPSCI (2 equiv)
imidazole (2 equiv)
DMF

50°C,16 h
87%

Pd/C (30 mol%)

Martin's sulfurane (3 equiv) H, (1 atm)
THF AcOH/H,O
rt, 2 h 60 °C, 2 h
82% TIPSO 67%  HO

1-73
overall yield: 48%

Scheme32. Defunctionalization of acetonid®uabagenirat G11 position(I-73).

The firal product I-79 was synthesizedfrom acetonide Ouabageninl-25 through a
three-step sequence i81% overall yieldscheme33). Initially, the secondary alcohol at
G3 positionwas protected with TIPSCI, obtaining intermedidt87 in 87% yield. Then,
hydroxyl groug at G11 and G14 positions were eliminated usingSOGI and pyridine,
achieving intermediaté-89 in 81% vyield followed by asimultaneous hydrogen&bn and
deprotecton to final compound-79 in 44% vyield.

TIPSCI (2 equiv)
imidazole (2 equiv)
_

DMF
50°C, 16 h
87%
1-25 1-87
O
o
\

SOCI;, (4 equiv) Pd/C (30 mol%) HO
Pyridine (10 equiv) H, (1 atm) HO @’
DCM AcOH/H,0
0°C-rt,1h 50°C,5h H
81% TIPSO HO

44% OH

1-89 1-79
overall yield: 31%

Scheme33. Defunctionalization of acetonid@uabagenirat G11 and €14 positionl-79.
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|. Defunctionalization of Ouabain

3. Results and discussion
3.1. Defunctionalization ofOuabain OH at G1 position

For thedeoxygenationof the hydroxyl group at @ position, two different approaches
have been applied, both usingacetonide Ouabageninl-25 as starting material
(scheme34).

A first approachinvolved the oxidation of the secondary alcohol aB @osition to
ketone G3 intermediate 1-90, which should undergo dehydration and aetonide
deprotectionsimultaneously, leading to unsaturated ketoh81. Reduction ofesulting
alkene(l-92) and ketoneshouldgivethe desired product-70.

A second route implicated &iprotected intermediate 1-93 which should allow the
elimination of the secondary alcohol at-1Cposition to alkenel-94. Subsequent
hydrogenationand deprotection should afforthe final producti-70.[7]
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1-94

' Hydrogenation i :
! Deprotection !
i Y
¥

Oxidation

E 1-70

5 i

Reduction |

Deprotection

Elimination

n
----------- > >

1-90 1-91 1-92

Scheme34. Two different approaches to synthesize defunctionalized prod¢tiéx
3.1.1. Deoxygenationof OH at Gl positionvia ketone G3 intermediate

The pathway to synthesize intermediate92 has already beepreviously analyzed and
studied[”®! The oxidation of the alcohol at €3 position and formation of the
corresponding keton@&90 representedone ofthe most problematic stepand different
oxidaion methodswere appliedto acetonideOuabagenin-25 (table 1).
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0
Rsealgentt Alla/U\ : :SO3Na
olven
Tt NH 10,
Solid-supported catalyst
IBS variant
1-90
Entry Reagen (equiv) Solvent T(°Q t (h) Product(®
1 IBX(0.50-1.50) DMSO r.t. 4A 24 -
2 IBX (20) EtOA¢EH:0 (5:1) 70 2 -
3 IBX (30) DMSQ@H0 (1:1) rt.A 40 24 - [d]
4 MnQz(5.0-10.0) DCM r.t. 4A24 -b.q]
5 MnQz(5.0-10.0) Acetone r.t. 24 -[b.c]
6 Mn(0z(15.050.0) DCMDMF r.t. 24A 72 -b.q]
7 AgCQ (5.0-15.0) DMFBenzene (1:10) reflux 24 - [d]
Celite
8 Oxone (1.20) ACNH0O 70 18 -ledl
solidsupported catalyst
based on IB§.10)
9 Al(Gi-Pri(3.0) Cyclohexanon&oluene reflux 3A 18 - d
(1:6)
10 Al(Oi-Pri(3.0) Cyclohexanondoluene reflux 3 -1
(1:15)
11 Al(Oi-Prk(3.0) Cyclohexanon&oluene r.t. 20 - [
(1:25)
12 PDC (1.50) DMF r.t. 24 -led
13 Pt& (0.70) EtOA¢H:0 (4:1) 50 6 -[dg.i
14 PtQ (1.50) EtOA¢EH:0 (4:1) 50 6 -dgil
15 PtQ (1.50) EtOA¢H:0 (4:1) r.t. 8 38%9: 1
16 Pt (0.70) EtOA¢H:0 (15:1) r.t. 8 60%/9:M
17 Pt (0.70) EtOA¢H:0 (15:1) r.t. 15 88%09:M

[a] Isolated yield after column chromatographyb] No conversion [c] Traces of impurities[d] Product mixture
[e] No desired product[f] Lactone degradation[g] 1 atm Q. [h] PtG, anhydrous [i] PtO, hydrate.

By treating the acetonid®©uabageninl-25 with different equivalens of the oxidizing
agent2-lodoxybenzoic acidiBX)(entries 1-3) in dimethyl sulfoxide it was not possible
to achieve selective oxidation afcoholat G3 position Indeed the desired product was
detected ina mixture with diketone due tosimultaneous oxidation of the secondary
alcohol at €11 position [-40), also by changing the reaction time.

Same resultsvere obtained by usingsilver carbonate AgCQ) on celitd”75] (entry 7)
and pyridinium dichromate D@74 7%(entry 12).
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By employing the reaction condition @ppenaueroxidation (entries 9-11)[74771the
reaction time temperature andsolventmixture played an important role, becausy
usingaluminium isopropoxid@l(Gi-Pr)z in a solvent mixtureof cyclohexanonénluene
(1:6) under reflux conditions from three to eighteen hours, a mixture ofmono and
diketone compoundsvas obtained (entry 9). In contrast, by using a solvent mixture
cyclohexanone:tolueneg(1:15) at reflux conditions for three hours (entry 10) or
cyclohexanondpluene (1:25) at room temperature fortwenty hours (entry 11),
decompositiorwasdetected.

Only starting material or some tracesf impurities were achieved by employing
manganesexide (MnQ,)l"4"8lunder different reaction conditiongentries4-6).
Unfortunately, oxidation and degradation of the lactomere observedby treating the
acetonide Ouabageninl-25 with the solid-supported catalyst designed as a variant of
IBSn the presence of oxongntry 8).74.79

By usingPtQ hydrate as catalyst, no seledtiw was detected by carrying out the
reaction at high temperature forming a mixtureof desired product and diketone
(entries 13, 14) However, he same reaction at room temperatuted to the desired
ketonel-90 in 38% yieldentry 15). The best resultsvere achieved treatinghe starting
material 1-25 with PtQ, anhydrous(entries 16, 17) overnight affording ketone I-90 in
88% vyieldselectively This highlighted thait waspossible to obtain selectivity and good
yield only by usingnhydrousPtQG instead of the hydrated one.

After optimizingthe oxidation conditions, the ketone intermediate90 wastreated with
sodium carbonat€éNaCQ) in ethanol, losing the acetoniderotecting groupand, at the
same time eliminating the hydroxyfunctionality at G1 positionto yield theunsaturated
derivative 1-91 in 8% yield (scheme35). Then, the double bondvas reduced by
hydrogenation with Pd/C iacetic acido generate ketond-92in 67% yield

Pd/C (20 mol%)
H, (1 atm)
AcOH

rt,1h rt.,3h
89% 67%

1-90 1-91 1-92

Na,COj3; (10 equiv)
EtOH

Scheme35. Deprotection ancelimination ofhydroxyl groupat G1 positionand subsequeniydrogenation of
intermediatel-91to yieldderivatel-92.

To achieve the desirefthal productl-70, another stepvasrequired: the stereoselective
reduction of ketond-92 (table 2).

The two main problems of this step concernkdth the limitation of the compatible
reducing agent because of the presence of the lactgnand the stereoselective
reduction of ketone avoding a final mixture of epiers|-70andepi- I-70.

(32



|. Defunctionalization of Ouabain

The most plausibleeductionturned out to bethe knownLuche reduction®® empolying
NaBH, compatible with the lactone moiety being a mild reduciaggent.

Table2. Different reducingconditionsto reduce ketonel-92to final compoundi-70.

Reagent
Additive
Solvent
T, t
OH OH
1-92 1-70 epi-1-70
Entry Reagent (egiv) Additive (equiv) Solvent T (°C) t(h) Producf?
1 NaBH (1.50) CeC4(0.25) MeOH 0A r.t. 0.3 -
NaBH (1.0) CeC(0.29 MeOH 0 1 - [b]
NaBH (2.0) Ced (2.10) MeOH 0 0.5 80%
d.r.2.7:1M
4 NaBH (1.0) / THFMeOH(1:1) 0 48 -1
5 NaBH (1.0) CeQ(0.20)  THF/MeOH (1:1) 0 72 - 1ol
6 Pt (0.50) / EtOH rt. 18 _Itg
7 L-Selectride / THF -78A r.t. 2 -
solution (1.60)
8  Zn(BH)/2NaCl / ACN r.t. 18 - bl
9  NaBHCN (0.5) / MeOH r.t. 18 [

[a] Isolated vyield after column chromatography. [b] No conversion. [c] Traces of desired product.
[d] Productmixture. [e] No desired product. [f] Decomposition. [g] 1 atmH

As shown in table 2, theeduction was carried out under different reaction conditions,
causing decomposition with 1.5 equivalents of NaBHoresence of 0.25 equivalents of
cerium trichloride (Ceg)lin methanol at 0 °C (entry 1) and any conversion was observed
under the same aaditions with only one equivalent of reducing reagéertry 2).

By using a solvent mixture dktrahydrofuran/methanofll and one equivalent of
NaBH, after two days, onlytraces of conversionwere detected (entry 4), but no
conversionn the presence of Cegfentry 5).

The ketone intermediatd-92 was converted into the desired producby usingtwo
equivalentsof NaBH, 2.10 equialentsof Cein methanolat 0 °C,in 80% vyield but as
epimersmixture I-70 and epi-I-70with ad.r. of 2.7:1(entry 3).

Decompositionwas detected after reduction with Pt©in ethanol under B pressure
(entry 6).

By employing--selectrideand stirring the solution fotwo hours,still traces ofketone
[-92 and a new uknowncompoundwere detected(entry 7).
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A novel Z(BH)./2NaCPF? reducing system proved to be unsuccessful, resulting in no
conversion of the starting materigntry 8).

Decompositionwas detected in presence ofodium cyanoborohydride N@BHCN
(entry9).

3.1.2. Deoxygenationof OH at €l positionvia protected derivative I-93

This second routénvolvesintermediates in which thehydroxylgroupsat G3, G11 and
G19 positions have been protected wh different protecting groups asacetate,

benzoate and silyl groups

First, the secondary alcohols at-and C11 positions of acetonid®©uabageninl-25

were protected by using acetic anhydride in pyridine forming the tgiratected

Ouabageninl-27 in 93% vyield, followed by treatment with trifluoracetic acid to

deprotect the acetoniddor achiewngdiol I-28in 94% yield’3l

Subsequently, the primary alcohol atl@ positionwas protected with acetic anhydride
in pyridine affording the triacetate derivativel-93a in 80% vyield Treatment with

Martin's sulfuraneallowed the elimination of secondary alcolail G1 position leading

to the unsaturated intermediaté94ain 67% yield(scheme 8).

TFA (5.0 equiv)

_—_—

Ac,0 (20.0 equiv)

Pyridine MeOH
55°C,24 h rt, 3d
93% AcO 94% AcO
OH
1-27

Ac,0 (4.0 equiv)

Pyridine (4.0 equiv) Martin's Sulfurane (1.20 equiv)

DCM THF
rt., 16 h rt, 2h
80% 67% AcO

1-93a

Scheme36. Pathway to obtain the unsaturated intermediat®4a from acetonideOuabagenin-25 through triacetate
intermediatel-93a.

The projectfocused mainly on selectiveydrogenationof the k2 double bond, applying
different reductioncondition (table 3).
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AcO,
Catalyst AcO ’ .
Solvent
Tt
AcO
OH OH
1-95a 1-96a
Entry Catalyst (eqiv) Additive (ecuiv) Solvent T(C) t(h) Productd

1 (PPh)sRNhCI (QL0) / Toluene rt. 24 -bcel
2 (PPh)sRhCI (0.Q) / EtOAC rt. 24 -1el
3 [Ruf-cymene)Cl2(0.30) C3CQ (0.0) iPrOH 70 16 -
4 RuCl(PPh3)(0.20) C3CQ (0.020) iPrOH 70 16 -1
5 Pd/C (0.2-0.50) / EtOH rt. 5 b
6 Pd/C (0.P A 0.30) / AcOH r.t. 24 -[b.e]
7 Pd/C (0.33) / EtOAC rt. 3 _b.c.d
8 Pd/C(0.50) / AcOH rit. 3 -l
9 Pd/BaS®(0.33) / EtOAC rt. 3 _b.ce
10 Pd/BaS®(0.33) / ACOH rt. 3 _b.cel

[a] Isolated yield after column chromatography. [b}96a formation [c] Lactone reduction. [d] Decomposition.
[e] 1atm H.

Byusing theWilkinsorQ & O IBfdr fiy8rédgénation, the starting triacetate derivative
I-94a also underwenthe reduction ofthe lactone without any selectivityentriesl, 2).

In addition, by usingruthenium catalysts, compounti94a was notconvertedinto the
desired compound bubnly decompogion was detected probably because of the
presence of the basat high temperaturegentries3, 4).

Different resultswere achieved byemployingPd/C under different reaction conditions.
Indeed, hydrogenation of derivatided4a with 0.2 or 0.5 equialentsof Pd/C inethanol
at room temperatureled to the correspondig double hydrogenated compoundalso
attackingthe unsaturatediactone(entry 5).

Surprisingly, the lactone proved to be compatible with Pd/C in acetid @ ethyl
acetateat room temperaturebut derivative I-94a was fully (entry 8), slowly(entry 6)
and in mixture(entry 7) convertedinto an unexpected nevproduct I-96a, which ddnQ
show the secondary alcohol at3positionin its structure A mixture of product I-96a
and the reduced unsaturated lactoneere also obtained in presence g@falladium on
barium sulfate Pd/BaS® (entries9, 10) in different solvents.

Treatment of the unexpected producti-96a with Na&CQ in methanofwater for one
hour at room temperature provided the partially deprotected intermediate 1-97a
(scheme 37), obtaining a useful intermediate for the synthesis @nother desired
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molecule(I-76) without two alcoholicfunctions andbelonging to the second aim of this
work (scheme37).

Pd/C (50 mol%) AcO,
Hy (1 atm) Na,CO3 (10 equiv) HO~ -
AcOH MeOH/H,0
rt, 3h rt,1h
68% 80%
OH
1-94a 1-96a 1-97a

Scheme37. Unexpectechydrogenation oflerivativel-94a followed by partial deprotection

The total deprotection of compount96a has shown considerable difficulties, mainly
due to the lactone, which is extremely sensitive to tlequired conditionsfor removing
the acetateprotecting group(table 4).

Table4. Screening of fully acetate deprotection of compour@ba.

Base
Tt
1-96a
Entry Base (eqiv) Solvent T (°C) t (h) Productd

1 Na.CQ (2.20) MeOH/HO rt. 16 [
2 KCQ (3.0) MeOH/HO 0A rt 4 -[e]
3 K.CQ (10.0) MeOH/HO 0 48 -]
4 K.CQ (20.0) MeOH/HO 0 48 -l
5 K.CQ (2.0) MeOH 0A rit. 24 -[el
6 Na.CQ (10.0) MeOH/HO rt. A 40 6 39%
7 NaCQ (10.0) MeOH/HO rt. 16 50%
8 Sat. solut. NCQ MeOH r.t. 24 -l

[a] Isolated yield after column chromatography. [ti}irty desired product[c] Decomposition.
[d] Unknownproduct.

