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PREFACE

The property of an object to be distinguishablenfits mirror image, the chirality, has intrigued
scientists, and distinctively chemists, since tadier studies of Pasteur on the tartrate crystals.

The term thirality” is derived from the Greekgip, "hand", the most notorious chiral object.

In nature many biologically active molecules aregathand often form homochiral groups. A
system is homochiral if all the constituent molesufeature the same chiral form. In biology,
homochirality is commonly observed in aminoacitigt present- chirality, and sugars, that are
mostlybp-enantiomers. Consequently, nucleosides, the Imgildiocks of DNA and RNA, that are
composed by-ribose and-deoxyribose, are homochiral. The origin of thigpbmenon, that is
the breaking mirror-symmetry, is not clearly undeosl and is subject of much debate. Most
scientists believe that Earth life's "choice" ofirality was purely random, and that possible
carbon-based life forms elsewhere in the univermadavexist with both the chiral forms. However,
there is some suggestion that early aminoacids dvbale formed in comet dust. In this case,
circularly polarized radiation might be the causethe selective development of one chirality of
aminoacids, leading to a selection bias, whichmately resulted in all life on Earth being

homochiral.

Generally, biochemical pathways involve just onergiomer of a chiral molecule. In
particular, in living systems just one of the twwaatiomers take part in metabolic cycles, while
the other is ignored and may even be dangerous.ig hiue especially for drugs. One of the most
famous cases of toxicity is given by thalidomi#&g(re 1), a racemic antiemetic approved and
marketed in 1956. WhileéRj-enantiomer is a sedative, tt§-€nantiomer has teratogenic effects.
In the early sixties, the use of medications dugrggnancy was not strictly controlled, and drugs
were not thoroughly tested for potential harm te fétud. Thousands of pregnant women took
the drug to relieve their symptoms. At the timéhaf drug's development, scientists did not believe
any drug taken by a pregnant woman could pass sadfwsplacental barrier and harm the
developing fetus. Indeed, soon appeared reportboarmalities in children born form mothers
who assumed thalidomide during pregnancy. Henceégwhitially considered safe, the drug
proved to be responsible for teratogenic deformitiechildren, if assumed by the mother prior to

the third trimester of pregnancy. In November 1964lidomide was taken off the market due to



massive pressure from the press and public opiixperts estimate that the drug thalidomide led

to the death of approximately 2,000 children amtbss birth defects in more than 10,000 children.

CQ@ CrpL

S)-thalidomide D)-thalidomide

Figure 1: Enantiomers of thalidomide.

These side effects observed in thalidomide theeapyassociated with its interaction with the
cellular biological systems. Indeed, at the molacigvel, chirality often has a profound impact
on recognition and interaction events and has tauselevant role in biochemistry and
pharmacology. In fact, the biomolecular recognitisnmostly based on the conformation,
structural order and chirality of molecules. Foamyple, madangamine A (Figure 2, a chiral
bioactive marine sponge alkaloid isolated for in&t time by Andersen and co-workers in 1990
with his unique structure and conformation has shsignificantin vitro cytotoxic activity against
a large number of tumour cell lires

Enzymes, which are chiral structures, often distisig the two enantiomeric forms of a chiral
substrate. For examplesforms of aminoacids tend to be tasteless, whavdasms tend to taste
sweet. Spearmint leaves contain thenantiomer of the chemical carvoneRs(-)-carvone and
caraway seeds contain theenantiomer o6-(+)-carvoné. These smell dissimilar to most people
because our olfactory receptors also contain chiralecules that respond differently in the

presence of different enantiomers.

Distinction between different enantiomers is nogemeral rule in biological processes, as
witnessed by some important drugs targeting chi@bgical macromolecules.

For example, 3TC (lamivuding) and FTC (emtricitabineg), two chiral antiviral nucleosidic
agents approved by FDA in drug therapies againBiSAlare recognized and phosphorylated by
the human deoxycytidine kinase independently frbmirtchirality. The picture changes when
looking at the deoxycytidine deaminase catalysedamileation. Indeed, this strictly
enantioselective enzymeloes recognize 3TC and FTC (bathenantiomers) but is inactive

toward theim-enantiomersKigure 2).
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Figure 2: Bioactive chiral drugs.

The enzyme substrate interaction is even more doaiptl and may result in a better fitting of
the active sites of the enzymes by those enant®riat are not the natural substrates. For
example, although glycosides belongingteeries are the natural substrates for all glyassd

(exceptL-fucosidases), anrenantiomer could own a structure that fits betieractive site.

The iminosugars are an important class of glycegidahibitors and are witnessing a great

interest as potential therapeutic agents. An exarngbiven by deoxy-allonojirimycin @), a

much better inhibitor ofi-D-mannosidase than deorymannojirimycirf (Figure 3).

oz &Oi
‘N HO ‘NH
HO OH HO

L-allo-DNIJ, 4 D-DMJ, 5

Figure 3: Glycosidase iminosugar inhibitors.

In light of these findings, in the last decades degelopment of new methodologies for the
enantioselective synthesis of chiral compoundsexaerienced a huge evolution, carrying this

topic from the status of a curiosity to a centsalie in academia and in the life science industry.

In chemical synthesis, much effort has been diceteards developing asymmetric synthesis
strategies that yield product molecules with a ificant excess of either the left-handed or the
right-handed enantiomer. This is usually achiewednbking use of chiral auxiliaries or catalysts
that influence the course of a reaction, with thargiomeric excess (ee) of the product linearly
related to the ee of the auxiliary or catalyst usedecent years, however, an increasing number
of asymmetric reactions have been documented vthireelationship is nonlinegrsuggesting
the existence of effects that can lead to "asynimatnplification”. Theoretical modéltave long
suggested that autocatalytic processes can reaulkinetically controlled "asymmetric
amplification”, a prediction that has now been fiedi experimentally and rationalized
mechanisticall}f in the case of autocatalytic alkylation reactionwias observed that such

9



"asymmetric amplification” could explain the devyaioent of high enantiomeric excess in

biomolecules from a presumably racemic prebioticldvo

In this context, this thesis is focused on thegtfthe central role of chirality in different kin
of molecular structures; in particular, new synihpathways have been developed to improve the
synthesis of already existing drugs, exploring kg same time the relationship between the
chirality and the pharmacological properties ofstheompounds. Moreover, new enantiomeric
systems have been synthetized and their pharmacalqgoperties will be tested to verify the

potential bioactivity and use as drugs.

The thesis is organized in three major sectionsdimg on the different molecule typology
investigated (nucleosides, iminosugars, alkaloidi®e studies on nucleosides and iminosugars
have been carried out at the department of CherSicahces of University of Naples “Federico
II", while the synthesis of alkaloids has been awpbshed at the department of Organic Chemistry

of the Faculty of Pharmacy of the University of &zobna.
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1. INTRODUCTION

Development of antiviral drugs entails combined petences in chemistry and biology.
Nucleoside analogues (NAs) can play the role avaat and anticancer prodrugs owing to their
ability of mimicking natural nucleosides in strucland functional terms. Consequently, they can
interact with viral and/or cellular enzymes andilthcritical processes in the metabolism of
nucleic acids, such as the binding to host humés!cthe transcription of genomic RNAr the

gene expressidn

For this reason, NAs have been the most representattivirals therapeutically adopted over

the last decades and a large plethora of stratégidiseir synthesis has been surveyluky play

a prominent role among the drugs currently adoatzinst acquired immunodeficiency syndrome
(AIDS). In particular, they work by interacting Wihuman immunodeficiency virus type-1 reverse
transcriptase (HIV-1 RT) the viral RNA-dependent DNA polymerase. The iitoity action
towards HIV-1 replication is dependent on the foilog stages: 1) the cellular uptake of the
analogue, 2) its phosphorylation mediated by calliKinases, 3) the extent of competitive
inhibition achieved, and 4) its binding to RT andbsequent incorporation into elongating viral
DNAS. For this reason, the design and the synthesthesfe active NAs has always been a
challenge for chemist and biologist, also in viefatlte virus ability to develop easily a drug

resistance.

1.1. HUMAN  IMMUNODEFICIENCY VIRUS AND ACQUIRED
IMMUNODEFICIENCY SYNDROME (HIV/AIDS)

Over the last decades new therapies for acquireduimodeficiency syndrome (AIDS) have
been developed, providing much improved tools ie tteatment of this pandemic disease.
Unfortunately, even nowadays there is not a défmitherapeutic protocol and in 2014 AIDS still
caused an estimated 1.2 million fatalities with @b86.9 million people infected by human

immunodeficiency virus (HIV) worldwide At present, there are more drugs approved for the
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treatment of HIV than for all other viral infectisrtollected together. In absence of an effective
vaccine, these drugs are the only therapeutic tawklable for the treatment of human
immunodeficiency virus type 1 (HIV-1) infectionsnfdrtunately, these drugs cannot heal HIV
infections, so that drug therapy, once initiatedagatient, must be continued all life long. This
represents a demanding limitation, and anti-HIVgdrare thereby required to be relatively

nontoxic so to be used in a long-term thefapy

AIDS is caused by human immunodeficiency virus, ighly mutable lentivirus roughly
spherical of 120 nm, a member of retrovirus fanRBtroviriadae, whose genome is encoded in
RNA (Figure 1.1).

RNA strands

Proteins of Host Cell

— b gpm} env-Glicoprotein

Env gp4l complex
-
Viral envelope

Protease
Gag pl7

Reverse

transcriptase Gag p24

1
Capsid ntegrase

Figure 1.1 HIV virus.

Two copies of positive single-stranded RNA are gné# the virus; they encode nine genes of
the virus and are coated by a conical capsid mé@e000 copies of the viral protein p24. The
RNA strands are bound to nucleocapsid proteinsapd,some enzymes necessary for the of the
virion development: reverse transcriptase (RT)pmiclease (RNase), proteases (PR) and
integrase (IN). The reverse transcriptase, an eazfound just in retroviruses, is the most
important therapeutic target in AIDS treatment. tRAnscribes retroviral RNA into DNA, which
is then integrated into the host genome and expddsg the infected host cell under the control of
viral genes. The viral RNase catalyzes the deg@datf RNA into smaller fragments after the
transcription into viral DNA mediated by RT. PRessential for maturation and infectivity of the
virus. Indeed, budded, immature viral particlessess catalytically inactive protease, and this

immature form is not infectifeIN is instead involved at the stage in which MDA is inserted
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into the host chromosomal DNA, an essential eventHfV replication. This is an irreversible

step causing the cell to be a permanent carrigreo¥iral genome (provirus).

HIV has the 5'-gag-pol-env-3' gene organizationcgiof other retrovirusé€sGag, pol and env
are three major genes encoding major structurakep® and essential enzymes: gag encodes
proteins of the virion interior; pol (pol, polymae) encodes viral enzymes; env (envelope)
encodes the virion glycoproteins. The integritytioé virion particle is ensured by a matrix
composed of the viral protein p17 surrounding thgsed. The matrix is in turn surrounded by the
viral envelope, featuring a lipid bilayer (takeonrr the membrane of the host cell), proteins from
the host cell, and a few copies of HIV Envelopet@ro In particular, outside of the membrane
are exposed several caps composed of three copiasglycoprotein (gp) known as gp120,
anchored to the envelope through a stem compostutesf gp41 copies. The Envelop protein is
responsible for the viral attack to the targets;eihe fusion of the viral envelope with the cell
membrane, and the release of the viral contentianvaded cell. Overall, these events represent
the start of the infectious cycle, and not casuaikyEnvelope protein is a major target for vaccine
efforts addressed against HIV.

HIV is highly capable of both evading the host immawsystem and developing resistance to all
available drug¥. This is a consequence of the error amenabilitylofreplication combined with
the rapidity of this latter process. Consequeirttg,only way to stop the development of resistance
is to block completely viral replication; this, tarn, stops the evolution of resistance.

The currently approved anti-HIV drugs can be dididato seven groups: nucleoside reverse
transcriptase inhibitors (NRTIS), nucleotide reeersanscriptase inhibitors (NtRTIs), non-
nucleoside reverse transcriptase inhibitors (NNRTisotease inhibitors (PIs), fusion inhibitors
(FIs), co-receptor inhibitors (CRIs), and integrashibitors (INIs). Current treatments are
typically involving a combination of three druggjdanowadays AIDS can be regarded as a
chronic, manageable dise&safter a long period in which a high mortality ratas sadly
associated with the diagnosis of this disease.h®fapproved drugs, most target the reverse
transcriptase and the protease.

The earliest drugs developed in the fight aga®S were NRTIs; specifically, they
terminate further insertion of nucleotides into #iengating viral DNA chain carried out by the
enzyme reverse transcriptase. The favourable effébese drugs in AIDS patients has confirmed
the importance of inhibiting RT, and led to the elepment and clinical use of another class of
RT inhibitors that are not nucleosides, the NNRNNRTIs inhibit RT by binding to an allosteric
site of the enzyme. Finally, the intense efforsbientists covering a wide spectrum of disciplines

16



has produced the other distinct mechanistic claglsugs in the fight against AIDS. These drugs
have been designed to block the action of the R&ileeir synergy with RT inhibitors has brought
to the market place new and efficacious combinati@napies for the treatment of this disease.
Successful development of PR inhibitors as drugs based on the early comprehension of its
pivotal role in viral maturation as well as itsustiure and function. Indeed, many reviews have
been published on the protease and the discovdrgi@relopment of its inhibitols Furthermore,

a new drug, raltegravir, which targets the IN, feently been approved and shows good efficacy

for resistant HIV infection's.

However, the use of these drugs has been relativeiled by their toxicity?, drug resistance
insurgenc®, and more worryingly, the inherent resistanceasfiis newly HIV-infected patients
even to the currently approved AIDS treatm&at€ombination of these issues with undesired
side effects, and a possible poor tolerabilityhaf drugs strongly spurs the research for new anti-
HIV agemts with an acceptable toxicity and resisgaprofile and, more importantly, with novel

mechanisms of action.

1.1.1.HIV LIFE CYCLE

Before explaining the mechanism of action of thesiviral drugs, the HIV life cycle have to

be outlined in few crucial steps, as summarizeéigure 1.2

The first step is the specific interaction betwdlea virion glycoprotein gpl120 on the outer
membrane and the CD4 (cluster of differentiatioreg¢eptor on the host cell surface. This reaction
cause a change of conformation, allowing the icteya of gp120 with the chemokine coreceptor
CXCR4 or CCR5. This is then followed by further tammational changes that expose a fusogenic
peptide (gp41), which anchors into the host celhibene. Once the viral envelope and cell
membrane have fused, the virion is decapsidateds#lg the viral RNA (the virion has two copies

of a single-stranded RNA genome and viral proteims) the host cell's cytoplasm.
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Figure 1.2 HIV life cycle.

The viral RNA is transcribed to viral double-straddDNA with the reverse transcription. This
process is catalysed by the reverse transcriptaBNA-dependent DNA polymerase, which is
encoded by the viral genome. RT exhibits enzyneattovity in two ways: 1) it can act as a DNA
polymerase, copying either a DNA or an RNA templ&beit can serve as a RNase H, cleaving
RNA when this latter is incorporated into an RNA/RNuplex. Both these activities bring to the
conversion of RNA into a double stranded linear DN&process occurring in the cytoplasm of
the infected cell. As DNA synthesis proceeds, RNHs@&egrades the RNA strand. Upon
completion of DNA synthesis, the produced lineantile-stranded viral DNA is translocated to
the nucleus where it is inserted into the host genby integrase (IN). This inserted DNA copy,
called a provirus, is the source of both viral gaiand viral messenger RNAs, which are
generated by the host DNA-dependent RNA polymerR3eis endowed with all enzymatic
activity the necessary for the conversion of VRaIA into DNA; nonetheless it can be helped for

18



the goal by other viral proteins (notably the niccleeid chaperone nucleocapsid, and perhaps IN),
and probably some cellular factors. After trangaip (helped by regulatory proteins tat and rev,
which are themselves viral gene products) and tatas into viral proteins using the cells’
apparatus, the assembly of the gag and gag-poprmbins occurs near the cell membrdng
During viral assembly, two copies of single-strashd&al RNA are incorporated into the virion,
which then buds off from the cell, taking with &@np of the host cell membrane. Soon after budding,
viral protease cleaves the gag-pol polyproteineiegate a mature, functional virtén

A guestion arises, why virions contain two copiéshe viral RNA genome instead of one, if
in theory, the reactions could be carried out waitthy one copy of the viral RNA genome The
answer is that, with only one copy of the viral RiN¥a virion, a single break in the RNA would
be fatal, as the synthesis of a complete DNA copyld/be prevented. Indeed, if there is a second
copy of the RNA, and minus-strand DNA synthesiblagcked by a break in the RNA template,
synthesis can be continued if minus-strand DNA Isgsis is transferred to the second RNA
genome. In fact, with two copies of genomic RNAgenet, a complete DNA copy can be made
even when both RNA genomes are extensively nickel@ss both RNA copies are nicked at the
same site. If a virion is generated by a cell bgpoinly one integrated DNA genome, the two RNA
copies will be identical (unless RNA polymerase gg#in error), and the fact that, during minus-
strand DNA synthesis, RT often shifts back andhftm¢tween the two RNA templates will have
no significant consequence. However, if a host cetitains two different integrated viral DNA
genomes, then virions can be produced that cotiainmelated RNA genomes that have different
sequences. This sets the stage for the generdtiainabrecombinants. If RT makes a double-
stranded viral DNA by copying from two different RNjenomes, the resulting DNA will contain
sequences that are derived from both of the pdrgateomes. In HIV-1, recombination during
reverse transcription is a routine, rather thansualj process. This can have important
consequences. For example, recombination can dethe tgeneration of viruses that are resistant

to multiple drugs from parental viruses that areher@sistant to only a single drug.

Generally, antiviral drugs could be targeted abegitviral proteins or cellular proteins. The
former strategy provides more specific and lesgcto@mpounds, albeit with a limited spectrum
of activity and a higher amenability to induce Vidaug resistance. The latter strategy, instead,
affords anti-HIV drugs with a broader activity speen and a lower resistance, but a higher

probability of toxicity’.
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1.2. NUCLEOSIDE REVERSE TRANSCRIPTASE INHIBITORS (NRTIS)

As seen above, reverse transcriptase is essantiad replicative cycle of retroviruses, because
it synthesizes the proviral DNA, which will then i¢egrated into the host cell genome and passed
on to all of the progeny cells. The substrate (dNJiRding site of HIV reverse transcriptase turned
out to be an attractive target for nucleosidic Hifibitors. In fact, the first anti-HIV drug that
was approved in 1987 for the treatment of AIDS thasnucleoside reverse transcriptase inhibitor
3-azido-2',3-dideoxythymidin& (zidovudine, ZDV or AZT}), which is a nucleoside analogue
that inhibits the HIV reverse transcriptase. Infiblowing years the research has been focused on
the synthesis of other nucleoside-based compouitdgyaod inhibitory activities of RT. For this
reason, six more NRTIs, 2’,3’-dideoxynucleosidesjéenbeen identified and approved by the Food
and Drug Administration (FDA) for treating HIV patits: 2 3-didehydro-23-
dideoxythymidiné® (stavudine, d4T]Jl), 2,3-dideoxycytiding® (zalcitabine, ddcjil), 2,3-
dideoxyinosiné' (didanosine, ddl}V), (1S4R)-4-[2-amino-6-(cyclopropylamino)#$-purin-9-
yl]-2cyclopentene-1-metharfél(abacavir, ABC,V), (-)-2,3-dideoxy-5-fluoro-3’-thiacytidin&
(emtricitabine, FTCVI), and (-)-2,3 -dideoxy-3-thiacytidiné* (lamivudine, 3TCVII ) (Figure
1.3.

o A NH, NH,

N NH NH F\ﬁN EKN
/ N A | |

HO—~_ O <N ' N/) </m HO—, oi &NAO —, o: \\\NAO
W HO\Q/N N NH2 g E g R

v \4 VI viI

HO

Figure 1.3 Zidovudine (), stavudinel(), zalcitabine I ), didanosinel{),
abacavir V), emtricitabine Y1), lamivudine Y11 ).

To overcome insurgence of virus drug resistanas, tere also used in combination of two or

three, but unfortunately even in combinatibey proved unable for a long term suppression of
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viral activity and patients inevitably di€dTo distinguish new advanced therapeutic approaches
from this early anti-retroviral therapy (ART), thherm highly active anti-retroviral therapy
(HAART) was coined. Th&lAART relies on the use of multiple drugs actingdifierent viral
targets. In 1996, sequential publication3 e New England Journal of Medicihg Hammer and
colleague® and Gulick and coinvestigatéfgointed out the beneficial effect of the combioati

of two NRTIs with the protease inhibitors. This cept of three-drug therapy quickly entered the
clinical practice and proved successful within shiones, with a 60% to 80% decline in rates of
AIDS, death, and hospitalizatih

These nucleosides are classified according to thectaral differences with the natural
substrates. In particular, they are divided inehddferent groups featuring: 1) modifications in
the sugar moiety, 2) modifications in the nucleaséd moiety and 3) modifications in both the
sugar and base moieties. Generally, the main noadiibns are the configuration inversion of
carbinol sites, their elimination (leading to didge or dideoxy-didehydro-nucleosides), their
substitution or refunctionalization, or cleavagele# sugar ring (leading to acyclic nucleosides).
Other structural modifications have also been gitech such as replacement of the endocyclic
oxygen with a methylene group or a sulfur atormgpmsition of the endocyclic heteroatom and/or

additional insertion of a second heteroatom instingar moiety.

NRTIs are prodrugs; in order to serve as chain iteatars in the reverse transcription
(RNA—DNA), they need to be phosphorylated inside thet heedl to their triphosphate
derivative$® under the agency of three kinases. As all NRTllsviothe same inhibition pathway

against HIV, an example of inhibitory mechanisnilisstrated only foVIl (Figure 1.4 .
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Figure 1.4 Mechanism of phosphorylation for lamivudingl().

Lamivudine ¥II) is sequentially phosphorylated by deoxycytidinaake, deoxycytidine
monophosphate kinase and nucleoside diphosphataseirio form the monophosphate,
diphosphate, and the active triphosphate derivativél , respectively (for more informations on

kinases, an interesting review has been publise@ieiular and Molecular Life Scienc

All NRTIs are analogs of normal nucleosides, butatvays NRTIs prove to be good substrates
for the cellular kinasé& For example, low amounts of AZTTP are accesdigleause of the
limited addition of the second and third phospffatdowever, for other NRTIs, the addition of
the first phosphate is the limiting step in the rallemetabolic pathway leading to the active 5
triphosphate metabolites. Poor phosphorylatiohatiucleoside-kinase level can account for the
low anti-HIV activity displayed by some dideoxyneckide analogues (for examplé€,32
dideoxyuridine) under conditions in which otheridatives are active. This issue has spurred the
search of 23-dideoxynucleoside‘Emonophosphate pro-drugs prone to be elaboratdwihost
cell to the corresponding-8i- and 3-triphosphate derivatives, in a strategy aimedvat@ming

the initial nucleoside-kinase dependency.
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The active triphosphate moiety is then incorporated the growing DNA by cellular DNA
polymerases and it causes the termination of thiegekion of the growing DNA double strand.
This happens because all NRTIs lack tHehy&lroxyl group; therefore, they prevent the
incorporation of the incoming nucleotide. A possibiechanism underlying the viral resistance is
likely based on a pyrophosphorolysis repair reactremoving the chain-terminating residue

through a process that is substantially the revefriee transcriptase-catalysed elongaltion

Besides the seven NRTIs approved so Fagure 1.3), further six derivatives advanced to
either phase 1l or phase Il clinical trialfigure 1.5: apricitabiné® (VIII ), racivir* (IX),
amdoxovif® (X), elvucitabiné® (X1), reverset’ (XIl ) and alovudin&(XIll ).

NH, NH, NH,
F
¢ C T
HO\( SN /go HO—L.H(O N ’go HO\(OJ/N N/)\NHZ
4 o4 b

VIII IX X

NH, NH,
F\(g NH

N SN |
| (L \EL/&

XI XII XIII

Figure 1.5 NRTIs currently undergoing either phase Il orghédl of clinical trials.

CompounaVlll is the most advanced in clinical trials, showingend anti-HIV activity both
in viva®® andin vitro®°, and probably FDA will approve it for clinical useon. RacivirlfX) is a
50:50 mixture ofVl and its enantiomer, and possesses a high antiddtivity in viva®* andin
vitro®®, Others compounds are showing an interesting padetivity in vitro, alone or in
combination with other NRTIs, also against wildd¢y@and HIV resistant to several other

nucleoside analogu®s
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1.3. L-NUCLEOSIDES: LAMIVUDINE AND EMTRICITABINE

Enzymes are enantiomerically pure catalysts largegponsible for the conservation of
chirality in living organisms. Enzyme-catalyzedagans are generally highly stereoselective and
often their kinetic outcome is strongly dependenth®e chirality of the substrates: for instance,
many enzymes are selective towardsucleosides and-aminoacids. The enantioselectivity in
enzymatic catalysis has been exploited in orgaynthesis, for example in kinetic resolution of
racemic mixtures as well as in the synthesis ofattiuilding blocks from achiral precursors.
However, it was probed that the selectivity of aneg used in synthesis with large series of
substrate is not so strict, depending on the straatf the candidate substr&teFor this reason,
the conviction that enzymes catalyze the transfaomafor example, of jusb-nucleosides and

their analogues is absolutely wrong.

L- andb-nucleosides are (of course) displaying identi¢glgical and chemical properties with
the exception of optical rotation. However, the npimacological properties in chiral environment
can be differentiated for each isomer. The oridithese differences may be rooted in: 1) delivery
of nucleosides into the cells, 2) anabolic andlmata enzymes that act on these compounds, 3)

interaction with the viral and/or cellular targeizgmes.

L-nucleosides have an inverted configuration atlallal centers, preserving tif&orientation
(cis) of the nucleobase and thehgdroxymethyl group. Atom at the position X, RldaR2 may

be oxygen, methylene group, sulfur or another sihgiteroatomRigure 1.6).

B : B
o : 5 5
HO— Q B | B '/;' OH __  HO—, X_.B
AL N T = O
Ry-Ry ! Ri=R, Ry-Ry
D-nucleoside i L-nucleoside

Figure 1.6 b- andL-nucleosides.

Although the first synthesis afnucleoside was reported in the 1960a little interest has
been addressed tenucleosides until the emergence of 3TC. Belletal first described the
synthesis and anti-HIV activity of an unusual noslide analog, ()-2;3lideoxy-3-thiacytidine

(BCH-189,X1V )*4, a compound in which thé-8arbon with the hydroxyl function of the furanose
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sugar moiety is replaced by a sulfur atom. Subggtyet was found rather surprisingly that the
L-isomer of BCH-189 (3TCVII ) was more powerful against HIV-1 and less toxianthts D-
isomer KV)?** (Figure 1.7). 3TC and ito-enantiomer were found to possess comparable anti
HIV-2, activities. 3TC displays a poor cytotoxigitywhereas (+)-BCH-189 proved to cytotoxic
(ICs0 = 2.7uM) against human PBM cells.

NH, NH, E NH, NH,
| SN | SN Nﬁ | SN
HO—HL(O N ’J*o HO\(O N /&o | o)\ N o 7fOH ~ Ho—, (0 N ’J%o
. OO )
XIV XV VI
() BCH-189 (+) BCH-189 (-) BCH-189 (3TC)
ECsy= 0.02-0.06 pM ECy= 0021 pM ECsy= 0.0018 uM

Figure 1.7 Isomers of BCH-189.

Since then, the synthesis and the biological evialuaf a large array af-nucleosides analogs
highlighted the importance of chirality and itslugnce on antiviral activity of the-nucleosides.
These properties are not always predictablaZT, the L-isomer ofl was synthesized using
arabinose as a starting matefiaThe anti-HIV activity of. -AZT was reported to be about 10000

times lower than that of AZT.

However, the most surprising aspect in the relatdglect lies in some instances of cellular
kinases capable of phosphorylating theucleosides to their triphosphates, and theredgwmg
them with various biological activities. For examplt was found that deoxycytidine kinase is the
enzyme responsible for the monophosphorylationT@*3 and that 3TC is a better substrate for
this enzyme than the-enantiomef. Deoxycytidylate kinase and nucleoside diphosphkistases
are the enzymes that phosphorylate the monophasmfa8TC to its di- and triphosphate,
respectively. 3TC is resistant to deamination bypxgeytidine deaminase, whereas the
enantiomer is deaminated tbdeoxy-3-thiauridine by the same enzyffieThe half-life of 3TC
triphosphate was 12—-15.5 h in mock-infected cafig, 10.5-13 h in HIV-1-infected cells, whereas
a significantly shorter half-life was recorded witte D-enantiomer (3.5 h in mock-infected cells
and 5-7 h in HIV-1 infected celf) The better substrate specificity for deoxycytalkinase, the
resistance to deamination as well as the longé+lifalof the triphosphate of 3TC may explain
the observation that 3TC is more potent thap4&nhantiomer against HIV-1 in vitro.
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(-)-2',3-dideoxy-5-fluoro-3-thiacytidine (FTC,\VI), a 5-fluoro analog of 3TC, also showed
potent antiretroviral activity against HIV- 1 andH23* (Figure 1.8).

NH, ! NH, NH,

F | SN . N ﬁ F F\ﬁN
HO\{() N ’go i O)\N ¢) Y_OH - HO—,,," [e) ~‘\\\N /&O
TG ®
XVI VI
(+)-B-D- FTC (-)-B-L- FTC

Figure 1.8 Isomers of FTC and their activity.