As shown irtable 4, different reaction conditionsvere tested, always using weak bases
due to the presence of the lactone. The two bases mainly involvedNas€Q and
KCQ.

By treating the starting material-96a with K:CQ, decompositionor desired but
extremely dirty productvere detected(entries2-5).
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Theuse of a saturatedNaCQ solution caused decompositiofentry 8) and by using
fewer equivalents of tis base the desired productvas notdetected(entry 1).

The compound I-76 was obtained only using about 10 equivalents dfeeCQ in
methanolwater in 39%yield at 40 °Cfor six hourgentry 6).

By carrying outhe reaction atroom temperaturefor sixteen hoursthe desired product
I-76 wasachieved irb0%yields(entry 7).

By analyzing this unexpected reducti@eheme37) and assuming that & simultaneous
elimination of hydroxyl group at @ positionwas promotedby the presence of the
acetate protectng groupas good leaving groyphe reductionwasalso carried out using
the completely deprotected derivativie98 as starting materiaftable5).

Different reaction conditionsvere applied to deprotected the compounid94a by using

only NaCQ as a weak base because of the presence of the lactone.

Table5. Deprotection of triprotected intermediaté94a.

N82003
MeOH/H,0
Entry NaCQ(equiv) T (°C) t(h) Producf?
1 3 40 24 32%
2 10 r.t. 24 82%l]
3 10 r.t. 16 54%

[a] Isolated yield after column chromatography. [artial deprotection.

As shown irtable 5, the desired productvasobtainedin a low yield of 32% usirthree
equivalents oNaCQ in methanolwater at 40°C(entry 1).

By increasing the equivalents ten and carrying out the reaction at room temperature
for one day the yield improved to 54%(entry 3). Under the same conditions, the
partialy deprotected product I-99a was achieved afterforty-five minutesin 82%yield
(entry 2).

Nevertheless, this alternative routeshowed the same result as before, thus
deoxygenation of two different hydroxyl grosfl-76) was achievedinstead of the
desired compound-70 (scheme38).
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Pd/C (50 mol%)

-
AcOH
rt,5h

Pd/C (50 mol%)

AcOH
rt,5h

1-98

Scheme38. Alternative route toafford defunctionalized final produdt70.

To avoid this problem, different protecty groups than acetatéave beertried, initially
choosing moretsable ones asTBS"3! achievingntermediatel-100 (scheme39).

TBDMSCI (12 equiv)
imidazole (12 equiv)
_ =

DMF/ACN

rt., 48 h
70% TBSO

% OTBS

1-100

Scheme39. AcetonideOuabagenirprotection by using TBSCI.

The TB®rotection wasfollowed by acetonide deprotectioto achiewe diol I-101, but

this showed to be the most limiting step of theoute due to the difficult selective
deprotection of the acetonide, since both protecting grosmre sensitive to acid

conditions. For this reason, different reaction conditiongere applied, resulting in
unsatisfactory resultgtable 6).

Table6. Acetonide deprotectiorof intermediatel-100.

Reagent
Solvent
T, t
Entry Reagent (egiv) Solvent T (°C) t (h) Producf?
1 / H0 90 7 -]
2 / DMSQ@H;O (10:1) 90 6 -1
3 CeC)7H0 (20) AN r.t. 5 53%

(COOHy)(0.05)
[a] Isolated yield after column chromatography. [b] No desired produef] No conversion.
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A first approaclconsistedof treatingcompoundI-100 only with wate (entry 1) at high
temperatures®¥ obtaining a completely deprotected product, thus involving not only
the acetonide but also the TBS groupBy employing a mixture of
water/dimethylsulfoxide1:10 (entry 2),[7384no conversion of the starting produastas
noticed.

It waspossible to synthesize the final produet01 by handling theacetonideproduct
[-100 with Ced heptahydrate and oxalic acid in acetonitrile at room temperature
(entry 3).18% Unfortunately, the final product proved to be extremalpstable probably
due to the TBS group jumping between the hydroxyl groupgkedd crudeNMR and TLC
showedseveraldifferent products without acetonide buwith TBSrotecting group
Subsequentlyfacing thisobstacle,different protecting groups were employed such as
the TBDPSo protect the hydroxyl groupat G3 position and the benzoate fothe
hydroxyl groupat G11 position(I-103), as shown irscheme40.

Thus, acetonide Ouabageni25 was, first, protected with TBDPSCI giving intermediate
[-102 that in presence of benzoic anhydride £{By was converted to protected
compoundl-103[73!

TBDPSCI (2.50 equiv)
imidazole (2.50 equiv)
_—

DMF

50 °C, 48 h
98% TBDPSO

Bz,0 (20.0 equiv)

DMAP (2.0 equiv)

Et3N (20.0 equiv)
DMF

50°C,48h
98%

Scheme40. TBDPS and Bz protection of aceton@igabagenin-25.

Unfortunately, also in this caghe selective deprotection ofhe acetonideprotecting
grouprepresented a limiting step for the simultaneous deprotection of the TBDPS.

As shown intable 7, severalreaction conditionswere applied but withunsatisfactory
results.
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1103 1-104
Entry Reagent (eqgiv) Solvent T (°C) t(h) Product¥
1 CeG7H0 (20) ACN rt. 16 -
(COOH)(0.05)
2 / H0 90 48 -1
3 / H.O/DMSO (1:10) 90 24 -
4 TFA (2.42) HO/THE (1:4) r.t. 16 -lel
5 PACI(CHCN) (0.10)  ACN/HO (3:1) 65 3 -1
6 PACI(CHCN) (0.10)  ACN/HO (3:1) r.t. 24 -1l
7 PACI(CHCN) (0.10)  ACN/HO (10:1) 65 6 319!
8 PACI(CHCN) (0.10)  ACN/HO (6:1) 65 24 499!
9 PACI(CHCN) (0.10)  ACN/HO (4:1) 65 6 739!

[a] Isolated yield after column chromatography. [HJ105formation. [c] No conversion[d] Decomposition.
[e] Full deprotection.

Initially, the same reaction conditiongsed previouslpn compoundI-100, were applied
for the synthesis of derivative104, without obtaining the desired resul{®@ntries 1-3).

In case oentry 1, only deprotection of TBDP8asachievedforming productI-105.

A nonselective deprotection of the acetonide but also of the TBRMaSachieved in
presenceof TFA in watétetrahydrofuran(entry 4) 186l

After treatment ofprotected compound-103with bis(acetonitrile)dichloropalladium (II)
(PACI(CHCN))catalyst different results by varying the reaction temperatuaad the
ratio betweenacetonitrileand water as solventsvere detected®’]

A selective deprotection of acetonideas notdetectedby using a 3:Jcetonitrile/water
ratio both at room temperature(entry 6) for twenty-fours hours which indicated no
conversim, and at 65°C (entry 5) for three hours after which decompositionwas
observed.

The desired derivativevas synthesized and analyzed usiagolventratio of 10:1, 6:1
and 4:1at 65°Cin 31%(entry 7), 49%(entry 8) and 73%entry 9) yields, respectively
The analysis of the final product showed a compotighly dirty and,in addition, this
step turned out tobe not easily reproducible, because whenever these reaction
conditionswere applied, the desired produatas synthesized in a low yield due to the
simultaneous deprotection of the TBDPS.
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For this reason, a further patay was developed(scheme4l) by using the benzoate
protecting group thats notsensitive to acidic conditions, in order to selectively remove
the acetonide, andt is bulkier thanacetate so as toavoid the double elimination of
alcoholsat G1 and G3 positions as in case of derivaBu-96a.

This route is similar to the one analyzed above, involving the triacetate derivative
(scheme 36). Therefore, acetonide Ouabagdr2d was initially double protected with
benzoate, achieving intermediaté-106 which, if treated with TFA in methanol,
underwent deprotection of acetonide achieving produet07 (scheme 41).

The primary alcohol at-€9 position was then further protected with acetic anhydride,
thus obtaining the triprotected intermediaté-93b. By wsing Martin's Sulfurane the
secondary alcohat G1 position was eliminated with the formation of the unsaturated
intermediatel-94b.

Bz,0 (20.0 eq)

DMAP (2.0 eq)

Et3N (20.0 eq)
_—

TFA (5.0 equiv)

e ——

DMF MeOH
50 °C, 16 h rt,3d
80% BzO 87% BzO
OH
1-106

Ac,0 (4.0 equiv)
Pyridine (4.0 equiv)
DCM
rt., 16 h
92%

Martin's sulfurane (1.20 equiv)

THF
rt,2h
71% BzO

Schemetl. Pathway tosynthesizainsaturated intermediaté-94b from acetonideOuabagenin-25.

The next step, as previousiynalyzed(table 3), wasbased onthe hydrogenation ofthe
double bond of the unsaturatedntermediate I-94b to synthesize compound-95b
which, following a deprotectiorshouldallow the synthess ofthe desired final product
[-70 (table 8).
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0
0
BzO,
Catalyst AcO_ ~
Solvent
Tt
BzO
OH
1-95b
Entry Catalyst (eqiv) Solvent Hy (atm) T (°C) t(h) Product¥

1 Pd/C (0.20) AcOH 1 r.t. 3 -
2 Pd/C (0.20) AcOH 1 r.t. 5 -b.c]
3 Crabtre®a OI { 0X ¢ DCM 50 r.t. 5 - [d]
4 Crabtre®@a O { 0X ¢ DCM 1 r.t. 2.5 - [d]

[a] Isolated yield after column chromatography. [H96b formation. [c] No full conversion. [dNo conversion.

By treating the unsaturated compound&94b with Pd/C in acetic acidat room
temperature for three hours only the starting materialvas detected (entry 1) but
increasing the reaction time tfive hours beyond to the starting material94b, product
[-96b wasobserved(entry 2).

In the presence ofrabtreés catalysf®® the hydrogenationwascarried outby usingthe
autoclaveand no conversiorwas obtained despite anincrea® in catalyst equivalents
and hydrogen pressur@ntries3, 4).

This difficulthydrogenation could be due to the steric bulk of the benzoate protecting
group. Hence,before performing the hydrogenatiomvith Crabtreés catalyst it was
decided to completely deprotect this unsaturated compound wht Na&CQ in
methanolwater, synthesizingthe unexpected product-99b with only partial
deprotection of the acetate and the benzoate G3 positionin 67% yieldscheme4?2).

Na,CO3 (14 equiv)

MeOH/H,0
rt., 4h
67%

1-94b

Schemed?2. Partial deprotection ofinsaturedintermediatel-94b.

Unfortunately, a total deprotection of compourieD4b wasnot possible to achievelhe
increaseof NaCQ equivalentsor temperaturedid not lead tothe desired compound
and the addition ofk:CQ caused theopening of theactone

[42]
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Despite this, hydrogenation of compound-99b was carried out employing the
Crabtre€) éatalyst, without obtaining the desired resitable 9).

Table9. Hydrogenation by usinGrabtre®2a O G t @ &

Entry Hz (atm) t (h) Productf?
1 50 5 - [0
2 10 2.5 - 1]

[a] Isolated yield after column chromatography. [b] No conversion.

Whenahydrogen pressure of 10 or 50 atwvasused the starting material-99% did not

showany change, onlgome impuritiesvere detected

Since the change the protecting group did not helfn the synthesis of the desired

product, more attentionwas paidagain on the triprotected intermediate94a to study

andto search for the optimal conditionsf hydrogenation with theCrabtre®2d Olall | £ & &
reagentextremely difficult to handle because of its extreme sensitivity to oxygen and

water (scheme43).

As shown previously in table 5, the protected produ«@4a could be partially or
completely deprotected using M@Qand varying the reaction time.

Both partially -99 or completely deprotected product$98 were treated with the
Crabtre®@a OF Gl feéald FyR Ke@RNRBISYIFIGSR dzyRSNJ I K
two different results: derivativd-98 did not undergo any conversion while product
derivativel-99 was hydrogenated and transformed into the desired produdt©9. This
contrastingbehavior is probably due to a different solubility in dichloromethane, which

is in fact higher in the case of intermedidt@9.

It is also important to highlight the attention that this type of reaction requires: it should

be carried out in extremely drgonditions, without any presence of oxygen and water
(degassed and dry solvent) and with extremely long and repeated hydrogen washing,

prior to the hydrogenation itself.

[43]
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AcO,,

Na,CO3 (10 equiv) Na,CO3 (10 equiv) HO

MeOH/H,0 MeOH/H,0
rt. 24 h r.t., 45 min
' AcO
58% c 82% HO o
1-99
Crabtree's catalyst (2 mol%)
Crabtree's catalyst H2 (20 atm)
DCM DCM
rt, 2.5h rt,25h

quant.

1-70

Scheme43. Hydrogenation withCrabtreés catalystto reducek2double bond of intermediaté-94a

The hydrogenated compoundl09 was then deprotected with N&€Q and the desired
final productl-70was finally afforded (scheme 44).

The desired product was confirmed By-NMR,13GNMR and HRMS data. The analysis
of these spectrasreported in the experimental parpp. 170-171).

Na,COs3 (10 equiv)

MeOH/H,0
rt, 24 h
51%

1-109 1-70

Schemed4. Deprotection of hydrogenated compound 09 to obtain the final product-70.
3.2. Defunctionalization ofOuabain OH at G5 position

The elimination of hydroxyl aG5 position encounteredconsiderable obstacles, mainly
being the most mdered alcohol compared to the otherdlhe total protection of the
alcohols preserdd at G1, G3, G11, G19 and €14 positionsshould berequired to
obtain good selectivity

[44]
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The protected derivativé-33 shouldbe treated withdehydrating reagents to eliminate
the alcoho] achievingthe resulting alkene 1-110 which should be stereoselectively
reduced by hydrogenation(l-111) to give the desired product-72 after global

deprotection(schemesb).

1-111 1-72

Schemed5. Pathwayfor deoxygenation 0OH at 5 position.

The total protection of alcohols to compound33a wasachievedby treating acetonide
Ouabagenin-25with MOMClIprotecting group, obtaining the desired protected piect
in 84% yield(scheme46).144

MOMCI (20 equiv)
DIPEA (21 equiv)
DCM
rt. >0°C->rt,72h
84%

1-25

Scheme46. MOM protection of acetonid®uabagenin-25.

The protected derivativé-33a wassubjected to severalehydrationconditionsin order
to removethe alcohol at €& position, as shown itable 10.

[45]
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Reagents or/+
Solvent
T, t
MOMO
-33a 1-110a
Entry Reagens (equiv) Solvent T (°C) t (h) Product?
1 DAST (D) DCM r.t. 32 -
2 DAST (9) DCM rt. A 45 15A 120 - Bl
InC% (0.090) DCM r.t. A 300r 80 3A 190r2.15 -lef
PhSIiHC[2.0)
4 PhSiH (1.20) DCM 30/r.t. 3A 18/65 -le
TFA (D)
5 SOCI(1.20A 6.0) DCM 0 5A 16 - [
Pyr (50A 10.0)
SOCI(3.0)
6 Pyr (30) THF 0A 50 5 - (e
DMAP (40)
7 SOCI(8.0A 40.0) Pyiidine 0A r.t 16A 48 - [
SOCI(3.0)
8 DMAP (40) THF 0A 50 24 - [€]
Pyiidine (3.0)
9 p-TsCI (DA 6.0) DCM 0°CA r.t. 30 - (e
SiQ (1.0)
10 MsCI (1.50) DCM 0A rt. 16 -[b.el
EtN (30)
DMAP (4 mol%)
11 POGI(1.20) DCM 0 120 - [b]
Pyridine (5.0)
12 POG (3.0A 10.0) DCM 0OA rt. A 40 24A 48 -
Pyr (1.04 7.0)
13 al NIAyQa THF r.t. A reflux 4A 24 -b.el
(1.75A 5.0)
14 Triphosgene (0.5.0) DCM/DCE r.t./reflux 3/2 -fledel
DMAP (2.0)
THF reflux 24
THF 50 24 -[e.e]
15 Burgesseagent (5.0) DCM r.t. 6
1,4 reflux 6
dioxane

[a] Isolated yield after column chromatography. [lo conversion[c] Not full conversion [d] Unknown product.
[e] Decomposition. [f] Deoxygenation should be achieved

[46]
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Several reagents were used for the desired elimination, but only starting mak&al
impuritiesand little decompositionwere possible to detect by TL&fter treatment with
diethylaminosulfur trifluoride DASY, POJ (I-59), MsCI(I-57) and a | NIi Suijfuéage
(1-61) (entries1, 2,10-13).

In case ofBurgessreagent (-60), decomposition was always achievetkcept forthe
treatment in THF at 50C, where a little conversion to the desired product was noted
but then followed by decomposition, probably due to partial or complete deprotection
of the MOM protecthggroup (entry 15).

By usingSOG (I-58), p-TsClor silyl reagent like P®iHClor PhSiH, theprotected
derivative 1-33a was converted ito several new compounds, thus highlighting
decomposition(entries 3-9). The HRMS and LCMS showed the presence of the desired
product, whereby a small part is formed during decomposition.

Similar decompsition wasdetected by treating intermediatel-33a with triphosgene

and DMAP under refluxonditions for two hours. However, not full conversion to
desired products was observed in presence of triphosgene and DMAP at room
temperature forthree hours(entry 14).[6°]

3.3. Defunctionalization oOuabain OH at C14 position

The alcohol at 4 position is a tertiary alcohalsthe one at G position, butsince it is
sterically less hindered, it should béminated easier

In scheme 47, the general pathway tosynthesizethe desired productl-74 is

summarized Initially, the acetonide Ouabageninl-25 was protected with acetic
anhydride obtainingthe diaceate compound I-27, as previously shown for the
elimination of the alcohol at €@ position (See paragraph 3.1)2 followed by the

elimination of alcoholat G14 position(I-112a) and subsequenhydrogenationof the

double bond 113). The deprotection of protecting groupshould lead tothe final

compoundI-74.

[47]
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Schemed7. General pathwayor synthesimgdesired compound-74.

Initially, theelimination of alcohoht G14 positionwas carried out by usin§OGCl (I-58)

and pyridine in dichloromethane achieving the desired compounéill?a in a
regioisomer mixtureof -112aand I-112bin aratio of 10:4 (0 KS R S&AdMBIR p
02y R | yR (i K238 dozglRi®Ed A vihiSHRcoufd not be separated by column
chromatography(scheme48). The reaction was also carried ouwit -15 °C,without any
improvement

SOCI, (1.20 equiv)
Pyridine (5.0 equiv)
DCM

0°C,1h
61% AcO

10:4

Schemet8. Conversion of diacetatstarting material-27to a regioisomer mixturé-112aandl-112h

To avoid the formation of the regioisomer mixturapt necessary but desired to
overpass further problems related to tleeibsequent diastereoselective reduction of the
double bond two other different dehydratingeagents were analyzed®AST(l-114) and
Martin's Sulfurang(l-61) (scheme49).

Using DAST, despite tlfidl conversion of the compountd27 was observedjuickly as in
the case ofSOCI(I-58), a mixture of regioisomerwas obtainedn different ratio of 4:1.
Martin's Qulfurane proved to be the mostsuitable guaranteeing a conversion of the
starting material I-27 into the unsaturated derivativd-112a, without any regioisomer
mixture, in 94% yield.

[48]
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DAST (I-114) (2.0 equiv)

DCM

rt., 1h
74% AcO

1-27

Martin's Sulfurane (1.75 equiv)
THF
rt,2h
94%

1-112a
Schemet9. Optimization for a regioselective elimination of OH &t4Cposition.
The diastereoselective reduction of theesulting alkenerepresented the mosdifficult
step due to two main problems: the presence thie unsaturated lactone andhe

stereoselectivity being the purpose to synthesizdinal singlediastereoisomer and not
a mixture Indeed, dfferent reduction conditions were analgd, as reported irtable 11.

Tablel1. Optimization of reactiorronditions for diastereoselectivalkenereduction

Catalyst
H, (1 atm)
Solvent
Tt
Entry Catalyst(equiv) Solvent T (°C) t(h) Producf?
1 PtQ: (0.50) THF rt. 18 -1l
Pd/C(0.50) THF rt. 18 _leq
Pd/C (0.58/1.0) AcOH/ r.t./0 5/10 d.r. 5:1d
propionic acid
Pd/C (0.60) EtOAC rt. 24 d.r. 2:1
Pd/C(0.50) EtOH rt. 24 _le.q]

[49]
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Entry Catalyst (equiv) Solvent T (°C) t (h) Product
6 (PPR)sRhC(0.20) THF rt. 24 -l
7 (PPh):RhC(0.30/2.76) Toluene rt. 18 - 1b]
8 (PPh)sRuCd (0.30) EtOAC rt. 18 -1b]
9 [Ru(pcymene)Cl2 EtOAC r.t. 18 -l
(0.30)
10 Rh/AbOs(0.30) ACOH rt. 48 -1b]
11 Rh/AbOs(0.30) EtOAC rt. 5 el
12 Pt/C (0.30) EtOAc/AcOH r.t. 48 - [
13 Pd/BaS®(0.30) AcOH rt. 4 el

[a] Isolated yield after columrchromatography. [b] No conversion. [c] Not full conversidid] Product mixture
[e] No desired product.f] Decomposition [g] Hydrogenation of unsaturatedactone.

Under certain reaction conditions, some catalyst®wedno selectivity in reducig the
desired double bondalso causinghe redudion or degradition of the lactone, such as
Pd/C in ethano(entry 5), Rh/AIGs in ethyl acetate(entry 11) and Pt/C inethyl acetate

or acetic acidentry 12). By using Pd/BaS@ acetic acid, only acetonide deprotection
was detected(entry 13). However, a partial or complete conversion to an unknown
product was obtained using Pi@nd Pd/C inetrahydrofuran(entriesl, 2).

Rhodium and ruthenium catalystseported no interaction with the compound, thus
detecting no conversiofentries6-10). The desired product was detecteg kreating the
alkenel-112a with Pd/C in presence of acids solventsuch as acetic or propionic acid
both at room temperature and at @Cor in ethyl acetate(entries3, 4)

Unfortunately, the reduction occurred without any diastereoselectivity, thus forming a
mixture of the two diastereoisomensl13a andI-113b (figure 9) with ad.r. equal to 5:1

in case of AcOH angropionic acid(entry 3) and to 2:1 in the case okthyl acetate
(entry 4).

I-113a 1-113b

Figure9. Diastereoisomemixture obtained after reduction ofi'#15>double bond.
This proved thatdespite the use of various catalysts, solvents or reaction temperatures,

a stereoselective hydrogenation was mmissible toachieved, hence it wasecessaryo
change the route.

[50]
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A second approach was based on a direct hydrogenatibthe partially andtotally
deprotected compoundl|-115, I-116 and|-117, instead ofthe fully protectedonel-112a
(schemeb0).

Therefore, the starting materidt112a should undergo a partial acetonidé-1(15) or
acetate deprotection 1¢€116) or complete deprotectionl-117 to ultimately be treated
with Pd/C in acetic acid, so that the double bond could be stereoselectively
hydrogenated (scheme 50).

1) Double bond reduction
2) Acetate deprotection

.................................

AcO

Acetate
deprotection

HO HO,I_
1) Double bond reduction ~ HO

----------------------- >

Acetonide and Acetate

‘--......_.Geprotection _____ > Yy PR e N

1-117

Schemes0. New pattwayto obtainstereoselectiveeduction andthe final productl-74.

The acetonide derotection was carried out aslready highlightedefore, using TFA in
methanol, synthesizing compounidl15 in 66% yield.The unsaturated intermediate
I-115 was treated with Pd/C in acetic acid, achieving produti8 in 70% vyield as
diastereoisomer mixture with é.r. of 3:1(scheme 51)

(5]
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Pd/C (5 mol%)

TFA (5 equiv) H, (1 atm)
B ————
MeOH AcOH
rt,3d rt.5h
66% 70%
d.r. 3:1
1-112a 1-115

Schemes1. Sereoselectivehydrogenationvia acetonide deprotection.

This routewas less effective than the previous oimewhichthe d.r. was equal to 5:1
(table 10), sothe acetonide group proved not to be limiting for stereoselectivi{getate
deprotection proved to bea difficult step because it was not possible to synthesize
productl-116, as shown inable 12.

Table12. Acetatedeprotection of unsaturated compounel12a.

Reagent
Solvent
Tt
1116
Entry Reagent (egiv) Solvent T (°C) t(h)  Product®

1 NaCQ (10) MeOH/HO (10:1) rt. 9 -]
2 KCQ (2) MeOH 0 1 -1d
3 KCQ (2) MeOH r.t. 5 -1

[a] Isolatedyield after columnchromatography.[b] Decomposition.[c] Unknownproduct. [d] No lactone

Both N&CQ in water/ methanol andk-CQ in methanoldid not give rise tacompound
[-116 but only decompositionentry 1), formation ofunknown product (entry 2) and
opening of the lactonéentry 3) were detected.

After performing a partial deprotection with no success, compouxid2a was fully
deprotected before undergoing a hydrogenatio(scheme 52), with an initial
deprotection of theacetonide followed by acetate deprotection.

The acetonide was deprotectdaly using the reactiortonditions previously described,
synthesizing the intermediate115 which wastreated with N&CQ in water/ methanol
furnishing he totally deprotected unsaturated derivativel17 in 66% yield.

The hydrogenation with the Pd/C alkenel-117 gave satisfactory results, converting
this intermediate to the final desired produtZ4in 45% yieldvith ad.r. of 93:7.

[52]
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HOHO,

TFA (5.0 equiv) Na,CO3 (2.20 equiv)

MeOH MeOH/H,0
rt., 3d rt.,1h
AcO 66% AcO HO
¢ OH cone 66% OH
1-112a 1-117

Pd/C (50.0 mol%)
H, (1 atm)
AcOH
rt., 24 h

d.r. 93:7 OH

HOHO,,

1-74

Schemeb2. Stereoselectivdydrogenation after fully deprotection afnsaturatedstarting material-112a.

The major diastereocisomer was confirmed by crystal structure analss®ying the
proton at the C14 position intrans-configurationcompared tothe methylgroupat G13
position (figure 10).

The analysis of crystal stture (performed by Prof. DrF. Moh) is reported in the
experimental partp. 176-182)

Figurel0. The major diastereoisomer and its crystacture.
3.4. Defunctionalization ofOuabain OH at C19 position

In this section, thesole primary alcohol ofOuabainis analyzedrequiring a different
approach compared to thapplied conditions to defunctionalize thgecondary and
tertiary alcohols.

Initially, acetonideOuabageninl-25 was protected by usingaceic anhydride with

followed deprotection of acetonide, obtaining compount®8, in the same way shown
for the eimination of secondary alcohol &1 position (See paragraph 3.1)2

The primary alcohol of intermediaté28 should be oxidized tothe corresponding
aldehydel-119 that should be reduced to alkané-120. The subsequenteprotection

should givehe desired product-75 (scheme B).
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Protection
Deprotection

1-120

Schemée53. General pathway to desired produle?5.

The selective oxidation of primary alcoh6Rg) was carried out by usinipe oxidizing
agent 2,2,6,6tetramethylpiperidinl-oxyl (TEMPO) in presence of
(diacetoxyiodo)benzene (PIDKY, achieving the corresponding aldehydid19 in 67%
yield (schemeb4).

TEMPO (0.20 equiv)
PIDA (1.10 equiv)

DCM
rt, 16 h
67%

1-119

Schemeb4. Oxidation of primary alcohdl-28) to aldehydelf119).

By treating the aldehyde intermediate with zinc amalgam (Zn/gAY5° under reflux
conditions Clemmensemeduction), decomposition was achieved and desired result
was obtaired.

Same result was detected l®mploying theWolff-Kischnereduction conditiors (B),!°4
by which the aldehyde 1-119 was treated with p-toluenesulfonylhidrazideand
p-toluenesulfonic acid to form thetosyhydramne intermediate I-119a to be
subsequently reduced witNaBHCN(schemeb5).[85]

[54]
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1-119a

TsNHNH, (1.25 equiv)
TsOH*H,0 (0.13 equiv)

Zn(Hg) NaBH;CN (4.0 equiv)
-
OH reflux, 24 h DMF-Sulfolane (1:1)
, 100 A
AcO OH AcO 00°C, 5 AcO
1-120 A 1-119 B

Schemes5. Unsuccessfuleductions from aldehydé119to alkanel-120.

A further approach waspted for convertingthe aldehydeinto a thioacetal derivative

to be subsequently reduced to alkane, for example by thioacetal (or thioketal) reduction
with Raney Nickd?288] Different reaction conditions were applied to synthesize the
thioacetal derivatives resulting in decomposition or no conversion of the initial aldehyde
(table 13).

Table13. Different reaction conditions to synthesii@oacetal derivatives.

o}
Reagent '/\S \ (
e . R=S<° S_S
Solvent
T t
1121
Entry Reagents (egiv) Solvent T (°C) t(h) Producf?
1 1,2-ethanedithiol (1.20) ACN rt. A 40 28 -l
CuBr (0.08)
2 1,2-ethanedithiol (10) AcOH r.t. 16 -1l
BRO(CHs)2 (4.55)
3 1,2-ethanedithiolor Ethanethio5.0)  AcOH r.t. 16 -
BRO(GHs)2 (9.0)
4 1,2-ethanedithiol (100) AN rt. 16 - o]
CuBr (0.08)
1,2-ethanedithiol (1.10)
5 Silica gel (27.0) DCM reflux 18 -
TsOH

[a] Isolated yield after column chromatography. [b] No conversion. {gfknownproduct. [d] Decomposition.
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3.5. Defunctionalization ofOuabain OH at G1 and G3 positions

As mentioned above (See paragraph 3.1)2it is possible to selectively eliminate the
hydroxy at G1 and G3 positions thus, achieving the desired compoundl-76
(schemeb6), confirmed by crystal structurdperformed by Prof. DrF. Moh). The
analysis of crystal stoture is reported in theexperimental partgp. 151-157).

Ac,0 (20.0 equiv) TFA (5.0 equiv)

Pyridine MeOH
55 °C, 24 h rt, 3d
93% AcO 94% AcO

Ac,0 (4.0 equiv)
Pyridine (4.0 equiv)
DCM

Martin's sulfurane (1.20 equiv)

THF
rt., 16 h rt,2h
80% 67%

Pd/C (50.0 mol%)

H, (1 atm) Na,CO3 (10.0 eq)
_—
AcOH MeOH/H,0
rt.,3h rt., 16 h
68% 50%
1-96a 1-76

Na,COj3 (10.0 equiv)
MeOH/H,0
rt., 1h
80%

1-76

1-97a

Schemes6. Synthetic route for desired copound I-76.
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3.6. Defunctionalization ofOuabain OH at G1 and G11 positions

The elimination of the hydroxyl groug G1 and Cl1 positionspointed out to be a
challenge

The first synthetic approach was based on a simultaneous elimination of the two
secondary alcoholgscheme57). The free secondary alcohol at-X position was
protected with a silyl protecting groufi-102) followed by aselectivedeprotection of
acetonide protection of the primary alcoh@nd elimination of both secondary alcohols.

A final hydrogenation and silyl deprotection should give the desired prdelti:t

Hydrogenation
Deprotection

----------- >

Scheme57. Double elimination oDHat G1 and G11 positions.

The acetonide deprotection of intermediatel02 which wassynthesized agreviously
shown inscheme40, presentedsome obstacles, essentially due to the presence of a
protectingsilyl group also sensitive to the amidonditions used for the deprotection of
the acetonide. As shown in the followingble 14, different reaction conditions were
tested
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Reagent
Solvent
T t
Entry Reagents (eqiv) Solvent T (°C) t (h) Product!]
1 PPT$0.25A 0.50) MeOH r.t. 48 _ 1]
2 TFA(2.40) THF/HO 0A r.t. 16 -1
3 CeG}TH.0 (2.0) ACN r.t. 45 -1
(COOH)(0.050)

4  PdICKCHACN) (0.09) ACN/HO 65 16 -l
5 InCt (2.0) ACN/HO r.t. 2 90%

[a] Isolated yield after column chromatography. [Bull deprotection.[c] Decomposition.