Like 3TC, (-)4L-FTC exhibits more potent anti-HIV-1 and HIV-2 atty than its D-
enantiomer respectively in PBM cells aindvitro. It is also significantly less toxic tharFTC,
and both enantiomers are less cytotoxic than b@H-B8%: in fact, when the triphosphate form
of emtricitabine (E-TP) was compared with 3TC topphate, the activity against mitochondrial
DNA polymerases (poj) of E-TP was 24 times lower than that of 3%.Q\s with 3TC, (+)-FTC
was found to be a suitable substrate for deoxymgideaminase, whereas the enantiomer, (-)-
FTC, was resistant to deamination mediated by tiagrae?,

Biological studies suggested that like 3TC, deokgiye kinase, deoxycytidylate kinase and
possibly nucleoside diphosphate kinases are the/maw that phosphorylate-FTC to
emtricitabine 5triphosphate. E-TP is incorporated by RT intoglangating proviral DNA chain,
causing termination of DNA synthesis because of ithpossible incorporation of the next
nucleotide at the E-TP’3position Figure 1.4*°%% Both p- and L-enantiomers of FTC
triphosphates were equipotent inhibitors for RTt btFTC proved to be anabolized more
efficiently and to be a better substrate for thexgeytidine kinase than the correspondimg
enantiome®. Intracellular concentrations of the and L-FTC triphosphates were compared
following incubation with racemic FTC and there &0 times more-FTC triphosphate than
the corresponding-FTC triphosphate. Therefore, the potent anti-Hetaty of L-FTC and 3TC
is caused by their selective phosphorylation stegsther with the stereoselective deaminations
of thep- enantiomer®. However, 1:1 racemic FTC (raciviX), is in phase Il clinical trial and

probably will be soon approved by FDA for its aRtiv-1 activity.
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Unfortunately, both 3TC and FTC could develop rgpittug resistance. After few weeks of
initiation of monotherapy, they cause a single paiatation at position 184 of RT The point
mutation causes a replace of methionine by valimealeucine (M184V, M184| mutations). As
expected, this mutation confers cross-resistan@¥ @, but other nucleoside agents retain their

activity®®, so the combination of different antivirals of tHAART can avoid the problem

1.3.1.PREVIOUS SYNTHETIC APPROACHES TO 3TC AND FTC

The first synthetic approach to (+)-BCH-189 repdrg Belleawet al** utilized an oxathiolane
intermediate obtained as a 1:1 mixture of anomgreéction of benzoyl oxyacetaldehyd@/(l )
with protected mercaptoacetaldehy®¥®I1ll . The intermediateXIX was then coupled with
silylated cytosine by TiGlpromoted reaction to give a 1:1 mixtureaoénd S nucleosides. After
separation by chromatography and following deptaiac (+)-BCH-189 KIV) was obtained
(Scheme 1.1

NH,
Sy
Py OMe BzO—, (O. OMe | /&
Bz0” >CHO + s — HL( — Ho— N
“Home g HO 0 o
s—/\
XVII XVII XIX X1V

Scheme 1.1First synthesis of racemic BCH-189.

Various approaches for the synthesis of 3TC haea lbeported, especially in nineties. Liotta
et al first reported the synthesis of 3TC using Sré3l promoter obtaining th8anomer as the

major product (selectivity >300:1), and followirget3TC after enzyme resolutiSiiScheme 1.2
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Scheme 1.2(a) HSCH2COZ2H; (b) DIBAL-H; (c) A®; (d) TMS-cytosine/SnGl(e) TBAF; (f) enzyme.

Chu and co-workers reported an asymmetric syntloddlse enantiomeric pure isomersmf
oxathiolane nucleosides (enantiomers of 3TC and iRtDded) starting fror>-mannose and-
galactos® orL-gulose to finally get-oxathiolane nucleosides (3TC and FTC includé&fusing
TMSOTTf (with a low ratioa.8= 1:2) and SnGl(Scheme 1.3

OH S
OH on TBDPSO 0. ,OAc HO o. .B
0 a-e f-m \(J/ n-p \( 7/
HIC-I)O — Ho (0] — 5 — S
OH

HO
D-oxathiolane

D-mannose nucleosides

o o TBDPSO OA HO B
—, O JLAac 2, Ol o
. "OH \ s S
OH S
L-gulose L-oxathiolane

nucleosides

Scheme 1.3(a) TsCI; (b) AgO; (c) HBr/AcOH; (d) KEX; (e) NHOH/MeOH; (f) NalQ; (g) NaBH; (h) p-TsOH;
(i) TBDPSCI; (j) p-TsOH/MeOH (k) Pb(OAg) (I) PDC; (m) Pb(OAg; (n) TMS-cytosine/SnGlor TMSOTHT; (0)
NHs/MeOH; (p) TBAF.

Goodyearet al®®in 1995 did a breakthrough in the synthesis of¢hexathiolane derivatives,
using the menthyl group as inductor of chiralitgdhe TMSI as promoter of tid-glycosylation,

obtaining a goodr.( selectivity of 1:23$cheme 1.1
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Scheme 1.4(a) glyoxylic acid hydrateBuOMe; (b) (i) AcO/MeSQH,; (i) recrystallization; (c) (i) (-)-
menthol/DCC/DMAP; (ii) recrystallization; (d) (TBDB,-cytosine/TMSI; (e) LiAlH.

After then, several papers and patents then desttite synthesis of 3TC and FrCbut
another substantial contribution in this field cafmem the Glaxo-Wellcome grofipin the
synthesis of the single enantiomer lamivudine. éalecondensation af-menthyl glyoxate
hydrateXXV with 1,4-dithiane-2,5-dioKX yielded an intermediateXV1 ) that was chlorinated
with SOCb. The addition of silylated nucleobase in presesfC(EMSOTf gave the 3TC precursor
XXVIl (Scheme 1.h

(5\ i S " (5\ ]
on T J: j/ A M, o ou
PN OH PN S

XXV XX XXVI
NH, NHz
ﬁ |
HO— /& -— @ )I o N o < i)\ ) Cl
vl XXVIII XXVII

Scheme 1.5(a) AcOH; (b) SOC! (c) TMS-cytosine/TMSOTT; (d) (i) LHPQOy/NaBH; (ii) recrystallization.

Other chiral precursot$and chromatographic processihijave been described. For example,

5-fluorocytosine can be obtained via direct fluation of cytosine using trifluoromethyl
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hypofluorite and fluorotrichloromethane as solvanmtalternatively from fluoroacetic aéfi but

its production is the step with the largest price.

A last patent has been published in 2013 by &1, where the synthetic strategy is really
similar to the Glaxo-Wellcome one except for Mglycosylation, that starts from an acetylated

intermediate and is promoted by ZfCThe obtaineg>-product is >97%%cheme 1.5

0 S OH (5\ le)
@OJK(OH + o sz A oA (O_TOH
P OH A S

XXV XXVI XXIX
o
NH, NH,
N SN 0
CL oo gL CL - O
HO—,, 0 \\\N’go - .. o .&N/go Y O)M(OJ/OAC
Y Y, AL
S PN S
Vil XXVIII XXX

Scheme 1.6(a) AcOH; (b) AgO; (c) TMS-cytosine/ZrGl (d) (i) K:HPOW/NaBH; (i) recrystallization.

Every explored strategy presents common drawbatksrticular in theN-glycosylation step.
The reaction is promoted by unwieldy and unstaldenpters, which involves little reproducibility
of the reaction, both in terms of yield and steed@divity. These two factors are very important
for the large production of 3TC and FTC and for imizing their contamination with undesired

cytotoxic isomers.

1.4. CONCLUSIONS AND FUTURE PERSPECTIVES

In spite of all the worldwide efforts, AIDS remaimaspandemic disease because the rapid
evolution of the HIV virus and the development afigiresistance. However, a large number of
antivirals has been licensed, most of them NRTHEckwcan turn in most of cases this disease
from mortal to chronical. In particulat-nucleosides represent a good compromise between

activity and toxicity, for their almost exclusivatéraction with RT rather than human DNA
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polymerase. Within this class of nucleosides, 31@ BTC are the most representative drugs
approved by FDA, showing a potent antiviral acyivand a low cytotoxicityn vitro andin vivo.
Their preparation still constitute a challengedoientist for the difficult of obtaining at the sam
time good yields and stereoselectivity, enclosea poactical, cheap and safe synthesis. Indeed, a
new synthetic approach is requested, to avoid sieeofi unwieldy and unstable promoterd\of

glycosylation and to obtain a higher selectivity.

More importantly, new anti-HIV agents featuring Bbmechanisms of action and capable of

minimizing the insurgence of resistance are sééaed.
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2. OBJECTIVES AND SYNTHETIC STRATEGY

This section of the thesis is addressed to theldewent of a convenient, cheap, safe and
stereoselective synthesis of 3TC and FTC, usingables promoter system in the keéy-
glycosylation step. Furthermore, on pursuing tteedefor new anti-HIV agents able to avoid the
evolution of resistance, new derivatives of 3TC endneen synthesized to be tested for their

potential biological activity.

The stepwise strategy can be outlined in few @iigioints:

e« The construction of new 3TC derivatives correspogdio the diastereoisomeric
sulfoxides obtained from a racemic mixture of landilne and itD enantiomer via a

kinetic resolution FFigure 2.1).

NH,

O,

HOH\\/
S

s y '\ Ta

NH, NH, NH, NH,

Q d B,
N

0 HO—, 0 HO\( 0 HO

- /+ _o\\“‘+ - /+

HO—

Figure 2.1 Construction of sulfoxides of 3TC and its enamigo.

e The construction of 3TC sulfoxides starting frommeoercial Zeffix®, in case of an

unsuccessful kinetic resolutioRigure 2.2).
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Figure 2.2 Construction of sulfoxides of 3TC starting fromnemercial drug.

The synthesis ob enantiomers of 3TC and FTC with the silane/iodooenbined
reagent as the promoter of tNeglycosylation reactionHigure 2.3).

: : NHR
9 1) Silane/I,, DCM, 0 °C EE X\ﬁN
,u,,O O > '/II/O O /&
o OAc o. N (0)
\<( Ja T™MS-\Rr \<( j/
2 DCM, 0 °C to rt
S )| X AN : 0 S
N/J\OTMS
NHR
R =H, Bzor Ac
X £
SN BSA X=HorF

| DCM, 40 °C
Yo

Figure 2.3 Employment of the silane/iodine systemNiglycosylation.

The construction ab-sulfoxides from the synthetized (+)-BCH-188i6omer of
3TC) (Figure 2.4).

| A T | )%o HO OIN’go
7 N

Figure 2.4 Construction ob-sulfoxides.
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3. RESULTS AND DISCUSSION

3.1. CONSTRUCTION OF 3TC DERIVATIVES

As described in the introduction, the NRTIs featoredification in the sugar and/or nucleic
base moieties to interact with RT and operate asxderminators in the viral reverse transcription
reaction Figure 1.4. 3TC (1), in spite of its_.-configuration, exhibits potent anti-HIV-1 and
HIV-2 activity, that is expected to be amplifiedtiwistructural modifications making it more

similar to the cytidine§cheme 3.1

NH, NH, NH,

L L CL
HO—, o N"Yo ... Ho—/,,,,(o N0 HO_%'((D N0
S | —O/§ 2 - § 3 l N\H;
NH, NH, NH, HO\@,N ’&o
S SN SN
f\lo | ,&O | N/&O HOCytidine

Scheme 3.1Project of construction of 3TC sulfoxides.

The introduction of an oxygen linked to the sulfuimics the hydroxyl group attached to
cytosine C-3 and could better deceive the RT. At the same,tilme impossible condensation
reaction between the sulfoxide and the phosphatgogof other triphosphate nucleotides prevents
the elongation of the viral DNA chain. The prepanatof both the sulfoxides starting from 3TC
and its enantiomer was planned, considering thathilblogical activity and the toxicity of

molecules is not easily predictable and every isaroald be a potential antiviral drug.

34



3.1.1. KINETIC RESOLUTION OF SULFOXIDE RACEMIC MIXTURE

In a previous work of the research group where $biion of the thesis was carried out, the
commercially 3TC (Zeffix®) was oxidized after a protion of the exocyclic amine group of the
cytosine, to permit the chromatographic separatfdhe two isomeric sulfoxides.

Among the numerous existing meth@bsf sulfoxidation, the group selected the Kagand
the Moden#& oxidations. Both methods contemplate the use efhgl tartrate (DET) and
titanium(lV) isopropoxide (Ti(®Pr)y) for the asymmetric induction and a hydroperoxate
oxidizing agent (in particular, the research graspd the cumene hydroperoxide, CuOOH). The
Kagan method involves a 1:2:1 of Ti(®r)/DET/H20 ratio, with the surprising presence of the
water that give a strong increase in the opticaldyithe Modena method instead contemplates a
1:4 ratio of Ti(Q-Pr)/DET alone, but both the sulfoxidations shows saamiesults.

Protected 3T was oxidized with botb andL-DET under conditions of Kagan and Modena
trying to mimic the different reactivity of the twemantiomer§ and8 with the onlyp-DET in the

formation of four stereoisomeric sulfoxid@sl0, 11, and12 (Scheme 3.2

NHBz NHBz NHBz
Ti(Oi-Pr), DET, SN SN
SN 4,
| I CuOOH, H,0 | A | I
HO—, o. N0 HO—, o N~ "0 4 HO—, o N "0
S -20°Ctort _ 7% o7
7 0) 0)
9 10
Diastereoisomeric ratio
p-DET 25 1
L-DET 4 6
NHBz NHBz NHBz
ﬁ%N | SN SN
HO ’&o _______ . Ho\(o N/J%O n HO\( ,&
e

11 12

Scheme 3.2Previous work of the research group: stereosetestilfoxidation of 3TC under Kagan conditions.

Analysis of these results indicated the potentmdliaability of a kinetic resolution approach
starting from a racemic mixture @fand8. Indeed, this strategy was supported by combitiieg

following observations: 1) the low diastereoisoroestio (dr) obtained by treatment Divith L-
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DET (4:6) corresponds to that obtainable on exposfiB to D-DET; 2) oxidation of 7 witlp-

DET is not only more diastereoselective, but ie &ster than with-DET.

The synthesis of racemic mixture of 3TC and itsnéioaner started from compount#,
previously obtained by the condensation of bennaylacetaldehyde with 1,4-dithiane-2,5-diol
(dimeric mercaptoacetaldehyde), in a syntheticaaimilar to that described by Belleatial**
(Scheme 3.3

Toluene, 1) DIBAL-H,

cho - \[ j\ reflux BzO— 1'1\/ j toluene, -78 °C BzO— "H\/OD,J*OAC

2) Ac,0, 1t

Scheme 3.3Condensation and protection leading to compdishd

Next step has been the glycosylationldfwith a protected cytosine (as seen above, the
exocyclic amine group of the cytosine needs a bg@riagermit the chromatographic separation
of isomeric sulfoxides). In the first step of tieactionN,O-bis(trimethylsilyl)acetamide was added
to the reaction mixture to silylate the nucleic éas order to minimize the undesiréot
glycosylation process competing with desiketlnctionalization. Then Sn¢las added into the
flask via cannula to serve as the glycosylatiommter Scheme 3.1

NHBz 1) BSA, MeCN

Bzo—lll(o OAc N ﬁN (K/J%
j | 2) SnCl _
s IP\II’&O 0)°cntm41 B0 1%( j

14 S
55% total yield

Scheme 3.4N-glycosylation promoted by SngCl

Use of an aged commercial sample of Sn@tobably for the presence of HCI, led to the
formation ofl5as a 1: 1/ mixture of anomersu(refers to the 2,%ansisomers ang to the 2,5-
cis isomers) in an overall 55% vyield (28% for tifleanomer alone). Furthermore, the
chromatographical separation did not allow a cotepseparation of the anomeric mixture, and
just a low percentage @ isomers was recovered, underlining the need dhlles promoter
system.

A further attempt was carried out with Zi@k reported by Rogt al®but only the starting

product was recovered, in spite of applicationxdérded reaction times and high temperatures.
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The deprotection of the hydroxyl moiety was eaaihieved in presence of NaOH, affording

the starting product for the sulfoxidatid®, namely a mixture of nucleosidésand8 (Scheme

3.5

NHBz NHBz
| SN NaOH | SN
’J%o THF/MeOH/H,0 N/&O

BzO _1_.1(0 N 0°C HO _-H_L(O
S—’\ 91% S—’\
15

Scheme 3.5Basic hydrolysis of benzoyloxy moiety of nucletes15.

A large number of sulfoxidation experiments wagiedrout onl6 (Table 3.]) testing both
Kagan and Modena methods under a variety of expertiah conditions, but unfortunately the
kinetic resolution gave disappointing results.dotf the sulfoxides were always recovered as two
racemic couples (in red i8cheme 3. also when the reaction was stopped after a fewsh
(entry 2). The recovered starting product neverwstib a significant enrichment of either

enantiomer7 or 8.

NHBz NHBz
| SN EKN
HO—,,,’((O .\\\N/KO 4 HO— »\\N/J%o
S oY
NHBz - O/ o
ﬁN 9 10
HO—.H(Q N’go e + +
S NHBz NHBz
16
| SN EKN
HO\(O N’go 4 HO\(O N’go
S; s—/\
- _ +
) o/
12 11

Scheme 3.6Sulfoxidation of racemic mixtur&6.

. Ti(Oi-Pr)s ; D-DET L-DET H20 CuOOH o .
Entries ; . . . . Temperature (°C) | Time
equivalents equivalents equivalents equivalents: equivalents
1 1 2 1 2 -10to 0 24 h
2 1 1 1 2 Otort 4h
3 1 2 1 2+2 -10tort 8 days
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4 1+1 4 2 -20 24 h

5 1 4 2 -20to 0 6 days
6 0.5 2 1 -20to 0 3 days
7 1 4 2 -20to 0 2 days

Table 3.1 Tested conditions for the attempted kinetic reoh via sulfoxidation.

The enantiomeric pairs of sulfoxides were hardepasate and for this reason unusable. A

different strategy was then developed to obtairdgsred product.

3.1.2. SYNTHESIS OF L-SULFOXIDES

The sulfoxides obtained by the research group duttire evaluation of the model system
previously described belong to thesteric series, because were obtained from thereoial
3TC. For this reason, a difficult chromatograplaparation was accomplished on about one gram
of mixture, recovering 50 mg of each isomer, arel ghlfoxides9 and 10 were deprotected in

presence of a solution of ammonia and methanol(&dhheme 3.Y.

NHBz NH,

| SN ﬁN
Hom,, oo NMeOHA o S Ay
( j 0°Ctort ¢ J
§ 99% §
- O/ - O/
9 2
NHBz NH,
| SN ﬁN
Homs, o N0 NIMOHA o o Sy
o
o oY 99% o oY
O (@)
10 3

Scheme 3.7Deprotection of -sulfoxides.

Crystallization of the products permitted to obthihmg of each isomer, that will be tested

vitro for their antiviral activity.
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To obtain theD-sulfoxides a total synthesis of (+)-BCH-1898-isomer of 3TC) was
accomplished, with a previous research of a bptmmoter system for thid-glycosylation. This
promoter was also tested in the synthess-BTC

3.2. SYNTHESIS OF (+)-BCH-189 AND D-FTC: THE EMPLOYMENT OF

SILANE /IODINE SYSTEM AS A NEW N-GLYCOSYLATION PROMOTER

As seen in the introduction, the most recent angleyed methods for the synthesis of 3TC
and FTC (Glaxo-Wellcome grofip Roy et al®®) involve the use of the menthyl ester group as
chiral inductor. The new developed synthetic routdike the previous ones, takes advantage of

(+)-menthol instead of the (-)-menthol to obtaia tesired enantiomers of the commercial drugs.

3.2.1. SYNTHESIS OF ACETYLATED STARTING PRODUCT FOR N-GLYCOSYLATION

The first step of the route is already reportediteraturé>%%"3for the synthesis of 3TC and
FTC, and consists of a condensation betweementhylglyoxylate and 1,4-dithiane-2,5-diol. The
reaction was carried out withmenthylglyoxylate to obtain the enantiomeric praduScheme
3.9.
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trans-(2R,5R)-17 trans-(2S,55)-18
50% 50%

Scheme 3.8Construction of oxathiolane ring.

The condensation lead to the formation of four tei@pisomersl(7-20) because the creation
of two chiral centers, in ratio 35:35:15:15 (wh#re two most abundant are the trans isomers, as
determined by NMR). Crystallization in hexane &0in presence of triethylamine, that permits
the opening of the new-formed oxathiolane ringsthedapid interconversion of the stereocenters,
afforded pure hemiacetals7 and 18 in a 60% overall yieldwithout the need of further
purifications. These results are in contrast totvaescribed in literatufé where the generation
of the four diastereoisomers is reported to occith w different ratio (hemiacetals witR
configuration at C-2 are present with a 35% ratel) @ystallization with hexane and triethylamine
led to the formation of thE8 alone. This discrepancy has proved to be of littigortance, because
the subsequent acetylation was carried out in poesef pyridine, that promoted a second
interconversion of the chiral centers and the faiomeof the four acetylated products in the same
35:35:15:15 ratiogcheme 3.3
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Scheme 3.9Acetylation of hemiacetalk7-18.

Crystallization in hexane and triethylamine, cafrmut at -20 °C for three days, led to the
formation of the sole desird@dans product22, used as the starting product in the subseguent

glycosylation studies.

3.2.2. STUDIES OF N-GLYCOSYLATION

On the basis of previous literature, tReglycosylation system that gave the best results was
relying on the unstable and expensive TRESdn pursuing the search for a cheaper, more stable
and easier to handle promoter, the efforts in thesis have been focused on a silane/iodine
combined system. In particular, two different sdamproved useful for this purpose, triethylsilane
(EtsSiH) and polymethylhydrosiloxane (PMHS).
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The combination of ESiH and §, largely explored and used in organic synthesipdeially in
carbohydrate chemistry), generates in DCM the ggeé&itSil, that presents lower but still
significant reactivity in comparison with TMSI, attl, otherwise difficult to be obtained in a
anhydrous form. This system claims a large plethofraapplications, including anomeric
iodination, a reaction that often precedes th@thiction of a large number of functional gro{fps
the regioselective debenzylation of densely beneglpolyols, when the removal of the protecting
group leads to a steric relfeéf O-glycosylation, where the combined reagent can aigiv
haloacetimidate leaving groufisor allylic rearrangement of glycals, where themoter entails

a catalytic amount of iodine in combination withextess of silarfé (Figure 3.1).

OAc OAc ldeql, QAC0Ac OBn_opp 125eql, OH_oBn
gow 1.4 eq E;SiH 0 0 1.25 eq Et;SiH 0
OAc AcO BnO BnO
AcO DCM, reflux AcO BnO DCM, -20 °C BnO
OAc i " OMe " OMe

AcO
AcO &
AcO

AO™O_ _CCly

ACOy, 025eq]1
leql 2, AcO,, _O
NH qly, Ph/v Az )
0.05 0.05 eq Et3SiHl Et;SiH Ac O qu tSil Lj
¢ =
+ DCM/MeCN o) Y DCM.1t A0
Phﬁ(ﬂ 4:1 3
0
HO
BnO

"ocH,

Figure 3.1 Examples of applications of thesBiH/I, system.

In this study a particular interest was focusethepossible replacement og&iH with PMHS
in the reagent system. This latter is a polymettstized for the first time in 1946, but employed
in organic synthesis only recently; this polysilameonvenient for large-scale application, because
is less expensive and more stable than other siland can be stored for larger periods. In
combination with iodine, PMHS has been used irrgelmumber of anomeric iodinations, where
it showed a reactivity similar to £3iH. Resulting glycosyl iodides can be quickly certed into
alternative derivatives without an intermediate ochatographical purificatidA. In addition,
PMHS can be employed in reductive processes fabitiy to serve as stable hydride donor under
acidic conditions, avoiding the use of boranes @uncinum hydrides that could cause problems
of selectivity and the generation of toxic saltbgsroduct$’. Examples of these applications are
the reductive dihydroxylation of benzylic alcohdlscombination with Lewis acids of ir6hand
one-pot reductive amination, in combination withATRllowing the alkylation of amines with
aldehydes and ketorfégFigure 3.2).
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0.05 eq [Fe], ~ 1 eq Ti(Oi-Pr)y, NH,
1 1eq PMHS PMHS /©/\\N 2 eq PMHS /@/\/
— >
DCM, 1t Br Toluene, 60 °C  Br

AcO OAc

l4eql, OAc
CHO  ReNi 1) TFA/DCM 1:2, 1t NHR ﬁ% 1.4 g PMHS_ AcO&%
-NH, —
2) 2 eq PMHS, rt AcO DCM, reflux AcO AcO
I

Figure 3.2 Examples of synthetic applications of the PMHS.

The N-glycosylation studies also explored the effecthef hucleobases protecting group on
yields and stereoselectivity. For this reason tlmnmmoercial cytosine, 5-fluorocytosine,
acetylcytosine and benzoylcytosine have been eragloytogether with benzylcytosine,
synthetized with a procedure reported in literétj@nd benzoyl 5-fluorocytosine, synthetized by
anN-benzoylation with BzCl%cheme 3.1p

NHZ NHBz
e \Q
0°Ctort

¥

25

Scheme 3.10Synthesis of benzoyl 5-fluorocytosine.

N-glycosylation reaction consists of the iodinatidnstarting acetyl oxathiolan22 and its
coupling with a presilylated nucleobasSzfhieme 3.1
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Scheme 3.11N-glycosylation reaction.

As detailed below, the explorddtglycosylation methodology generally gave a satngf\3-

selectivity which may be accounted for by the fafilng mechanistic picture. Treatment of starting

22 with a pre-mixed solution of silane and iodinedgdo the formation of an oxonium i@®,

stabilized through anchimeric assistance by thetiygaster function, as confirmed in literat(ie

lodination then occurs in the most accessibface, affording théransiodinated produc27. In

a separate flask the nucleobase was silylated B8A to avoid the participation of either the

oxygen or the exocyclic amine in the reaction Wit oxathiolane ring. Attack of this protected

base via an & reaction gives thp nucleosidedis) as final product8-33) with a small amount

of the inseparable (trans) isomer.

Results of the experiments with the different nabkses are summarizedTiable 3.2

Entry | Silane | Rbase: X base Product = Yield (%) Selectivity® (de,%)
1 Et:SiH H H 28 98 88
2 PMHS H H 28 86 88
3 EtzSiH® Bz H 29 72 95
4 PMHS Bz H 29 73 95
5 EtsSiH Bz H 29 87 98
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6 PMHS @ Bz H 29 94 99
7 | E&SH = Ac H 30 95 97
g | PMHS  Ac H 30 80 98
9 | E&SH'  Bn H 31 62 86
10  EtSH H F 32 91 94
11 PMHS H F 32 84 94
12 | EtSiH Bz F 33 85 98
13 PMHS Bz F 33 90 99

Table 3.2 N-glycosylation reaction study.
aDetermined byH NMR analysis (400-600 MHZzYThe structure of- anda-nucleosides was determined by
reduction of the menthyl ester group and NMR corngparwith literature dafa Silane/L addition to the reaction
mixture immediately after premixing of the two reats.“Silane/b addition to the reaction mixture carried out 15

min after premixing of the two reagenfslixture of regioisomerid\* andN® nucleosides (from NMR analysis).

Application of standard conditions to unprotectgtbsine (entries 1-2) and 5-fluorocytosine
(entries 10-11) gave satisfying yields and anomselectivity with both ESiH and PMHS,
although lower than with other described resultsn¥@rsely, when the cytosine was protected
with benzoyl group (entries 3-6) a remarkable imvproent of selectivity was reported, in
particular when the addition of the silane/iodirystem was carried out after 15 minutes after
premixing of the two reagents. The trend was cordat by reaction with acetylcytosine and
benzoyl 5-fluorocytosine, that displayed the bestults in terms of selectivity. PMHS gave
generally higher selectivity for all the substratebile EtSiH afforded better yields except for
benzoyl cytosines (entries 6 and 13). When cytosiag protected with a benzyl group (entry 9),
a dramatic decrease of yield and selectivity waented, with the formation of an inseparable
mixture ofN* andN? nucleosides as products.

Rationalization of these results can be supporyetthé HSAB theory$cheme 3.1p
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X=H,F; R=H, Ac, Bz, Bn X=H,F; R=H, Ac, Bz, Bn

Scheme 3.12HSAB theory applied to thi-glycosylation reaction

Considering that an equilibrium is established leenvthe oxonium ion and the iodinated
oxathiolane, the latter being reasonably the pestahtermediate, the silylated nucleobase can
attack both the species through a2 pathway, leading to the formation of two anomerdeed,
ano nucleoside is obtained starting from the oxoniom whereas § nucleoside derives from
the nucleobase attack to tBeface of the iodinated intermediate. The oxonium i® a harder
species than the iodide. As to nucleobases, ifentren withdrawing group (EWG) is present at
the N-4 position, the N-1 will be electron pooradafor this reason, softer. These bases will have
a preference for an attack to the soft iodinatéerimediate from th-face, leading to the desired
cisnucleoside. Conversely, an electron releasing@m(B&RG) like the benzyl group makes the N-
1 position harder, leading to a low@rselectivity, as well as a reduced yield. Furtherenthe
presence of the fluorine atom at C-5 makes the podition even softer for inductive effect,

resulting in the highef:a ratio in the attack.

3.2.3. REDUCTION OF MENTHYL ESTER GROUP

The last step to obtain (+)-BCH-189 and-TC was the reduction of the menthyl group. This
reaction was easily accomplished with nucleosidasibg an unprotected cytosine, following the

Goodyearet al® procedure, which contemplates the use of LIAHTHF (Scheme 3.18
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X . X X
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sj SJ
28: X=H 4:X=H 8%
32:X=F 34:X=F 60%

Scheme 3.13Reduction of menthyl group with LiAlH

The reduction of nucleoside bearing the 5-fluorosite did not show satisfying yields, and
consequently the reaction was accomplished withHNaB described in latest proced§fés%°

obtaining excellent result$¢heme 3.1%

NH, NH,
NaBH, K,HPO,

F Ay F\ﬁ%N
) NaOH, H,0 |
0 O |
\<(0 N/go EtOH, rt HO\(O NJ%O
94 _7
32

99% S
34

Scheme 3.14Reduction of menthyl group with NaBH

When the reduction reactions were carried out ahemsides with protected cytosines, the most
interesting substrates, the final products werevered in low (58% from acetylcytosine) or even
negligible amounts (<10% from benzoylcytosine)tHe light of these results, a new route was
explored, involving the superheated meth&htd remove in a first step the protecting group
bonded with an amide function to cytosine, and thereduction of the menthyl ester group in
presence of LiAldor NaBH; (Scheme 3.1p
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Scheme 3.15Reduction of menthyl group with a two-steps rieacinvolving MeOH and NaBH

Following the procedures described by Rolghal®3that involves MeOH at 100 °C, a large
amount of epimerization products at C2 was recalja®ng with transesterification produ&
and38 (where a methoxy group replaces the menthyloxymyrdiowering the temperature down
to 40 °C and extending the reaction time from oaerho two days, the epimerization and the
transesterification were reduced (epimerizationt@i °C3537=2.2:1, at 50 °C3537=24:1, at
40 °C3537=60:1). The presence of the transesterification peteldid not affect the final yield,
because the methyl ester is reduced under the samaddion as the menthyloxy moiety. Addition
to the mixture of LiAlH or NaBH; led to the formation of desired products in a gaadmeric
selectivity @: B:a > 50:1,34: B:a > 40:1).