Decomposition was detectethy TLCwhen slyl ethed 1-102 was treated withTFAIn
tetrahydrofuran' water (entry 2) %! with CeG-7H0 in acetonitrile(entry 3)8 and with
Pd/CHCHACN)in acetonitrile/water (entry 4).87] However, n presenceof pyridinium
p-toluenesulfonate PPTEHin methanol an incomplete conversion but direct double
deprotection of the acetonide andhe silyl group wasachieved(entry 1). The desired
product wasachievedby treating the silyl derivativé-102 with InC} in a mixture of
acetonitrile/waterin 90%yield.[*3]

Subsequently, the primary alcohol at-18 position was protectedas silyl ether
intermediate 1-123, to avoid problems regarding the formation of side produdtsing
the following elimination reaction(ethers, urethanes, oiodinated intermediates can be
achieved by treating primary alcohol witartin's Sulfurane Burgessreagentor MTP)
(table 15).
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Reagent
Solvent
Tt
H H
1122 1-123
Entry Reagents (equiv) Base (equiv) Solvent T(C) t(h) Product®
1 TIPSOTf (1.50) 2,6-Lutidine (5.0) THF/DCM 0 0.1 -]
2 TIPSOTf (1.50)  2,6-Lutidine (5.0) DCM 0 1 - 1b]
3  TIPSCI (1A 5.0) EtN (2.0) DCM  0A rt. 120 68%
DMAP (0.080)
4 TIPSCI (1.50) EtN (5.0) DCM/DMF 0A 50 4 71%
DMAP (0.70)
5 TIPSCI (1.50) EtN (5.0) DMF 0A 50 8 89%
DMAP (0.70)

[a] Isolated yield after column chromatography. [b] No desired product.

ByusingTIP®Tfin the presence of 2,4utidine, in differentsolvens, it was not possible
to synthesizeéhe desired product but different producisere detected by TLC after few
minutes(entries1, 2). Probably, multiple protection occurred

The desired produdt123was selectively obtained in the presenceTdPSCIDMAP and
E&N in 68% yield wh dichloromethane as solvent at room temperatugentry 3). By
carrying out the reaction in dichloromethane/dimethylformamide solvent mixturat
50°C, the yield was improved to 7&ntry 4).

An excellent yieladf 89%was achieved by employing only Dlsié-solven{entry 5).

The next step consisted in the selective elimination of the two secondary alcohols at C
and G11 positiondor obtaining thedehydrated compound-124.

As shown in the followingable 16, it was not possible teynthesize the desired prodyct
no more than decompositionand mono-elimination of alcohol at the @ position were
detectedby crude NMR
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o)
o}
\
Reagent TIPSO @
Solvent ’
O
TBDPSO
OH
1124
Entry Reagents (eqiv) Solvent T (°C) t (h) Product
1 a | NJi Sulfgirerg (5.0) THF rt. 0.5 -
2 a I NIiSuligrene(3.0A 100) DCM/DMF OA rt.A 40 72 -leel
3 a I NJiSuligreng(8.0A 11.0) DMF 0A r.t. 24 -1
4 Burgesseagent (40 A 5.0) THF reflux 2A 24 -
DEAD (0 A 8.0)
5 PPh(4.0A 8.0) THF 0A r.t. 18 -1el
3,3-dimethylglutarimid (40 A 8.0)
6 MTPI(2.0) HMPA 75 24 - b
7 MTPI (2.0) DMI 60 24 - [b]
8 MTPI (30) DMF r.t. 16 -1
9 MTPI (30) DMF r.t. 16 -[d)
DMAP (DA 5.0)
10 SOGI(0.50) DCM 78 2 -1b]

Pyiidine (1.50)
[a] Isolated yield after column chromatographyb] No conversior{c] Mono elimination. [d] Unknown product.
[e] Decomposition.

The use oMartin's Qulfuraneasdehydratingreagentshowed no succes the formation

of the desired product-124, either using different equivalents, different temperatures
and different solventsonly a mono dehydration or synthesis 06 desiredand not
easily recognizable producigere observed(entries1-3).

Total decomposition was detected/hen treating starting material I-123 with the
Burgesseagent by applying slightly modifieMitsunobuconditiond® and with SOGIn
pyridine (entries4, 5, 10).

The use of another dehydrating reagent sichMTP(I-62), involved a norconversion
of the starting material or the formation of an undesired produathich was not
recognizable by analysientries6-9).[%lIndeed, glil compound-123was isolatedvhen
the reaction was carried out in Hexamethylphosphoramide HMPA or
1,3-Dimethyt2-imidazolidinone DMI) as solventsat high temperatures, while formation
of the undesiredproductwas observedvhendimethylformamide was used

Therefore, the simultaneous elimination of the two secondary alcohols proved to be
difficult and an alternative pathway was necessary.
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The new rote consisted in the initial elimination of the secondary alcohol &t1C
position (-125), followed by acetonide deprotection-126), protection of the primary
alcohol with theTIPSrotecting group €127) and elimination of the secondary alcohol
at G1 position (-128). The final hydrogenation and deprotection should give the desired
productl-78 (schemes8).

Elimination

1128 1-78

Schemeb8. Alternative route for the elimination cdbHat G1 and G11 positions.

First, he secondary alcohol atTl position waslehydrated byusingMartinQ sulfurane
However, this elimnation showed some difficultiesdue to the formation of the
undesired ketone 1-125a, with similar etention factor value to that of the desired
productand extremely difficult to separatgable 17).
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Reagent

Solvent
Tt
Entry Reagents (eqiv) Solvent T (°C) t (h) Product!
1 a I NJiSuligreng(3.0) THF rt. 2 10% (125 b.d
2 al NI A Y Q&a(L.50Mz F THF r.t. 3 37% (1250
3 al NI Ay Qa(2.0)dz 7 THF rt. 4 35% (125 b ¢
4 al NI Ay Qa(1.75e¢6.8)dz THF 0A 50 72 62% (125 .
5 al NIi Ay Q&a(3.9) dzt I THF -30 24 48% [-125) 0
6 al NIi Ay Q&a(3.9) dzt I THF -20 2 76% (-125®
7 MTPI (30) DMF r.t. 16 98% (-125

DMAP (30)
[a] Isolated yield after column chromatography. [b}125a formation. [c] Double elimination (OH at @1, G14
positions)

It was possible to synthesize the dehydrated produei25 by employing
Martin's Sulfuraneg but the yield proved to be extremelynpleasant(entry 1), due to the
formation of the ketone derivative and a double elimination of the secondary alathol
G11and the tertiary oneat G14 positions, as observed in the crude NMRowever the
yieldwas gadually improved by varying temperature and reaction time.

By carrying out the reaction a20 °Cfor two hours,the productl-125was achieved in
76% vyield avoiding double elimination and obtaining the desired product as the main
product.

The best yieladf 95%was obtained after treatment of the starting material with MTiRI
presence 0DMAPI®I

The following step consisted in the deprotection of the acetonelifficult step due to
the presence of theTBDPSprotecting group, which is also sensitive to the a&cid
conditionsused for thedeprotection
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Reagent
Solvent
Tt

Entry Reagents (egiv) Solvent T (°C) t(h)  Product?
1 PPTS (0.25 0.50) MeOH rt. 24 -1
2 InCk (0.95) ACN/HO rt. 24 -1
3 InCk (2.0) ACN/HO r.t. 1.5 -
4 InCk (3.0) ACN/HO rt. 7 2004 ¢l
5 InCk (5.0) ACN/HO 0 A 50 16 2199
6 InCk (8.0) ACN/HO 0A 50 18 3790
7 INCt (20A 4.0) MeOH rt. A 50 18 -[c]
8 CeGJ-7HO (20) ACN rt. 45 -l

(COOH)(0.090)
9  Pd/CKCHACN) (0.23, 0.50) ACN/HO 65 6 -l
10 TBHP (D) t-BUOH/HO reflux 24 - 1
11 EtSiH (100) DCM r.t. 2 -1
BR-ELO (9.4)

12 CAN solution (quant.) Acetone 68 96 -0l
13 / AcOH 80% r.t. 7 -
14 Fed-6H0 DCM r.t. 2 -
15 FeC-6H0 CHdA r.t. 2 -
16 Fed-6H0 ACN r.t. 2 -
17 In(OT# (0.010) THF/HO 100 (MW) 005  -lefd
18 In(OT# (0.010) THF/HO 100 (MW) 0.16 -le.q]
19 In(OT# (0.010) THF/HO 80 (MW) 0.16 -1
20 / H0 100 (MW) 05 -1
21 Amberlyst15 (210) MeOH/HO rt.A 70 16 -
22 Amberlyst15 (110) 1,4-Dioxane/HO 70 16 -l
23 Dowex (80A 13.0) 1,4-Dioxane/HO rt.A 70 72 -lcefd
24 Dowex (40) 1,4Dioxane/HO 80 A 90 (MW) 0.16 -leefd
25 FeCH % (0.12) DCM rt. 2 -1
26 CuC4-2H0 (5.0) iPrOH rt. 4 et
27 Yb(OT§3H:0 (0.050) AQ\ rt. 16 -1
28 TFA (4.0) DCM rt. 4 -1
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Entry Reagents (equiv) Solvent T (°C) t(h) Product!
29 Cu(NQ)2 (1.0) ACN .t 24 -1l
30 ZnBg (20.0) DCM r.t. 24 87%

[a] Isolated yield after column chromatography. [b] No conversion. Fa]ll deprotection [d] Decomposition.
[e] Desired product. [f] Starting material trace$g] Impurities.

A total deprotection was obtained by treating the starting matetaP5 with PPTS in
methanol (entry 1), InCk in methanol(entry 7) 61 CeG- 7H0 in acetonitrile(entry 8),°]
Pd/CHCHACN) in a mixture of acetonitrile/water (entry 9),B71 Amberlystl5 in
methanol/wate®”] and 1,4Dioxanelvater®® (entries 21, 22) and copper nitrate
(Cu(NQ@)) in acetonitrile (entry 29).1°1 The use of the CAN solutiosolution of
ammonium cerium (IV) nitrate in water and pyridipél = 4.4)in acetone did not show
any conversion of the derivativiel25 (entry 12).[1%% The desired product was gained
with incomplete conversion of thacetonide compound-125in an extremely low yield
because otthe formation of the fully deprotected side produchfter treatment with
InC} in acetonitrile/water®3! (entries4, 5) and inan undetetableyield due toformation
of other unknown impurities by using Dowex in 1,4dioxaneivater mixture
(entries23,24) and with copper dichloride dihydrate CuCd-2H0) in isopropanol
(entry 26).1201 All the other reaction conditions showed a total decomposition of the
molecule(entries2, 3, 10, 11, 1316, 19, 20, 25, 27, 280210IFjnally,the cleavage of
the acetonide protecting @up led to the formation of the desired produt¢tl26, by
employing theLewisacidzinc bromide ZnBg) in dichloromehang, in 87% yield:%4
Unexpectedlyacetonidedeprotectionof compoundl-125awas achieved by treating the
mixture of alkene andtetone derivative I-125andI-125a with PPTS in methahadn this
case, alkené125showed no conversio(schemes9).

PPTS (0.50 equiv)
MeOH

rt., 1h
quant.

Schemeb9. Acetonide deprotection of ketone derivativel 25a.
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The next step consisted of protecting the primary alcohol with TIPS silyl group, obtaining
intermediatel-127 in 82% yield(scheme&0).

TIPSCI (1.0 equiv)
DMAP (0.070 equiv)
Et3N (5.0 equivz
DMF
0°C—=>50°C,3h
82%

Schemes0. TIPS protection of primary hydroxyl gro(if126)

Therefore, the subsequent elimination of the secondary alcohol -4t fidsition to
synthesize&compoundl-128was studied @ble19).

Table19. Elimination of OH at-C positionof intermediatel-127to achieve alken&128.

o]
o]
\
Reagent TIPSO
Solvent @’
NSO
TBDPSO
OH
1-128
Entry Reagents (equiv) Solvent T (°C) t (h) Productd

1 al NI AyQa@3.0)d THF -20A 0 15 27%°!

MTPI (3.0) DMF r.t. 16 -
3 MTPI (3.0) DMF r.t. 24 61%

DMAP (3.0)
4 MTPI(3.0) Pyidine r.t. 6 -

DMAP (3.0)
5 MTPI (3.0) Pyiidine/DMF r.t. 6 -]

DMAP (3.0)
6 MTPI (3.0) DMF r.t. 6 - [c]

DMAP (3.0)

EtN (5.0)
7 MTPI (2.0) DMF r.t. 16 - [

2,6 ¢ Lutidine (5.0)
8 MTPI (2.0) DMF r.t. 16 - [
2,6¢ Lutidine (5.0)

DMAP (3.0)

9 MTPI (3.0) DMF 40 16 -
Imidazole (5.0)

DMAP (3.0)

10 MTPI (3.0) DMF 40 16 -

Imidazole (5.0)
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Entry Reagents (equiv) Solvent T (°C) t (h) Product[a]
11 MTPI (3.0) DMPU r.t. 16 -
Imidazole (5.0)
12 MTPI (5.0) DMPU 50 16 78%

[a] Isolated yield after column chromatography. [b] Elimination of tertiary alcohol at-1€ position.
[c] No conversion.[d] Decomposition.

Desired alkend-128 was achieved usingVartin's Sulfurane at low temperaturesin
27%yield due to the formation of the side product as a result of the simultaneous
elimination of the tertiary alcohoat G14 position(entry 1). To avoid the formation of
the side product, the MTPI was used because it is able gact only with primary
alcohols échievingadinated compound and with secondary alcoholpgrformingtheir
elimination) In presence of this dehydrating reageigecomposition wasletected by
treating the starting material-127 in dimethylformamide(entry 2), in association with
DMAP in pyridine or pyridindimethylformamide mixture (entries4,5) and by
employing imidazole in the presence o absence ofDMAP indimethylformamide
(entries9, 10).

No conversion was observed afteeatment with EGN and 2,6lLutidine as bases, in
presence or absence of DMAP dimethylformamide (entries 6-8) or imidazole in
N,N -DimethylpropyleneureaDMPY (entry 11).

Desired product-128 was achieved busingMTPI and DMAP idimethylformamideat
room temperature in 61%entry 3)®! and MTPI in DMPU at 50C in 78% yield
(entry 12)[105.106,107]

The firstapproach for the hydrogenation othe n2I y R*2gouble bondsconsisted
in usingCrabtreeas a homogeneous catalyst, but ohlydrogenation ofthe p'-? double
bond (I-129) was detected by crude NMRdespite high hydrogen pressure and
prolonged readbn time.

For this reason, a subsequent hydrogenation wested by using Pd/C in acetic acid, in
order thatthe desiredhydrogenated and deprotected product could be achieviedBj,
but only a partial and totasilyl deprotection were obtained, without hydrogenation of
the p**2double bond(schemes1).
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O
\

Crabtree's catalyst (2 mol%)
TIPSO ﬁ’ H, (35 atm)
DCM
OH rt, 16 h—>72h
TBDPSO quant.

OH
1-128

Pd/C (30 mol%)

AcOH
60 °C,16 h

1-78

Schemes1. Hydrogenation ofi2double bondfollowed by partial and full deprotection

Afurther strategywas based on the selective deprotection of the TIPS silyl gielgdy),

in order to make then'''? double bond less hidered and more accessible for the
hydrogenation (table 20). This deprotection proved to be a challenge due to the
concomitant deprotection of the silyl TBDPS group.

Table20. Selective TIPS deprotectiofialkenel-128.

0
(@) (@)

\ \

0y, O,

TIPSO Reagent HO
— g

Solvent
OH T, t OH
TBDPSO TBDPSO

OH OH
1128 1130
Entry Reagents (egiv) Solvent T (°C) t (h) Producf?
1 HFpyridine (3.0) THF -5 3 -[b.c]
2 AcOH (3) THF/HO 40 16 91%
3 TFA(.0) THF/HO rt. 2 -l
4 CSA (0.09 MeOH 0 _lb.c]
5 p-TsOH (0.13) MeOH 40 3 -b.c]

[a] Isolated yield after column chromatography. [io full conversion [c] Full deprotection.
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It waspossible toobservea mixture of the unreacted starting materigll28, mono and
fully deprotected products usingiF-pyridine irtetrahydrofuran camghorsulfonic acid

(CSA orp-TsOH imethanol(entriesl, 4, 5).

A conversion of thealkene I-128 to a mixture of the mono and fully deprotected

products wvasachievedn presence of FA irtetrahydrofuranwater (entry 3).

Finally, aselectiveTIPSdeprotectionwasyielded by treating the derivativd-128 with
acetic acidn tetrahydrofuran'water at 40°Cfor sixteen hoursn 91% yieldentry 2).

As already highlighted above, the hydrogenation of & double bondproved to be
extremelydifficult andtable 21 showsseveralreaction conditions carried out in order to

obtain the desirechydrogenatedproductI-131.

Table21. Hydrogenation oboth double bonds.

o
O
\
o Ca::'alyst
G s
‘0 OH T t
TBDPSO
OH
1-130
Entry Catalyst Solvent H. (atm) T (°C) t (h) Product¥
1 Crabtre®a OF i DCM 35 r.t. 72A 120 - [e]
2 Rh/AkOs EtOAC 1-35 r.t. 4A16 -le.d
3 Pd/C EtOAc/MeOH 35 r.t. 16 -led
4 Pd/C EtOH 35 r.t. 16 -le.d
5 Pd(OHyYC EtOACc 35 r.t. 16 -[c.d
6 Pd/C EtOAc 1 r.t. 16 - o]
7 Pd(OHyC EtOAC 1 r.t. 16 - (e
8 Pd(OHyC EtOAC 7 r.t. 16 -1
9 Pd/C EtOAC 7 r.t. 16 -[det
10 Wilkinsoncatalyst Toluene 70 r.t. 72 - [b.d]
11 Pd/BaS®@ EtOAC 1 r.t. 16 -[d.el
12 Pd/CaC® EtOAC 1 r.t. 16 - b, d]
13 Pd/C THF 1 r.t. 4 - el
14 Pd/C CH 1 r.t. 4 -l
15 Pd/C MeOH 1 r.t. 4 -[c.dfl
16 Pd/C EtOH 1 r.t. 4 -[c.dfl
17 Pd/C CAN 1 r.t. 4 _[def
[a] Isolated yield after column chromatography. [b] No conversion. [c] Full hydrogenation

[d] Nounsaturatedlactone. [e] n*2hydrogenation [f] TBDPS deprotection.
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Employing theCrabtreés catalystin dichloromethane under Hpressure (35 atmpr
PAOHY/C in ethylacetate (1 atm) only the pn*? double bond hydrogenation was
achieved (entries 1, 7). Similar resuk were observedin presence of Pd/C in
tetrahydrofuran(1 atm) or Pd(OHYC in ethylacetate (7 atmyyvhichalsoled to a partial
TBDPS@8eprotection(entry 8, 13).

A total hydrogenation, also including the double bond of the lactone, was obtained by
treating the starting material-130 with Rh/AbOs or Pd(OH)Cin ethylacetate(35 atm),
Pd/C inethylacetate/methanol(35 atm) or Pd/C inethanol (35 atm) (entries2-5).

Similar resuls were observedwith Pd/C inethylacetate(7 atm) and Pd/C in ACN @tm),
which producs also presentedh partial TBDPS deprotecti¢entries9, 17).

A selective hydrogenation of the lactone wgainedby treating the starting material
[-130 with the Wilkinson catalyst in toluene {0 atm) and Pd/CaC&in ethylacetate
(1 atm) (entries10, 12).

Byemploying Pd/BaS(On ethylacetate(l atm), the unsaturated lactone anga2 double
bond were hydrogenated y & G S | R¥2pre (eiitriK13). n

The use of alcohol as solvent likeethanol or ethanolin presence of Pd/C led to the
hydrogenation ofn?? double bond, almost fulhydrogenationof unsaturated lactone
YR LI NIAIFf KERMNBehSH(entrigs25y16).2 T n

No conversion was reached by using Pd/Cyiriohexane 1 atm), probablybecause of
the low solubility of starting material in this solvenand in ethylacetate (1 atm)
(entries6, 14).

Since theclassical autoclave hydrogenatigras unsuccessfullthis reaction was carried
out viaan H-Cubeflow chemistry system, as shown in ttable 22.

Table22. New hydrogenation conditions employing a flow chemistry system.

o]

O
\

Catalyst
IO
D ——
Solvent
OH T, t
TBDPSO

TBDPSO
OH
1130
Entry Catalyst Solvent Hz (atm) T (°C) Flow Productd
1 Pd/C (10%) THF 5 rt. 2 mL/min -1
2 Pd/C(10%) THF 15 r.t. 2 mL/min -l
3 Pd/C(10%) THF 30 r.t. 2 mL/min -
4 Pd/C(10%) THF 5 40 2 mL/min -l
5 Pd/C(10%) THF 5 50 2 mL/min -l
6 Pd/C(10%) THF 30 50 2 mL/min -1
7 Pt/C(10%) THF 5 50 2mL/min - [d.1]
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Entry Catalyst Solvent Hz (atm) T(°C) Flow Product[a]
8 Pt/C (sulfide)20%) THF 5 50 2 mL/min -1d.f
9 Pt/C (10%) THF 15 r.t. 2 mL/min -[a1
10 Pt/C (sulfide) (20%) THF 15 r.t. 2 mL/min - [
11 RU/C (5%) THF 5 r.t. 2 mL/min - b]
12 Rh/C (5%) THF 5 r.t. 2 mL/min - [b]
13 Pd(OHYC (20%) THF 5 r.t. 2 mL/min -le.dl
14 Pd(OHYC (20%) THF 15 r.t. 2 mL/min el
15 Pd(OHYC (20%) EtOAc 10 r.t. 2 mL/min -l
16 Pd(OHYC (20%) EtOAc 15 15 2 mL/min -l
17 Pd/C(10%) EtOAC 15 50 2 mL/min -[c.dl
18 Pt/C (10%) EtOAc 10 50 2 mL/min -led
19 Pt/C (sulfide) (20%) EtOAc 20 50 2 mL/min -[d
20 Ru/C (5%) EtOAc 10 50 2 mL/min -
21 Rh/C (5%) EtOAc 5 r.t. 2 mL/min -1l
22 Rh/C(5%) EtOAc 15 r.t. 2 mL/min -l
23 Pd(OHYC (20%) EtOAC 30 50 2 mL/min -lel
24 Pd/C(10%) EtOAC 35 60 2 mL/min -[el
25 Pt/C (10%) EtOAC 30 50 2 mL/min -led

[a] Isolated yield after column chromatography. [b] No conversion] [F132 formation. [d] Aldehyde formation
[e] Decomposition[f] Aldehyde formation [g] Partial hydrogenation ok12double bond.

Initially, several catalysts were testedtagtrahydrofuranas a solvent, generally showing
the hydrogenationof the p'? double bond(entries1-5) or the unexpected formation of
an aldehydgentries6-10, 13).

A nonconversion was noted employingRu/C and RIC (entries 11, 12) and
decompositiorwas detectedn the presence of Pd(OME under b pressure of 1&atm.

By replacing the solvent witbthylacetate the aldehyde formation was prevented but
without achievingthe desired productindeed, the starting material-130 showed no
conversionto hydrogenatedproduct1-131 in presence oRu/C and Rh/Centries20-22)
and only p'? hydrogenation was obtained with the other catalysts
(entries15-19,23-25).

A partial formation of the aldehyde was formed only by increasing temperature and H
pressure(entries 25), and a incompletehydrogenation of thek!'2double bond was
detectedwith Pd/C and Pt/@entries17, 18)

Since no desired result was achieved so farfudher study was done using the
monohydrogenated compoundl132 as starting materiaftable 23).
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Catalyst
Hy
Solvent
T t
Entry Catalyst(equiv) Solvent Hz (atm) T (°C) t (h) Product
1 Pd/C AcOHH0O 1 60 5 - [b. €]
2 Pd/C AcOHHO 1 60 24 -lc.el
3 Pd/C AcOHHO 1 60 48 -[eel
4 Pd/C AcOHH0O 7 r.t. 4 -
5 Pd/C ACOHH.O 1 75 16 -le.el
6 PO, AcOH 1 r.t. 1 -l

[a] Isolated yield after column chromatography. [b] No conversion. [c] Partial hydrogenatiom¥f'2 duble bond
[d] No unsaturated lactone [e] TBDPS deprotection.

By using Pd/C iacetic acid/watemixture (1 atm), only partial TBDPS deprotection was
achieved afterfive hoursl Yy R LJF NIi A | §  KIERIbkBIAWSNA bfieriogeyor 2 T n
two daysat 60 °Cor 75 °C(entries 1-3, 5). Hydrogenation of lactone was reached by
employing Pd/C imcetic acid/water under higherztpressure (7 atmpr in presence of

PtQ in acetic acidl atm) (entries4, 6)

Sinceall these reaction conditions also failed to result in foemation of the desired

product, hydrogenationof monohydrogenated product-132 was once morestudied

usinga flow chemistry systemH-cubé, without anysuccessful produdt131formation

(table 24).

Table24. Newhe RNR2 3 Sy I (i A 2 y-1QauiRboidA 2y & 2F p

Catalyst
Ha
Solvent
t,T
Entry Catalyst Solvent Ho (bar) T (°C) Flow Product¥
1 Pd/C (10%) ACOH/HO 3 60 2 mL/min ]
2 Pd/C(10%) AcOH/HO 15 60 2 mL/min -[0]
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Entry Catalyst Solvent Hz (bar) T (°C) Flow Productd
3 Pd/C(10%) AcOH/HO 30 60 2 mL/min -l
4 Pd/C(10%) AcOH/HO 55 60 2 mL/min -1l

[a] Isolated yield after column chromatography. [b] No conversion.

As a result of this difficult hydrogenation, a second route watanned basel on an
initial mono hydrogenation ofintermediate I-130 with Crabtre® & O | fallowled iy (i
deprotection to achieve thefinal productl-133.

Table25. Partial hydrogenation of alkerlel 30, followed by TBDP&protection(I-133).

0]

(o)
\

HO @’ Crabtree's catalyst

Reagent
—_—

DCM Solvent
‘0 OH rt, 16 h Tt
TBDPSO quant. TBDPSO
OH
1-130 1-133
Entry Reagent (egiv) Solvent T (°C) t(h) Productd
1 p-TsOH (0.13) MeOH 40 3 -]
2 TBAF (®) THF 0A rit. 1 -1
3 HFpyridine (20.0) THF/MeOH/Pyidine 0A rt. 12 81%

[a] Isolated yield after column chromatography. [b] Decomposition.

By using p-TsOH in methanol or tetrabutylammonium fluoride TBAF in

tetrahydrofuran decomposition was noticed (entries, 2). The fully deprotected
productl-133wasgainedby employingHF-pyridine itetrahydrofuran methanolin 81%
yield.

The subsequent hydrogenation was carried aiging mainly Pd/C ofCrabtree as

catalysts anddichloromethane ora mixture of acetic acidand water as solvents
(table 26).

This because theCrabtreeshowed to be one of the strongesatalystsand not to

interact with the lactonemoiety; the Pd/C inacetic acidwater represens the reaction
condition that allowed the hydrogenation of the same double bond in prevmaibway
(scheme30).
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1-133

Entry Catalyst (eqiv) Solvent H  T(°C) t(h) Product?
(atm)
1 Pd/C (0.30) AcOH(0.06 M)/H.0(0.95 M) 1 60 16 - ]
Pd/C (0.30) AcOH (0.06 M) /4D (0.95 M) 1 60 3 -1d
3 Pd/C(0.30) AcOH (0.06 M) /4D (0.95 M) 35 rt. 16  |-1331-78
10:2.50
Pd/C (0.30) AcOH (0.06 M) 4D (0.1 M) 35 rt. 16 - 1b]
Pd/C (0.01) AcOH (0.06 M) /4D (0.95M) 35 rt. 16 -[el
Pd/C (0.30) AcOH (0.06 M) /4D (1 drop) 1 60 16  1-1331-78
10:2.5M
Pd/C (0.30) AcOH (0.06 M) /¢D (1 drop) 1 60 72 - [b]
8 Pd/C (0.5) AcOH 1 60 16 - 1b]
9 Pd/C (0.5) AcOH 35 r.t. 16 - [
10 Crabtre® d Ol DCM 35 rt. 16 -]
(0.02)

[a] Isolated vyield after column chromatography. [b] Lactone hydrogenation. [dNo conversion.
[d] Mixture Smand desired product [e] Unknown product (aromatic)

As shown irtable 26, a horconversion of the starting materi&l 33was observed using
the Crabtreecatalyst(entry 10) or the Pd/C inacetic acid/waterat 60 °Cfor three hours
underH. pressure { atm)(entry 2) and at room temperaturéor sixteen hours35 atm).

By increasing the reaction temperature to 6@ and stirring for sixteen hours, a full
hydrogenation was detected under Hressure (1 atm).

The lactone was hydrogenated also after variation of water concentratigdrogen
pressure, temperature and reaction tinfentries4, 7, 8).

An aromatization of the produdt133 was observed in the crude NMR using Pd/C in
acetic acidunderhigh hydrogen pressur@ntry 9).

A mixture of startingnateriall-133 and desired prodct I-78 wasdetected wth Pd/C in
acetic acid/waterat room temperaturefor sixteen hoursunder H pressure of 35 atm
and by using acetic acid witha single drop of water at 60C for sixteen hours
(entries3, 6).

These results shosd that water probably plays an important role in the reaction
conditions but without leading to the desired produ&i78.
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All these analyselaveshown that it is not possible to obtain the desired product using

a metal catalyst under hydrogen pressure, so new conditions have been employed,
including the possibility of forming hydrogémsituvia a diimide hydrogenation{1°°!

As shown intable 27, diimide hydrogenation was applied to the Tip®tected
intermediatel-128but without producinganydesired product.

Table27. Diimide hyrogenation.

0]

0]
\

TIPSO @’ Reagents
Solvent
OH T, t
TBDPSO

TBDPSO
OH
1-128
Entry Reagent Solvent t (h) T(°C) Product?
1 N2Ha EtOH 4 80 -l
Propionic acid
2 N2Hs EtOH 4 35 -0l
0]
NoHa
3 HO EtOH 4 0 -l
CuSQ@

[a] Isolated yield after column chromatography. [b] Lactone hydrogenation. [c] No conversion.

Analysis of the final products showed selective hydrogenation of the unsaturated
lactone, without working on the other twdouble bondgentries 1,2). A noRconversion

was determined following treatment with hydrazine hydrgféHs), hydrogen peroxide
(H:Oz) and aqueous copper sulfate solutig@uSG) (entry 3)[108]

The natural product-78 could be also obtained from the final produe?3, which was
previously obtained (scheme 30), but reproduction did not yield the desired results.

Parallel to this route of synthesis, another approach was studied by protecting the
alcohol at € position witha Troc (2,2,ZTrichloroethoxycarbonyl) protecting group
(1-135) (scheme62).

The protection was carriedud by using 2,2,Zrichloroethyl chloroformate (TrocCl) and
pyridine in dichloromethane and the protected produ€t35was achieved in 96% yield.
The subsequent elimination in presence Mfrtin's Sulfurane did not lead to the
desired result-136but to the dehydrated poductl-137in 82% yieldafter elimination of
tertiary hydroxyl group at @4 position
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TrocCl (3 equiv)
Pyridine (quant.)