3.3. GOMING BACK TO THE CONSTRUCTION OF SULFOXIDES

With (+)-BCH-189 in hand, the first step on the toto sulfoxide has been an easy selective
benzoylation of the exocyclic nitrogen, that wasried out with a temporary protection of the

oxygen with a silyl group, removed during the wank-of the reactionScheme 3.1%

NH, NHBz
ﬁi TMSCL, BzCl | \i
HO 0. .N" 0 Py,0°CtoRT HO 0. .N" 0
\( Y 99% \( Y
S S
4 8

Scheme 3.16Protection of the exocyclic amine with a benzgrdup.
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Oxidation of8 was carried out witm-CPBA, being avoided in this case the problem ef th
dynamic resolution of productS¢heme 3.1).

NHBz NHBz
NHBz
SN SN
SN, m-CPBA | |
DCM. HO o. ,N° "0 HO o. ,N° "0
HO 0. XN o \(
\( -78°C
./ A oS
o) o)
8 11 12

Scheme 3.17Construction of protected sulfoxides.

Unfortunately, the separation of the sulfoxides wwas accomplished in spite of many and
different attempts (flash chromatography, prepaealiLC and HPLC were tried). To obtain the
same results assulfoxides (10 mg of final products), one grantled mixture of sulfoxides is
needed, which means that 30 g of menthyl glyoxydatauld be employed in the first reaction. For

this reason this strategy was discarded.

3.4. CONCLUSIONS AND FUTURE PERSPECTIVES

The synthesis of the sulfoxide derivatives of 3T@vaccomplished and the products will be
tested for their biological activity. Neverthele8 high cost of the production of these subdrate
probably will not permit a large scale productidiscouraged by the laborious synthesis and low
yielding isolation observed for the-enantiomers; on the other hand, in case of edpecia
favourable activities and low toxicity, the reparteapproaches may represent a useful

methodological reference for designing more effecpathways.

.The silane/iodine system proved to be an optidiglycosylation promoter, and in particular
the PMHS, for its low cost, stability, reproducityiland easy of handling, has been the reagent of
choice. This strategy opened a new route to aatidrugs 3TC and FTC that ensure high

stereoselectivity and yields.
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Furthermore, the critical role played by nucleobasdecting groups in influencing yields and
selectivity of the reactions was unveiled, andtenalization based on the HSAB theory was put

forward.

In addition, an efficient one-pot reduction was eleped, allowing the removal under mild
conditions of both the cytosine protecting groud #re menthyl ester moiety, by minimizing the
epimerization of the reducing chiral centre. OJertlis study sets new perspectives for the
synthesis of8 nucleosides, pointing to the suitable combinatiban effective activation system
(the silane/iodine system), the nature of nucleebpsotecting groups and the anchimeric

assistance provided by the menthyl ester grouketirio the saccharide moiety.
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4. EXPERIMENTAL SECTION

All air sensitive manipulations were carried outlandry nitrogen atmosphere. Solvents and
all standard reagents were purchased from SigmachldAlfa Aesar of VWR and were used

without further purification.

Analytical thin-layer chromatography was perfornwdSiQ (Merck silica gel 60 fs4), and
the spots were located with ultraviolet radiatiolodine vapor and chromic mixture.
Chromatography refers to flash chromatography aaslearried out on Sgk@Merck Kieselgel 60,
230-400 mesh). Drying of organic extracts duringrkmp of reactions was performed over
anhydrous N£5Qw. Evaporation of solvent was accomplished with o evaporator. NMR
spectra were recorded at 400 MHEY and 100.6 MHzC) (Bruker DRX, Bruker Avance), at
500 MHz ¢H) and 125.7 MHz*C) (Varian Inova equipped with a VnmrJ 4.0 softyaaed at
600 MHz {H) (Bruker DRX equipped with a CryoProbe), and cluainshifts are reported in
ovalues downfield from TMS or relative to residuddlaroform (7.26 ppm, 77.0 ppm) as an
internal standard. Data are reported in the folhgunanner: chemical shift, integrated intensity,
multiplicity, coupling constant Jj in Hertz (Hz), and assignment (when possible)e Th
determination of}/u ratios in theN-glycosylation reactions was performed by integratdf *H
NMR anomeric signals (H-5) of each pair of diasbesemers at the given spectrometer (detection
limit: down to 10° g). Combustion analyses were performed using a €ldNalyzer. Melting
points are uncorrected and were determined withpallary apparatus. Optical rotations were

measured at 25 + in the stated solvem}p jvalues are given in 70deg cnd g.
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2-(Benzoyloxymethyl)-5-(4-benzamido-2-oxo-1,2-dihydpyrimidine)-1'-yl-1,3-oxathiolane
(15).

Oxathiolane derivativd 4 (2.101 g, 7.450 mmol) was charged in a flask wighZoyl cytosine
(2.085 g, 9.688 mmol) and the products were susggend MeCN (95 ml) under nitrogen
atmosphere. BSA (8.379 ml, 49.506 mmol) was theleddand the mixture was heated to 60 °C
for 90 minutes. The reaction was cooled to 0 °C &n@h (1.828 ml, 15.648 mmol), suspended
in MeCN (25 ml), was cannulated in the flask. Téxaperature was allowed to raise to rt and after
two hours the reaction was quenched with pyridme@ncentrated under reduced pressure. Flash
chromatography (9:1 EtOAc-hexane) of the residim@édo andf3 anomers of produdts (55%

of total conversion, 137 mg of anomers211 mg of anomer8 (15) and 1.454 g of mixture of

a/3 anomers).

NMR data not avaible.

NHBz

f‘k

B

o o
AS 5

2-(Hydroxymethyl)-5-(4-benzamido-2-oxo-1,2-dihydrogrimidine)-1'-yl-1,3-oxathiolane
(16).

Protected compounds (104 mg, 0.238 mmol) were dissolved in a mixturd B/ MeOH/HO
(2.6 ml/0.7 ml/0.1 ml) and cooled to O °C. A sotuti2 N of NaOH (2.4 ml) was added, and after

stirring for one hour the reaction was neutralizeith HCI and concentrated under reduced

52



pressure. The crude was chromatographed (DCM t®T8-MeOH) affording product46 (72
mg, 91%).

IH NMR (400 MHz, CDCY): §3.29 (dd,J = 12.4, 3.6 Hz, 1H, H-4), 3.67 (dd= 12.4, 5.3 Hz,
1H, H-4), 3.99 (ddJ = 12.7, 3.5 Hz, 1H, C¥DH), 4.18 (dd,) = 12.6, 2.6 Hz, 1H, C¥DH), 5.39
(t, J = 3.2 Hz, 1H, H-2), 6.39 (dd,= 5.2, 3.6 Hz, 1H, H-5), 7.52 (= 7.9 Hz, 2H, HN Ar), 7.58-
7.64 (m, 2H, H-5', Hp Ar), 8.11 d,J = 7.2 Hz, 2H, He Ar), 8.42 (d,J = 7.5 Hz, 1H, H-6).

13C NMR (100.6 MHz, CDG)): §29.7 (C-4), 39.0 (CKDH), 87.9 (C-2), 88.2 (C-5), 127.9 (C-5"),
128.4 (Cmor o Ar), 129.0 (Cmoro Ar), 130.2 (Cp Ar), 133.2 (C-6"), 133.5 (C-Ar), 145.2 (C-
4’), 163.0 (C-2), 178.4 (C=0 benzoyl).

T r T T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
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2(R)-(Hydroxymethyl)-5(S)-(4-benzamido-2-oxo-1,2-dihydropyrimidine)-1’-yl-3oxido-1,3-
oxathiolane (9 and 10).

Nucleoside® and 10 were obtained via flash chromatography (98:2 DCMaMieto 96:4 DCM-
MeOH) from studies of sulfoxidation carried out en&agani! and Moden& conditions. 1 g of
crude afforded 53 mg of sulfoxide with highet B0 mg of sulfoxide with lower fRand 825 mg

of mixture

Compound with higher R

'H NMR (400 MHz, MeOD):53.20 (d,J = 3.5 Hz, 2H, H-2'), 3.23-3.26 (m, 1H, H-4), 3.a{,

J=13.7, 3.3 Hz, 1H, H-4), 3.84-3.87 (m, 1H, H-hatisomer), 4.03 (br d,= 12.4 Hz, 1H, H-4
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other isomer), 4.16 (app d= 4.1 Hz, 1H, CHOH), 4.87 (br s, 1H, C¥DH), 5.60 (br s, 1H, H-
2), 6.77 (ddJ = 9.6, 4.4 Hz, 1H, H-5), 7.43 (br d= 6.4 Hz, 1H, H-5"), 7.56 ( = 7.0 Hz, 2H,
H-m Ar), 7.67 (app tJ = 8.4 Hz, 1H, Hp Ar), 8.05 (d,J = 8.0 Hz, 2H, He Ar), 8.31 (d,J=6.4

Hz, 1H, H-6’), 11.45 (s, 1H, NH).

. J J‘J I |'| J J'I'L ,mJ "l.J i

T T T T T T T T T T " T " T T T T T T T T T T T T 1
11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.

Compound with lower R

IH NMR (400 MHz, MeOD):63.47 (d,J = 15.3 Hz, 1H, H-4), 3.73 (dd,= 15.4, 8.4 Hz, 1H, H-
4), 3.86-3.90 (m, 1H, C¥DH), 4.81 (app t) = 5.6 Hz, 1H, CHOH), 5.54 (tJ = 5.0 Hz, 1H, H-
2), 6.68 (app d) = 8.4 Hz, 1H, H-5), 7.34 (br d,= 7.6 Hz, 1H, H-5), 7.50 (f] = 7.8 Hz, 2H, H-
mAr), 7.61 (t,J = 7.3 Hz, 1H, Hp Ar), 7.99 (d,J = 8.0 Hz, 2H, He Ar), 8.25 (d,J = 7.6 Hz, 1H,
H-6"), 11.33 (s, 1H, NH).
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2(R)-(Hydroxymethyl)-5(S)-(4-amino-2-ox0-1,2-dihydropyrimidine)-1’-yl-3-oxido-1,3-

oxathiolane (2 and 3).

5 ml of NHs/MeOH solution (6 M) was added at 0 °C to starfngducts9 and10 (50 mg, 0.143
mmol), and the resulting mixture was stirred abvérnight. Then, the crude was concentrated

under reduced pressure. Flash chromatographyd®@2tDCM-MeOH) of the residue affordéd
and3 (35 mg, 99% yield).

NMR data not avaible.
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(1'S,2'R,5'S)-2-Isopropyl-5-methylcyclohexyl (R,5R)-5-hydroxy-1,3-oxathiolane-2-
carboxylate (17).

(1'S,2'R,5'S)-2-Isopropyl-5-methylcyclohexyl (5,59)-5-hydroxy-1,3-oxathiolane-2-
carboxylate (18).

L-Menthyl glyoxylate monohydrate (2.5 g, 10.86 mmtdjuene (12.5 mL) and acetic acid (0.25

mL) were mixed under stirring and the resulting tmig was heated to 120 °C, removing water
azeotropically with a Dean-Stark trap. The resgl8olution was concentrated to collect 5 mL of
distillate, and cooled to rt; then 1,4-dithiane-8i8l (826 mg, 5.43 mmol) was added. The reaction
mixture was refluxed for 4 h; then it was cooled®°C and clarified. The filtrate was cooled to

0 °C, and a solution of triethylamine (15Q) in n-hexane (15 mL) was added dropwise. The
mixture was stirred at 0 °C for 16 h, observing fhrenation of a precipitate. The isolated solid

was filtered, washed with a mixture of toluene amdexane (1:3 v/v) and dried to give the

hemiacetald7and18(1.86 g, 60% 0.y.) as a mixture of two trans sis@mers.

'H NMR (400 MHz, DMSO, mixture of two isomers)0.69 (d,J = 6.9 Hz, 3H, Cdmenthyl17),
0.70 (d,J = 6.9 Hz, 3H, CH menthyl18), 0.76-0.90 (m, 14H, H menth$l7 and18), 0.90-1.09
(m, 4H, H menthyll7 and 18), 1.31-1.52 (m, 4H, H menthyl7 and 18), 1.57-1.65 (m, 4H, H
menthyl17 and18), 1.77-1.94 (m, 4H, H menth{l7 and18), 2.85 (br d,J = 10.6 Hz, 2H, H-47
and18), 3.11 (ddJ = 10.0, 4.5, 1H, H-47), 3.12 (dd,J = 10.0, 4.7 Hz, 1H, H-48), 4.59 (dt,J =
11.1, 4.2 Hz, 1H, H-117), 4.62 (dtJ = 11.1, 4.2 Hz, 1H, H-118), 5.54 (s, 1H, H-A7), 5.55 (s,
1H, H-218), 5.82-5.87 (m, 2H, H-37, H-518), 7.02 (d,J = 8.4, 1H, OH17), 7.03 (d,J = 8.4,
1H, OH18).

13C NMR (100.6 MHz, DMSO, mixture of two isomerg)16.5, 16.6, 20.8, 20.9, 22.2, 23.2, 23.3,
26.0,26.1, 31.1, 31.2, 33.4 (C menthyl), 38.0 (TA4 38.1 (C-418), 40.6, 46.6, 46.7 (C menthyl),
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74.9 (C-1'17), 75.0 (C-1'18), 76.4 (C-217), 76.6 (C-218), 101.2 (C-517), 101.5 (C-518), 169.4
(CO017), 169.5 COO 18).
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(1'S,2'R,5'S)-2-Isopropyl-5-methylcyclohexyl (5,55)-5-methylcarbonyloxy-1,3-oxathiolane-
2-carboxylate (22).

A solution of 17 and 18 (1.86 g, 6.52 mmol), acetic anhydride (3.75 mL,789mmol) and
dichloromethane (10 mL) were mixed under nitrogenasphere. The solution was cooled to 0
°C and pyridine (0.95 mL, 18.20 mmol) was addegudise under stirring. The reaction mixture
was warmed to room temperature and stirred foradtr completion, it was quenched by addition
of water at 0 °C. The organic layer was washed wlitbhted HCI, dried over N&Q: and
concentrated under reduced pressure. Flash chrgraptoy of the crude residue (95:5 hexane-
EtOAc) gave a mixture of fouwsis andtrans diastereoisomers (2.34 g, 91% yield). A sample of
1.2 g was dissolved in 40 mL of hexane with 200giTEA, and after 72 h at -20 °C the only
desired trans-@5S) stereoisome?2 precipitated as white crystal (0.50 g, 42% ofdbetylated
product).

[0]%5 =-56.0 ¢ 3.1, CHCY).

'H NMR (400 MHz, CDCJ): 60.74 (d,J = 7.0 Hz, 3H, CH menthyl), 0.81-0.92 (m, 7H, H
menthyl), 0.92-1.10 (m, 2H, H menthyl), 1.39 (bd & 11.3 Hz, 1H, H menthyl), 1.44-1.55 (m,
1H, H menthyl), 1.67 (br dJ = 11.4 Hz, 2H, H menthyl), 1.87-1.95 (m, 1H, H ris), 1.99 (br
d,J=11.7 Hz, 1H, H menthyl), 2.09 (s, 3H, OC=04;+8.15 (dJ = 11.7 Hz, 1H, H-4), 3.43 (dd,
J=11.7,4.2 Hz, 1H, H-4), 4.71 (k= 10.9, 4.4 Hz, 1H, H-1"), 5.60 (s, 1H, H-2), 6(d7J = 4.2
Hz, 1H, H-5).

13C NMR (100.6 MHz, CDG): 516.0, 20.6, 21.0 (C menthyl), 21.9 (O-CEbk), 23.2, 26.0,
31.3, 34.0 (C menthyl), 37.1 (C-4), 40.5, 47.0 (Enthyl), 76.0 (C-1), 79.8 (C-2), 99.7 (C-5),
168.5 (O€=0-CHs), 169.6 C=00-menthyl).
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m.p. 99-103 °C.

Elemental analysis calcd (%) for {§£12605S]: C 58.16, H 7.93, S, 9.70. Found: C 58.01, H5,7.9
S, 9.74.
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5-Fluoro-2-oxo-4-(benzamido)-1,2-dihydropyrimidine(25).

5-Fluorocytosine (0.2 g, 1.5 mmol) was suspendgayiidine (10 mL) and the resulting mixture
was cooled to 0 °C. Benzoyl chloride (1.04 mL, 9 oiymvas added dropwise and the suspension
was stirred at rt for 16 h. The reaction mixtureswaoled with an ice bath, treated with XHH

(1 mL) for 90 min and concentrated under reducedsure. Flash chromatography of the crude
residue over silica gel (85:15 DCM-MeOH) providée pure nucleobastb (0.36 g, 99%).

'H NMR (400 MHz, DMS0):07.49 (t,J = 7.7 Hz, 2H, Hmbenzoyl), 7.60 (tJ = 7.4 Hz, 1H, H-
p benzoyl), 8.01 (br dJ = 7.4 Hz, 3H, H-6, H3 benzoyl).

13C NMR (100.6 MHz, DMS0)5128.9 (Ce benzoyl), 129.4 (Gabenzoyl), 133.2 (benzoyl),
135.0 (Ci benzoyl), 139.5, (d] = 225.9 Hz, C-5), 152.3 (d,= 21.2 Hz, C-6), 162.0 (C-4), 164.9
(C-2), 168.5 C=0 benzoyl).
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N-glycosylation: general procedure.

First step:lodine (1.2 eq) was suspended in anhydrous dichiietbane (7.50 mL) under nitrogen
atmosphere and the silane (1.2 eq) was added. P8taerin, the resulting mixture was cooled to 0
°C and cannulated dropwise into a solution of oxddine 22 (1 mmol) in anhydrous

dichloromethane (0.75 mL), using additional dicbloethane (7.50 mL) for rinsing. The reaction

was then stirred at the same temperature for B)IBSA (3.25 eq when reacting with cytosine or
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5-fluorocytosine; 2 eq when reacting with benzoigsine, benzylcytosine @5) was added to a
suspension of the nucleobase (1.3 eq) in anhyditmidoromethane (7.50 mL) under nitrogen
atmosphere. The resulting mixture was warmed t&C10ntil a clear solution was observed. The
mixture (a) was cannulated dropwise into solutibh nder stirring at 0 °C, using additional
dichloromethane (7.50 mL) for rinsing. The reactmixture was then warmed to rt and stirred for
1 h. Afterwards, the reaction was quenched with @ieaps of saturated NaHG@olution. The
emulsion was washed with a 1 N4Sg0z solution and brine and extracted with dichlororaeth
The organic layer was dried (P&;) and concentrated under reduced pressure. Flash
chromatography of the crude residue over silica(@@l 32 95:5 DCM-MeOH;29, 30, 33 1:1
hexane-EtOAc) provided the pure nucleosiZie 86-98%;29: 87-94%;30: 80-95%;32: 84-91%;
33: 85-91% with E4SiH and PMHS respectively).

NH,

I ‘(g N
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(1'S,2'R,5'S)-2-Isopropyl-5-methylcyclohexyl (5,5R)-5-(4-amido-2-0x0-1,2-
dihydropyrimidine)-1"-yl-1,3-oxathiolane (28).

'H NMR (400 MHz, CDC4):50.77 (d,J = 7.0 Hz, 3H, CH menthyl), 0.84-0.96 (m, 7H, H
menthyl), 0.98-1.11 (m, 2H, H menthyl), 1.43 (bd & 12.0 Hz, 1H, H menthyl), 1.48-1.57 (m,
1H, H menthyl), 1.71 (br = 11.3 Hz, 2H, H menthyl), 1.88-1.99 (m, 1H, H i), 2.01-2.09
(m, 1H, H menthyl), 3.13 (ddl = 12.1, 6.6 Hz, 1H, H-4), 3.56 (dd= 12.1, 4.7 Hz, 1H, H-4),
4.76 (tdJ=11.1, 4.4 Hz, 1H, H-1"), 5.46 (s, 1H, H-2), 5(tBJ = 7.5 Hz, 1H, H-5"), 6.47 (dd}
=6.5, 4.7 Hz, 1H, H-5), 8.40 (d= 7.5 Hz, 1H, H-6").

13C NMR (100.6 MHz, CDG)): §16.1, 20.7, 21.9, 23.2, 26.1, 31.5, 34.1 (C mejitiB@.6 (C-4),

40.8, 47.1 (C menthyl), 76.7 (C-1"), 78.6 (C-2),8(C-5"), 93.8 (C-5), 142.4 (C-6"), 155.5 (C-
2", 165.5 (C-4"), 169.8C¢=00-menthyl).
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Elemental analysis calcd (%) for {¢E127N304S]: C 56.67; H 7.13; N 11.01; S 8.41. Found: C
56.56; H 7.16; N 11.05; S 8.44.
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(1'S,2'R,5'S)-2-Isopropyl-5-methylcyclohexyl (25,5R)-5-(4-benzamido-2-oxo-1,2-
dihydropyrimidine)-1’-yl-1,3-oxathiolane (29).

'H NMR (600 MHz, CDC):0 0.78 (d,J = 6.9 Hz, 3H, CH menthyl), 0.82-0.98 (m, 7H, H
menthyl), 0.99-1.15 (m, 2H, H menthyl), 1.45 (bd & 11.5 Hz, 1H, H menthyl), 1.49-1.59 (m,
1H, H menthyl), 1.62-1.76 (m, 2H, H menthyl), 1.889 (m, 1H, H menthyl), 2.02-2.12 (m, 1H,
H menthyl), 3.24 (dd) = 12.3, 5.9 Hz, 1H, H-4), 3.69 (ddi= 12.3, 4.7 Hz, 1H, H-4), 4.80 (td,
=10.9, 4.2 Hz, 1H, H-1"), 5.54 (s, 1H, H-2), 642) = 5.3 Hz, 1H, H-5), 7.52 (§ = 7.8 Hz, 2H,
H-mAr), 7.62 (t,J = 7.4 Hz, 1H, Hp Ar), 7.89 (d,J = 7.5 Hz, 3H, H-5", He Ar), 8.69 (br s, 1H,
NH), 8.79 (dJ = 7.5 Hz, 1H, H-6").

13C NMR (100.6 MHz, CDG): §16.1, 20.7, 21.9, 23.2, 26.2, 31.5, 34.0 (C meitByl.1 (C-4),
40.8, 47.1 (C menthyl), 77.0 (C-1"), 79.7 (C-2),B(C-5"), 96.6 (C-5), 127.5 (G-Ar), 129.1 (C-
m Ar), 133.0 (Cp Ar), 133.2 (Ci Ar), 143.6 (C-6"), 154.9 (C-4"), 162.6 (C-2"), 186(C=0
benzoyl), 169.3¢=00-menthyl).

Elemental analysis calcd (%) for4¢E131N3OsS]: C 61.83; H 6.43; N 8.65; S 6.60. Found: C 61.97
H 6.41; N 8.62; S 6.57.
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(1'S,2'R,5'S)-2-Isopropyl-5-methylcyclohexyl (35,5R)-5-(4-acetamido-2-oxo-1,2-
dihydropyrimidine)-1’-yl-1,3-oxathiolane (30).

'H NMR (500 MHz, CDCG)): 6 0.74 (d,J = 6.9 Hz, 3H, CH menthyl), 0.80-0.95 (m, 7H, H
menthyl), 0.96-1.11 (m, 2H, H menthyl), 1.41 (bd & 11.7 Hz, 1H, H menthyl), 1.46-1.56 (m,
1H, H menthyl), 1.68 (br d] = 11.4 Hz, 2H, H menthyl), 1.83-1.94 (m, 1H, H nist), 2.03 (br
d,J=11.6 Hz, 1H, H menthyl), 2.19 (s, 3H, C=B4}, 3.18 (ddJ = 12.3, 5.8 Hz, 1H, H-4), 3.65
(dd,J=12.3, 4.6 Hz, 1H, H-4), 4.75 (td= 11.1, 4.4 Hz, 1H, H-1"), 5.55 (s, 1H, H-2), 6. 40 t,
J=5.4Hz, 1H, H-5), 7.41 (d,= 7.3 Hz, 1H, H-5"), 8.13 (br s, 1H, NH), 8.71 &5 7.3 Hz, 1H,
H-6").

13C NMR (100.6 MHz, CDG) : 16.0, 20.6, 21.8, 23.1 (C menthyl), 24.9 (GHD), 26.0, 31.3
(C menthyl), 33.9 (C menthyl), 37.0 (C-4), 40.6,946C menthyl), 76.8 (C-1"), 79.6 (C-2), 90.6
(C-5"), 96.6 (C-5), 145.4 (C-6"), 154.9 (C-4"), 1682(C-2"), 169.2 C=0CHk), 169.9 C=00-
menthyl).

Elemental analysis calcd (%) fordéE12eNzOsS]: C 56.72; H 6.90; N 9.92; S 7.57. Found: C 56.88
H 6.87; N 9.88; S 7.54.
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(1'S,2'R,5'S)-2-Isopropyl-5-methylcyclohexyl (25,5R)-5-(4-amido-5-fluoro-2-oxo-1,2-
dihydropyrimidine)-1’-yl-1,3-oxathiolane (32).

'H NMR (400 MHz, CDC)):0 0.76 (d,J = 6.9 Hz, 3H, CH menthyl), 0.80-0.95 (m, 7H, H
menthyl), 0.96-1.12 (m, 2H, H menthyl), 1.43 (bt 11.4 Hz, 1H, H menthyl), 1.47-1.58 (m, 1H,
H menthyl), 1.69 (br dJ = 11.4 Hz, 2H, H menthyl), 1.87-1.98 (m, 1H, H rieh), 2.04-2.08 (m,
1H, H menthyl), 3.11 (dd] = 12.1, 6.6 Hz, 1H, H-4), 3.51 (ddi= 12.1, 4.7 Hz, 1H, H-4), 4.78
(td,J=11.0, 4.4 Hz, 1H, H-1"), 5.44 (s, 1H, H-2), 5@2 s, 1H), 6.40 (ddd = 6.4, 4.8, 1.6 Hz,
1H, H-5), 8.36 (br s, 1H, N}, 8.46 (dJ = 6.6 Hz, 1H, H-6").

13C NMR (100.6 MHz, CDGJ): § 16.0, 20.6, 21.8, 23.1, 26.0, 31.4, 34.0 (C mejitiig.2 (C-4),
40.6, 47.0 (C menthyl), 76.7 (C-1"), 78.6 (C-2),®(C-5), 125.7 (dj = 33.2 Hz, C-6"), 136.5 (d,
J=242.0 Hz, C-5”), 153.8 (C-2"), 158.3 (@= 14.2 Hz, C-4"), 169.7G=00-menthyl).

Elemental analysis calcd (%) for {§126FN304S]: C 54.12; H 6.56; N 10.52; S 8.03. Found: C
53.97; H 6.58; N 10.55; S 8.06.

f1 (ppm)
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(1'S,2'R,5'S)-2-Isopropyl-5-methylcyclohexyl  (&5,5R)-5-(4-benzamido-5-fluoro-2-oxo-1,2-
dihydropyrimidine)-1’-yl-1,3-oxathiolane (33).

!H NMR (600 MHz, CDG)): 50.78 (d,J = 7.0 Hz, 3H, CH menthyl), 0.83-0.97 (m, 7H, H
menthyl), 0.99-1.15 (m, 2H, H menthyl), 1.46 (bd & 12.2 Hz, 1H, H menthyl), 1.48-1.60 (m,
1H, H menthyl), 1.72 (br = 11.3 Hz, 2H, H menthyl), 1.87-1.98 (m, 1H, H i), 2.02-2.11
(m, 1H, H menthyl), 3.20 (dd, = 12.2, 6.9 Hz, 1H, H-4), 3.50 (dd= 12.2, 4.7 Hz, 1H, H-4),
4.82 (dt,J = 11.0, 4.3 Hz, 1H, H-1'), 5.48 (s, 1H, H-2), 648 t,J = 5.6 Hz, 1H, H-5), 7.46 (i

= 7.6 Hz, 2H, Hm Ar), 7.56 (t,J = 7.6 Hz, 1H, Hp Ar), 8.27 (d,J = 7.6 Hz, 3H, H-5", He Ar),
8.70 (d,J = 6.3 Hz, 1H, H-6").

13C NMR (100.6 MHz, CDGJ)): 16.0, 20.6, 21.8, 23.1, 26.0, 31.4, 33.9 (C met3E.6 (C-4),
40.6, 47.0 (C menthyl), 77.0 (C-1"), 78.6 (C-2), BEC-5), 126.2 (dJ = 41.3 Hz, C-6"), 128.3
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(C-0Ar), 129.9 (CmAr), 133.0 (Cp Ar), 135.6 (CtAr), 139.7 (dJ = 241.7 Hz, C-5"), 147.1 (C-
2"), 152.6 (dJ =19.4 Hz, C-4"), 162.1 (C=0 benzoyl), 169G=00-menthyl).

Elemental analysis calcd (%) for 4€E130FN3OsS]: C 59.63; H 6.00; N 8.34; S 6.37. Found: C
59.73; H6.02; N 8.32; S 6.35.
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(2S,5R)-2-(Hydroxymethyl)-5-(4-amido-2-oxo-1,2-dihydropyimidine)-1'-yl-1,3-oxathiolane
(4, (+)-BCH-189).

Protected nucleosid28 (24 mg, 0.0630 mmol) was dissolved in anhydrous TH5 mL) under
nitrogen atmosphere, and LiAlHsuspended in THF (800 pl), was added at O °CGerAsih hour,
the reaction was quenched with MeOH, was filteredugh a celite pad and concentrated under
reduced pressure. Chromatography of the crudeuesder silica gel (95:5 DCM-MeOH) gave
the pure nucleosid& (12 mg, 83%).

IH NMR (500 MHz, MeOD):63.12 (dd,J = 12.0, 4.1 Hz, 1H, H-4), 3.50 (dd= 12.0, 5.4 Hz,
1H, H-4), 3.86 (ddJ = 12.5, 4.0 Hz, 1H, C#DH), 3.94 (dd,) = 12.5, 2.8 Hz, 1H, C¥DH), 5.27
(br s, 1H, H-2), 5.88 (d] = 7.5 Hz, 1H, H-5'), 6.28 (br t] = 4.6 Hz, 1H, H-5), 8.05 (dj = 7.5
Hz, 1H, H-6").