B ———————
DCM THF
rt, 18 h -20°C,1h
HO 96%  TrocO TrocO

1-134 1-135

Martin's sulfurane (2 equiv)
THF
-20°C,1h
82%

1-137

Schemeb2. Troc protection andinsuccessfuG-11 hydroxy groupelimination.

The subsequenteprotection of acetonidgyave product-138in 99% yield(scheme 8).

TFA (10 equivz
MeOH
rt, 24 h
99%

1-137

Schemes3. Acetonide deprotection of intermediate137.
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|. Defunctionalization of Ouabain

4, ummary

As previously mentioned, the purpose of this project is based on the selective
deoxygenation of each hydroxyl group in the structure of Meabain(l-1). This has
been made pssible by usingpecific protecting groups and oxidizing, dehydrating and
reducng reagents. The secondary alcohols a8 @nd Gl1 positions have been
previously selectively eliminatdéf! so this projectis essentidy based on the
deoxygenatiorof the hydroxyl grougat G1, G5, G14 and €19 positions

For each route that has been analyzed and carried @uiabainl-1 was always
converted toacetonideOuabagenin-25 as first step in 96% vyield. Therefothe sugar
at G3 position was removed and the diol formely the secondary alcohol aG1
positionand the primary alcohol &&-19 position was protected with an acetonide group
(scheme @).

HCI (3 equiv)

Acetone
rt., 14 h
->10d

96% H OH

1-25
Schemeb4. Conversion oOuabainl-1 to acetonideOuabagenin-25.

Alcohol elimination at the @ position has been studied through two different
approaches.

One was based on the formation of ketoae G3 positionvia oxidation of hydroxyat
G3 position of acetonideDuabageninl-25, followed by acetonide deprotection and
simultaneousi -elimination of alcohol at @ position The correspondingi’? double
bondwas then hydrogenated to ketone intermediat®2 (scheme 6).

Currently, thediastereoselectivaeduction of theketone is the main cause ofailures
Derivatel-92 has beensynthesized i52% overall yieldSee paragraph 3)1

1) Selective C-3 hydroxy oxidation
2) Deprotection and C-1 hydroxy elimination elimination
3) Double bond hydrogenation

Overall yield: 52% (3 steps)

1-92

Schemes5. Deoxygenation ofiydroxyl groupat G1 position through € ketone intermediate.
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|. Defunctionalization of Ouabain

The second approach consisted of an initial diacetate protection of acetonide
Ouabagenin I-25 with subsequent acetonide deprotection and further acetate
protection of primary alcohol at<C9 position. The secondary alcohol al Qosition was

eliminated using theMartin® Sulfurane reagent resulting im2 double bondformation

that was hydrogenated witiCrabtre®a O GF f @ad F FGSNI I LI NIAI €
last acetate deprotection achievedderivative I-70 in 20% overall yield (scheme66).
(Seeparagraph 3.1

1) Acetate protection of C-3 and C-11 hydroxyls
2) Acetonide deprotection

3) Acetate protection of C-19 hydroxy

4) C-1 hydroxy elimination

5) Acetate deprotection of C-3 and C-19 hydroxyls
6) A" double bond hydrogenation

7) Acetate deprotection

Overall yield: 20% (7 steps)

Schemes6. Deoxygenation of OH atTposition through triacetate intermediate.

The deoxygenation ofertiary alcoholat G5 position has not yet been completely
developed, but the protection of secondary alcohols & @nd G11 positions and of
tertiary alcohol at €4 position of acetonideOuabagenin-25 is an adguate starting
point to work on(I-33a) (schemet7). (Seeparagraph 3.2.

MOM protection

1-25

Schemes?7. Protection ofacetonideOuabagenin-25.

The deoxygenation of tertiary alcohol atl@ position has been successfully achieved.
The pathway began with thacetate protection of the secondary hydroxyl group & C
and C11 positiors of Ouabageninl-25, followed byelimination of tertiary alcoholat
G14. The subsequentydrogenation2 T141Jdouble bond after complete depotection

of the intermediate led to the desired productl-74 in 17% overall yieldbver 5 steps
with a d.r. of 93:7 (scheme68). The major diastereosomepresentsthe proton at the
G14 position intrans-configuration compared to the methyl group at-£3 position,
confirmed bythe crystalstructure.(See paragraph 3.B.
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|. Defunctionalization of Ouabain

1) Acetate protection of C-3 and C-11 hydroxyls
O 2) C-14 hydroxy elimination
3) Acetonide deprotection
4) Acetate deprotection
5) Hydrogenation

Overall yield: 17% (5 steps)

Schemes8. Deoxygenation of @4 hydroxy:

The ddunctionaliation of the primary alcohol at @9 position has not yet been
achieved However,the analyzed route involved a first diacetate protection of hydroxy
group at G3 and G11 positions of acetonid®uabagenin-25, followed by acetonide
deprotection. The primary alcohol was then oxidized to form aldehydel9 in 56%
overall yield an interesting intermediate for applyingvarious deoxygenation reaction
conditions (schemeg9). (See paragraph 3.).

1) Acetate protection of OH at C-3 and C-11 positions
2) Acetonide deprotection
3) Oxidation of OH at C-19 position

Overall yield: 56% (3 steps)

Schemes9. Oxidationof primary alcohoht G19 position.

The two hydroxylgroups at €1 and 3 positionshave been satisfactorily deoxygenated
with an initial diacetate protection of acetonid®uabageninl-25 with subsequent
acetonide deprotection and further acetate protection of primary alcohol at9C
position. The elimination of thesecondary alcohol at-C position resulted in an’?
double bondformation, then hydrogenated with Pd/C in acetic acihich also resulted
in the deoxigenatiorof the CG1 protected hydroxygroup. The lastacetatedeprotection
affordedderivativel-76 in 16% overall yieldscheme70). (See paragraph 3)5
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|. Defunctionalization of Ouabain

Acetate protection of C-3 and C-11 hydroxyls

Acetonide deprotection

Acetate protection of C-19 hydroxy

C-1hydroxy elimination

Hydrogenation and C-3 protected hydroxy deoxygenation
Acetate deprotection

Overall yield: 16% (6 steps)

Schemer0. Deoxygenation of @ and G3 hydroxyls

The route for deoxygenation dhe two alcohos at G1 and Gl11 positionshas been

deeply investigated. Firstlcohol at €3 position of acetonideOuabageninl-25 was

protected with TBDPSfollowed by elimination of hydroxyl group atl@ position and

acetonide deprotection.Primary alcohol at @9 position was protected with TIPS
protecting group and subsequent elimination ofkecondary alcohol atG1 position

entailed an2double bondormation that was hydrogenated witBrabtre® a O G £ & & (i ¢
Subsequent full deprotectioachievedderivativel-78 in 39% overall yieldscheme71).

(See paragraph 8)

1) TBDPS protection of C-3 hydroxy

2) C-11 hydroxy elimination

3) Acetonide deprotection o)
4) TIPS protection of C-19 hydroxy

5) C-1 hydroxy elimination N\
5) A2 double bond hydrogenation

)

6) Deprotection HO @’
19
Overall yield: 39% (6 steps) ‘a OH
HO

OH

1-78

Scheme71. Deoxygenation of OH atTand G11 positions.
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|. Defunctionalization of Ouabain

5. Outlook

U Defunctionalization ofOuabain OHat G5 position(I-72)

Thedefunctionalizationof tertiary alcoholat G5 position should be studied and tested
with different and stronger dehydratingeagentsor reaction conditions

Once the desired eliminatiowill be achieved, itshould be necessary to focus on a
stereoselective reduction of thp*®2 N3° gouble bond. This hydrogenatiwhouldbe
studied by applyinga plethora of reaction conditionsThe acetonide and MOM
protectinggroupsshouldbe simultaneouslyremoved by using acidmonditions {.e., HCI
in MeOH)(schemer2).

Hydrogenation
Deprotectio

n
......... >
........ >

Schemer2. Towards the gnthesisof derivativel-72.

A second approach could involve the elimination of tertiary alcohol from the ketone
derivative 1-90, under acidic conditiongscheme 3), achieving unsaturated ketone
I-139[781  Subsequent hydrogenation, diastereoselective ketone reduction and
deprotection should give desired final produ€t2.
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|. Defunctionalization of Ouabain

C-3 hydroxy oxidation

TFA Hydrogenation
EtOH _Ketone reduction_ _
A TTIlIiIiiiiiiiiiz?

Scheme73. A second approach faynthesizing derivative72

U Defunctionalization ofOuabain OHat G19 position(I-75)

In the case of primary alcohol, an appropriate reduction of aldehyde to alkane should be
examined. Different reaction conditions should be tested in order to synthesize the
thioacetal derivative whiclshouldbe a good intermediate to obtain the correspondi
alkane.

Furthermore, a direct deoxygenation of the primary alcohol to alkane compatible with
the free secondary alcohol and with the lactone should be studsstieme74). The
aldehydel-119 could also be further oxidized to carboxylic att¥0 which, through a
reduction to a methyl groupshould give the desired produlc?5.
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|. Defunctionalization of Ouabain

Reduction to methyl group .
Deprotection '

Schemer4. Towards the gnthesisof derivativel-75.
U Defunctionalization ofOuabain OH at 1,5 position (I-77)

To synthesize desired produk?7, the same pathway considered for the synthesis of
product 1-70 through a ketone intermediate can be wused and optimized
(seeparagraph3.1). The ketone derivativé-92 shouldbe treated with TFA in etharl6!

to eliminate the tertiary alcohol at -6 position and the subsequent stereoselective
reduction of then>%2 N%” gouble bond and the ketone should give the desired product
[-77 (schemers).
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|. Defunctionalization of Ouabain

1) C-3 hydroxy oxidation
2) Acetonide deprotection
C-1 hydroxy elimination
3) Double bond hydrogenation

Stereoselective reduction of

. double bond and ketone _

1-141

Schemée75. Towardsthe synthesis of compound77.

U Defunctionalization ofOuabain OHat G1,11 positiong(l-78)

The desirecroduct I-78 should besynthesize by hydrogenating thg!*12double bond
of intermediatel-133 (schemer6).

1-133 1-78

Schemer6. Towardsthe synthesis of final desired produet8.

An indepth study of hydrogenation was performed wittondesiredresult, so further
catalystsshouldbe analyzed or a different pathwayouldbe carried ouf{schemer7).

A total hydrogenation should be applied to the alkerE28, followed by a selenoxide
elimination to reinstall the double bond within the lacton@-134).[1% A subsequent
total deprotection should lead to the desired produ€z8.
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|. Defunctionalization of Ouabain

O
\

TIPSO @’ __Full hydrogenation _
UL
TBDPSO

OH
1-128

Selenoxide
elimination

1-134 1-78

Schemer7. New pathway for synthesis &478.

U Towards the gnthesis ofCoroglaucigenir(l-80)

CoroglaucigenifCGN)I-80 is a natural product isolated fronCalotropis gigantean
belongng to the cardenolideclasg!'® This cardenolide showed excellent aotincer
activities by a significant cytotoxicity against hepatoma carcinoma, gastric and lung
cancer cell$l11.112]

CGNI-80 has a special structure exmely similar to tlat of Ouabainl-1, as shown in
figure 11.

Both have a methyl group at-I3 position, a primary alcohol at-I® position, a
secondary alcohol at-& position a tertiary alcohol at €4 position and a lactone at
G17 position, with the same stereogenity. Cardenolid®0 is characterized by the
absence ofthe sugar moietyboth secondary alcohols at-and 11 positions and
tertiary alcohols at & position.

Figurell. CGN-80and Ouabainl-1 structures
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|. Defunctionalization of Ouabain

This highlights the possibility to synthesize CE30 using Ouabainl-1 as starting
material. A general pathway is shownsicheme78.

First,Ouabainshould be converted into acetonid@uabagenin-25, as in all the previous
cases. The most convenient alcohol to be elimindtest, by using dehydrating reagent
such asMartiy Qa  { dzsibudNbeyil® secondary one at1C position after
protection of the hydroxyl group at-8 position (i.e,, silyl groups such as TIPS). A
subsequent deprotection should afford tladkene intermediatd-144.

Afterward, the secondaryhydroxyl groupat G1 positionshouldbe eliminatedvia the
formation of the ketone derivativeat G3 position. The subsequent elimination,
deprotection (I-145) and hydrogenation2 ¥  #% S/ Rfi'2gouble bondsshouldgive
the ketonel-146.

The tertiary alcohol at -6 position should be eliminated by using TFA in ethanol at
50°ClBIF2NNVAY 3 (KS 2 NNBcuhlé2bgrikd A34A which should be
stereoselectivelyeduced,together with theketone, giving the natural produ¢80.
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|. Defunctionalization of Ouabain

1) C-3 hydroxy oxidation
2) Acetonide deprotection and
C-1 hydroxy elimination

1) C-11 hydroxy deoxygenation
2) Pg Deprotection

C-5 hydroxy eliminatio

n
.................... >

Stereoselective reduction of
double bond and ketone

1-80

Scheme78. General pathway to synthesize cardenolleRD.
U Towards the synthesisf Procegenin AlI-81)
Procegenin A 1-81 (figure 12) is a natural product, in particular it is a secondary

metabolite from the plantCalotropi proceraan evergreen, perennial shrub of the family
Apocynaceaé!®l
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|. Defunctionalization of Ouabain

1-81

Figurel2. Sructure of RocegeninA.

Several studies have shown th&. procerahas important pharmacological activities,
such as the treatment of cold, fever, leprosy, asthma, rheumatism, eczema, indigestion,
diarrhoea, elephantiasis, skin diseases, and dysertEty.

As shown inscheme79, the first two stepsshould bethe same involved in thpossible
pathway forsynthesis of Coroglaucigenin (CG#8D, obtaining the intermediatd-143
which shouldundergo the elimination of secondary alcohol ailT position, leading to
compoundI-148.

A selective oxidation at-C2 position should achieve the ketone intermedi&t®49 that
shouldbe converted to compoundt150 after hydrogenation ofn®**! double baxd and
ketone reductionNext,secondary alcohol at-C2 positionshould be protected to allow
the deprotection and subsequent selective oxidatioof secondary alcohol at-8
position, followed byacetonide deprotection and secondary alcohol elimination dt C
positionto afford unsaturated ketoné-151.

RSRdzO G A 2 y*2 dpuble okd&nd plimination of tertiary alcohol at-& position
shouldgivealkenederivativel-152. The O 2 NNB a L3323/ N¥AdyuBle ondshouldbe
stereoselectivelyeduced,together withthe ketone,to achievethe natural product-81
FFG4SNI GKS FAYIf RSLINRPGSOUAZ2Y 2F t3IQd
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|. Defunctionalization of Ouabain

Acetonide protection and C-1 hydr_oxy
..___sugar elimination__ _ protection
HO PgO

_C-11 hydroxy elimination| _

1) C-12 hydroxy Pg' protection
O 2) C-3 hydroxy Pg deprotection
3) C-3 hydroxy oxidation
1) Hydrogenation of double bond 4) Acetonide deprotection and

2) C-12 Ketone reduction

1) Stereoselective reduction
of double bond and ketone
2) C-12 hydroxy deprotection

1) Hydrogenation of double bond
2) C-5 hydroxy elimination

1-152 1-81

Scheme79. Pathway for the synthesis of Procegenifr@1.
U Towards the gnthesis ofStrophanthidin(l-4)

The natural compoun&trophanhidin I-4 should be easily synthesizestarting with the
final productl-78 becauseboth molecules have a similar structuigtrophantidinshould
be obtaired following a simple selective oxidation of the primary alcotemhldehyde,
involvingan oxidant reagenti.e., DessMartin,1*4 TEMP %1% RuCGJi116)),

Three differentoxidationconditions thatshould betestedare shown in schem@0.
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|. Defunctionalization of Ouabain

- Dess-Martin, Pyridine, DCM, r.t.,, 20 min
- TEMPO, PhI(OAc),, DCM, 1 h, r.t.
- RuCly, (PPh3)s, benzene, r.t.