13C NMR (100.6 MHz, MeOD)537.2 (C-4), 62.5 (CKDH), 86.3 (C-2), 86.6 (C-5), 94.2 (C-5),
141.6 (C-6"), 156.6 (C-4’), 166.3 (C-2).

Elemental analysis calcd (%) for l811N3OsS]: C 41.91; H 4.84; N 18.33; S 13.99. Found: C
42.03; H 4.82; N 18.27; S 14.02.
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(2S,5R)-2-(Hydroxymethyl)-5-(4-amido-5-fluoro-2-oxo-1,2-dhydropyrimidine)-1'-yl-1,3-
oxathiolane (34,p-FTC).

A solution of KKHPQ; (111 mg, 0.639 mmol) in # (500 pL) was added to a suspension of
protected nucleosid&? (65 mg, 0.162 mmol) in ethanol (1 mL). Hence aisoh of NaBH (16
mg, 0.426 mmol) in BED (600 pL) containing 25% w/w NaOH was added tor&aetion mixture.
After 1 h, the reaction was quenched with dilutedl Fhdjusting the pH to 4-4.5 and then to pH 7
using a saturated solution of NaH&Orhe mixture was filtered through a celite pad and
concentrated under reduced pressure. Chromatogrdhg crude residue over silica gel (9:1 to
85:15 DCM-MeOH) gave the pure nucleosi#e(40 mg, 99%).

IH NMR (400 MHz, DMS0):53.10 (dd,J = 11.9, 4.4 Hz, 1H, H-4), 3.40 (ddi= 11.9, 5.6 Hz,
1H, H-4), 3.72 (ddJ = 12.3, 4.1 Hz, 1H, C#DH), 3.77 (dd,) = 12.3, 3.8 Hz, 1H, C¥DH), 5.17
(t, J= 3.9 Hz, 1H, H-2), 6.12 (ddd,= 5.6, 4.8, 1.8 Hz, 1H, H-5), 7.54 (br s, 1H),&(Br s, 1H),
8.17 (d,J = 7.2 Hz, 1H, H-6").
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13C NMR (100.6 MHz, DMS0)536.6 (C-4), 62.2 (CHDH), 86.4 (C-2), 86.5 (C-5), 125.6,
= 32.6 Hz, C-6"), 136.2 (dl = 240.6 Hz, C-5'), 152.9 (C-2’), 157.5 (@= 13.4 Hz, C-4).

Elemental analysis calcd (%) for l810FN3OsS]: C 38.86; H 4.08; N 17.00; S 12.97. Found: C
38.74; H 4.10; N 17.05; S 13.01

fi (ppm)
l_l | \ ALA 4 ] A il |.._Ja
160 150 140 130 120 110 100 a0 80 70 80 50 40 30 20
f1 (ppm)
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: NHBz S NH,
35:X=H X
X
BN N MeOH 36: X=F NaBH4‘ KzHPO4‘ I N N
) | ,§ — NaOH, H,0 /&
\<(o NTSo  40°C + . Ho\(o NS0
J NH, ]

S

N
N
29:X=H | 4:X=H 95%
0
33:X=F M°0\<(O N/KO 34:X=F 75%
-y
37: X=H
38: X=F

Reduction of benzoyl nucleosides: general procedure

A suspension of protected nucleosiizor 33 (1 mmol) in anhydrous methanol (20 mL) was
heated to 40 °C and left under stirring at the ssengperature for 48h20) or 72 h 83). The
reaction mixture (containing menthyl nucleosgteor 36 as the main products) was then cooled
to room temperature and a solution eHRQs (3 eq) in HO (2 mL) was added. Hence a solution
of NaBH: (2 eq) in HO (2 mL) containing 25% w/w NaOH was added to #@ction mixture.
After 1 h, the reaction was quenched with dilutecl Fhdjusting the pH to 4-4.5 and then to pH 7
using a saturated solution of NaH&EO he mixture was filtered through a celite pad and
concentrated under reduced pressure. Chromatoguaptge crude residue over silica gel gave
the pure nucleosid&(95% 0.y.;34: 75% o0.y.).

NHBz

Y

S

2(S)-(Hydroxymethyl)-5(R)-(4-benzamide-2-oxo-1,2-dihydropyrimidine)-1'-yl-13-

oxathiolane (8).

To a solution of (+)-BCH-1884, 75 mg, 0.328 mmol) in pyridine (7 ml) was addedemdtrogen
atmosphere TMSCI (360 pl, 2.84 mmol). After 30 nt@s,) benzoyl chloride (82 pl, 0.710 mmol)
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was added at 0 °C and the solution was stirred@nhrtemperature overnight. The reaction was
guenched at 0 °C with 800 ul ob® and 800 pl of Nki(aqg). The mixture, after stirring for one
hour, was dried under reduced pressure. Flash @togmaphy of the crude (97:3 DCM-MeOH
to 8:2 DCM MeOH) afforded protected prod@108 mg, 99%).

IH NMR (400 MHz, CDCY): §3.29 (dd,J = 12.4, 3.6 Hz, 1H, H-4), 3.67 (dd= 12.4, 5.3 Hz,
1H, H-4), 3.99 (ddJ = 12.7, 3.5 Hz, 1H, C¥DH), 4.18 (dd,) = 12.6, 2.6 Hz, 1H, C¥DH), 5.39
(t,J=3.2 Hz, 1H, H-2), 6.39 (dd,= 5.2, 3.6 Hz, 1H, H-5), 7.52 = 7.9 Hz, 2H, HM Ar), 7.58-
7.64 (M, 2H, H-5', Hp Ar), 8.11 d,J = 7.2 Hz, 2H, He Ar), 8.42 (d,J = 7.5 Hz, 1H, H-6").

13C NMR (100.6 MHz, CDQ): §29.7 (C-4), 39.0 (CKDH), 87.9 (C-2), 88.2 (C-5), 127.9 (C-5)),
128.4 (Cmor 0 Ar), 129.0 (Cmor o Ar), 130.2 (Cp Ar), 133.2 (C-6'), 133.5 (GAr), 145.2 (C-
4", 163.0 (C-2"), 178.4 (C=0 benzoyl).

M} |w|'| |w;| Ulh | _J L.w 3 Jld_,« JILIJ KL_J LJ_J”MM

T T T T T T T
8.5 8.0 75 7.0 6.3 6.0 3.5 3.0 4.5 4.0 3.5 3.0
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SESAN M s

T T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 an 80 70 60 50 40 30
f1 (ppm)

NHBz NHBz
EgN | SN
Ho\(o N’&o HO\(O N’go

S 4§
&+
) )

2(S)-(Hydroxymethyl)-5(R)-(4-benzamide-2-oxo-1,2-dihydropyrimidine)-1'-yl-3oxido-1,3-
oxathiolane (11 and 12).

Nucleoside8 (169 mg, 0.484 mmol) was dissolved in anhydrousvVD@® ml) under nitrogen
atmosphere, and the mixture was cooled to -78 °Gugpension om-CPBA (108 mg, 0.629
mmol) in DCM (1 ml) was added to the starting praduand the reaction was stirred for 30
minutes. A solution of NaHCfwas then added, and the mixture was concentraiger veduced
pressure. Flash chromatography (95:5 DCM-MeOH1d¥:M-MeOH), preparative TLC, HPLC

of the residue could not separate the sulfoxideandl12.
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1. INTRODUCTION

Iminosugars are carbohydrate derivatives havingtitmcyclic oxygen replaced by a nitrogen
atom. This substitution makes iminosugars compouwididifficult preparation and profoundly
changes their biological properties. In particulaminosugars are the most interesting
carbohydrate mimics, especially for their abiliyeict as glycosidase inhibitions, arising fromithei
resemblance to sugars. Glycosidases are foundumaer of important biological processes, such
as intestinal digestion, post-translational proicessf glycoproteins and the lysosomal catabolism
of glycoconjugates; for this reason sugar mimicghhhave enormous therapeutic potential in

many diseases such as diabetes, viral infectionysoedomal storage disorders.

The inherited metabolic disorders of glycosphingdliGSL) metabolism are a rare group of
diseases that cause different dysfunctions, oftearadegenerative. Generally, problems in
catabolic enzyme activity lead to lysosomal stor@ig8SL substrates and, in many diseases, other
glycoconjugates. Today there are not cures forslgswl storage diseases, and treatment is mostly
symptomatic, although bone marrow transplantatiwh enzyme replacement therapy have been
tried with some success. An approach to treatiegehdiseases could be the substrate reduction
therapy (SRT), in this regard there is the discpwrd development df-alkylated iminosugars,

more lipophilic and, consequently, better absorlasdffective drugs.

1.1. IMINOSUGARS

For many years iminosugars were also denominatedstayars” to distinguish them from
general amino sugars, such as glucosamine demgativ other carbohydrate analogues, but
commonly the ternazais used when a nitrogen replaces a carbon, nokygea. They can also
be defined polyhydroxylated alkaloids, but theiodenetic pathway is completely different: the

starting product of the route is always a carboatgir
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Iminosugars are classified in five classes, acogrdb their structure: polyhydroxylated

piperidines, pyrrolidines, indolizidines, pyrroliznes and nortropanesigure 1.1). They can also

occur in a glycosylated form.
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Figure 1.1 The five classes of iminosugars.
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The study of the iminosugars led to a notewortlogpess in glycobiology, especially after the
investigation of their inhibition mechanisms onaggyltransferasésglycogen phosphorylases
nucleoside-processing enzyrfi@md metalloproteinasesNew therapies for numerous diseases
have been developed thanks to the ability of imigass to influence the folding of abnormal
glycosidases, avoiding their degradation, and tresemblance, in the protonated form, to the
transition state of the glycosidic bond hydroly®ecause of these properties, iminosugars are
among the most powerful inhibitors of glycosyddg&sgure 1.2). Although the lack of the $p
character in the nitrogen-C-1 bond affects the rhimig of transition state, iminosugars bind the
active sites of glycosidases *1@mes better than carbohydrates, probably becaitsegen

participates to interaction.

on Ok
Hoﬁlz H%@""ém
HO HO HO o (l")_H
Protonated DNJ II{

Hydrolysis transition state

Figure 1.2 Resemblance between protonated DNJ and carbdbylaydrolysis transition state.

Nojirimycin (NJ, I), an analog of glucose, is the first discoverethasugar, isolated from
Streptomyces roseochromogenes R-468 in 1986d is characterized by the presence of a
nitrogen atom in place of the endocyclic oxygenis\& strong inhibitor ofi- andp-glucosidasés
with 1ICso = 9 and 19 uM respectively. However, NJ was neypg@roved as antibiotic because of
the instability of the hydroxyl group at C-1. leuction with NaBH lead to 1-deoxynojirimycin
(DNJ, 117, isolated in 1966 from the roots of mulberry trasfagominel(l ), but also produced
by many strains in the genera Bacillus and Streptesl. DNJ displayeda-glucosidase inhibitory
activity in vitro but notin vivo!?, and for this reason a large number of its deiieat(as Emiglitate
or Miglitol) was synthetized trying to increase thevivo activity. From mulberry trees was also
isolated DAB ¥I), a potent inhibitor ofa-glucosidases andi-mannosidase, whileo-
homonojirimycin ¢-HNJ, IV), isolated from the neotropical lia2amphalea diandrathe first

natural substituted DNJ at C-1, is a specific sirmmibitor of onlya-glucosidases.

SwainsonineX) can inhibit lysosomal and Golgimannosidases, and castanospermig, (
casuarine XIV) and DMDP V¥) show potent inhibitory activity againstglucosidases, but,
curiously, theL-enantiomer of DMDP is more powerful and specifiart thep-enantiome'’.
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Many b-iminosugars are competitive inhibitorsmfjlycohydrolases, but theirenantiomers are

noncompetitive inhibitors of the enzymé$§

Recently,L-iminosugars were synthetized and tested in a laugeber of diseases; although
the active site of enzymes generally accepts dmyptenantiomer-enantiomers can inhibit

glycosidases with different mechanisms of actioth acomparable potenty

1.1.1. APPLICATIONS OF N-ALKYLATED IMINOSUGARS

As seen above, the strong inhibitory activity of DN vitro attracted the attention of many
chemists who focused on production ofNtslkylated derivatives, in an attempt to increassrth
activity in vivo. N-alkylated iminosugars present an amphiphilic cti@rathat increases the
inhibitory potency because the carbon chain tales ip the recognition of the active site of
glucosylceramidaséand the protonated nitrogen forms an ion pair &ittarboxylate present in
the active site. Deoxynojirimycin derivativeSigure 1.3) are endowed with the highest activity
amongN-alkylated iminosugars and the elongation of thgladhain brings about an improvement

in the activity.

OH 0 OH
N N
o N - e
HO— 0o Hg%é//&\/\o HO
o HO N-Butyl-DNJ (NB-DNJ,
Miglitol, XXT Emiglitate, XXII Miglustat XXIII)
OH oH
Ho/ﬁ\/\/\/\/\ Ho/ﬁ\
HO HO
HO HO
N-Nonyl-DNJ N-Methyl-DNJ
(NN-DNJ, XXIV) (Me-DNIJ, XXV)

Figure 1.3 N-substituted DNJ derivatives.

Iminosugars can prevent the glycosylationNslinked glycoproteins or alter the structure of
carbohydrates, affecting cell functions. DNJ, HNdorggly inhibit a-glucosidases I, their

alkylation shifts their effect on-glucosidases I, but their activity is lower thast@nospermine,
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probably becauskX has a fixed axial position of the C-1 group, th@trespond to the C-6 group
of DNJ and HN¥. The C-6 OH group ol and C-1 OH group dV are in equatorial position,

and the NH---0O-6 in DNJ or NH---O-1 in HNJ intragwalar interaction stabilizes the C-6—0-6
or C-1—0-1 conformation. Th-alkylation increases the efficiency of DNJ or HNelidatives

favoring the C-6 OH and C-1 OH axial conformatibrgaking the intramolecular interactiohs

OH
OH Hu [ wH

H HO i1, W
H I, oW OH H Iy H N
NH N N HO -
HO HO HO ~ > HO
HO HO HO HO
HO HO HO

gauche-trans
DNJ

gauche-gauche gauche-gauche

Castanospermine NB-DNIJ Me-HNJ

Figure 1.4 Preferred conformation df, IX, XXIll andN-substituted HNJIY ).

In 1996 FDA approvedN-hydroxyethyl-deoxynojirimycin (Miglitol XXI, Figure 1.3 as a
second generatiom-glucosidase inhibitor for its potent activity assted with a few intestinal
side effect¥’, due to the complete absorption of the drug. o, fliglitol is able to reduce the
postprandial elevation of blood glucose by 50% snaietabolized (absorbed from the intestinal
tract), in contrast to Acarbose (anotlkeglucosidase inhibitor approved in 1990 as antbelias
drug). It was introduced in the market in 1999tfar treatment of type 2 diabetes mellitus, and is
prescribed also for heart diseases due to diabetnplications. EmiglitateXXIl ), as DAB ¥I)
or isofagomine, showed similar activities with adolasting effecin vivo, caused by a quasi-
irreversible binding ta-glucosidase$. The higher reactivity of Emiglitate over Miglited due to

its greater lipophilicity of the former, which cagach lysosomes more easily than Miglitdte

Some iminosugars as DN )X, N-butyl-DNJ (NB-DNJ,XXIIl ) or castanosperminéX) can
feature antiviral activity for their capacity totemfere in glycosylation processes, and viral
envelope glycoproteins are essential for virioneaddy. These iminosugars carhibit HIV
replication, a property probably related to theepotinhibitor activity ofa-glucosidases |I.
Unfortunately, despite their good anti-HIV activityvitro, thein vivo activity is not comparable
to zidovudiné® (EGso= 560, 56 and 29 puM fdi, XXIlIl andIX against 0.1 pM for AZT), and
high concentration of the drugs are needed, betediizcts can occur.

Conversely, NB-DNJ, and in particul&-nonyl-DNJ (NN-DNJ,XXIV ) are goodin vitro
inhibitors of N-linked glycosylations involved in the transportHBV virus out of the ceff and

their administration results in a high percentafjeitus particles retained in the host cell. They
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also feature interesting activity against bovinaMiiarrhea virus (BVDV), a culture surrogate of
hepatitis C virus (HCV).

Owing to the important role of membrane-anchoregjogbccharides in tumor growth,
substrates as iminosugars, capable of alteringlgfudsidase and glycosyltransferase structures,
could be employed in tumor treatments. CastanosperandN-methyl-DNJ (Me-DNJXXV )
inhibit platelet aggregation of metastatic cellsl aellular transformation by altering oncogene
glycosylation, and reduce the adhesion of candi twethe vascular endothelidfn

1.2. LYSOSOMAL STORAGE DISORDERS

1.2.1. GLYCOSPHINGOLIPIDS METABOLISM

Glycosphingolipids (GSLs) are composed of the hgtabic amino alcohol sphingosine or
ceramide, situated ubiquitously in the lipid bilayef the cellular membrane, linked to a
hydrophilic carbohydrate, with about 300 known stmwal variant$’. Their function is to shield
eukaryotic cells from chemical and mechanical dasritagpugh a protective carbohydrate external
layer. If GSLs metabolism is altered, a seriesiséalses can devefipthese are rare in incidence
(1 in 18000 live births worldwide) but severe arthlienging to be treated. The glycolipid

lysosomal storage disease are the most frequesé adypediatric neurodegenerative disease.

All glycosphingolipids share a common biosynthetthway, that starts from the condensation
between palmitoyl-CoA and serine. Then, a longgtof metabolic steps in the cytosol leads to
the generation of ceramide, which can be convedesphingomyelin, galactosylceramide or
glucosylceramide. The two glycosyltransferasesa@akyl and glucosyl) that promote these last
two transformations are localized in the endoplasmaticulunt® and in the cytosol/Golgi
membrane, respectivéfy The glucosylceramide moves across the Golgi mangowhere a
galactose residue is added, wunder the agency of lacogylceramide-specific
galactosyltransferase the resulting lactosylceramide is the precursameveral different groups
of glycosphingolipidsKigure 1.5).
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Palmitoyl-CoA
3-Ketosphinganine
Sphinganine
Dihydroceramide
Sphingomyelin <— (Ceramide — Galactosyl ceramide
CMH Glucosylceramide
Ganglio-series <— CDH Lactosylceramide — Globo-series

Lacto(neo)-series

Figure 1.5 Glycosphingolipid Synthesis.

While the biosynthetic pathway proceeds in the sytoendoplasmic reticulum, and Golgi
apparatus, the catabolism takes place in the lysegbigure 1.6). Specialized proteins, called
sphingolipid activator proteins (SAPS), catalyze ttydrolysis of GSLs from the non-reducing
terminug®, their inherited lack or malfunction results inetiaccumulation of the catabolism
intermediates and, consequently, in the lysosontabge disorders of glycolipids. The most

common of these disorders is known as the Gaucbeask.

GM1 NeuAca3—GalB4GlcCer—GalB3GalNAcB4

GM1 Gangliosidosis | == p_galactosidase

GM2 NeuAca3—Galp4GlcCer—GalNAcp4 GalNAcB3GaladGalp4GleCer Globoside

Tay-Sachs Disease] == A-HexA p-HexA and B ==
GM3 NeuAca3—GalB4GleCer Gala4Galp4GleCer CTH
== neuraminidase a-galactosidase ==
CDH GalB4GlcCer

=t [-galactosidase

GlcCer

Gaucher Disease| == f-glucocerebrosidase

Ceramide

Figure 1.6 Glycosphingolipid Catabolism. For every defecaitysosomal glycosidase (in blue), there is an

inherited pathology (in red).
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1.2.2. GAUCHER DISEASE: CERAMIDE f-GLUCOSIDASE DEFICIENCY

More than 75 gene mutations on the chromosomedittean impaired activity of ceramige
glucosidase, the enzyme which catalyzes the hysioolgf glucosylceramide to glucose and
ceramide, (EC 3.2.1.45). Depending on the comlmnatf the alleles (null, severe or mild), the
clinical phenotypes can be predicted (Type |, Tyil) 2°. This disorder is called Gaucher
disease, after Philippe Gaucher, the French dachar first described its symptofiganemia,
fatigue, bruising, low blood platelet, skeletalatders, enlargement of liver and spleen and, as
described before, neurological pathologies), bsitbibchemical bases were elucidated just a

century later.

The lack or reduced activity of ceramid@glucosidase cause an accumulation of
glucocerebroside in macrophages of liver, lungkeespand bone marrow. There are three types
of Gaucher diseade 1) the non-neuropathic, the most common formh witlargements of liver
and spleen, anemia and skeletal weaknesses; 2ctie infantile neuropathic, that is revealed
after 6 months from the birth with a progressivaibhdamage, the enlargement of liver and spleen
and spasticity; 3) the chronic neuropathic, charamtd by progressive neurologic damages

(arising also in adulthood), anemia, enlargemetitvef and spleen and respiratory problems.

There is not a cure for this disease, but somephes have been developed to overcome the
deficit of the enzyme capacity, in particular: kg tdirect administration of enzyme, 2) the bone
marrow replacement, 3) the gene delivery and 43thstrate deprivation (inhibiting the synthesis
of glycosphingolipids).

The enzyme replacement therapy can be succesgfulseme forms of the disorder. In
particular, the size of the liver and the spleen ba decreased with an enzyme replacement
treatment, but this is really expensive and lifegdasting. The research for new drugs is hampered

by the rarity of the disease and high costs.

1.2.3. EMPLOYMENT OF N-SUBSTITUTED IMINOSUGARS IN GAUCHER DISEASE

THERAPY

The commercially available drugs for the Gauchesedse therapy are recombinant

glucocerebrosidase, and are Ceredase, Imiglucekéslaglucerase, Taliglucerase alfa and
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Eliglustat, approved from 1991 to 2014 by FDA. NBKD(XXXIII ), previously developed as anti-
HIV agent, was approved after multiple clinicaldias for the substrate reduction therapy against
type | Gaucher disease thanks to its low toxi@tgyving less expensive than enzyme replacement
treatment. XXIII  prevents accumulation of glucosylceramide (GlcCeampibiting its
glucosyltransferase-mediated biosynthesis. Test$ayrSachs mice showed that the treatment
with NB-DNJ could prevent the accumulation of GMénglioside in the bra®, while the same
treatment on healthy mice did not cause disealserly side effect being the disappearance of

GSL in many orgaris.

Unfortunately, the lack of information about thezgme structure and its binding sites makes
the research of new GCS inhibitors more complicakexdt this reason, a large number of DNJ
derivatives, mimicking the ceramide substrate sm@&CS active site, have been synthetized to be
tested for their therapeutic potential on differdiseases. The increase of the chain length led to
stronger inhibitions toward lysosom&glucosidase (GCase), perhaps for of a better mkingc
of ceramide. Substituents at C-1 and C-6 led tsa bf transferase inhibition, while the presence
of the hydroxyl at C-4 is fundamental for the bipaty. These results highlight the importance
of three chiral centers for the mimicking and tloegmcy* (Figure 1.7).

O

PIs HiC(H,Ohgn A~ wOH
H3C(HC)q6 T;II I HO \)\/:L
HO\/\‘/\/ (CHy)1,CH; 7 "OH
OH
OH
Ceramide N-Nonyl-DNJ

Figure 1.7 Mimicking of active moieties of ceramide.

N-nonyl-DNJ XXIV) is a good inhibitor for GCase with anstG 1 pM; N-decyl andN-
dodecyl-DNJ XXVI , Figure 1.7) are predominantly inhibitory. In 1993, a secomtheration of
iminosugar inhibitors has been reported; theseiaibit glucosylceramid®, and includeN-(5-
adamantane-1-yl-methoxypentyl)-DNJ (AMP-DNGXVII ), a very powerful inhibitor of non-
lysosomal and membrane glucosylceramidaseso #C1.7 and 48 nM respectively). In the
inhibition of glucosylceramide synthasEXVI is 100 times more potent thaxXIll and,
considering the important role of GSLs in many otiseases, it may find several different
therapeutic applications. In fact, the administmatiof XXVI to mice with hapten-induced
ulcerative colitis resulted in beneficial anti-afhmatory respons&s A recent study on a large

number ofN-substituted DNJ and-ido-DNJ indicated that the highest GCS, GBA1 and GBA2
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inhibitory activity was showed by-nonyloxypentyl-DNJ XXVIII ) and itsL-epimer, suggesting
their employment in lysosomal storage disordergairticular Gaucher disease.

OH
AN
OH HO N Y] OH
&& Ho OH N0
(¢}

HO

H ol HO OH
N-(adamantane-methyloxypentyl)-DNJ N-nonyloxypentyl-DNJ
N-dodecyl-DNJ (XXVI) (AMP-DNJ, XXVIT) (XXVIIT)

Figure 1.7 Active N-substituted DNJ derivatives.

1.3. CONCLUSIONS AND FUTURE PERSPECTIVES

Iminosugars are potent inhibitorsefandp-glucosidases, and have been approved by FDA as

antidiabetic and antiviral agents. More recentlyjeav use of iminosugars, in particularNf

substituted, has been proposed: considering thelafoental role of glycosidases and
glycosyltransferases in carbohydrate metabolisnpairticular in glycosphingolipid catabolism,
these inhibitors can be used as therapeutic agehtsosomal storage disorders, in particular in

type | Gaucher disease.

The N-alkylated iminosugars potentially can be tested fumther diseases involving
carbohydrates: their substrate mimicking attitude ©e refined with the employment of

iminosugars, that in several cases showed a hagtiity than the correspondimmgenantiomers.
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2. OBJECTIVES AND SYNTHETIC STRATEGY

This section of the thesis was addressed to thinasis of both the enantiomers of thi€5-

adamantane-1-yl-methoxypentyl)-DNJ and khaonyloxypentyl-DNJ with the development of a

convenient synthetic route. These DNJ derivativék v tested for their potential biological

activity in other lysosomal storage diseases.

The stepwise strategy can be summarized in a featpoints:

The construction of a common precursor constitbied protected pentanedidliure
2.1.

Figure 2.1 Construction of protected pentanediol.

The coupling of the common precursor with adamastaethanol and nonanol, and
subsequent oxidation to aldehyde of the terminardwyl group in the alkyl chain
(Figure 2.2.

PG,07 "N""0pG,

Figure 2.2 Coupling of protected pentanediol and oxidation.
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The final coupling between the two obtained aldesywith the previously synthetized
D- andL-DNJ (Figure 2.3.

OH
HO OH 07T
H OM/\O
HO N
10— NZon
HO

Boey B Ay ey

OH Ho/iéjgi HO /ﬁ\//\¢>
HO

HO OH HO
Hoﬁ N
oS 10— N7 on

OH HO

Figure 2.3 Final coupling to obtain- andL- AMP-DNJ andN-nonyloxypentyl-DNJ.
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3. RESULTS AND DISCUSSION

The syntheses df-(5-adamantane-1-yl-methoxypentyl)-DR&nd N-nonyloxypentyl-DN3®
have been already accomplished and describecenatiitre. The synthetic route to AMP-DNJ is

reported inScheme 3.1

HO/\/\/\O OWO
BnO” >""ors ab L,
1
2

3

ld

OH OBn
AN AN
IR - aae
OH B0 OBn

5 4

Scheme 3.1(a) Adamantane-methanol, NaH; (b) Pd/G, (d¢) DMSO, (COCH, TEA,; (d) tetra-Bn-DNJ, Pd/C, H
AcOH; (e) Pd/C, H, HCI.

The pathway tdN-nonyloxypentyl-DNJ is described cheme 3.2

Scheme 3.2(a) Adamantane-methanol, NaH; (b) Pd/G, (d) PPh, CBrs; (d) DNJ, KCO:s.

To avoid the demanding reaction conditions requfoedthe multiple hydrogenolytic de&-
benzylations$cheme 3.1and the coupling between the alkyl bromide arddNJ (80 °C for 16
h, Scheme 3. the synthetic route developed in this thesist@mplates the use ob-
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methoxybenzyas a transient protecting group for pentanediatipimbination with a tosyl leaving

group.

3.1. CONSTRUCTION OF THE PROTECTED COMMON PRECURSOR

The former explored strategy to obt&@nnvolved a two-step sequence already described in
literaturé®, in the first step, the adamantane-methanol rdaatgh 3,4-dihydro-Bi-pyran in
presence op-toluenesulfonic acid to give a pyran adduct undegoin the second step, a
reductive opening upon exposure to8h THF. Unfortunately the second step met withufa,
probably because in the literature is reportedehetion with the borane tetrahydrofuran complex
stabilized withN-isopropylN-methyltert-butylamine, a reactive no more commercially a\dda

Indeed, addition of DIPEA to the reaction mixturd dot give results.

The latter explored route involved the strateggctdiéed inScheme 3.1with the combined

use of thgg-methoxybenzyhnd the tosyl group in the derivatization of stagtpentanediol.

This latter was sequentially protected in exceligeld with ap-methoxybenzyl (to giv&) and
a tosyl group (to giv8) (Scheme 3.3 Use of a large stoichiometric excess of pentaheder

PMBCI ensured the protection of only one hydroxyup.

PMBCI.
c~~ NaH, TBAI PPN TsCl PN
HO OH ———» PMBO OH ——> PMBO OTs
THEF, reflux py, 0°C
99% 7 95% 8

Scheme 3.3Synthesis of common hydrophobic intermedtate

3.2. SYNTHESES OF ADAMANTANE - AND NONYL -ALDEHYDES

Coupling of 8 and adamantane-methanol, activated by NaH, wagedaout under highly
anhydrous conditions to obtain ettf®rThe radical deprotection with DDQ afforded alcbBp
which was oxidized almost quantitatively to alded@dinder Swern condition§¢heme 3.1
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OH

NaH PMBO” "0
PMBO” ""0Ts + R
DMF, 40 °C
8
77% 9

DDQ
DCM, H,0, rt
87%
(COCl),

PN DMSO, TEA
O O - Ho/\/\/\o
DCM, rt
99%
3 2

Scheme 3.4Synthesis of adamantane aldeh@de

Compound was also coupled with nonanol to obtain the prewsrefN-nonyloxypentyl-DNJ.
As with 9, etherl0 was exposed to DDQ in order to remove the PMBegutatg group, but the
radical reaction led to the cleavage of the inteether moiety, giving nonanol and other
byproducts. TFA was also unsuccessful for the pggpwhereas ceric ammonium nitrate (CAN)
eventually afforded the desired alcoHd. This latter intermediatdl was then oxidized to
aldehydel2, again unde6wern conditions§cheme 3.k

NaH
/\/\/\ —_—
PMBO ors T DMEF. 40 °C.
8 OH PMBO” "0

67%
10

CAN
MeCN, H,0, rt

74%

(COCly,,

DMSO, TEA
-
DCM, 1t
NN NN
0~ (¢ HO 0

99%
12 11

Scheme 3.5Synthesis of nonyl aldehyde.

3.3. COUPLING OF ALDEHYDES WITH D - AND L-DNJ

Benzylated DNJ and-DNJ (18, 19) were synthesized starting from commercially ald#a
2,3,4,5-tetra®-benzylb-glucopyranose and 2,3,4,5-tetbabenzyli-glucopyranose, according
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to Overkleeftet al* by the research group were this section of theisheas carried oScheme
3.6).

OBn OBn OH QBn (6] (0] QBn (0]
Bnoﬂw A, Bnoﬂ b, n0 - - NH, - nO - - NH,
BnO BnO =0 i B H H
0Bn OH OBn OBn OBn OBn OBn
13 14 15
ld
from tetra-Bn-L-glucose
OBn OBn _—OBn
BnO 2 /ﬂ{ f NH HOE NH
N BnO BnO e BnO
OBn OBn OBn
19 18 17 16

Scheme 3.6(a) DMSO, AgO; (b) NH/MeOH; (c) DMSO, AgO; (d) NH/MeOH; (e) NaBHCN, HCGH; (f)
LiAIH 4.

The coupling carried out with benzylated DN8)(and the adamantane-aldehya presence
of NaBHCN gave the protecteN-(5-adamantane-1-yl-methoxypentyl)-DNJ with an éec
yield (Scheme 3.Y.

NN @/
0 0 OBn NaBH;CN o
e Ulevws
3 BnO MeCN, AcOH OBn

OBn
18 99% BnO N

BnO OBn

Scheme 3.7Construction of protected adamantane-D&J (

Unfortunately the deprotection dfcarried out with BGl gave only byproducts. A change of
strategy was then necessary, and it was decideontduct the coupling witb- andL-DNJ after

their deprotection.

Indeed, benzylated DNJ aneDNJ (18, 19) were successfull@-deprotected with an excess of
BCls (Scheme 3.8
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OBn OH

B%OM HI?M * HCI
n

OBn OH
18 BCl; 20
—_—
DCM
90%
H HO 'H
BnO g N .
B0/ N7 0Bn Ho—ZXZon *Ha
BnO HO
19 21

Scheme 3.8Syntheses of DN2() andL-DNJ (24).

The coupling between aldehyd8and either the DNJ enantiomers was carried ougrumddly

acidic conditions in presence of NaBEN, to provide products and22 (Scheme 3.3
OH

HO
OH o o
0" N"0 20
OH

NaBH;CN vz \/2
—_—
+ EtOH, AcOH

3 N HO
. H 85% Hgo& HWOH
HO— N7 o s OH 2HZO
HO

21
Scheme 3.9Synthesis of the final producisand22.

Final reductive amination between aldehy@sand eithemn- andL-DNJ (yielding23 and24)
was carried out as with the adamantane derivaBecadme 3.1)

OH

HO

OH /\/M W
/\/\/z 20 NaBH;CN OH /\/\O) o

+ " . N HO /\/\>

NN HO N

o7 o EtOH, AcOH o Ho—Z"N7 o
o OH HO
12 o H 95%
N 23 24
HO OH
S

21
Scheme 3.10Synthesis of final produc®3 and24.
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3.4. CONCLUSIONS AND FUTURE PERSPECTIVES

An efficient synthetic route toN-(5-adamantane-1-yl-methoxypentyl)-DNJ and-
nonyloxypentyl-DNJand their enantiomemsas accomplished, involving the construction of a
common intermediate for the hydrophobic moiety.sTipathway avoided the demanding reaction
conditions required in previous described rottés for example in the multiple hydrogenolytic
de-O-benzylation of the iminosugar moiety or thagidasting coupling between DNJ and a

suitable alkyl bromide. The obtained products Wwdltested for their biological activity.
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4. EXPERIMENTAL SECTION

All air sensitive manipulations were carried outlandry nitrogen atmosphere. Solvents and
all standard reagents were purchased from SigmachldAlfa Aesar of VWR and were used

without further purification.

Analytical thin-layer chromatography was perfornwdSiQ (Merck silica gel 60 fs4), and
the spots were located with ultraviolet radiatiolodine vapor and chromic mixture.
Chromatography refers to flash chromatography aaslearried out on Sgk@Merck Kieselgel 60,
230-400 mesh). Drying of organic extracts duringrkmp of reactions was performed over
anhydrous N£5Qw. Evaporation of solvent was accomplished with o evaporator. NMR
spectra were recorded at 400 MHE) and 100.6 MHzC) (Bruker DRX, Bruker Avance) and
chemical shifts are reported dwvalues downfield from TMS or relative to residualaroform
(7.26 ppm, 77.0 ppm) as an internal standard. Bxataeported in the following manner: chemical
shift, integrated intensity, multiplicity, couplirgpnstantJ) in Hertz (Hz), and assignment (when

possible).
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5-((4-Methoxybenzyl)oxy)pentan-1-ol (7).

To a stirred suspension of NaH (376 mg, 9.40 me@ dispersion in mineral oil) in THF (13.5
ml) under argon at 0 °C was added via cannulawisal of 1,5-pentanediol (3.0 ml, 28.6 mmol)
in THF (4.5 ml). The reaction was heated to refiox3 h, then allowed to cool to rt. TBAI (79
mg, 0.214 mmol) and PMBCI (591 pul, 4.27 mmol) wadeled, and the mixture was again heated
to reflux for 12 h. Water was then added, and thdewas extracted with EtOAc. The combined
organic extracts were dried over anhydrous3(@, filtered and concentrated under reduced
pressure. Flash chromatography (7:3 hexane-EtOftteaesidue afforded (949 mg, 99%).

IH NMR (400 MHz, CDCY): 51.41-1.47 (m, 2H, H-3), 1.54-1.67 (m, 4H, H-2, H-&45 (t, 2H,
J=6.5 Hz, H-5), 3.62 (] = 6.4 Hz, 2H, H-1), 3.80 (s, 3H, OGH4.42 (s, 2H, El>-Ar), 6.87 (d,
J=8.7 Hz, 2H, Hn Ar), 7.25 (d,J = 8.7 Hz, 2H, He Ar).

13C NMR (100.6 MHz, CDGJ): 622.4 (C-3), 29.6 (C-4), 29.4 (C-2), 55.2QBs), 62.7 (C-1),
70.0 (C-5), 72.5QH2-Ar), 113.7 (Cm Ar), 129.2 (Ce Ar), 130.6 (Ci Ar), 159.1 (Cp Ar).
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5-((4-Methoxybenzyl)oxy)pentan-1-yl 4-methylbenzersailfonate (8).

To a cooled (0 °C) solution of (958 mg, 4.27 mmol) in pyridine (30 ml) was added
toluenesulfonyl chloride (1.61 g, 8.45 mmol), ahd teaction mixture was stirred at the same
temperature overnight. Ethyl acetate and water vwagtded, and the crude was extracted.
Combined organic extracts washed with brine, d(i¢a&SQy), filtered, and concentrated under
reduced pressure. Flash chromatography (8:2 hextDac) of the residue afforded compousid
(1.535 g, 95%).

IH NMR (400 MHz, CDCJ): §1.35-1.42 (m, 2H, H-3), 1.51-1.58 (m, 2H, H-4521.69 (m, 2H,
H-2), 2.44 (s, 3H, CHTs), 3.39 (tJ = 6.3 Hz, 2H, H-5), 3.80 (s, 3H, OGH4.01 (t,J = 6.5 Hz,
2H, H-1), 4.40 (s, 2H, B2-Ar), 6.87 (d,J = 8.5 Hz, 2H, Hn PMB), 7.23 (d,) = 8.3 Hz, 2H, He

PMB), 7.33 (d,J = 8.2 Hz, 2H, Hm Ts), 7.78 (d,] = 8.1 Hz, 2H, He Ts).

13C NMR (100.6 MHz, CDG)): 21.5 (CH Ts), 22.1 (C-3), 28.5 (C-2), 28.9 (C-4), 55.201@),
69.5 (C-1), 70.4 (C-5), 72.LH2-Ar), 113.7 (CmPMB), 127.8 (Co Ts), 129.1 (CGs PMB), 129.8
(C-mTs), 130.4 (G-PMB), 133.0 (Cp Ts), 144.6 (O-Ts), 159.0 (G PMB).
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5-(Adamantane-1-yl-methoxy)-1-((4-methoxybenzyl)oxXpentane (9).

To a dry solution of adamantanemethanol (438 n&f8 .amol) in DMF (4.5 ml) was added at O
°C NaH (210 mg, 5.26 mmol, 60% dispersion in miheily and the mixture was heated to 40 °C
for one hour. Next, a dry solution of tosyl&¢329 mg, 2.19 mmol) in DMF (1.5 ml) was added
to the reaction and the mixture was stirred atstlime temperature overnight. The reaction was
then quenched at 0 °C with MeOH and extracted witbAc. The combined organic layers were
dried (NaSQy), filtered, concentrated under reduced pressuck tha resulting residue was
purified by flash chromatography (97:3 hexane-EtDP#@ddurnish9 (626 mg, 77%).

'H NMR (400 MHz, CDCJ): 01.39-1.47 (m, 2H, H-3), 1.52 (br di= 2.4 Hz, 6H, H adamantane),
1.55-1.60 (m, 2H, H adamantane), 1.62-1.72 (m,H812, H-4, H adamantane), 1.95 (br s, 3H, H
adamantane), 2.94 (s, 2HHg&adamantane), 3.37 (= 6.6 Hz, 2H, H-5), 3.47 (8 = 5.8 Hz, 2H,
H-1), 3.80 (s, 3H, OC¥), 4.49 (s, 2H, B>-Ar), 6.87 (d,J = 8.7 Hz, 2H, Hm Ar), 7.25 (d,J= 8.7
Hz, 2H, Ho Ar).

13C NMR (100.6 MHz, CDG)): 622.8 (C-3), 28.3 (C adamantane), 29.4 (C-4), 29:8), 34.0
(C adamantane), 37.2 (C adamantane), 39.7 (C adanegn55.3 (QH3), 70.1 (C-1), 71.9 (C-5),
72.5 CH>-adamantane), 81.€H>-Ar), 113.7 (CmAr), 129.2 (Ce Ar), 130.7 (Ci Ar), 139.0 (C-
p Ar).
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5-(Adamantane-1-yl-methoxy)pentan-1-ol (2).

Compound (616 mg, 1.66 mmol) was dissolved in &Hb (36 mL), and water (4 ml) and DDQ
(752 mg, 3.31 mmol) were added. The resulting mé&twuas stirred at rt for 5 hours. The two
phases were separated, and the organic layer vwamedavith water, dried and concentrated under
reduced pressure. The cruslevas purified by flash chromatography (hexane-Et@4&) to give
pure2 (363 mg, 87%).

'H NMR (400 MHz, CDC4): 01.41-1.70 (m, 18H, H-2, H-3, H-4, H adamantan€51br s, 3H,
H adamantane), 2.96 (s, 2HHg&adamantane), 3.39 (1= 6.6 Hz, 2H, H-5), 3.65 (§ = 5.8 Hz,
2H, H-1).

13C NMR (100.6 MHz, CDG): J 22.2 (C-3), 28.0 (C adamantane), 29.1 (C-4), &2
adamantane), 33.9 (C-2), 37.0 (C adamantane),(@%Bamantane), 62.3 (C-1), 71.4 (C-5), 81.8
(CHz2-adamantane).

T T T v T Y A T T T T T T T T T
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5-(Adamantane-1-yl-methoxy)pentan-1-al (3).

A solution of oxalylchloride (32 pl, 0.375 mmol) BCM (5 pl) was cooled to —78 °C. After
dropwise addition of DMSO (53 pl, 0.750 mmol) in G500 pul), the mixture was stirred for 30
min. A dry solution oR (86 mg, 0.341 mmol) in DCM (500 ul) was added driggvio the reaction
at —78 °C. After two hours, TEA (237 ul, 1.70 mmeBs added, and the mixture was allowed to
warm to rt over two hours. The reaction was quedatiéh few drops of aqueous HCI 0.01 M and
extracted. The combined organic extracts were daeer anhydrous N&Qu, filtered, and

concentrated under reduced pressure, affordingaddetyde3 (86 mg, 99% yield).

'H NMR (400 MHz, CDCJ): 51.50 (br s, 6H, H adamantane), 1.55-1.69 (m, M43, H-4, H
adamantane), 1.93 (br s, 2H, H adamantane), appit(J = 7.1 Hz, 2H, H-2), 2.92 (s, 2HHG-
adamantane), 3.36 (t=5.9 Hz, 2H, H-5), 9.75 (s, 1H, H-1).

13C NMR (100.6 MHz, CDG): J 18.9 (C-3), 28.2 (C adamantane), 28.9 (C-4), 3€0
adamantane), 37.1 (C adamantane), 39.6 (C adamneanéth6 (C-2), 70.8 (C-5), 81.CKl»-

adamantane), 202.8 (C-1).
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5-(Nonyloxy)-1-((4-methoxybenzyl)oxy)pentane (10).

To a dry solution of nonanol (1.15 ml, 6.59 mmalDMF (30 ml) was added at O °C NaH (527
mg, 13.9 mmol, 60% dispersion in mineral oil), ahd mixture was heated to 50 °C for 3 hour
(until the end of the gas evolution). Next, a dsjusion of tosylate8 (1.66 g, 4.39 mmol) in DMF
(10 ml) was added to the reaction at 0 °C and theume was stirred at the same temperature
overnight. The reaction was then quenched with Me@#i concentrated under reduced pressure.
The resulting residue was purified by flash chragedphy (97:3 hexane-EtOAc) to furni&b
(1.032 g, 67%).

IH NMR (400 MHz, CDC4): 50.88 (t,J = 6.2 Hz, 3H, H-9’), 1.26 (br s, 10H, H-4’, H-5' -1,
H-7', H-8), 1.39-1.45 (m, 2H, H-3'), 1.54-1.66 (1f8H, H-2, H-3, H-4, H-2"), 3.36-3.41 (m, 4H,
H-5, H-1), 3.44 (tJ = 6.6 Hz, 2H, H-1), 3.80 (s, 3H, OGH4.43 (s, 2H, El>-Ar), 6.87 (d,J =
8.4 Hz, 2H, Hm Ar), 7.25 (d,J = 8.3 Hz, 2H, He Ar).

13C NMR (100,6 MHz, CDGJ): 514.0 (C-9'), 22.6 (C-3), 22.7 (C-8'), 28.1, 2928.5, 29.6, 29.7
(C-2, C-4, C-2', C-3", C-4’, C-5', C-6"), 31.8 (C7 55.2 (OCH), 70.0 (C-1), 70.8 (C-1'), 70.9
(C-5), 72.4 CH2-Ar), 113.6 (Cm Ar), 129.1 (Ce Ar), 130.7 (Ci Ar), 159.0 (Cp Ar).
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5-(Nonyloxy)pentan-1-ol (11).

Compoundl0 (49 mg, 0.140 mmol) was suspended in a mixtu@cetonitrile and water in ratio
9:1 (1.5 ml), and CAN (383 mg, 0.699 mmol) was atdd&ter 30 minutes the reaction mixture

was extracted with EtOAc and aqueous NaHCUhe combined organic extracts were dried,
filtered and concentrated under pressure. Flaginwdography (9:1 to 8:2 hexane-EtOAc) of the

residue gave the compoufd (24 mg, 74%).

IH NMR (400 MHz, CDCY): 0.87 (t,J = 6.7 Hz, 3H, H-9"), 1.26 (br s, 10H, H-4', H-5' -8,
H-7", H-8"), 1.40-1.45 (m, 2H, H-3"), 1.53-1.62 (1BH, H-2, H-3, H-4, H-2’), 3.39 (app d,=

14.2, 6.6 Hz, 4H, H-5, H-1"), 3.64 3,= 6.5 Hz, 2H, H-1).

13C NMR (100,6 MHz, CDG): 614.0 (C-9"), 22.3 (C-3), 22.5 (C-8'), 28.0, 29.9:8 (C-2, C-4,
C-3, C-4', C-5', C-6), 31.8 (C-2), 32.3 (C-7"62.3 (C-1), 70.6 (C-1’), 70.9 (C-5).
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5-(Nonyloxy)pentan-1-al (12).

A solution of oxalylchloride (34 pl, 0.406 mmol) MCM (10 ul) was cooled to —78 °C. After
dropwise addition of DMSO (58 pul, 0.812 mmol) in RIE500 pul), the mixture was stirred for 30
min. A dry solution ofll (85 mg, 0.369 mmol) in DCM (500 ul) was added drigewto the
reaction at —78 °C. After two hours, TEA (257 wB4 mmol) was added, and the mixture was
allowed to warm to rt over 90 minutes. The reacti@s quenched with few drops of aqueous HCI
0.01 M and extracted. The combined organic extraete dried over anhydrous P&y, filtered,
and concentrated under reduced pressure, affoptdirggaldehydéd?2 (70 mg, 99% yield).

IH NMR (400 MHz, CDC4): 0.80 (t,J = 6.2 Hz, 3H, H-9"), 1.19 (br s, 12H, H-3', H-4' -H,
H-6', H-7', H-8), 1.47 (dtJ = 13.5, 6.7 Hz, 2H, H-2'), 1.52 (dl,= 14.3, 6.2 Hz, 2H, H-4), 1.64
(dt,J = 14.4, 6.9 Hz, 2H, H-3), 2.39 (= 7.1 Hz, 2H, H-2), 3.30 (§ = 6.7 Hz, 2H, H-5), 3.33 (t,
J=6.3 Hz, 2H, H-1'), 9.69 (s, 1H, H-1).

13C NMR (100,6 MHz, CDG): 514.0 (C-9'), 18.9 (C-3), 22.6 (C-8'), 26.1, 29.9-2 (C-4, C-3,

C-4', C-5', C-6", C-T"), 31.8 (C-2), 43.5 (C-2)071 (C-5), 71.0 (C-1’), 202.5 (C-1).
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(2R,3R,4R,55)-1-(N-(5-(adamantan-1-yImethoxy)pentyl))-2-((benzyloxy)rathyl)piperidine-
3,4,5-tris(benzyloxy)) (4).

A reaction flask was charged with aldehygl€36 mg, 0.143 mmol), 2,3,4,5-tet@benzylb-
nojirimycin (18) (30 mg, 0.0574 mmol), MeCN (966 L) and glacialoH (34 ul), and finally
was added NaB#CN (7 mg, 0.115 mmol) under inert atmosphere. Tdection was stirred
overnight, then was quenched with an aqueous salofi NaHCQ and extracted. The combined
organic extracts were dried over anhydrousS(@, filtered, and concentrated under reduced
pressure. Flash chromatography (95:5 to 8:2 heka®@éc) of the resulting residue afforded
compound4 (56 mg, 99%).

For NMR spectra and data sédeOrg. Chem2007, 72, 1088.

OH

H
NH HO N
HO~ y H()\%\ZOH
(2R,3R,4R,55)-2-(Hydroxymethyl)piperidine-3,4,5-triol), 1-deoxynojirimycin, DNJ (20).

(2S,3S,4S,5R)-2-(Hydroxymethyl)piperidine-3,4,5-triol), L-1-deoxynojirimycin, L-DNJ (21).

To a solution of 2,3,4,5-teti@-benzylp-nojirimycin (18) or 2,3,4,5-tetrad-benzyl+-nojirimycin
(19) (246 mg, 0.470 mmol) in DCM (10 ml) was added aEBCk (4.70 ml, 4.70 mmol, solution
1 M in DCM) and the mixture was allowed to warnrt@vernight. The reaction was quenched
with MeOH at 0 °C and concentrated under reducedsure. The residue was washed witOEt
EtOAc and MeOH, and the resulting precipitate wasdj affording20 or 21 (69 mg, 90%).

For NMR spectra and data s€ag. Biomol. Chen011, 9, 1372;Tetrahedron2007, 63, 6827.
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N-(5-(adamantan-1-ylmethoxy)pentyl)-1-deoxynojirimyin, AMP-DNM (5).
N-(5-(adamantan-1-ylmethoxy)pentyl)-1k -deoxynojirimycin, L-AMP-DNM (22).

A reaction flask was charged with aldehyli@9 mg, 0.116 mmol), DN20) or L-DNJ 21) (13
mg, 0.0773 mmol), EtOH (1 mL) and glacial AcOH ({1, and finally was added NaB&N (7
mg, 0.116 mmol) under inert atmosphere. The reactias stirred for 2 days, then was
concentrated under reduced pressure. The residsiswgpended in HCI 5% (500 ul), neutralized
to pH 7.5 with solid Ng&COs and extracted with DCM. Combined organic extragashed with
brine, dried (N&SQy), filtered, and concentrated under reduced presstiash chromatography
(7.6:2.2:0.2 DCM-MeOH-NKlaq) of the resulting residue afforded compoundsd22 (23 mg,
85%).

'H NMR (400 MHz, MeOD):51.43-1.51 (m, 2H, H-3'), 1.56 (br s, 6H, H adanaae), 1.61-1.69
(m, 4H, H-2’, H-4"), 1.74-1.87 (m, 6H, H adamantari94 (br s, 3H, H adamantane), 2.98 (br s,
2H, CHz-adamantane), 2.99-3.07 (m, 2H, H-1"), 3.20 {dt, 12.1, 5.2 Hz, 1H, H-5), 3.30-3.48
(m, 5H, H-1, H-2, H-3, H-4), 3.60 @,= 9.8 Hz, 1H, H-5’), 3.67-3.72 (m, 1H, H-5"), 3.98pp d,
J=12.2 Hz, 1H, H-6), 4.11 (d,= 12.2 Hz, 1H, H-6).

13 NMR (100,6 MHz, MeOD):d 22.6 (C-2)), 23.2 (C-3), 28.2 (C adamantane),726C

adamantane), 36.8 (C adamantane), 39.3 (C adanegn&ih6 (C-4’), 53.6 (C-1’), 54.2 (C-1),
65.9 (C-6), 66.6 (C-5), 67.7 (C-2), 70.7 (C-4),I7(C-5"), 76.9 (C-3), 81.6QH>-adamantane).
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N-(Nonyloxypentyl)-1-deoxynojirimycin (23).
N-(Nonyloxypentyl)-14 -deoxynojirimycin (24).

A reaction flask was charged with aldehyi@5 mg, 0.197 mmol), DN2() or L-DNJ 21) (21
mg, 0.132 mmol), EtOH (1.6 mL) and glacial AcOH (1)), and finally was added NaBE&N (12
mg, 0.197 mmol) under inert atmosphere. The reactias stirred for 2 days, then was
concentrated under reduced pressure. The residsiswgpended in HCI 5% (800 ul), neutralized
to pH 7.5 with solid NgCOs and extracted with DCM. Combined organic extracdshed with
brine, dried (N&SQy), filtered, and concentrated under reduced presstiash chromatography
(DCM to 7:3 DCM-MeOH) of the resulting residue affed compound23 and24 (31 mg, 95%).

IH NMR (400 MHz, MeOD):50.89 (t,J = 7.1 Hz, 3H, H-9”), 1.29 (br s, 12H, H-3", H-44-5",
H-6", H-7", H-8”), 1.43-1.49 (m, 2H, H-3), 1.52-48 (m, 2H, H-2"), 1.60-1.67 (m, 2H, H-4"),
1.70-1.83 (m, 2H, H-2"), 2.97 (8,= 11.9 Hz, 1H, H-1), 3.04 (br. d= 9.4 Hz, 1H, H-5), 3.19 (dt,
J=12.1, 5.3 Hz, 1H, H-1"), 3.30-3.31 (m, 2H, H-H;3), 3.34-3.49 (m, 5H, H-1, H-5', H-1"),
3.61 (t,J = 9.8 Hz, 1H, H-4), 3.68-3.74 (m, 1H, H-2), 3.9 @,J = 12.6 Hz, 1H, H-6), 4.09 (br
d,J=12.4 Hz, 1H, H-6).

13C NMR (100.6 MHz, MeOD) 14.6 (C-9"), 23.0 (C-8"), 23.9 (C-3"), 24.7 (C-225.0 (C-3"),

27.4 (C-6"), 30.4, 30.5, 30.7, 30.9, 33.2 (C-4'2G-C-4", C-5”, C-7"), 54.1 (C-1’), 56.5 (C-1),
57.6 (C-6), 67.5 (C-5), 69.5 (C-2), 70.7 (C-4),§(C-5), 72.2 (C-1"), 79.6 (C-3).
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1. INTRODUCTION

Alkaloids are a group of natural products that aomimostly basic nitrogen atoms. They are
found in a large variety of organisms from bacteédaanimals, but also in fungi, plants, and
sponges. Owing to their basic nature, alkaloids learpurified from crude extracts of source
organisms by acid-base extraction. Despite seeéfi@ts, a true exhaustive classification of these
compounds is lacking because of their great straktliversity.

Some alkaloids are commonly known for their psyabjat and stimulant activities (cocaine,
caffeine, nicotine), but they also have a wide eamd pharmacological activities, including
antimalarian (quinine), antiasthma (ephedrinejnalgesic (morphing) or anticancer
(homoharringtonine$) Most of the pharmacological activities of alkal®iare still unknown, as
well as their biological role for living organisrhat produce them. In last years the attention is

focused on the possible exploitation of alkalomstill incurable diseases, like cancer.

Cancer collects different diseases involving abradreell growth with the potential to invade
or spread from one tissue to another the Botligere are over 100 different known cancers that
affect humarfs In 2012 about 14.1 million new cases of canceuned globally (not including
skin cancer other than melanoma); it caused ab@umllion deaths or 14.6% of all human
deaths$. Because cancer is a class of dis€aghsre will not ever be a single cure, and new
different treatments are now being tested in dihigals to compare the proposed treatment to the
best existing orfe There are intense efforts in scientific reseahunderstand the disease
processes and discover possible therapies. Madanggiroonstitute a relatively new family of
marine alkaloids isolated from Haplosclerida spenggome members of this class of natural

products show significant anticancer activity whazm be of therapeutic interest in a future.

1.1. MARINE SPONGES OFHAPLOSCLERIDA AS A SOURCE OF

BIOACTIVE ALKALOIDS

Sponges (phylum Porifera) are considered the masitye multicellular form of life. They

first appeared on Earth almost 600 million years agd had just a little structural evolution since
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that timé. Sponges, as well as other sessile marine invetesy are filter feeders that have
developed efficient defense mechanisms againsgfoeggressors including viruses, bacteria, or
eukaryotic organisnisMarine sponges are among the richest sourcdsashacologically-active
chemicals from marine organisms and more thandfall known alkaloids of marine origin have
been isolated from sponges. Often the bioactivers#ary metabolites isolated from sponges are
the outcome of functional enzyme clusters, whidgbinated from the sponges and their associated
microorganisms. More than five-thousand differerddoicts are known from sponges and their
associated microorganisms, and their number inesealsmore than 200 new products each year.
These large numbers are expected to come fromebeé of the sponges to acquire novel leads
against bacterial, viral, fungal and parasitic dg&s, as these infectious microorganisms evolve

and develop resistance to existing compounds.

Chemical studies carried out over the last decpd®ged that sponges are important sources of
novel steroids, terpenoids, peptides, macrolides adkaloidSfeaturing potential clinical interest.
Indeed, several marine natural products have ssitdgsadvanced to the late stages of clinical
trials and moreover a growing number of candidete®nstantly considered as promising leads

for extended preclinical assessment.

In this context, marine sponges in the order Hajdogla are the source of more than one
hundred biogenetically related alkaloids, in paac of 3-alkylpyridine and 3-alkylpiperidine
alkaloids. The first 3-alkylpiperidine sponge atkdl the halitoxin, was discovered in 1978 by
Schmitz et all®, and since then other chemical studies performedaplosclerida sponges

allowed the isolation of a large variety of alkalei

As a group, the 3-alkylpiperidines are characteriag the diversity and complexity of their
chemical structures and by the range of biologicdivities that they exhibit There are eleven
macrocyclic skeletons known within the 3-alkylpijgne family: these include the
haliclamine/cyclostellettamine, ingenamine, madamga, ircinal, manzamine, halicyclamine,
saraine 1-3, saraine A to C, petrosin, xestospdagiguspongine and aragupetrosine skeletons
(Figure 1.1). Three of these skeletal types, belonging toitigenaminé?, madangaminfeand
halicyclaminé® alkaloids, were first isolated and all reported1®94. For this reason, this is
considered a relatively young line of research, gnedpotential of these alkaloids has not been

still completely explored.
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Ircinal A Manzamine A Halicyclamine A Saraine 1

Saraine B Petrosin Xestospongin A Aragupetrosine A

Figure 1.1 3-alkylpiperidine alkaloids.

The 3-alkylpiperidine alkaloids stand, from the io@ing, as a challenge to the extant
methodology for chemical structure elucidation.tihe case of most of the macrocyclic 3-
alkylpiperdine alkaloids, the difficulties assoeidtwith analyzing the NMR data associated to the
long chain alkyl bridges spanning the nitrogen aomihg polycyclic cores have complicated the
structure elucidation leading occasionally to imeot structural hypothesis. It is interesting téeno
that the saraines, a class of alkaloids isolatech fReniera sargia sponge extensively found in
the Bay of Naples, have a chemical structure soptioated that was elucidated after 9 years of
investigations by Cimino and co-work&sThe availability of 2D experiments conducted aghh
field NMR spectrometers and X-rays diffraction ass#& finally proved to be a structural tool
powerful enough to meet the challenge of unambiglyadetermining the connectivity in the long
chain alkyl bridge¥.

Many types of biological activity were found in Begpiperidine alkaloids suggesting their

potential use as source of drugs. In particula,ahtileukaemic activities of the manzamiies

134



the antibacterial and antitumoral properties ofgamine¥ and madangamin&s have attracted

much attention.