SchemeB0. Synthesis oStrophanthidin by oxidation oforimary alcohoht G19 position of product-78.

U Towards the gnthesis ofStrophanthidinic acidl-82)

The natural productStrophantidinic acid-82 should be easily synthesizdcdom the
Strophanthidinl-4, becauseit should be achieved after aldehyadeidation to carboxylic
acid using copper () acetatender Q pressuré®® or permargaric acid in acetone in
presence of potassium salt followed by treatment with sulfuric acid in a mixure of
ethanol,chloroform and wate scheme81).[17]

Q. Permanganic acid (HMnO4), potassium salt (1:1)
Acetone 8 h, r.t.; overnight, 2 -4 °C
H,SO,4, EtOH/CHCI3/H,0

- Cu(OAc),, Oy, HoO, 1t 40 h

1-82

SchemeB1. Synthesis oStrophanthidinic acithy oxidation of compoun&t82
U Towards thesynthesis ofPeriplogenin(l-83)

Periplogeninl-83 is a natural compound with a similar structure to ones described
above. In fact, ishould also be obtained as a resultdg#foxygenabn of aldehydd-4 to
alkaneby testingsomedifferent conditions showed ischemeg2.[118]

0 1) Et3SiH (10 eq), B(CgF5)3 (5 mol%),
DCM, r.t., 6 d + (OSiEt; deprot)
2)[Ru(p-cymene)Cly)]> (1,5 mol%), dmpe (3 mol%),
DMSO (20 mol%), t-BuOK (50 mol%), NoH,4* H,O
t-BuOH, 100 °C, 12 h

3)DCM, DMAP, Et3;N (with and without), r.t. +

o)
1l
/P\OPh i

Cl OppP M + LiEt;BH, THF, rt.

SchemeB2. Synthesis dPeriplogenirby deoxygenation of compounieB3.
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U Towards the synthesis dReevesioside f-84)

Reevesiosid& 1-84 (figure 13) is a cardenolide glycoside isolated from the root of
reevesia formosanaRecent studies have shown it to display potamitiproliferative
activity against human hormonrefractory prostate cancert11°

\_o H

1-84

Figurel3. Reevesiosida structurel-84.

The synthesis of rtaral productl-84 requires the synthesis of a carbohydrate moiety
that should bethen linked to the hydroxyl group at the-& position ofStrophanthidin
(I-4) (schemeB3).

The route should start with the commercially available reagemnt,6-benzylidene
derivative ofh-D-methylglucopyranosidé-153 that should befirst convertedto the
bis(tosylate) intermediatel{154) and then to the bromobenzoate produdty55).[12°]
Deoxygenatiorshouldbe achievedria a two-step procedure: conversion of bromide to
iodideintermediate(l-156) and hydrogenolysid-157).

Subsequently, thecleavage of the benzoate with epoxide formatishould achieve
intermediatel-158, which ringshould beopened by using lithium aluminum hydride and
subsequent treatment with sodium methoxiddould affordthe tosylate cleveage.

The following formation of diol intermediatd-159) and its protection should lead to the
desired product [€160), then treated with potassium carbonate and
thrichloroacetonitrile to form the acetimidate intermediatd-162). The final coupling
between Strophanthidinand carbohydrate should yield the desired final natural product
(1-84) 1461
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NBS

Barium carbonate
1-153

TsO,,.
________________ >
\O\\'
1-154 1-155
Sodium acetate OTs LiOH Ke)
Nal H sO,,. OBz TsO,,, ~G
a 2 dioxane/MeOH/H, '
_acetone [l PAlC..... o LS SPREERETE & _
0" Mo ot o
1-157 I-158
OH o)
HO R 1) Demethylation /\ B
______ LiAH, Sodium methoxide (j\ 2) Diol Protection _ Ej\
0" o HO" SO
1-161
NH
K,CO3 TMSOTF
Cl3CCN Q" CCls 4A MS
DCM /(i) : > . __....bem Reevesioside I-84
1-162

SchemeB3. Synthesis oReevesioside ¥84 from Strophanthidin-4.

(88]



II. Decarboxylation of bistriazol derivatives and synthesiN-etibstituted imines from diazidated
malonamides

x Decarboxylation of bistriazol derivativeand synthesis ofN-
substituted imines from diazidated malonamides

1. Introduction
1.1. History and synthesis of geminal diazides

Organic azides have several applications inh®gis, despitetheir structure of three
nitrogen atomsin linear arrangemenattributes tothem a potetial thermal instability
and sensitivity to impact or shock. Therefore, they are possible hazardous substance
that belong to a very higenergy class of compounds. Introducing an azide group into a
Y2f SOdz S (GKS hereasdbyaforr 290355 k3mbaH Because of the
easily polarization ofNs bond that can dissociate in a highly exothermic process
releasng nitrogen and reactive nitrene$?!]

The chemistry of azides stad with the preparation anddiscovery of e first aromatic
organicazidell-1, in 1864by Peter Gri&,1?21%lfollowed bythe rearrangement of acyl
azidesll-2 to the corresponding isocyanatdl-3, with loss of nitrogen gasgeported in
1890 by Theodor CQurtius, the gramseigneur of nitrogen chemistry(Curtius
rearrangementB) (figure 14).11241251 The isocyanates intermediate can themdergo
attack by a variety of nuclephiled., water, alcohols and amines) to afford carbamate
[I-4, aminell-5, or urea derivatived-6.

N._ _OR!
RO
0
-4
N J
+ B
_ N* Ns - . RNH
©/ N R” N N R™ “Cs 2
2 o]
11-2 1I-3 -3
-1
_N__NHR'
RO
o]

Figurel4. Phenyl azide's structurand Curtiusrearrangement.

In 1894,T. Curtiusand K.Heidenreichreported the synthesiand the stabilityof the first
diazide derivative II-8, by treating a aqueous solution of carbonyl dihydrazide
dihydrochloridell-7 with sodium nitrite at low temperatur¢schemeg4).[126.127]
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malonamides

_ o] _
Cl + S, Cl NaNO,
HaN~ L _NH, . S
N" N H,0/EtoH N3~ N3
-7 -8

SchemeB4. Synthesis of the first carbonyl diazide.

Nowadays, the class of geminal diazides is divided into three subclasskbenylll-9,
aliphaticll-10 andvinyl1l-11 diazideg(figure 15).
O R R1 R
Ns)J\N3 N§<N3 Ng/\l[Ng

11-9 11-10 11-11

Figurel5. Geminal diazides subclasses.

In 1908, the firstliphaticgeminal diazidel-10 was discovered bfforsteret al[*28lwho
synthesizedhe 2,2ethyldiazidoacetatdl-10a derivative from the échloride compound
[I-12, byusingsodium azide in ethandlscheme8s).

(@] NaN (e}
alN3
Cl PN NBW)L PN
\)J\O EtOH o
Cl 15% N3
11-12 1I-10a

SchemeB5. Synthesis of the firstliphaticgeminal diazide.

This accessible methaaf synthesizing gainal diazides was used in subsequent years to
LIN2 RdzO S a S-diGitld f  estergh?d h >-diazidol -ketoesterg!3!

h >diazidoketond!3! h >diazidoi -ketolactamel!3Z 2,2-diazidomalonatd?3s]
heterocycli€'32134 and benzylié®! diazidegscheme 8).

R R NaN; R R R = H, Alkyl, Aryl, Acyl, CO,Et, CN
—_— 1 =
X o~ NG N R' = Aryl, CO,Me, CO,Et, CN
15% X = Br, Cl
1-13 11-10

SchemeB6. Synthesis of diazido derivatives

Being extremely substrate specific and having a limited range of applications, other
methods to convert acetals and keteminto geminal diazid@3®! with trimethylsilyl
azide with tin (IV) or tin (I1) chloride to convert phosphorylid€s! with tosyl azide to
synthesize 22liazidel,3-diiodopropane from propanediert&® using iodine azide,
were employed sporadicall3?

Currently, he newest and most used methods/olve the use obxidation conditions.
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malonamides

In 2012,Sudalai et alsynthesized the desiregeminal diazidedl-10b from different aryl
ketonesll-14 by using sodium azide, sodium periodatedimethylsulfoxideand acetic
acid(schemeg?).1140]

o) NaIO4 o
)J\/R NaN3 R
—_—
Ar DMSO/AcOH AT 7S
91% - 96% 3
n-14 5 examples 11-10b

SchemeB7. Synthesis of geminal diazitlelObfrom aryl ketonedl-14.

Three years latefyanada et aldemonstratedthat geminaldiazidedlI-10b could bealso
synthesized fromalkynesll-15 employing N-iodosuccinimide and trimethylsilyl azide
(schemess).[141]

NIS

TMSN,4 Q
Ar———R Ar)1><R
ACN/DCE NS N
17% - 73% 3 7
15 15 examples 11-10b

SchemeB8. Synthesis of geminal diazide fraatkynes

In 2018, Sharada et alobtained @I NJA 2 -d@zidoh -Innoestersll-17 from electron
poor alkynes 11-16 by hydroamination in presence of sodium azide,
diacetoxyiodobenzene and tetrabutylammonium bromigehemes9).1142]

PIDA
TBAB NR
—et R'ooc COOR!
R-NH, + R'OOC—==—COOR’ DCE NS ON
3 3
59% - 91%
-16 27 examples n-17

SchemeB9.{ & y (i K § &-diazidoR-imindestetsll-17 from electron poor alkynd-16.
1.2. Reactivity ofgeminal diazides

The reactivity ofeminal diazides is not a commdiscussedopic in the literature given
the limited number ofpublications In most cases, diazides are only mentioned as
by-products or proposed intermediatesSome reports examimethermodynamic and
kinetic influences of the azido group on the stability of carbocattéisind calculated
structures of geminal diazidés

Classic azide reactionsuch as azidalkine cycloadditions to bistriazgl¢hermal and
photolysis reactions to synthesize other nitrogeontaining heterocyclic compoungds
have been well investigatef!>146.147.148,149,150]
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malonamides

In 1909, Schroeter postulated that the thermal decomposition of
diazidodiphenylmethandl-10c allowed the formation of the corresponding tetrazole
[1-18 (scheme90).[135]

N-N,
Ph><Ph AT P
N3 N3 ph” N
Ph
11-10c 11-18

Schemed0. Thermal decomposition of diazidodiphenylmethane derivative.

In contrast,Lindemannand Mihlhausfound isoxazole$l-20 and nitriles11-22 applying
the thermal decomposition toortho-(11-19) and para-hydroxybenzylic diazide#-21
(scheme91). [135¢]

R R
Br. Br Br. Br
AT
—_—
R OH R 0
N3~ N3 N
11-19 11-20
OH OH
Brj?/\Br AT Br. Br
—
Ny~ N Il
3 3 N
11-21 11-22

Scheme9d1. Thermaldecomposition of ortheand parahydroxybenzylic diades

Thermal decomposition of 2s@iazidomalonates and 2@iazidomalonamidesnvolved
the formation of tetrazoles!!*6! whereas 2,2-diazidol -keto esters -23a) gave the
corresponding 1,34xadiazolegll-24a) (scheme 9).[1300]

R
Xylene \l/o
RJ>(U\OEt —— I >—COOEt
reflux N‘N/

N N
S 75% - 83%
11-23a 2 examples 11-24a

Schemed2. Thermal decomposition of 2-@iazidai -keto esters.

The photolysis can be involved in several different possible reaction paththan
thermolysis leading to a large number of product8doriarty et al. showed that
heterocycles, such as tetrazo)é®147.148lgxadiazole$*”1 and benzimidazolgd*®! were
obtained as main products ta. 50% yield
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In scheme 93, the different reactivity of geminal diazides is illustrated:
diazidodiphenylmethandll-10c is convertedinto the amide II-25 with strong acids
following the hydrolysis of the diazide, subsequent nitrene forioat and
rearrangemenischeme93, A).[135d

This can also occur via a nitrene coppercatalyzed cycloamination of

h >diazidol -iminoestersll-26 to the corresponding quinoxalinés27 (scheme93, B).

This illustrates thatn one case, azide function represents a source of nitrene, while, in
the other, is sptted during the aromatizatio*?!

A B
0 N.__COOEt
X R2 o X A
Ph><Ph H,S0, Ph)J\N/Ph R N Cu(OTf, (10 mol%) il I
N3 N3 H20 H Z N 3 Toluol Z N7 OR?
0 °C 120 °C, 18 h
COOEt 759, g3
I-10¢ 98% 1125 11-26 o -83% 11-27
6 exampels

Scheme93® ¢ KS RAGSNBAGE 2F GKS yAGNBySQa OKSYA&A(GNE

Another interesting reactivity of the diazidatermediated is shown in schemet9in
which N,N-bis(phosphane])l-28 and the geminal bis(triazh,3-butadiene)Il-30 can be
obtainedfrom (diazidomethyl)benzenk-10d.

After application of the well-known Staudinge*?! conditionsto diazide 1I-10d and
protonating the intermediate with trifluoromethanesulfonic acid, derivatiie28 is
synthesized. The derivativé30 is formed addingN-heterocyclic carbendl-29 to the
two azide functiongscheme @).[150]

PPhsPPhy 2 [N>: Ar Ar
HNONH 1)2 PPhy  Na<_Nj N r\\lYN\N,/N N:N,N\\rl\’j
0S0,CF;4 (\5 PrrlH ..2; <\/N\A (\5 A /N\/)
- R - r r
2) TfOH Toluene,
11-28 Tolene I1-10d 97% 1130

28%

Schemed4. Geminal diazide reactives.
1.3. Synthesis and reactivity of geminal diazides Kysch et al.

In 2012 KirschetalRS @St 2 LISR 'y 2EARLF (A @bbstiugdidez R G2 ¢
and unsubstituted 18licarbonyls11-32 ini 2 (G KS O2 Nanbna LJ33ydRA y 3 b
h  >diazidesll-23. This method included the use tiie mild oxidizing agent IBQK

(compatible with several functional groups such as aromatics, olefins, epoxides, acetals,
secondary and primary hydroxyl grogpsodium azide and cdtdic amount of sodium
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iodide (scheme95).1152 An examplewasNB LINS A Sy G SR o6& #sk&liolRALF T AR

derivativell-23b.

Using the establishe#nown conditions ofdick reaction (CUAAC copper(l)catalyzed
alkyneazide cycloadditioft>? with phenylacetyleneas terminal alkyng the aide
intermediates wereconverted into the corresponding monoll¢34) and bistriazoles
(11-35) (scheme 95)

0 0 0 0 (0] (0]
R/ROMOW — — R/ROJ>(U\OR1 — > R/R0J>(U\0R1
Ry Phenylacetylene Nas Ph
131 IBXSO3K 133 CuSO, (20 mol%) .34 N
NaN, . . TBTA (1 mol%)
Nal (20 mol%) 51% - 96% sodium ascorbate
a ° 23 examples
DMSO/H,0 'BUOH/H,0
r.t. r.t.
o o 0 0 (0] (0]
R/ROJ\/”\OR1 — — R/ROJ>(U\OR1 — ” R/ROJ§(U\OR1

W Y-
Ph N//N N°N Ph
11-32 11-23

50% - 83% 11-35
5 examples

N3 N 11-23b
7%

Schemed5.h EARI (i A @S Y S K¥Ry 8 2 MEddyshiéiGativeahdorfesponding triazoles using
CuAACeaction condition

In 2014, by moderately modifying thessonditions, triazidocarbonyl derivatives, a
previously unknown class of geminal triazides, were prepared fremxo8arboxylic
acids, iodomethyl ketones and terminal olefi#s!

The year after a new and straightforward route to achieve the diazidatiof
1,3dicarbonyl compounddl-32 to generate the geminal diazidds23 was provided
using mild reaction conditions with iodine and sodium azide in aqueousd™a $oom
temperature (scheme96). In this way, a plethora of compounds, belonging to this class,
with a variety of functional groupsere synthesizett>¥ This methodwasalsoapplied

to cyclic systemssuch as oxindolesobtaining diazidated derivatives for the first
time.[15%]
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NaN3
—_—
R/ROJ\/”\OR1 DMSO/H,0 R/ROMOW
rt. N5 Ns
11-32 30% - 93% 11-23

29 examples

Scheme96. Diazidation of 1,3licarbonyl compounds using mild conditions.