The combination of potent biological activity astructural complexity found in the 3-
alkylpiperidine alkaloids has spurred the intesssithetic chemists. To date synthetic efforts were
undertaken towards the synthesis of each compaiaht family, in particular the most active

manzamine$, saraine®¥ and madangaminés

1.2. BIOGENETIC THEORIES

The first tentative biogenetic hypothesis for thalldylpiperidine family was suggested by
Cimino et al1*. The origin of these alkaloids can be envisagetiénreduced bis-3-alkylpyridine
macrocycles suggesting a biogenetic relationshtpvdzn the oligomeric halitoxins and the 3-
alkylpiperidine alkaloids.

Indeed, it was from the isolation of manzamine A @88 that researchers began to realize that
the biogenesis of all these types of polycycliallids could have a common path. An elegant
hypothesis by Whitehead and Bald#iproposed that the manzamines arise from a bis-3-
alkyldihydropyridine precursor Scheme 1.1 Curiously, this hypothesis anticipated the
occurrence of two new classes of alkaloids cormnedjmg to the pentacyclic and tetracyclic
intermediates in their biogenetic scheme, the aciB (V)% the tetracyclic product, and
ingenaminesl()!?, the pentacyclic intermediate.
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Tryptophan
-
oxidation

I

\4 v Ingenamine
Manzamine B Ircinal B skeleton

Scheme 1.1Biogenetical proposal of Whitehead and Baldwin.

According to the proposal, the bis-dihydropyridmiicycles arise from ammonia, aodi-
aldehyde and a {acrolein equivalent. These units are assemblea @nt3-alkylpiperidine
monomer that can either polymerize leading theoofigric halitoxins or dimerize into a bis(3-
alkylpiperidine) macrocyclel). The dimer (featuring tautomerism) evolved imteermediatdl
via anendointramolecular [4+2] Diels-Alder cycloaddition. RihintermediatéV , corresponding
to ircinal B, was originated via an hydrolytic rhagening and a condensation with tryptophan. A
further oxidation step led to the manzamine\B and similar paths lead to related polycyclic
skeletons found in many of these complex alkaloids.

In 1994, Konget al.”?* conjectured a different biosynthetic pathway talld¢piperidine and

in particular to madangamines, outlinedSicheme 1.2
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XI X IX
Mandangamine A

Scheme 1.2Kong's biogenesis for madangamines.

In the Kong model, in analogy with the Whitehead &aldwin proposal, the biogenesis starts
from ammonia, a G di-aldehyde, and af&crolein equivalent and proceeds through a phrtial
reduced bis-3-alkylpyridineMl), which undergoes a [4+2] cycloaddition to gerer#ite
intermediateVll , related to the ingenamine class of alkaloidss Tigenamine-type intermediate
can then undergo a fragmentation to give the tetimc intermediatelX, that gives the
regioisomeric iminium iofX with a redox exchange between the two nitrogen st&@ubsequent
“aza-Prins-type” reaction generate the madangarsketetonXl. It may be that enzyme(s)
catalysing this rearrangement has a specific remént for a particular chain length and
functionality in the C-3 to N-11 bridge in the piive ingenamine precursor. Thus, most of the
resulting madangamines have identical N-1 to Ci3gess but show variations in the N-7 to C-9
bridge.

An alternatively theory, suggested by Marazehal %, is illustrated irScheme 1.3
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XVII

XX XIX XVIII
Mandangamine C

Scheme 1.3Marazano’s proposal for madangamines’ biosynthesi

In this proposal, Marazano suggests that manzaalkaoids can alternatively be viewed as
derived from two unsaturated long-chain aminoaldelsyand two malono-dialdehyde units.
Natural 3-alkylpyridinium salt derivativesXll ) are obtained with a cyclization in an acidic
medium; the resulting macrocycle with an intramalacDiels-Alder reaction gives the tetracyclic
intermediate XIll . An oxidation leads to the advanced intermediateth@ syntheses of

manzamines and ircinalxI{ ): in fact, reduction of this tetracyclic compoufallowed by
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oxidation can give access to ircinal derivativeshsas ircinal B if = 1, IV), precursor of

manzamine.

As an alternate pathway, intermediatl/ (n = 3) was reduced to give, after double-bond
migration, amino aldehyd¥V. Ring opening could then occur, leading to thenenierivative
XVI whose reduction would afford secondary ami)l . Cyclization to the corresponding
double-iminium salt derivativ&VIll , obtained by condensation, could then produceaggaolic
intermediateXIX , which with a final double-bond migration affonsgdangamine C.

1.3. MADANGAMINE ALKALOIDS

Madangamines, as seen above, are a group of corapteally active pentacyclic diamine
alkaloids isolated from the marine spongestospongia ingenef the order Haplosclerida,
collected by hand using scuba on reefs off Mad®&apua New Guinea. They are apparently
related to macrocycles like saraines, manzaminesais, petrosins, through a common
biogenetic bis-3-alkylpiridine precursor, as emsrfyem their structures and proposed biogenetic
theories.

Anderseret al. isolated in 1994 the first madangamine alkaldie, A (X1, Figure 1.2), that
showedin vitro cytotoxicity against murine leukemia P388 @D.93 pg/mL) and human lung
A549 (EDs0 14 pg/mL), brain U373 (E435.1 pg/mL), and breast MCF-7 (Ed%.7 pg/mL) cancer
cell lines. The isolation was conducted with muéipxtractions of specimens ¥f ingenswith
MeOH, and the combined MeOH extracts were redutedcuoto an aqueous suspension. This
suspension was diluted with distilled® and then partitioned sequentially against hexarte
EtOAc. Repeated fractionation of the hexane-solublaterials using silica gel flash
chromatography and normal-phase HPLC led to tHatisa of madangamine A

Madangamines from B to XK -XXIII ) were isolated via the same way by Anderseal. in
1998“. A detailed analysis of the NMR data and masstsp@etry identified the constitution and
relative configurations of the whole structure ofidangamin€s® The basic madangamine
skeleton consists of a tricyclic core (ABC ringsdawo linear bridges (DE rings). The central
tricyclic core, unprecedented among natural pragjustconstituted by two piperidine rings both

in chair conformation cis-fused, attached to a @eyblic ring with a slightly flattened chair

139



conformation. The E ring (N-1 to C-3 bridge) cotsisf two Z skipped double bonds, one
connected to the carbocyclic ring, and is identiceA-E madangamines, while D ring (N-7 to C-
9 bridge) shows variations both in size (13 to l&mbered) and in the position and degree of

unsaturationKigure 1.2).

XI XXI XX
Madangamine A Madangamine B Madangamine C

33

XXII XXIII XX1V
Madangamine D Madangamine E Madangamine F

Figure 1.2 Madangamine alkaloids.

All the madangamines are extremely non polar comg@syuin fact they dissolve in the hexane
layer, and this is probably related to their cdracture. One of the two nitrogen atoms, the N-7,
cannot readily invert because the cavity of theregigore is too small to easily accommodate the
C-21 alkyl group. Therefore, the lone pair on th& Nitrogen atom is locked in the center of the
tricyclic core where it is relatively inaccessilfier protonation and hydrogen bonding. The
anticipated result would be a decreased basicityhi® N-7 amine and consequently a reduced

polarity for the madangamines.

No data regarding the biological activity of B-E alaagamines have been reported until now,
but these alkaloids with their peculiar structusald be an interesting target for both the syntheti
organic chemists and the pharmaceutical research.

Another madangamine, the IXXIV ), was isolated in 2007 by Berlinkt al?® from
Pachychalina alcaloidiferaa different Haplosclerid sponge, collected iraltto Pai, Niterdi, Rio
de Janeiro, BraZl. The crude extract presented a very complex nextfiralkaloids difficult to
separate. Madangamine F was isolated from the Me@#ék extract by column chromatography

on silica gel using small amounts (10 g or lessgtafionary phase, with a gradient of MeOH in
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CHCI; or a gradient of 1:1 MeOH/MeCN in GEl2. XXIV shows a remarkable polarity respect

to the other members of the madangamine gfoup

The comparison of NMR spectra ¥KIV with those of other madangamines confirmed the
structural identity of the madangamine central cdfevertheless, madangamine F is the first
member of the madangamine group of alkaloids feejua C10 (instead of a C8) bridge bearing
four insaturations between N-1 and C-3 and a hydmgroup at C-4 igure 1.2). The occurrence
of a hydroxyl group is noteworthy, because confirtigat the madangamine skeleton
biogenetically derives from ingenamines: its positicorresponds to the C-4 position in the
putative ingenamine precursor, which is commonhsatarated atA34, and, therefore, is

susceptible to an enzyme-mediated addition 63.H

According to Kumar, also madangamine F shows cytotactivity against human central
nervous system SF295 (Ef29.8 ug/mL), breast MDA-MB435 (E216.2 pg/mL), colon HCT8
(EDsg>25 pg/mL), and leukemia HL60 (BEL6.7 pug/mL) cancer cell linés

1.4. PREVIOUS SYNTHETIC APPROACHES

Nowadays, several total syntheses are reportealfoyst every member of the 3-alkylpiperide
group, especially for the most representative alkial with potent pharmaceutical activity®
Nonetheless, in the case of the madangamine faonily, one total synthesis has been reported
just for madangamine D and was carried out by éisearch group were this thesis was patrtially
developed®. However, several syntheses addressing variousumgadhine substructures have
been previously reported by other grotig=’

The first approach to the tricyclic core of madangee was reported in 1997 by Weinf&b

starting from enone key intermediaXV (Scheme 1.% obtained with Hiemsra’s metodolofly
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Scheme 1.4(a) 1,3-butadiene; (b) TosMIEBUOK; (c) DIBAL-H; (d) diallylamine, PPH Pd(OCOCE)z; ()
HCI; (f) NH,OH- HCI; (g) LiAlHg4; (h) p-BrCsHaSO.CIl, TEA, DMAP;(i) CSF/IDMAP, TEA, TsClI; (j)
NH>OCH:Ph-HCI (k) disiamylborane#®,, NaOH; (I) NaH, TBAI, PMBCI; (m) LiAlH; (n)
Hg(OCOCE)2/(CFs3).CHOH, NaBH.

Though a [4+2] cycloaddition of enon&XV with butadiene at high pressure (12 kbar), the
desired cis keto azadecalin derivatX¥®VIl was obtained. The ketone functionality was then
converted to nitrile and subsequently to aldehwti¢he same time an allyl chain was introduced
selectively giving the appropriate stereochemistrg-9 XXVII ). Further transformation led to
primary amineXXVIIl , and a two-step reaction with mercuric trifluorete and sodium
borohydride yielded the tricyckéXIX . The amino alcohol had appropriate functionaliteeshe
subsequent construction of both macrocyclic rimgs,the large number of steps required to get

XXIX makes this strategy not suitable.

Kibayasht!in 2004 proposed a synthesis for the diazatricyaie involving an intramolecular

N,O-acetalization of a keto-aminophen8icheme 1.k

0
OTBDMS TBDMSO' TBDMSO
XXX XXXI XXXII XXXIII
ui-l
OBn OB OBn OBn
N<
H{ CBz 1 HO N< g, 04 MOMO Npoe _mn MOMO N.poc
CbZ/N - - -
v CbzHN___- HO__- 0
XXXVII XXXVI XXXV XXXIV

Scheme 1.5(a) CH(CN)CQ:Et, t-BuOK; (b) (CHOH)., p-TsOH; (c) 35% HCHO, KHCg) (d) MOMCI, i-PrEtN;
(e) (i) LiBHg4; (i) MOMCI, i-PrEtN; (f) DIBAL-H i; (g) salicylaldehyde/NaBkj (h) PPTS; (i) AlH; (j) Hz, Pd/C;
(k) (i) Boc,O, NaH; (ii) BnBr, NaH;(iii) TBAF;(I) PCC;(m) Tebbeeagent; (n) (i) 9-BBN;(ii) NaOH, ¥D-;(0)
PhthNH, DEAD, PBP; (p) (i) HCI;(ii) H-NNH2: xH20; (q) CbzCl;(r) MsCI, TEA,; (s)-BuOK.
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CyclohexanoneXXX was subjected to Michael addition and appropnmt#ections to give
nitrile esteiXXXI that, via several reductions and a final reducivenation with salicylaldehyde,
was converted to aminophen®XXIl . Upon treatment ofXXXIl with pyridinium p-
toluenesulfonate in acetones® under reflux, the transiently formed keto-aminempdi
undergoes intramolecular condensation to give ¢lradyclicN,O-acetalXXXIIl consisting of
the 2-azabicyclo[3.3.1]nonane nucleus. Subsequextpses led to keton&XXIV and then to
primary alcoholXXXV as a single diastereoisomer, through a hydrobaeratith 9-BBN from
the less congested convexface. The Mitsunobu reaction, followed by deprotet and
protection steps, converted the intermedkXeXV to the primary alcohakKXXVI , which via a
mesylation and treatment tdBuOK led to the tricyclic compoundXXVII .

This strategy, despite the efficiency, led to eyitlic compound that lacked a functionalization

on C-3, making the construction of E ring impossibl

Two years later Kibayashi published another p&peith a different approach to the synthesis
of madangamine, synthetizing the ACE ring syst&chéme 1.5

& 1 O | é\JC TBDMSOG\EJ@ ﬁ@

OTBDM S

COzEt

XXXVIIT XLII

XXXIX
Hj-m
OBn
BnO N~ N~
< BnO N~Boc Boc Boc

= O/COZMe =~ _CO,Me

XLVI XLIV XLIIT

Scheme 1.6(a) CH(CN)CG:EL; (b) 0-CsHa(CH0H),, p-TsOH; (c) (i) HCHO,; (ii) TBDMSCI, imidazole; (d))(
LiBH; (ii) TBAF; (e) (i) BnBr, NaH; (ii) PPTS; (f) (il BDMSCI; (ii) OsQi, NMO; (g) (i) (CHOH),, TMSCI; (ii)
TBDMSOTf, 2,6-lutidine; (h) DIBAL-Hb-(OH)CsHsCHO, NaBH; (i) HCI; (j) LIAIH 4, AICI3; (k) Hz, Pd(OHY: (I)
(i) (Boc)O; (ii) DMP; (m) (CRCH;0),P(=0)CHCOMe, KHMDS, 18-crown-6; (n) DIBAL-H; (o) MeCg&Ll; (p)
(2)-BusSNnCH=CH(CH),OTBDPS, Pd(dba) (q) TBAF; (r) (i) DMP; (i) TFA; (iii) NaBH(OAC).

The cyclohexanoneXXXVIII  was subjected to Michael addition, protections and
hydroxymethylation to give nitrile est&XXIX , that was converted 6L via cleavage of the
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cyclic acetal. With a strategy similar to the poms one, Kibayashi obtained the reductive
amination produckLI and then the tetracycld,O-acetalXLIl as a single diastereoisomer. After
reductive cleavage of the acetal, hydrogenatiootegtion and oxidation aXLIl , a Still's Z-
selective Wittig-Horner olefination was accomplighgiving the Z)-exo-olefinXLIIl as major
product with undesired Ej-isomer in ratio 11:1. The mixture was reduced and
methoxycarbonylated, leading ¥a_.1V , and to the skipped diend.V as a single stereoisomer
after a palladium-catalyzed coupling with the Z)-yinylstannane, (1,1-
dimethylethyl)(dimethy){[(2)-6-(tributylstannanyl)hex-5-enyl]loxy}silane. Fimgl the 11-
membered ring was fabricated by a sequential @adtivolving oxidation ofXLV with Dess—
Martin periodinane followed by deprotection andantolecular reductive amination giving rise
to the expected tricyclic produkLVI .

This strategy also led to a tricyclic compound lagka functionalization on C-5, and thus

unusable to give the pentacyclic madangamine.

A different proposal came from Maraz&nan 2005, who basing upon his biogenetic theory,
linked madangamines to ircinals. The condensatioh the sodium salt of
diethylacetonedicarboxylate with a dihydropyridmiwsalt derivative is the key reaction of the

scheme $cheme 1.Y.

o
COCFs COCF3
/
X | — Ph
N
CF3C0, EtOQCJ\/CO2Et

XLVII XLVII XLIX

COCF3
Non PR F3COC
Ph\jN EtO,C COEt EtO,C COEt
0 0
Lla LIb La

Scheme 1.7(a) BnBr/NaBH,; (b) LDA/n-BuBr; (c) DIBAH; (d) BnNH; (e)t-BuOK; (f) oxalic acid; (g) py,
(CRCO)0; (h)m-CPBA/(CRCO)O0. (i) acetone dicarboxylate diethyl ester sodiunyiKaCOs.

144



Nicotinic acid methyl esteiXVIl ) after seven step gave the tetrahydropyridb¥lll , that
afforded derivativeXLIX after a treatment withm-CPBA and trifluoroacetic anhydride.
Dihydropyridinium saltXLIX was treated with the sodium salt of acetone daarate diethyl
ester at ambient temperature, and provided adduet®nd Lb in an inseparable mixture.
Treatment of the crude mixture with an alkalineusoh provided two tricyclic productsla and

Lib via rearrangement.

This biogenetically inspired strategy demonstratesl possibility of obtaining the tricyclic
system with a stereoselective approach with & itimber of steps, but unfortunately also in this

case the C-9 lacks of functionalization requireddmplete the synthesis of madangamines.

In 2008 Bonjock® proposed a synthesis of the tricyclic core of nmagadanines in a 10-step

sequence starting from a 4-(aminomethyl)anisolevdve (Scheme 1.8

O,

CN o CN
OMe Y O 0
T O
. N
Bn/N — Bn”~ Bn”
LIV

LII LIIT

N i eh oo
SNy o < :,
Bn~, N Bn” N o
LvIl LVI LV

Scheme 1.8(a) Li, NHs; (b) (i) NCCH.CO:H, PyBOP, TEA,; (ii) HCI; (c) NaOEt; (d) AllBr, LDA(e) (CHOH),,
p-TsOH; (f) AlHs; (g) (i) NsCI, TEA; (i) HCI; (h)L-selectride(i) DEAD; PPh; TEA.

The synthesis began with a Birch reduction of tireethoxybenzylaminé(LII ), followed by
a reductive amination of the resulting dihydroategben coupled with cyanoacetic acid. After an
acid treatment intermediatelll was obtained. Reaction dflll with NaOEt induced the
isomerization of the double bond and then an indlaoular Michael process to
diastereoselectively give the cis-perhydroisoquimelILIV . An allylation, followed by a
protection and a reduction led to diamino derivatiy/ . After nosylation and cleavage of the
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acetal group, the resulting ketone was reducedwslectride giving the axial alcohbVI , that

finally gave the target tricycleVIl with a Syi2 substitution.

In 2015 Bonjock accomplished the synthesis of the tetracyclic ABGmy system of
madangamines D-F, starting from a tricyclic deiixatsynthetized with a different strategy

respect to the previous orfecheme 1.9

| N
\ N
N a-b N\B c ¥ “Bn d-e N\B
~Bn  » ( X n — n N p—t n( ) N n
n
NS/N o
(0]
LIX

LVIII LX LXI

Scheme 1.9n = 5,6 or 7. (a) PhSH,KG;; (b) carboxylic acid chloride, TEA; (c) Grubbs (8) Hy, Pd/C; (e)
LiAIH 4.

Removal of nosyl group followed by amidation betwsecondary amine and a carboxylic acid
with a terminal double bond (constituted by 9, t@bmembers, to obtain D ring of madangamine
E, D or F respectively) afforded intermedidtiX . The RCM was undertaken using Grubbs
second-generation catalyst, givib¥ . Finally, reductions ani-debenzylation led to tetracyclic
systemLXI| .

Akin to other reported strategies, the favorableber of steps cannot compensate the lacking
of functionalization at C-3 that makes the finahalation of E ring impossible.

Finally, in 2014, the research group of Mercedesafand Joan Bosch accomplished the first
total synthesis of a member of madangamine f&fhilvith a strategy tuned during a work of many
years Gcheme 1.1 The construction of madangamine D allowed toawbtthe absolute
configuration of madangamines which, until that neotn was only been inferred by correlation
with that of their presumed biosynthetic precursths ingenamines. Furthermore, the obtaining
of pure madangamine D allowed to run a cytotoxitést, because it was always isolated in a
mixture with other madangamines. Madangamine D sglosignificant in vitro cytotoxic activity
against human colon HT29 (&#.4 pg mtY) and pancreas PSN1 V.4 pg mtY) cancer cell
lines.
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Scheme 1.10(a) LIHMDS, (Boc}O/CsHsSeCl; (b) HO; (c) AllMgBr, TMSCI; (d) Grubbs II; (e) NaH,
(CH20):,CH(CH,)3Br; (f) Na, NHy/LIAIH 4/(BockO; (g) TEA, MsCI; (h) NaM (i) m-CPBA; (j) MesP; (k) TsCl,
TEA,; (I) NaH, BnBr; (m) TFA/CICO(CH)sCH=CH,, TEA, (n) HCIt-BuOK, Br PhP*CHjz; (0) Grubbs I; (p) K
Pd/C/DMP; (q) NaHMDS, B1r(2)-PhsP*CH.CH,CH=CH(CH;)sCO:Me;(r) Na, naphthalene; (s) LIOH/EDCI, HOBt;
(t) LiAIH 4.

In the Amat-Bosch scheme, the enantiopure lattaxill was converted to LXIII with a
conjugate addition of an allyl chain and then titerimediate LXIV was obtained by a RCM and
a stereoselective alkylation. At this point, thenoal of the chiral auxiliary followed by proteatio
of the resulting nitrogen with Boc and the convemsof hydroxyl to azide afforded product LXV.
Oxidation of bicyclic LXV led to the formation ohaepoxide, and the azide moiety was reduced
with a Staudinger reaction to a primary amine. $pentaneous cyclization and protection of the
resulting secondary amine moiety afforded the diazelic core of madangaminekXVI ). The
next step was the construction of D ring, achievgd a RCM between the terminal double bonds
of two alkyl chainsI(XVIl ). One of the chains was obtained with an acylabibnitrogen with
7-octenoyl chloride, and the other via a Wittig hyd¢nation of unprotected acetal moiety.
Reduction of the resulting double bond led to sdad ring. The last E ring was assembled with a
Wittig reaction of the ketone moiety anchored @ tiftracyclic system, followed by the amidation

between the carboxyl and the cyclic secondary amine

The construction of E ring in this strategy shoms e weaknesses: the Wittig reaction between
the alkyl chain and the ketone moiety of the tettic system has just a selectivifyE 2:1.

The most recent approach to the tricyclic core aflangamines was reported by CRida

2015, who started from the synthesis ofc¢lsdused diazadecalin structur@gheme 1.1}
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Scheme 1.11(a) AIIOTIPS, 9-BBN/PdG| CsCG;s; (b) (i) DIBAL-H, BFs- E:O; (i) Ac20, py, DMAP; (c) (i)
AlIBr, NaH; (ii) MeC(OMe}, t-BuCG:H; (d) (i) HCONH, NaOMe; (ii) 2-TMS-ethanol, PhlI(OAg)(e) (i) Grubbs
I; (I)HC=CCHBr, NaH; (f) PdC}, CO, NaOAc; (g) Patiba- CHCk, HCG:H; (h) NaBH;; (i) MeNHOMe- HCI,i-
PrMgCil; (j) DIBAL-H; (k) (i) PrePCHsBr, n-BuLi; (ii) AITMS, Grubbs II; (I) BRs: E£O.

Enol tosylateLXX gave, via a Suzuki-Miyaura coupling, a reductiontloé ester and an
acetylation, the allylic acetateXXI . TheN-allylation ofLXXI , followed by acetate methanolysis,
and a subsequent Johnson-type Claisen rearrangevitantleC(OMe} provided intermediate
LXXIl . The resulting methyl esteXXIl was subjected to a sequence of amidation and Hofman
rearrangement. A subsequent RCM, followed\bgropargylation, afforded enyneXXIll . This
alkyne was then carbonylated to giv¥XIV that led to the AB-ring system in presence of
Padba: CHCk. Methyl estelLXXV was converted tbXXVI via a Wittig reaction and a cross-
metathesis reaction. A stepwise cyclization fingitgvided the diazatricyclic core.

This synthetic sequence led to a product with fienedization both on C-3 and C-9, but the
transformation of the single bond on C-3 6 @ouble bond remains a really hard task, especially

without changing the procedure for the closure oinG.

1.5. CONCLUSIONS AND FUTURE PERSPECTIVES

Beyond the intrinsic interest connected with th@ture and chemistry, madangamines may
also result a possible tool in cancer therapy. €arsca complex mixture of diseases without a

definitive cure and cause millions deaths per yeasolution could be found in scientific research
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and in testing new isolated natural substances iwitiesting pharmaceutical properties. In this
context, madangamines, a class of alkaloids recesdlated from a marine sponge, are showing
interesting cytotoxic activitiem vitro, and new tests vivo could confirm the possible potential
application of these compounds as drugs. Unforaipahe current methods of isolation of these
alkaloids cannot permit to have enough materiakfoextensively use of these substances. For
this reason, organic chemists are searching nategies to obtain madangamines. The synthetic
routes reported in literature address mainly tlagatricyclic core of madangamines, contemplate
a large number of steps and not always allow thestcoction of last two external macrocycles.
Moreover, although some approaches are reportedgetothe two external macrocycles, a
comprehensive convenient madangamines synthesegrating the different cyclic and

macrocyclic units is still lacking.
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2. OBJECTIVES AND SYNTHETIC STRATEGY

The approach of the Mercedes Amat group to madaimgaatkaloids can be divided in two

synthetic parts which include: 1) the constructbthe fully-functionalized bridged diazatricyclic

central core, common to all madangamines from B, tasing a general methodology for synthesis

of enantiopureazaheterocycles from phenylglycinol-derived oxazofmgidone lactant8 as

chiral scaffolds, and 2) the subsequent annulatadnthe macrocyclic rings D and E. In this

context, during my stage carried out in her resegroup, my studies focused on the development

of a new and efficient methodology for the assenolblyre macrocyclic E ring and the construction

of the fully functionalized tricyclic core of thesdkaloids as key steps for the enantioselective

synthesis of the ABCE system of madangamines A-E.

The stepwise strategy can be outlined in few alifpoints:

The assembly of the common chiral diazatricycliclaus of madangamines, taking
advantage of the chiral induction given IR)-phenylglycinol which can be considered

a source of chiral ammoni&igure 2.1).

LN~ TOH

Figure 2.1 Assembly of ABC system.

The synthesis of a model system of these alkatmdstituted by A and C ringEigure
2.2.
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Figure 2.2 Construction of the model system.

* The construction of the unsaturated eastern E osingpadangamines with a stereo-
controlled formation of the (Z)-double bond betwegi8 and C-20 and its eventual
incorporation to the ABC tricyclic systerfkiQure 2.3).

Figure 2.3 Construction E ring.

Starting from the total synthesis of madangaminéh&, most biologically active member of
this group of alkaloids, these efforts will pave thiay to a comprehensive access route to the other

members of the madagamine family.
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3. RESULTS AND DISCUSSION

3.1. CONSTRUCTION OF THE DIAZATRICYCLIC CORE

Piperidine rings are commonly present in many Hdigacnatural products, in particular in
alkaloids, and their obtaining by a simple synthesiuld be a powerful tool in the construction of
a large plethora of potential drugs owning thisdkat structure. In recent years, the Amat-Bosch
research group focused its attention on the syistlidoxazolopiperidone lactams starting from
phenylglycinof®, as source of enantiopure substituted piperidines.

These lactams were synthetized for the first timéMeyers in 1984 via a cyclocondensation
between a 1,5 dicarbonylic ester and phenylglycipaving the way to the preparation of
iminosugars and piperidine and tetrahydroisoquirlialkaloid®®. These *“first-generation
oxazolopiperidone lactams” can undergo a sterectsateintroduction of various substituents at
different positions (except position 5) of the pigae ring, controlled by their conformational
rigidity. The Amat-Bosch research group preparechynanantiopure piperidine derivatives

following this synthetic strategygure 3.1).
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NH, R =Me or Et
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cis or trans-2,6-DIALKYLPIPERIDINES 2 or 3-ALKYLPIPERIDINES

C6H5”" NG
CH R N R\CH;j o H
\////, U 3 U ® N O . \\\\\/
(2R,6S)-Dihydropinidine (-)-Lupetidine (-)-Coniine
/ J w])ecarbomethoxytetrahydrosecodlne

QUINOLIZIDINES INDOLIZIDINES

trans-3,4-DISUBSTITUTEDPIPERIDINES .,

) 2
,,,,'LE\IJR‘\\\CI-I3 . R; O“\\\/
N

Indolizidine 167B

(-)-Paroxetine

Figure 3.1 Few examples of first generation oxazolopiper@tattams prepared by the research group starting

from enantiomeR of phenylglycinol.

Later on, a more straightforward procedure for $hiethesis of enantiopure polysubstituted
piperidines was developed by the research grougirlg to the construction of “second-
generation oxazolopiperidone lactams”. Phenylglgtieacts with a dicarbonylic ester already
bearing appropriate substituents that will givea,f and/or y enantiopure polysubstituted
piperidines. Amat-Bosch research group synthetiaelduge library of enantiopure alkaloids

featuring higher complexity with respect to theyioeis synthetized onef&igure 3.2).
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\ MeO

MeO
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Figure 3.2 Few examples of second generation oxazolopipeeidactams prepared by the group starting from

enantiomeR of phenylglycinol.

In light of these results, it was decided to tattesantage form the experience of the group using
this strategy to construct the BC ring system oflamgamines, via a synthetic pathway allowing
a multi-gram scale production of the bicyclic syst® The R)-phenylglycinol and a dicarbonylic
racemic ester bearing an allylic chain after a @gghdensation gave access to functionalized
piperidinic rings. The subsequent stereoselectbrgugate addition stereoselectively introduces
an allyl substituent required for the constructajrthe ciclohexene ring, built by a ring-closing
metathesis. The final removal of the phenylethanolety of the chiral inductor producece
bicyclic system $cheme 3.1

3) Stereoselective

. 4) Removal of the
generation of a CeHs

chiral auxiliary

Cells,, r quaternary
HZN/ \OH stereocenter
————— > e
MeO,C CHO ----- S « Een N\ N >
X -
1) Conjugate % \_)
Cyclocondensation addition 2) Ring-closing

metathesis

Scheme 3.1Synthesis of BC ring system.
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The first challenge of this thesis has been thestroation of the chiral oxazolopiperidone
lactam from a racemic oxoester, exploiting a dyrtakimetic resolution.