Nevertheless, not aljeminaldiazides could be convertedto the bistriazolell-36. An
example isshowedin scheme97, in which ethyl 2,2liazide3-oxobutanoate I1-23c,
under the same conditions dGUAACunderwent an additionatleacetylation achieving
different classes of bistriazolds36. These unexpected bistriazoles weaeidified to
azidomethylene bistriazole#l-37, important intermediates that provided access to

geminal tristriazolel-38.[56]

alkyne
CuSOy4 (20 mol%) IBX-SO3K
6 0 TBTA EtOOC_ H NaN; N; H
sodium ascorbate N~ N, Nal (20 mol%
Ny N, 'BUOH/H,O >7/ \<< DMSO/H,0 >/f \\<
r.t. R 60 °C
11-23¢ 19% - 91% 11-36 19% - 63% 11-37
6 examples 6 examples
R1
Alkyne
CuS0y, (20 mol%) Ny
TBTA N-N_ _H
sodium ascorbate N ><N N N

N”
‘BUOH/H,0 >?’ =

r.t. R R
19% - 91% 11-38
6 examples

Schemed7. Synthesis of geminal tristriazole

In 2016, the reactivity of the geminal diazides und#rermal conditions was
investigated Rank et al. published thermolysis of ethyl 2@azido3-oxobutanoate
11-23d to 1,3,40xadiazoldl-24b (schemed8).[13%

11-23d 11-24b

Schemed8. Thermolysis of ethyl 2;8iazide3-oxobutanoatell-23d.

It was demonstrated that 2;Biazidoi -keto esterslI-23 with aliphatic or aromatic
substituent under dluted reaction conditions aftca. 140 °C were converted into

disubstituted1,3,40xadiazoledl-24 (scheme99).[157]
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O O
Xylene (0.1-06M) R o R!
1 (0] (0]
RNOR reflux, 2 h \l\|l|/ H or \||/ H
20% - 86% N R! NN R
13 examples
1-23 11-24

Scheme99. Conversion o2,2-diazidol -keto esterd|-23 to disubstituted 1,3,4oxadiazoledl-24.

However, the formation of 3hydroxypyridine [1-39158 (scheme 100, A) and
3-hydroxypyrazindl-4015° (schemel100, B), instead of the expected oxadiazole, was
obtainedin presence of olefinic side chains

OH O
(0] (0] R
2
R1WJ>(U\OR2 Xylene = | OR
NS N Mw, 140 °C N
R N3 3
40% - 97%
1
I1-23e 15 examples R 11-39
B OH ©
R 9 o A
Xylene N7 OR?
R1\)\NJ>(U\OR2 — I
HNy Ny 140 °C X
32 -68%
I1-23e 4 examples R 11-40

Schemel00. Synthesis of Biydroxypiridinell-39 and 3hydroxypirazindl-40 under thermolysis condition

These resultsllustrate that geminal diazideallow approach to avariety of highly
substituted nitrogerrich heterocycles, representing an alternative to other synthetic
method such agransition-metal-catalyzd cyclizatiofé?! or multicomponent reactions
(often also transition metal catalgd) 161

In 2017, the unknown reactivity of the h xdiazidol -ketoesters 11-23 towards
nucleophile,in particularprimary amineswas analyed (schemel01).1162]

The diazidell-23 reacted with primary amines through a fragmentation to give
2,2-diazidoacetatell-10, transferringan acyl group to the amine and obtaining the
amide derivativdl-41 as final product. This reaction required mild conditions such as a
slight excess of amines or with base addition and was compatible with a large number of
functional groups.
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A) R®NHy, THF, r.t.

O O B) R2NHj, Cs,CO3, THF, rit. 1) 0
C) R2NH,, DBU, THF, 50 °C _R2 N
N C Ll B R .
N{ Ng 10% - 99% H N
36 examples
1-23 11-41 1-10

Schemel0ld w S| O Adi&zidd eket@edtershircphesence of primary amin@gusing three different reaction
conditions

An alternative method consisig in a onepot reaction was also developed, in order to
not isolate the potentially explosivgeminaldiazide intermediate and directly obtain the
final amidell-41 from thei -ketoestersll-32. By usindetrabutylammoniumazide, iodine
and primary amines under basic conditiofecheme102), the geminal diazide was
generatein situ (162

0w 1
R2NH,, TBTAA, |,, Et;N R2
RJ\/U\OR1 R” N~
18% - 75% H
22 examples
11-32 11-41

Schemel025 A NSOl aeyidKSaAra 27T 7T ikftbebterdndtinieoamaidy dk deiidhal diaxide R S
situ.

Regarding the side prodwsafter treatmentof geminal aziddl-23 with primary amines,
using the 2,2-diazidoi -keto esters|l-23f as starting materialand treating it with
benzylamine, the 2;8liazidoacetatdl-10e was isolated in 70% yield and the carbamate
lI-4a in 20% yield(scheme103). It was assumed that the diazidoacetatk1Oe, in
presence of a slight excess of amine, was slowly conventedthe carbamatell-4a,
because the tert-butyl-2,2-diazidoacetate II-10e reacted with a large excess of
benzylamine to achieve the corresponding carbaniaa in 75% yield68]

BnNH, (6.0 equiv)

o0 O (0] @) o]

BnNH, (2.4 equiv) N
MOtBu 2 )J\NHBn v OofBu BnHN)J\OtBu
N3 N3 N3
11-23f I-41a I1-10e I-4a
90% 70% 20%

Schemel03 Synthesis of carbamaté4a as side product in presence of an excess of primary amine
Based on thse resultscyanides as intermediate stegh this reactionwere studiedand

detected in the reactions of 2;@iazidoN,N-dimethyl3-oxobutanamide II-23g and
3,3-diazidooxindole$l-43 in presence omines(schemel04).[155.163]

[97]
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BnNH, (2.4 equiv
)J>(U\N/ 2 ( quiv) )J\NHBn 3%’\‘/ + N///J\N/
N5 N | N; | |
11-23g 11-41a I 11-10f 11-42 )
74% Inseparable mixture
44%
N3 RNHR' (1.5 equiv) N
N3 Cs,CO3 (3.0 equiv) e}
(0]
N DMF NJKN/F&
H 50 °C,20h H |
61% - 83% R
11-43 6 examples 11-44

Schemel04. Synthesiof cyanide intermediate by treating geminal diazide with amines.

Nevertheless, y treating the 2,2diazidoacetatdl-10a with non-nucleophilic bases, such
as triethylamine, it was converted into the corresponding tetrazole II-45
(schemel05). [163]

o) 1) EtzN b0

N 2) HCI

3\’)L0Et )—> N’NW)J\OEt
N3 90% N-N
1-10a 11-45

Schemel05. Tetrazole formatiorfrom 11-10ain presence of nomucleophilichases.

In 2017,the reactivity of geminalazide underreduction conditions was studied The
diazidell-23h couldbe reducedjn presenceof Pd/Cunder H pressure to aminell-46 or
to acetylated aminel-47 after addition of acetic anhydrid¢schemel06).1164]

0O O
)
—
A
0O o NH,
N3 Ns
1-23h 6 O
L
Pd/C R Y
H, NHAc
Ac,0 11-47

Schemel06. Reduction of geminal azide.

Two years later, it wadiscoveredthat by treatingdiazidomalomtes I1-23i with primary
amines the diazidomalonamide#-48 could be achieve@schemel07, A). This new class
of substance wasurned out to bevery interesting to perform new reactions anit
obtain new differentcompounds.

Indeed, treating diazidemalonamide with lithiateat thiol alcohol, N-O acetals|I-49
could be built up aftelm nucleophilic substitutionin which the azide function acted as
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leaving group(scheme 107, B)['%% The presence of another azide function in the
structure can allow further functionalization and synthesif highly functionalized
derivatives.

In presence of diamines, geminal diazid€3i underwent a polymerization reaction
(schemel07, CJ'%¢ and generated polyamides with geminal diazide moigfy0 that
could be used as higénergy materials.

o o X=0,8 o o
e, w L L r Tox et AL e
A HNy Ny H B HNg OR?H

o O

11-48 11-49

EtO OEt
N3 N3
11-23i HZN/O\NH2
c

n

Schemel07. Synthesiof diazidomalonamideB-48, N-O acetalsll-49 and polyamidesl-50.
1.4. Applications of azides
The incorporation of azides into organic molecules is of -gvewing interest, due to

their great versatility in a broad range dpplications like pharmaceuticBf/]
medicinall1%8 chemical biolog§y®?and agriculturdt’® areas.
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The workwas based on theanalysisof geminal diazices and mainly divided intwo
projects: 1) decarboxylation of bistriazole derivatives afjl synthesis oN-substituted
imines from diazidated malonamides.

2.1. Decarboxylation of bistriazole derivatives

The goalof this projectconsisted ofanalyzng a decarboxylation reaction previously
identified but not investigated bfpr. Phillip Bialla.[171

Bistriazole II-35a was treated with abenzylamineto examinate a transamidation
reaction for synthesizing themalonic acidderived amidell-51ab. Nevertheless,this
reactionled to the formation of the acetamide derivativié-52ab via a decarboxylation
reaction. Consequently, the derivativi-52ab was studied and ascope using different
primary and secondary amingsas carried oufschemel08).

The amide derivativéi-51ab was previously synthesized using a further pathway which
consisted first in the formation of the diazidomalonamillel8a from geminal diazide
11-23i. The intermediatel-48all’2 was converted to amide derivatiie51ab by applying
standardClickchemistry CUAAE173.174]

M BnNH, )S(\L CuAAc o 9 BnNH, o 0
EtO OEt _THF _ BnHN NHBn
N-N" "N-N N-NN-N o ondens BnHNMNHBn ~—THE EtOMOEt
N Nt 2h N N AT rt, 12 h NaNa
= NS = S
II-48a I1-23i
II-35a ll-51ab
o
BnHN
BnNH2 ,N N N— N
THE N LN
rt, 12h
72%

11-52ab

Schemel08 Decarboxylation of bistriazole.

Previously, it was shown thatistriazolell-35a could beobtained fromgeminal diazide
[1-23i (schemeds) by CUAACThereforedifferent alkynesshouldalsobe tested to obtain
different bistriazole derivatives|l-35, then treated with benzylamine to analyzbe

flexibility of thisdecarboxylation reactiofscheme 10).
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o o O O (0]
Click reaction )S(U\ &H
Eto)g(U\OEt _____________ > Et?\l—N N—SEt ---B-n-NH-Z---> BnH’;l\l—N N—N
N3N 7 W 2 A
373 N3 &N N3 &N
11-23i
R R R R
11-35 11-52¢c

Schemel09. Pathway for gntheskingbistriazolederivativesll-35 andtheir acetamide derivativel-52c.

Theseacetamidederivatives proved to bextremely versatiletherefore the formation
of triazolecompoundll-53, by employingacetamided|-52c as starting materialshould
be examined(schemel10).

0 o) ]:N
R
BnHNJ§<H BnHNJ§<N
N=-N" N-N - - N-N" N-N
N ) &N N% <N
R R R R
I1-52¢ 11-53

Schemel10. Possible gnthesis of triazoles derivatives
2.2. Synthesis ofN-substituted imines from diazidated malonamides

The aim of tle secondproject was based on optimizing the reaction conditions
previously foundoy Dr.Phillip Biallagsnd analyzed by thehDstudentFabia Mittendorf

to synthesizesubstituted iminesll-54 (scheme 11) from diazidomalonamidel-48a.
Subsequentlya scope with different primary aminegas carried out

(e} (6] (e} (@]
BnHNMNHBn ___..RNHy BnHN)Hl/U\NHBn
N3 N3 R

R
11-48a 11-54

Schemelll Synthesis oN-substituted imines from diazidated malonamides.
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3. Result and discussions

3.1. Decarboxylation of bistriazole derivatives

The synthesis of final acetammidé52ab began with the preparation of starting
geminaldiazidell-23i from diethylmalonatell-32a by using Nakland iodine in aqueous
dimethylsulfoxide as previously describgdchemel12).

The azide functionality ofl-23i was perfectly suited fordditional linkages to alkynes
under standard Click reaction conditionswith phenylacetyleneas alkyne achieving
intermediatell-35ain 72% yield">

Ph—== (3.0 equiv)
o 0 NaN; (6.0 equiv) 6o 0 CuSO0, (1.0 equiv) o O
EtOJ\/U\OEt 12 (2.20 equiv) Eto)g(U\OEt sodium ascorbate (1.0 equiv) Eto)j}(u\o
DMSO/H,0 2:1 N3 N3 DMF N-N" N-N
I1-32a rt, 1h i rt, 24 h N S &N
11-23i ot
96% o
Ph  Ph
I-35a

Schemel12 Synthesis of bistriazole derivatifle35afrom diethylmalonatdl-32a.

Bistriazolell-35a proved to be sensitive to an excesstbé benzylamingundergoing a
concomitant decarboxylation reaction at room temperature and resulting in the
formation ofacetamide compoundl-52ab (schemel 13).

Presumably, upon transamidation with one ester unitle85a, steric repulsion with the
bistrazole moiety may favor a carbaarbon cleavagevia A), in analogy to grevious
resultwith diazidated acyl acetates detected Kirsch et al'63!

0O o 0
. H
EtO)S(U\OEt BnNH; (5 equiv) BnHN)S(
N-N N-N T’ N-N" N-N
N’ N N N
ZE rt, 12 h 2N
Ph  Ph 85% Ph  Ph
11-35a 11-52ab
0 HO NHBn
BnHNWOE‘
N-N" N-
N L N
Ph Ph

A

Schemel13 Synthesis of acetamide derivatilles2ab.
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This decarboxylative reaction was a rather slow reaction, because by treating compound
[I-35a with only two equialents of benzylamine in tetrahydrofuran at room
temperature, some product formation was observed overnight, however, complete
conversion was not achieved under these conditiohgull conversion ofl-35a into the
product II-52ab was possibleemployingfive equialents of benzylamine, after three
hours at bom temperature.

A plethora of primary amines were successfully employed to convert the bistriazole
[I-35ainto acetamidel-52a, with moderate to good yields reaching from 48% to 96%, as
summarizedn schemell4.

The reaction time to achieve complete conversion of the starting matk+saa differed
significantly, depending on the type of nucleophdmine employed First, the primary
amine isobutylamine was tested obtaininig52aa in 63% vyield. Benzylamine variants
bearing electrordonating groupsi(e., methoxy) or phenyl furnishetl-52ac and 11-52ad

in 96% and 50% yield, respectively as did 4-fluorobenzylamine I11-52ae and
3-chlorobenzylaminel-52af, although the formation ofi-52af was surprisingly slow.
Furthermore, 2phenylethylamine and tyramine were employed to produce the
corresponding acetamide$-52ag and I1-52ah in 98% and 89%, respectively. Acetamide
[I-52ai containing piperonylamine was also successfully obtained in 68% yield.
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Schemell4. Scope of theeaction leading to acetamide derivativds52a using primary amines
[a] Isolated yield after column chromatographyb] 5 h. [c] 3h. [d] 19h. [e] 7h. [f] 1.5h. [g] 75h, 0.07 M. h] 2.5h.

After employing primary amine as nucleophiles, secondary amines wetested
(schemel1s).

While most of the secondary amines or natural aminoacid derivatives tgsigeed to

be poor substrates with slow or even no conversidre.( dibenzylamine(ll-52bd),
diethylamine(ll-52be), diisopropylaming(ll-52bf) and sarcosin€ll-52bg)), the sterically
less demanding piperidine gavke52bc in 65% yield, upon increasing the quantity to
eight equialents

Surprisingly, Zmethylamino)ethanol and diethanolamine were effective substrates

providingll-52ba and11-52bb in good yields of 63% and 74%, with a considerable rate of
conversion.
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