In the first approach 4-pentenal reacted with pdgyee and then with methyl acrylate,
producing the racemic 4-formyl-6-heptenodtgif an overall 64% yield§cheme 3.2

MeO,C CHO
Na,CO; A CoMe ’
piperidine N MeCN S

64% in two steps 1

Scheme 3.2Synthesis of the dicarbonylic racemic ester.

The cyclocondensation of this product wiR)-ohenylglycinol in presence of W&Qs afforded
the couple of isomeric lactar2sand3 in ratio 8.8:1.2 with an yield of 81%, leadingthe B ring

of madangamines and the first stereoceRterposition 5 Scheme 3.3

MeO,C  CHO 1) NaySOy,
CeHls, & Et,0, 0 °C
L, B ———
H,N OH 2) Vacuum,
X 80 °C

71% 10%

Scheme 3.3Assembly of B ring.

These results indicated that a dynamic kinetic letem had occurred during the
cyclodehydration reactiors¢heme 3.% the interaction ofR)-phenylglycinol and. generate two
imines @A and B) in equilibrium via enamineC. These two imines can generate four
diastereoisomeric oxazolidined-¢), but only the two isomers in with the allylic ¢has in
equatorial position in the chair-like transitioeste andf) lead to an irreversible lactamization.
The formation of oxazolidin® is faster than its diastereoisonteibecause the methyl ester
approaches to the nitrogen atom from the less haddace of the oxazolidine ring¢heme 3.1
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Scheme 3.4Dynamic kinetic resolution for B ring fabrication

The next addressed step was the construction bbcgelic C ring.

To build the skeleton of the ring it has been erygtba highly stereoselective conjugated
addition of organocuprates to this unsaturatecatad with another procedure developed by
Amat-Bosch research grotip

Since a,pf-unsaturated lactams are poor Michael acceptoes,rtioduction of an electron
withdrawing grouf®as methoxy carbonyl at the C-6 position was requimeorder to improve the
reactivity of these compounds towards the additibarganocupraté and of a phenylselenium
group that could lead, via an oxidation step, tsatarated lactars. The conjugate addition of the
allylcuprate (formedn situ) afforded the mixture of isomerizable epimers & ) with anexo
facial diastereoselectivityScheme 3.h This process allowed to synthesize an important
intermediate, direct precursor of the BC ring systeand to install the second contiguous

stereocenter at the C-7 position of madangamine.

» CeHs,
1) LIHMDS oHs,, A~ MeBr [
2) CICO,Me o)

3) CgHsSeCl  MeOC
> (CgHss¢” °

x. THF.-78°C

Cul, LiCl, TMSCI

—_—

THF, -78 °C

MeO,C "6

2 86% 4 5 81% in two steps 6

Scheme 3.5Construction of intermediate
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The stereoselectivity of the process is due taityid structure of the molecule caused by the
amide bond. The conformation of the six-membened is determined by the configuration of C-
8a Scheme 3.5

MeO,C 0
— N CeHs

=0

MeO,C 11 O "

N e N
MeO,C —%N CoHs

Sao

Nu

Scheme 3.6Stereoselective control in conjugate addition.

The attack of the nucleophile is axial to the elgahilic carbon leading a chair-like transition
state (the lower energy intermediate at low tentpeeg), in a process that involves a
stereoelectronic control. The attack on the ende f@ould lead to a boat-like transition state and

is kinetically disfavored.

The synthesis of the tricyclic lactaisincluding the generation of C ring of madangarsjne
occurred with a ring closing metathesis catalyzgdab2® generation Grubbs catalyst. The
alcoxycarbonyl group present in starting lactdmot only increased the acidity of the Cs0O
position, to permit the conjugate addition and subsequent alkylation, but also acted as a
precursor of the aminomethyl chain required for giiethesis of the A ring of the tricyclic core.
The alkylation of7 occurred from the more accessible face, the lasdeheédexoface, giving
compound8 as single product, producing the chiral center asijoon 6, that coincide with

sterocenter in position 9 of madangamiSeleme 3.Y.

CGHS 7,
CeHls,,, NaH, TBAI y

O N ©
o

T
Grubbs I B Br 0 MeO,C
CHyCl, MeO,C DMF, 0°C to r.t. 1: Q
85% 80% (6]
7

Scheme 3.7RCM and alkylation.

Z

The next step is the removal of the chiral inductrevious studies on similar molecules

demonstrated that the treatment of the lactam sathum metal in liquid ammonia followed by a
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strong reduction with LiAllk gave the best results. In fact, reaction with sy CAN, HCI,
Lewis acids, alkali metals encapsulated in silieh @a-K-SG¥?, trans-acylating reagents (1-
chloroethyl chloroformatéy, did not give the desired product. Reaction withlH 4 followed by
mesylation and elimination gave only byproducts.

Thus, the reaction with sodium in liquid ammoniaea mixture of unstable alkoxy(hydroxy)
lactams9, that were immediately treated with an excessiAfH.4 to give, as only product, the
aminoalcoholl0, which was finally converted in to tiBoc derivativell with an overall yield
of 45% Scheme 3.8

R =H, C,H,CHs

LiAlH,,
Dioxane, reflux

Boc H

(BOC)zO, CH2C|2
-
HO™ 45% HO™ W
0 ﬁ) overall yield from 8 OWJ

11 10

Scheme 3.8Removal of the chiral inductor.

To build the A ring it has been necessary the caiee of the hydroxylmethyl group in position
4 to an azidomethyl chain, that could constituterafards the secondary amine moiety of the A
piperidine ring. This interconversion has been agashed via mesyl derivative, leading 18

via a long reaction due to the steric hindrancthefbicyclic system§cheme 3.R

N O
</ MsCl, TEA </ Q/
— O OH
HO™ o o | DMF, 90 °C
N CH,yCl, °
Ow) Boc™Z Boc™7

</ 83% in two steps
O

Scheme 3.9Conversion of alcoholic moiety to azide.
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The annulation of A ring was previously accomplihiyy Amat-Bosch research group with
Weinreb methodolody, which involves an aminomercuriation reaction daled by oxidation,
but the complicate experimental protocol led theugrto a change of strategy with a more wieldy
one.

Azide 13 was oxidized stereoselectively to the single isoepoxidel4 with m-CPBA. The
azide moiety ofi4 was converted to amine with a Staudinger redudtiggresence of PMgand
spontaneously attacked the epoxide ring, leadinthe@oABC tricyclic system. The secondary
amine of this derivative was immediately protecteth a tosyl, affordingl5, and the alcoholic
moiety at C-3 was converted to benzoyl ester, givimally the desired protected ABC

diazatricyclic core of madangamin&s (Scheme 3.1

1) PMe3/ H,0, @ B,0. TEA.
& _m-CPBA </ THF O —7~N-Ts _ DMAP _ &
N
CHZCIZ 2)TsCLE,;N,  Boe - CHCl,  Boe-N

CH,Cl, 5% OBz
62% in three steps 15 ’ 16

Scheme 3.10Construction of the ABC system.

3.2. ASSEMBLY OF E RING

Having achieved the first purpose, new proceducesyinthetize stereoselectively the E
macrocycle have been explored. The constructighisfring is the most complicated step in the
synthesis of madangamine, because it includeshibeaging skipped4,2)-diene. To avoid the
waste of the ABC diazatricyclic core, a model coommbwas employed to evaluate the synthetic

strategies only involving the AC ring moietyigure 3.3).

R
N Ts N Ts
i < 5
Boc~, '
OR' OR

Figure 3.3 Model system.
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3.2.1. PREPARATION OF THE MODEL SYSTEM

In order to explore as much as possible differémategies, the synthesis of a model system,
less expensive and more rapid than the diazatricgole of madangamine, was required to get a

morphan derivative including the AC ring systentha nucleus of the alkaloids.

To this aim, the exocyclic double bond of commdlgiavailable 4-vinylcyclohexene was
selectively hydroborated, and after an oxidativekap the alcoholl7 was obtained, that was
converted to azid&8with a similar but easier procedure used for tleipusly described3. The
annulation of the piperidine ring was achievedratfte oxidation of the endocyclic double bond
to the corresponding diastereoisomeric epoxideand the Staudinger reduction of azide moiety
intermediates followed by a spontaneous cyclizatibne nitrogen of the obtained unstable
intermediate20 was selectively protected with a tosyl group wathsatisfying overall yield,
considering the impossibility of the epoxidgnoriented to the alkyl chain to cyclize. Mild
oxidation of this alcohoR1 using Dess-Martin periodinane provided the tar§€t bicyclic
compound?22in 87% yield Gcheme 3.1%

Z
1) disiamylborane, THF OH 1) EzN, MsCl, DCM Ny
2) NaOH, then H,0, 2) NaNj, DMF, 60 °C
99% 77% in two steps
17 18
-CPB
m-CPBA 8%
DCM
N;
N~Ts  DMP N~1s  TsCl, TEA NH Me;P, H,0
S B — <
ﬁo DCM oH  DCM,0°C ﬁOH THF
87% 30% 0
22 21 20 19

Scheme 3.16Construction of the model system.

3.2.2. PREVIOUS SYNTHETIC APPROACHES

In early studies, the Amat and Bosch research ghaabinvestigated different approaches to

the construction of the E ring. The first strategntemplated the closure of the ring via a stepwise
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strategy, because the hardest challenge was theujupf the exocycli& double bond. It was
initially considered the use of the Still-Gennarodification (HWE-SGM}* of the Horner-
Wadsworth-Emmons reaction (HWE), a method that eroptate the use of methyl
[bis(trifluoroethyl)phosphonojacetate in presencé KWHMDS/18-crown-6 in THF. The
mechanism of this reaction is not completely uneis, but there is a general consensus that the
stereoselectivity is thermodynamically controll&dis reaction had been successfully reported by
Kibayashi on a similar morphan skeletéfScheme 3.1

OBn OBn
FiCCH,0. O
BnO N-Boc  F;CCH,0''“—cOo,Me ~ BnO N~Boc
o KHMDS, 18-crown-6 Z_CO,Me
THF, -78 °C

83 % Z/E 11:1

Scheme 3.11Kibayashi proposal.

Disappointingly, although excellent stereoselettiwas reported by Kibayashi, any attempt
to induce the samg stereoselectivity in the model compounds failedaamixture of isomeric
compounds was obtained in very low yields and #srddZ-olefin was the minor product of the
reaction with protected morphan systems. Probalelycsfactors play an important role in this
step. The employment of a modified protods), feported by Masaume and Rotfslgave just an

insufficient slight improvementScheme 3.12

F;CCH,0 0O

N-p  FCCH0™ N—CO,Me N-g N-gr
4 + E
o a orb. £ _CO,Me Lo

R =Boc, Mbs

10-50 % Z/E 35:65

Conditions: a. KHMDS, 18-crown-6, THF, -78 °C
b. LiCl, DBU, THF, -78 °C

Scheme 3.12Still-Gennari reaction on AC ring system.

In a further approach, the conversion of the keiotea dibromoalkene moiety was tried, in
the hypothesis that the most accessible Br atorhtrbig prone to a chemoselective debromination
into E- andZ-isomers of terminal vinyl bromides for the stericdrance of the molecul&¢theme
3.13.
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synthesis of the stereoselective construction of

1,1-dibromoalkene debromination the E ring
N
N-pG N-pG N~pg
............... V4 -
» — _Br » ZBr » — _
O
Br
ACE system

less hindered

Scheme 3.13Strategy for chemoselective debromination.

Both the approaches, the Wittig-type reaction witBrs*® and the catalytic methodology
involving the conversion of a tosylhydrazone detiixet’, gave very low yields3cheme 3.1%

N-
N‘Mbs Mbs
a.orb.
— > -~ _DBr
O 5-35%

Br

Conditions:  a. CBry, PPhs, benzene
b. p-TsSO,NNH,, CuCl, CBry, aq. NH;, DMSO

Scheme 3.14Formation of the dibromoalkene derivative.

Following these attempts, a more direct route wagoeed, that involves the installation of a
carbon chain with &-selective Wittig reaction and the annulation o & ring through an
intramolecular macrolactamization. This strategy vested on the same AC model system, and a
more complicated system bearing the ABC ring cangl in both cases the desi2exo-olefin
was obtained as major product. Unfortunately, wkiesm Wittig reaction was tested on the

tetracyclic system, a strong erosion of stereotielgcwas observetf (Scheme 3.15
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Scheme 3.15Wittig reaction.

In light of these results, a completely differetnagegy was clearly needed.

3.2.3. NEW SYNTHETIC APPROACHES

Three different strategies are in studyface this hard challenge, based on a former @il
between a long linear alkyl chain and the nitrogéthe morphan and a subsequent reaction of

annulation. The new synthetic proposal are outlineldw:

» The RCM metathesis via Grubbs catalysts strateggnatruction of a linear alkyl chain of

nine carbons bearing in positions 5 and 8 two douddnds (the former), followed by
amidation with the nitrogen of the morphan andnalfring-closing metathesis promoted by

Grubbs catalysts between the two double bonds.

» The McMurry strategy: The synthesis of a similadcyaichain of eight carbons bearing in

position 5 & double bond and in position 8 a protected (or redskldehyde moiety, which
could give, after the amidation, a McMurry reactioith the carbonyl of the morphan.

* The olefin metathesis with Schrock catalyst: Thedaton of the former alkyl chain with the

two double bonds and the model system, followedabyolefin metathesis promoted by

Schrock catalystRigure 3.4).
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1: Amidation 1: Amidation 1: Amidation

Sl G A T S
g R R

2: Ring-closing metathesis 2: McMurry reaction 2: Olefin metathesis with Schrock catalyst
with Grubbs catalysts

Figure 3.4 General synthetic plan.

3.2.4. THE RING-CLOSING METATHESIS VIA GRUBBS CATALYSTS STRATEGY

Olefin metathesis involves a rearrangement of umatgd carbon-carbon bonds in presence of
metal carbene cataly$ts In most of cases this reaction is used to forr@ Gends with the
production, as the sole byproduct, of the volatitel easy to remove ethylene thus increasing the
interest of both academic and industrial scientSenerally we find the olefin metathesis in three
related groups of reaction, the ring-opening mesithpolymerization, the ring-closing metathesis
and acyclic cross metathesis.

The ring-closing metathesis (RCM) is employed for synthesis of medium and large sized
rings starting from acyclic diene precursors, angreferred to other reaction for its adaptability
to different substrates matched to the tolerana@atds many functional groups. Furthermore, a
large number of catalysts can be employed in #astron, though the molybdenum and ruthenium

complexes are the most utilizeeigure 3.5).

NN s o [c

—
C] Clu,, R N/ \ CH,
u=_ o) CF.
P(Cy) a” oA CF
P(Cy) F;C CHj
Grubbs Grubbs
1% generation 2" generation Schrock catalyst
catalyst catalyst

Figure 3.5 Examples of olefin metathesis catalysts.
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These catalysts (in particular the Ru-carbene BySteare active also in presence of air,
moisture or low impurities, and can be stored masimosphere, and for this reason are the most
used catalysts.

A series of [2+2] cycloadditions and cycloreversammpose the general mechanism of olefin
metathest&. An equilibrium is established between all theeintediates, and for this reason is
necessary to move this equilibrium in favour of pineducts, to avoid to get a mixture of olefins.
One of the products of the general mechanism isalagile ethene, so the process is entropically
shifted on the desired cycloalkariégure 3.6).

@)“\/ [M]=CH, \(ﬂ“

SO
o~ A

Figure 3.6 Olefin metathesis catalytic cycle.

As depicted in the above figure, a [2+2] cycloaidditbetween the catalyst and the diene leads
to a metallocyclobutane intermediate, which evoliees. metal-carbene compound via a [2+2]
cycloreversion with a loss of ethylene. This intediate gives another intramolecular
cycloaddition affording an instable bicyclic deri@awhich opens giving the desired cyclic

product and the starting catalyst.

If the reaction is not sufficient diluted, the aliyciene metathesis polymerization can compete
with the ring-closing metathesis, in particulacase of macrocyclization. The competing reaction
is more important with substrates featuring anagased ring size and conformational renstriction,

but the slow addition of the substrate and highpematures can favour the ring clostre

The first explored strategy for the cyclization Bbfring was the one concerning the RCM.
According to this approach, the final annulationtteé E ring would involve a terminal olefinic
chain (previously enchained to the system withraidation) and a double bond anchored to the

morphan(Figure 3.7).
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1: Amidation

HO

="
o

2: Ring-closing metathesis
with Grubbs catalysts

Figure 3.7 RCM strategy.

The first step was the construction of the alkydiatthat will constitute the skeleton of E ring.
To build a long linear alkyl chain withZ&double bond, it was necessary a Wittig reactiaween
smaller carbon fragments. Moreover, the chain negdgster at an extremity so to allow an
amidation reaction with the secondary amine oftloelel system. The linear C-5 fragment with a
terminal ester (methyl 5-oxopentanoad)f was easily prepared by methanolysis of commercia

o-valerolactone and subsequent oxidation of thebistintermediat23 with PCC Scheme 3.1).

0. _0 H,S80, HO OMe PCC O OMe
S T S e

MeOH 0 DCM. 0 °C 0
23 93% in two steps 24

Scheme 3.17Synthesis of ester aldehydé.

To carry out a Wittig reaction it was necessarydkaeration of a phosphonium salt. SAt
was easily obtained by reacting 4-bromo-1-butertd wiphenylphosphine in refluxing toluene
(Scheme 3.18

PPh'; + -
\/\/ Br ) \/\/ PPh;Br
Toluene,

reflux

83%

25

Scheme 3.18Preparation of the phosphonium <8t

Different bases were investigated to promote th#ig\lieaction betwee@4 and25. Use of
NaHMDS produced compourdb only in traces, whereasBuLi allowed a slight increase in yield
(40%). Finally, the use of LDA, in presence of HMPsa#forded esteR6 in a good 79% vyield.
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Basic hydrolysis of alkyl chai@6 with an aqueous solution of LiOH produced &fdn a fairly
good yield (82%) $cheme 3.1

Ox OMe +  _ LDAHMPA Ny ~__ OMe LiOH IM o~ OH
ST+ So~_PPhiBr T hadad ¢ =Y

o THF 0 THF o)
24 25 79% 26 82% 27

Scheme 3.19Construction of aci@7.

The ring-closing metathesis involves double bosdst was necessary to transform the ketone

moiety of the bicyclic model syste@? (Scheme 3.16into an alkene.

One of the most explored reactions in organic sgithis the alkylidenation of aldehydes and
ketones. The most applied technique is the Witigction, that presents various limitations
associated to the steric environment and to massensibility of the intermediates. In 1978
Tebbé! synthetized a library of titanium-based reagehts tould transfer a methylene via a
tetracyclic intermediate with a compound bearirgadbonyl with a mechanism similar to one of

the olefin metathesig-{gure 3.9).

N
TI\CI/AI\

R

+0.5 ALCL(CHy), ﬂ -0.5 AlL,CL(CHy),

Ti=CH,

Figure 3.8 Tebbe reagent mechanism.

In presence of a Lewis base, a carbene is genethtdjive a cycloaddition with a carbonyl,
affording the unstable tetracyclic intermediatee Thcloreversion [2+2], particularly favoured by
the oxophilicity of the Ti(IV), leads to the alkeaad a titanium oxide species. The advantages of
Tebbe reagent over the Wittig reaction are theirement of less basic condition of reactions and
the lower occurrence @elimination. Furthermore, the Tebbe reagent cahaathethylene also

to esters, lactones and amides and does not ragehmialo carbons.
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Petasis in 1998 proposed an alternative to the classical TebbgergaThe Petasis catalyst, a
dimethyltitanocene, is less expensive, needs gshpreparation time, is less air or moisture
sensitive and does not produce residual aluminemgents. The mechanism of reaction is really
similar to the Tebbe’s oné&igure 3.9).

R,C=0
M
Sl . Ti=CH, Ti=O
ﬁ/ - Q; \ ﬁ;
% Me % Qg
R,C=CH,

Figure 3.9 Petasis reagent mechanism.

The dimethyltitanocene is easily converted to ttkva carbenolic complex via a thermal
elimination, that gives the same tetracyclic intedmte previously described with a carbonylic

compound, and the same cycloreversion.

To convert the ketone moiety of the model sysBiScheme 3.1p6to an olefin, a first route
was explored, using a Wittig reaction, but onlygrgducts were recovered. The second strategy
involved the Tebbe reagent, but the unreactedirgjaproduct was always recovered. Petasis
reagent was then examined under the conditionstexpby Bennasar in 2006 for methylenation
of N-acylamide®®. This method provided the desired prod@& (Scheme 3.2) but an
equilibrium between the starting material and timalf product was established, limiting the
production of the alkene; nevertheless, unreaditirey product can be recovered. Increase of
either the catalyst loading or the reaction timé/ ded to the formation of by-product3gble
3.0.

MePPh;*Br,
t-BuOK

/" THE, 1t, 16 h >/< :
|

N~ N~ Q /\ / .
Ts Tebbe Ts Ti Al —Ti—
> S ol > |
o Toluene, rt, 4h @
2 \ Petasis / 28 Tebbe reagent Petasis reagent
Toluene, py
100:1, 120 °C

Scheme 3.200lefination of keton@2.
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Equiv. Petasis Reaction time Yield (%) Conversion By-products
15 3h 39 65 Yes
2 5h 46 56 No
2 6h 47 69 No
2.5 5h + night Traces Traces Yes
25+25 5h + 5K 38 60 No
5 4h + 4R 29 34 Yes

a: Added after one day of reactidm;reaction in two days, with night at room temperat

Table 3.1 Explored conditions for the olefination.

The synthetic route involves at this point the reed@f the tosyl protecting group from alkene
28 upon exposure to sodium naphtalenide. The subsedueidation with alkyl chain27,
promoted by DCC and DMAP, led to olefinic compo@&n a good yield $cheme 3.2

Na, Napht

N~ A . OH DCC,DMAP
L Y=Y
0

78% in two steps

f jN\ Ts

28

THF, -78 °C

27

Scheme 3.21Synthesis of amid29.

A wide set of ring-closing metathesis conditionsev&creened on ami@®, with both first and
second generation Grubbs catalysSsheme 3.2P unfortunately, all these attempts met with
failure (Table 3.2, giving byproducts or dimers, probably becaustheflow accessibility of the
exocyclic double bond attached to the ring.
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Ru=" Ph T
Ru=(
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T
N z N Cl / \ Cl iy, u
@ | P PCy) a”| v

_ P(Cy)s
29 30
Grubbs Grubbs
15 generation 2" generation
Scheme 3.22Failed ring-closing metathesis.
Temperature / _— Dimers and
0,
Catalyst (%) Solvent Reaction time Dilution by-products
25 °C/ 4 hours
50 °C/ 1 night 0.1 mmol per 5 mL
nd
2%gen. (10 + 1) = Toluene 70 °C /1 day (0.02 M) Yes
90 °C/ 1 day
0.1 mmol per 10 mL
nd o
2% gen. (10) Toluene 120 °C/ 2 days (0.01 M) Yes
0.1 mmol per 200 mL
st o
1stgen. (10) CHECl; 40 °C/ 24 hours (0.5 mM) Yes
50 °C /1 day
70 °C/ 1 night 0.1 mmol per 1 L
st
1stgen. (10 + 10 + 3) Toluene 90 °C/ 1 day (0.1 mM) Yes
120 °C /5 days

a: portionwise addition in different days

Table 3.2 Explored conditions for the ring-closing metatkes

In the light of all these results, the strategy slaghtly changed, planning to perform the closure

of the E ring with a McMurry reaction.

3.2.5. THE MCMURRY STRATEGY

The second explored proposal was the one concetimnfinal annulation of the E ring via a
McMurry reaction involving two carbonyls, one aeténd of an alkyl chain (previously attached
onto the bicyclic system with an amidation) and seeond anchored to the morph&g(re
3.10.
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1: Amidation

/\;O
- ﬁ
s

2: McMurry reaction

Figure 3.10 McMurry strategy.

The McMurry reaction was firstly described in 19%74nd since then has a relevant role in
organic chemistry. Both ketone and aldehydes isgaree of low-valent titanium reagents can give
a reductive dimerization by single electron trangfeafford alkenes. The original reagent system
was composed of Tiglnd LiAlHs, but the low reproducibility of the reaction lead Miarry to
look for a new system, composed of B&hd Li, Zn-Cu, Mg or alkali (or the most used T&h).
The mechanism involves two step, the formation heg tarbon-carbon bond via reductive

dimerization and the deoxygenation of the pinastdrimediateKigure 3.17).

Step 1: carbon-carbon bond formation

Step 2: deoxygenation

o O R, R,
Ry ; : Ry R R
R, Ry 2 4

Figure 3.11 McMurry reaction mechanism.

The stereochemical outcome of the reaction is aotrolled, because a mixture of threo and
erythro diols is obtained in the first step, anthiea second step the cleavage of the two C-O bonds
is not concerted, leading then to a mixtur&Z @ndE alkenes. The intramolecular reactions have

more predictable stereoselectively and always iglals. This reaction is compatible with a large
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number of functional groups and is proving incregbi valuable in the synthesis of natural

products requiring the formation of six to fifteerembered rings.

In the case of the eleven-membered E ring of maglanges, the formation of the double bond
between C-3 and C-20 with stereochemi&rgould be favoured by the presence of the ather
double bond between C-17 and C-18. The reagen¢ragsapplicable that will be applied are
TiCl4/Zn, the most utilized; the TigIDME)./Zn-Cu, more soft and specific for intramolecular
couplings, and the Ti@Li, preferable in presence of amides. The diffeeetetween these
systems is not due to the reactive species, th@esumed to be the Ti(0), but their preparation,
that probably leads to distinct particle sizesfate area, physical nature of the surface (edges,
corners, holes), and in particular solvent. Indebd, solvent can stabilize the Ti(0) during its
formation; the most used solvent is THF, that dao &elp the electron transfer by solubilizing

the intermediates and is not reduced in the reacbmditions.

The following scheme shows the synthetic routeileatb the requisite alkyl chairs¢heme
3.23. To get the new target compound, a different phosium salt of three carbons with a
protected alcohol31) was synthesized starting from 3-bromopropan-IDifferent bases were
investigated to promote the Wittig coupling betwdka phosphonium salt and the previously
employed aldehyd24. The use of NaHMDS gave the desired product blyt ionlow amounts
(13%), whereas1-BuLi allowed a slight increase in yield (43%). Higathe use of LDA, in
presence of HMPA, afforded the esB&in a satisfying of 70%.

TBDMSCI

TEA, DMAP
HO "B ————— =  TBDMSO~ > Br

THF 31

Benzene

96%

TBDMSO™ " PPh, Br
32 0
LDA, HMPA /\/:\/\)J\
—+ ——— TBDMSO OMe
THF
O%/\/\H/OMe 70% 33
o)

24

DCM

pPCC
0.0 Ha804 o OMe
(T o Y
0
23

MeOH 93% in two steps

Scheme 3.23Synthesis of alkyl chai@3.
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Basic hydrolysis of est&3 with an aqueous solution of LIOH in a two-phasstemn with THF
produced acidB4 with a slow reaction and a modest yielficheme 3.2% for this reason a

systematic study of the reaction was perfornieb(e 3.3.

0]

i /\/_\/\)J\
TBDMSO/\ML oMe  LOHIM  TBDMSO OH

 —

33 THE 34

49%

Scheme 3.24Basic hydrolysis of est&3.

Entry Base Eq. Solvents M of base Time Product Desilylated acid

1 LiOH 20 THF/HO 0.3 3 days; Yes (49%) No

2 LiOH 20+20 THF/H0 0.3 24h  Yes(37%) Yes (Traces)
3 LiOH 40 THF/HO 0.3 24 h  Yes (7%) Yes (Traces)
4 LiOH 40+40 THF/HO 0.6—-1.2 : 36h No Yes

5 LiOH 60 THF/H:0O 0.6 6h No Yes

6 LiOH 20 THF/MeOH/H,O 0.2 1h Yes (Traces Yes (Major)
7 LiOH 5 THF/MeOH/H,O 0.2 1h Yes(Traces Yes (Major)
8 LiOH 1 THF/MeOH/H,O 0.1 1h Yes(Traces Yes (Major)
9 KOH 20 THF/MeOH 0.3 3h No Yes

10 | KOH, NH:OH | 20, 10 THF/MeOH 0.6 2h Yes (Traces Yes (Major)
11 LiOH, H20, 2,4 THF/HO 1 2h No Yes

Table 3.3 Studies of basic hydrolysis.

Starting from the observation that the standarddiydis with LiOH (entry 1) in a biphasic
water/THF mixture required a long reaction time diah’t provide high yields, the first attempt
was addressed to an increase of the amount of(basees 3-5). Unfortunately, the yield of the
desired product decreased in favor of a desilylatd. The addition of methar?8l allowed to
get a monophasic system, with a dramatic decreffeeaeaction time and an increase of the

desilylated byproduct, even with 1 equivalent ofOH (entries 6-8). Other bases were
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investigated’ (entries 9-11), but the best results were obtaimiéidl LIOH. Consequently, it was
decided to utilize the classic biphasic reactiorthwhe idea of revisiting this step in case of a
successful McMurry strategy.

Coming back to the overall synthesis of the mogistesn Scheme 3.1§ the impossibility of
employing compoun@2 in this strategy to avoid its breaking with sodinaphtalenide solution
(required for the removal of the tosyl group) faftke use of a protected alcoholic function instead
of the ketone moiety. For this reason, the proteatedel compoun@1 previously synthesized
was exploited, and ketone moiety2¥was reduced to alcohd@¢heme 3.2pbin different reaction

conditions.

N~ g NaBH, N~Tg
ﬁ MeOH, THF
(¢} 0°C "OH

22 99% 35

Scheme 3.25Reduction of ketong2.

Borohydride reduction proceeded smoothly (10 misiutevith a variety of solvents
(MeOH/DCM, MeOH/THF, EtOH) and only in the preserafeDCM the reaction were slower.
Other reducing agents were used (NaBN, LiAlH4), always obtaining good results and
quantitative yields, and the combination of PMH8lymethylhydrosiloxane) and TBAREthat
produced a mixture of the two alcohols in ratio.1:1

Curiously, the reduction led to the other isomethed alcohol21 obtained from previously
described epoxide openinggheme 3.1F In fact, in that synthetic approach the cycli@mabccurs
with the attack of the primary amine to the epoxadethe opposite side of the ring, producing a
cycle with the hydroxyl group and the hydrogen msarelationship; consequently, in the resulting
bicyclic product the hydroxyl group is axially onied. In the reduction the hydride attacks the

most accessible face, with an axial orientationingi an equatorial hydroxyFHgure 3.12).

_____________________________

Figure 3.12 Isomers of alcoh@1.
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To pursue the McMurry strategy, both morphan alt®Ba& and 35 were protected with the
TBDMS group, namely the same protecting group p#anto be introduced in the alkyl chain
precursor34. Surprisingly, while the protection of the morph2h (derived from the epoxide
opening) was slow and afforded the product in satiee protection of the morph&b (obtained
via hydride reduction) was faster and gave muctebgield. Considering that the alcoholic moiety
should be oxidized to ketone, the synthesis pro&eaal protected compourgb. N-detosylation
of 35 was successfully accomplished by sodium naph@dereduction producing8 with an
excellent yield without any loss of the protectgrgup. Carbodiimide-mediated amidation3&f

with 34 gave the desired produg9 in traces with a large number of byprodu@sHeme 3.2

f j:N\Ts f \jN\ Ts
OH OTBDMS

21 ﬁ 36

Epoxide opening e L LTEE .

! TBDMSCI ! Slow

' TEA, DMAP ! Traces
' THF
______________ )

N~ N~ N~
T ﬂ Ts Na, Napht H
o > . —_— .
‘OH 73% ‘'OTBDMS 1y 'OTBDMS
37 38
. 71%
Ketone reduction More rapid
Higher
conversion
(0]
DCC, DMAP
N DCM
\
“"OTBDMS TBDMSO \/\=/\/\H/OH
OTBDMS o
39 34

Scheme 3.26Failed synthesis of protected dialcoBél

At this stage, a more direct route to the desietdJaldehyde was undertaken. Thus, acylation
of theazabicycle 20, resulting from the intramolecular epoxide openinwgs attempted trying to
take advantage of the higher reactivity of the anfiimction compared with that of the secondary
hydroxyl group. The route contemplates the conwersi the acid alkyl chai4 to acyl chloride,
and in a second step the amidation with the ungt@temorphar20, using a mild base as80s
to suppress the esterification reaction of theladtio function, and thus avoid the redundant steps

of N-protection and deprotectio®¢heme 3.2y Unfortunately, during the generation of the acyl
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chloride, the strong acidic medium desilylated alleyl chain, leading to a mixture of products

(the desired one was present in traces).

(0]

o 1. (COCl),, THF JW
M A N o
TBDMSO = OH 2. K,COs, ﬁ"“ ﬁ

OH OH

20 40 Traces

34

Scheme 3.27Amidation on unprotected morpha6.

Considering the unsatisfactory results, a new athkdin is going to be synthetized with a
different protecting group. After unsuccessful mp¢s of protecting the alcoholic moiety of 3-
bromopropan-1-ol with @-methoxybenzyl group, a new strategy will be exgthrstarting from
2-(2-bromoethyl)-1,3-dioxolané&¢heme 3.28

PMBCI

TEA, DMAP
HO™ >""Br %%’THF PMBO”~ >"Br

0 Br 3 0 PPh,Br O 0 OMe
</Y\/ _________ - </w/\/ et 24 - &YE/\/\I(

(0] O

Scheme 3.28Synthesis of new alkyl chains.

3.2.6. THE OLEFIN METATHESIS WITH SCHROCK CATALYST

A final approach was investigated, involving a eliéint olefin metathesis between a carbonyl
(the ketone moiety of the morphan system) and &ldobbond (on an alkyl chain previously

attached to the model system with an amidatiomynoted by Schrock cataly3(Figure 3.13.
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1: Amidation

HO
(6]
2: Olefin metathesis with Schrock catalyst

Figure 3.13 Cyclization promoted by Schrock catalyst.

The first annulations between an alkene and a ogthooiety were carried out by Clive,
oxidizing with the ozone the double bond to carbamnd then inducing coupling between the
carbonyls in presence of low-valent titanium reagfnThis titanium catalyst is prepared under
milder conditions than the ones described by MchMA(Figure 3.14).

Figure 3.14 Clive’s annulation mechanism.

The introduction of the olefin metathesis in thiegess afforded the innovative direct one-step
reaction that does not need the oxidation of thébl#bbond to carbonyl. The mechanism of this

new olefin metathesis is really close to the ctzdsone Figure 3.15.

M] CH2 HzC CH2 [M]:O
o=y =+ S — 8 -0
J \\O o —/ '

Figure 3.15 Carbonyl olefination mechanism.

A substantial difference is the absence of a ctitatycle: the catalyst during the process is
oxidized and is not more usable. Another weaknésiseocarbonyl olefination is the need for a

higher temperature and longer reaction time redpdtte classical olefin metathesis.

The promoters employed in carbonyl olefination alteylidene complexes of molybdenum,
already successfully used in the synthesis ofdgtiic ABCE system of manzamine®A like
Schrock catalystHigure 3.16),.
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— MO\O

N\ CHj,
o] CF,
F3C7< CF3
F,¢ CH;

Figure 3.16 Schrock catalyst.

To get the desired ketone moiety on the morphatesysvithout a protecting group on the
nitrogen, the mixture of epoxidd® was reduced to amine in presence ofz:®and, after the
spontaneous cyclization, unstable intermedi@teas obtained. Compoura® was then protected
with atert-butyloxycarbonyl group, easier to remove thanltgsyup. The alcoholic moiety @fl
was then converted to ketone with DMP, affordingdurct42 (Scheme 3.2p

55% 85%
20 41 42

= N;
Me;P, HO NH Boc,O N~Boc DMP N~Boc
DCM
THF on DCM OH o
0
19
Scheme 3.29Synthesis of the Boc-protected model system.

Removal oftert-butyloxycarbonyl protecting group was easily agbikin presence of TFA
and amidation with the previously synthetized alityhin27 (in ring-closing metathesis strategy,
Scheme 3.1P gave intermediate43. Schrock catalyst proved capable to promote the
intramolecular olefin metathesis in a low yield amda small scale reaction, leading to the desired
ACE tricyclic system$cheme 3.3) The reaction conditions will be further optinize
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N~Boc  TFA N-n S OH  DCC,DMAP ﬁ
iy + W\/\n/
i o DCM f /Lo 6!

50% in two steps

42 27
[0 i
_— M({\O . N Schrock catalyst
H;
N CF3 ~ z benzene, 30 °C to reflux
Fs C7<
F5C CH3 30

Schrock catalyst

Scheme 3.30Synthesis of the ACE system.

3.3. CONCLUSIONS AND FUTURE PERSPECTIVES

For their structural complexity, madangamine carwion is still a challenge for synthetic
chemists. After the total synthesis of madanganiineéhe assembly of other members of this
family are now under investigation by Amat-Bosclse&ch group. An improved synthetic
pathway for its diazatricyclic core has been devetbrespect to described éhehat could be
easily adapted to other members of madangamindyfaitie fully functionalized core common
to all madangamines has been assembled, havingnieand considerable amounts of this three
bridged diazatricyclic ABC ring systems in enangiestive fashion. A model system of the AC
ring moiety has been designed and synthetized hdmbeen employed for the assessment of as
many synthetic approaches as possible for the mmtisin of E ring, avoiding the excessive
consumption of the precious ABC tricyclic systemev&al ring-closing strategies were
investigated for the E ring build-up and differendtecting groups were tested. The use of Grubbs
catalysts in the metathesis approach and the uBBDMS protecting group for the alkyl chain to
react with the morphan system proved unfruitfule Bearch thus moved toward the synthesis of
another carboxylic acid derivative with a dioxolaseprotecting group for the carbonyl moiety at
the terminal position of the alkyl chain, that urtudre could react with the morphan system and
essay the final cyclization with a McMurry reactidvioreover, the Schrock catalyst has been
explored to promote ring-closing metathesis betwberketone moiety of the morphan and the

alkene moiety of the alkyl chain, that finally gabe desired ACE system.
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Optimization of the reaction with Schrock cataligsn progress in the Amat-Bosch research to
achieve a scalable procedure. In case of successtetction will be applied on the fully
functionalized diazatricyclic system. In paralleghe McMurry strategy, that involves less
expensive reactives, is under scrutiny and wilselected in case of promising results. Also, the
final annulation of D ring has already be planr@diluated on a model system (made by B ring)
and reported in literature by Amat-Bosch reseandu®. The approach is based on a chain
bearing two skipped triple bonds to get a crosgting with the alkyne moiety anchored to the
model system. The reduction of the alkyne led &slective formation of threedouble bonds.

The final macrolactamization produced the precuos@ ring (Scheme 3.3)L

Construction of the chain

:—/\ OTIPS Cul, Nal,

1) EN,
K,CO;
" K% ol 7 N\ oo 7N
M 78% 2) LiBr OTIPS
HO T 73% overall

Test on a model system

H Br_7 \\

OTIPS — Macrolactamization

N\
Z-Hydrogenation / —_—
—_— —_—
- N 9
N 1) (CeH,1),BH | Boc 3 /0"
Boc”, Cross-coupling 2) AcOH overa

OTIPS
0,
85% 75%

Scheme 3.31Construction of D ring on a model system.
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4. EXPERIMENTAL SECTION

All air sensitive manipulations were carried outden dry argon or nitrogen atmosphere.
Solvents and all standard reagents were purchasedSigma Aldrich, Alfa Aesar of Acros and

were used without further purification.

Analytical thin-layer chromatography was perfornwdSiQ (Merck silica gel 60 fs4), and
the spots were located with 1% aqueous KMaGhexachloroplatinate. Chromatography refers
to flash chromatography and was carried out or» 80OS silica gel 60 ACC, 35-75 mm, 230-240
mesh ASTM). Drying of organic extracts during wagokof reactions was performed over
anhydrous MgS@or Na&SQs. Evaporation of solvent was accomplished withtargpevaporator.
NMR spectra were recorded at 300 or 400 MHH) @nd 75.4 or 100.6 MHZYC), and chemical
shifts are reported idvalues downfield from TMS or relative to residublaroform (7.26 ppm,
77.0 ppm) as an internal standard. Data are repantéhe following manner: chemical shift,
integrated intensity, multiplicity, coupling consta(J) in Hertz (Hz), and assignment (when
possible). Assignment and stereochemical determomaiare given only when they are derived
from definitive two-dimensional NMR experiments (@6-COSY). Optical rotations were
measured on Perkin-Elmer 241 polarimetato[values are given in 10deg cm gL.IR spectra
were performed in a spectrophotometer Nicolet Aaai¥@20 FT-IR and only noteworthy IR
absorptions (cr) are listed. High-resolution mass spectra (HMRE/MSD TOF Agilent
Technologies) were performed by Centres Cientifiecnologics de la Universitat de Barcelona.

Mass spectra (MS) data are reported as m/z (%).

The IUPAC nomenclature was used in the NMR assigmatf all compounds whereas for the
sake of clarity, madangamine biogenetic numberirag been employed throughout the

dissertation.

Madangamine A

Biogenetic numbering TUPAC numbering
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MeO,C  CHO

X

Methyl-4-formyl-6-heptenoate (1).

4-Pentenal (4.64 mL, 0.0470 mol) was added dropdiseng 30 minutes to a stirred, ice-cold
suspension of anhydrous potassium carbonate (220160 mol) in piperidine (12 mL). Stirring
was continued at room temperature for 2 days amdnikture filtered through sintered glass. The
residue was washed thoroughly with ether which walssequently removed under reduced
pressure affording the piperidine enamine of 4-gealt as a pale yellow oil. To a solution of
methyl acrylate (7.62 mL, 0.0846 mol) in 75 mL oy dcetonitrile, cooled below 5 °C, was added
the above enamine in 19 mL of dry acetonitrile dgr80 min. The mixture was stirred at room
temperature for 5 hours and then refluxed for 7@&fi0Glacial acetic acid (10.5 mL) in water (75
mL) was added and the mixture refluxed for furtBdmours. Ether (250 mL) was added to the
residue and the organic layer was washed with 3ON(HOO mL), saturated NaHG®100 mL),
brine (100 mL) and finally dried with MgSGand filtered. Removal of the organic solvents left
methyl-4-formyl-6-heptenoatd (5.10 g, 64%) as a brown oil that was used imtd reaction

without further purification.

IH NMR (300 MHz, CDCY): 61.80 (m, 1H, H-3), 1.98 (m, 1H, H-3), 2.21-2.51 &H, 2H-2, H-
4, 2H-5), 3.67 (s, 3H, CHl, 5.09 (m, 2H, H-7), 5.76 (m, 1H, H-6), 9.63 Jd; 2.1 Hz, 1H, CHO).

13C NMR (75.4 MHz, CDGJ): §23.2 (C-3), 31.2 (C-5), 32.9 (C-2), 50.3 (§}61.7 (C-4), 117.6
(C-7), 134.3 (C-6), 173.4 (C-1), 203.7 (CHO).
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(3R,8R,8aR)-8-Allyl-5-0x0-3-phenyl-2,3,6,7,8,8a-hexahydrot$-oxazolo[3,2a]pyridine (2).

A mixture of racemic methyl 4-formyl-6-heptencht@.60 g, 29.0 mmol),R)-phenylglycinol
(3.98 g, 29.0 mmol), and anhydrous,8@ (17.0 g, 120 mmol) in D (115 mL) was stirred at

0 °C for 2 hours. The resulting suspension wasréli through celite and concentrated under
reduced pressure. The residue was heated at 80r°TBfhours under vacuum (10-15 mmHg).
Flash chromatography (8:2 hexane-EtOAc to EtOAdhefresidue afforded oxazolopiperiddhe
(5.30 g, 71%) and its @8&5)-diasterecisomed (753 mg, 10%).

Compound (major isomer, lower f

[0]p?2=—32.8 ¢ 1.0, EtOH).

IR (film): 1655 (NCO) crii-

IH NMR (400 MHz, CDC}, COSY, gHSQC)J1.45 (dddd,) = 13.8, 13.8, 12.0, 7.2 Hz, 1H, H-
7), 2.02 (m, 3H, H-7, H-8, CHhllyl), 2.30 (ddd,) = 18.0, 12.0, 6.6 Hz, 1H, H-6), 2.42 (ddds
18.0, 7.2, 1.8 Hz, 1H, H-6), 2.62 (m, 1H, €4llyl), 4.01 (ddJ = 9.0, 1.2 Hz, 1H, H-2), 4.11 (dd,
J=9.0, 6.9 Hz, 1H, H-2), 4.53 (d= 8.7 Hz, 1H, H-8a), 4.92 (d,= 6.6 Hz, 1H, H-3), 5.12 (m,
2H, CH=), 5.86 (ddddy = 16.5, 10.2, 7.8, 6.0 Hz, 1H, CH=), 7.20-7.30 &id, CsHs).

13C NMR (100.6 MHz, CDGJ)): 523.6 (C-7), 31.2 (C-6), 35.4 (GHllyl), 39.1 (C-8), 58.9 (C-3),
73.7 (C-2), 91.9 (C-8a), 117.4 (GH), 126.2, 128.4 (@ m CsHs), 127.4 (Cp CsHs), 134.6
(CH=), 141.4 (G-CeHs), 167.1 (NCO).
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Elemental analysis calcd (%) for {§6116NO2- % HO]: C 73.40, H 7.51, N 5.35.Found: C 73.71,
H7.25, N 5.41.

\_7.281

7.288

7.300
/5.2;7

928
4.913

oy,
=
%

{ LA M
T T T ¥ T . * ¥ LER | T T T T T
8 7 6 5 q 3 2 1 -0 ppm
-
S
g
)
o
3
$s
—“m
~
] ©
oZa -
2in H o
nﬂz -1 o
M R ] i
) ) w g7
- ~ -
- w
© ”
i F:
2 5
- ~
L] L ~
g -
- -
o <
g g
S M
a <
b
- e e A B B o e A s o e A T Eamaman
160 140 120 100 80 60 40 20 ppm

185



Compound3 (minor isomer, higher 4R

[0]p?% = —59.9 ¢ 1.0, EtOH).

IR (film): 1658 (NCO) crii-

IH NMR (400 MHz, CDC4, COSY, gHSQC)J1.53 (m, 1H, H-7), 1.66 (m, 1H, H-8), 1.96 (m,
1H, H-7), 2.07 (dt) = 16.5, 8.4, 8.4 Hz, 1H, GHhllyl), 2.35 (ddd,) = 18.6, 12.0, 6.6 Hz, 1H, H-
6), 2.56 (M, 2H, H-6, Ciallyl), 3.75 (dd,J = 9.0, 7.8 Hz, 1H, H-2), 4.47 (ddl= 9.0, 8.1 Hz, 1H,
H-2), 4.69 (d,) = 8.4 Hz, 1H, H-8a), 5.13 (m, 2H, G¥), 5.25 (tJ = 7.8 Hz, 1H, H-3), 5.83 (dddd,
J=16.5,10.2, 8.1, 6.0 Hz, 1H, CH=), 7.25-7.34 §il, GsHs).

13C NMR (100.6 MHz, CDGJ)): §22.7 (C-7), 31.3 (C-6), 35.8 (GHllyl), 39.5 (C-8), 58.3 (C-3),
72.3 (C-2), 92.0 (C-8a), 117.4 (GH), 126.0, 128.7 (®; m CsHs), 127.5 (Cp CsHs), 134.6
(CH=), 139.4 (G CeHs), 168.7 (NCO).

Elemental analysis calcd (%) for{éE11oNO»- %2 HO]: C, 73.40; H, 7.51; N, 5.35. Found: C, 73.27,
H, 7.25; N, 5.51.
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CeHs,,

Os _N_ O
MeO,C

C@I'Isse
AN

(3R,8S,8aR)-8-Allyl-6-(methoxycarbonyl)-5-oxo-3-phenyl-6-(phaylselenyl)-2,3,6,7,8,8a-
hexahydro-5H-oxazolo-[3,2a]pyridine (4).

Lithium bis(trimethylsilyl)amide (1M in THF, 17.1m17.09 mmol) was slowly added at —78 °C
to a solution of lactarfd (2.0 g, 7.77 mmol) in anhydrous THF (120 mL), amelresulting mixture
was stirred for 90 minutes. Then, methyl chlorofaten(0.600 mL, 7.77 mmol) and, after 90
minutes of continuous stirring at —78 °C, phenysgl chloride (2.09 g, 10.9 mmol) were added
to the solution. The resulting mixture was stirfeda further 1 hour and poured into saturated
aqueous NECI. The aqueous layer was extracted with EtOAc,taerdccombined organic extracts
were dried over anhydrous MgaCfiltered and concentrated under reduced presstesh
chromatography (9:1 hexane-EtOAc to 1:1 hexane-E)OA the resulting oil afforded as a
mixture of C-6 epimers (3.14 g, 86% overall yield).

Epimer4a (higher R):

[0]p%%= -99.3 € 0.7, CHCH).

IR (film): 1667 (NCO), 1725 (COO) cfn

IH NMR (400 MHz, CDC}, COSY, gHSQC)51.82 (dd,J=14.0, 12.4 Hz, 1H, Ciallyl), 1.98(m,
2H, H-7, H-8), 2.33 (ddJ = 14.0, 2.8 Hz, 1H, CHallyl), 2.41 (m, 1H, H-7), 3.58 (s, 3H, GH
4.00 (ddJ= 9.2, 2.0 Hz, 1H, H-2), 4.05 (d&: 9.2, 6.8 Hz, 1H, H-2), 4.15 (d= 8.8 Hz, 1H, H-
8a), 4.87 (ddj= 6.8, 2.0 Hz, 1H, H-3), 5.03 (M, 2H, G4, 5.17 (ddddJ= 16.8, 10.4 7.6, 6.4 Hz,
1H, CH=), 7.26-7.66 (m, 10H, ArH).

13C NMR (100.6 MHz, CDG): 634.8 (C-7), 36.6 (Ch}, 37.7 (C-8), 53.0 (Ch}, 54.0 (C-6), 59.4
(C-3), 74.0 (C-2), 91.8 (C-8a), 117.7 (&), 126.4-138.2 (@, m, p), 133.7 (CH=), 140.5 (G),
163.3 (NCO), 170.8 (COO).
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HRMS (ESI) calcd for [&H25NOsSe + H}: 471.0948, found: 471.0955.
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C6H5/,,,‘

Os _N_0
MeOZC
C6H5Se
AN

Epime#b (lower R):
[o]o?2 = +18.5 € 0.5, CHCH).

IH NMR (400 MHz, CDC}, COSY, gHSQC)51.98 (m, 1H, CHallyl), 2.00 (dd,J = 15.2, 11.6
Hz, 1H, H-7), 2.08 (ddj= 15.2, 4.0 Hz, 1H, H-7), 2.32 (m, 1H, H-8), 2.58, (LH, CH allyl),
3.73 (s, 3H, Ch), 4.10 (dd,J = 9.2, 1.2 Hz, 1H, H-2), 4.17 (dd= 9.2, 6.8 Hz, 1H, H-2), 4.63 (d,
J=9.2 Hz, 1H, H-8a), 4.97 (m, 3H, H-3, &, 5.59 (ddddJ = 16.0, 10.0, 8.0, 6.0 Hz, 1H, CH=),
7.23-7.47 (m, 10H, ArH).

13C NMR (100.6 MHz, CDG): 633.6 (C-7), 35.0 (Ch), 36.5 (C-8), 53.3 (CH}, 55.6 (C-6), 59.6
(C-3), 73.8 (C-2), 91.6 (C-8), 117.8 (&), 126.8-138.3 (@, m, J), 134.0 (CH=), 140.5 (@),
162.8 (NCO), 171.0 (COO).

HRMS (ESI) calcd for [@H2sNO4Se + HT: 471.0948, found: 471.0946.
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CeHs,,

Os__N_ ©

MeO,C7 X
N

(3R,8S,8aR)-8-Allyl-6-(methoxycarbonyl)-5-oxo-3-phenyl-2,3,8a-tetrahydro-5H-
oxazolo[3,2a]pyridine (5).

30% aqueous #D- (0.729 mL) and pyridine (0.358 mL, 4.42 mmol) wadzled to a solution of
selenideg (1.60 g, 3.40 mmol) in Ci€l> (231 mL), and the resulting mixture was stirred &br

2 hours. The two phases were separated, andtheiotgger was washed with water, dried and
concentrated to give cruéd(1.65 g) as an oil, wich was used in the nexttreaavithout further

purification.

IR (film): 1673 (NCO), 1741 (COO) ct

IH NMR (300 MHz, CDGJ): §2.31 (dt,J = 14.4, 8.7 Hz, 1H, Ciallyl), 2.70 (dm,J = 14.4, 1H,
CH; allyl), 2.91 (m, 1H, H-8), 3.78 (s, 3H, GH4.20 (ddJ= 9.0, 2.4 Hz, 1H, H-2), 4.24 (dds
9.0, 6.0 Hz, 1H, H-2), 4.87 (d= 10.5 Hz, 1H, H-8a), 5.03 (dd: 6.0, 2.4 Hz, 1H, H-3), 5.27 (m,
2H, CH=), 5.86 (ddddy)= 15.3, 10.88.7, 5.7 Hz, 1H, CH=), 7.20-7.36 (m, BkHs).

13C NMR (75.4 MHz, CDGJ): 633.5 (CH), 41.2 (C-8), 52.3 (CH}, 58.3 (C-3), 74.4 (C-2), 89.8
(C-8a), 119.0 (CbE), 126.8-128.5 (@, m, CeHs), 127.7 (Cp, CsHs), 129.7 (C-6), 133.3 (CH=),
140.2 (CiCeHs), 147.6 (C-7), 157.3 (COO), 164.3 (NCO).
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(3R,7R,8S,8aR)-7,8-Diallyl-6-(methoxycarbonyl)-5-oxo-3-phenyl-23,6,7,8,8a-hexahydro-
5H-oxazolo[3,2a]pyridine (6).

LiCI (1.20 g, 28.4 mmol) was dried at 80 °C forduh under vacuum (10-15 mmHg) in a three-
necked, 250 mL round-bottomed flask. Then, Cul@®428.4 mmol) and THF (150 mL) were
added under an inert atmosphere, and the mixtusestiraed at room temperature for 5 minutes.
The suspension was cooled to —78 °C, and allylnsigmebromide (28.4 mL of a 1 M solution in
EtO, 28.4 mmol), TMSCI (3.60 mL, 28.4 mmol), and unsated lactan® (7.11 mmol) in THF

(5 mL) were successively added. The resulting mexiuas stirred at —78 °C for 18 hours. The
reaction was quenched with saturated aqueousCNHnd the resulting mixture was filtered
through celite. The aqueous layer was extracted BOAc, and the combined organic extracts
were dried over anhydrous Mgailtered, and concentrated under reduced presstash
chromatography (9:1 to 7:3 hexane-EtOAc) of thelltesy oil gave6 (2.05 g, 81% vyield) as a

mixture of C-6 epimers (ratio 2:1).

IR (film): 1665 (NCO), 1736 (COO) cfn

IH NMR (300 MHz, CDC4, COSY, gHSQC)51.80 (ddd,J) = 14.1, 12.0, 9.0 Hz, 1H, GHallyl),
2.16 (dtJ = 14.1, 9.3, 9.3 Hz, 1H, GHllyl), 2.34 (dmJ = 12.0 Hz, 1H, H-7), 2.44-2.70 (m, 3H,
H-8, CHyallyl), 3.43 (d,J = 1.5 Hz, 1H, H-6), 3.60 (s, 3H, GH), 4.02 (dd,J = 9.3, 1.8 Hz, 1H,
H-2), 4.15 (dd,) = 9.3, 7.2 Hz, 1H, H-2), 4.62 (d= 9.6 Hz, 1H, H-8a), 4.91 (dd= 7.2, 1.8 Hz,
1H, H-3), 5.14 (m, 4H, Ck#), 5.68 (dddd,)) = 15.0, 10.2, 9.0, 4.8 Hz, 1H, CH=), 5.84 (ddid,
15.3, 9.9, 8.7, 5.1 Hz, 1H, CH=), 7.26-7.33 (M, BkHls).

13C NMR (75.4 MHz, CDGJ): 631.6, 31.8 (Ch), 36.9 (C-7), 38.5 (C-8), 51.5 (C-6), 52.3 (€W,
59.6 (C-3), 73.9 (C-2), 89.4 (C-8a), 117.4, 118Fl=), 126.4, 128.2 (®; m), 127.4 (Cp),
134.4, 134.8 (CH=), 140.5 (J; 162.3 (NCO), 170.6 (COO).
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HRMS (ESI) calcd for [@H2sNO4 + H]*: 356.1783, found: 356.1779.
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CeHs,

N\
O.__N_ O

MIE)

(3R,6aR,10&S,10bR)-6-(Methoxycarbonyl)-5-oxo-3-phenyl-2,3,6,6a,7,100a,10b-octahydro -
5H-oxazolo[2,3a]isoquinoline (7).

Second generation Grubbs catalyst (642 mg, 0.756lnwas added to a solution of lactd&@n
(3.58 g, 10.1 mmol) in C¥Cl> (1.44 L). The mixture was stirred for 18 hoursatm temperature,
and the resulting suspension was concentratech Efaematography (4:1 to 3:2 hexane-EtOAc)

of the residue gave tricyclic lactarmas a mixture of C-6 epimers (2.80 g, 85% yield).
IR (film): 1667 (NCO), 1738 (COO) cth

IH NMR (400 MHz, CDC4, COSY, gHSQC)52.00 (m, 1H, H-7), 2.20 (m, 1H, H-7), 2.43 (m,
2H, H-10), 2.50 (m, 1H, H-6a), 2.70 (M, 1H, H-1C&L8 (s, 1H, H-6), 3.60 (s, 3H, GBI), 3.96
(dd,J = 9.0, 1.2 Hz, 1H, H-2), 4.12 (dd= 9.0, 6.9 Hz, 1H, H-2), 4.85 (d= 9.9 Hz, 1H, H-10b),
4.92 (dd,J= 6.9, 1.2 Hz, 1H, H-3), 5.69 (M, 2H, H-8, H-9)22-7.35 (m, 5H, €Hs).

13C NMR (100.6 MHz, CDG): §25.1 (C-10a), 28.0 (C-7), 32.6 (C-10), 33.5 (C-68)2 (CHO),
53.9 (C-6b), 59.4 (C-3), 73.6 (C-2), 87.1 (C-1(i24.4, 124.8 (C-8, C-9), 126.8, 128.0¢a),
127.2 (Cp), 140.6 (C#), 162.0 (NCO), 170.2 (COO).

Elemental analysis calcd (%) for{§210sN-¥4 H20]: C, 68.76; H, 6.53; N, 4.22. Found: C, 68.82;
H, 6.90; N, 4.20.
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CeHs,,

Os _N_ 0
MeO,C

[O

O
(3R,6R,6aR,10a5,10bR)-6-[3-(1,3-Dioxolan-2-yl)ethyl]-6-(methoxycarbony)-5-o0xo-3-
phenyl-2,3,6,6a,7,10,10a,10b-octahydrd-boxazolo[3,2a]isoquinoline (8).

A solution of isoquinoling (880 mg, 2.70 mmol) in dry DMF (2 mL) was addedtoooled (0°
C) suspension of NaH (161 mg of a 60% dispersianimeral oil, 4.02 mmol) in dry DMF under
an inert atmosphere, and the resulting mixturestia®d at 0° C for 1 hour. Then TBAI (198 mg,
0.536 mmol) and 2-(2-bromoethyl)-1,3-dioxolane @1n&l, 13.5 mmol) were added to the solution
and the mixture was stirred overnight at room tenafpee. The reaction was quenched with
aqueous NELCI, extracted firstly with diethyl ether and thentlwCH.Cl,. Combined organic
extracts washed with brine, dried @$&), filtered, and concentrated under reduced pressur
Flash chromatography (7:3 to 1.1 hexane-EtOAchefresulting residue afforded compouhd
(905 mg, 78%).

[0]?p =-35.2¢0.7, CHC}).
IR (film): 1655 (NCO), 1738 (COO) cth

IH NMR (400 MHz,CDC4, COSY, gHSQC)51.44 (m, 2H, H-2), 1.85 (dm] = 17.2 Hz, 1H,

H-7), 1.99 (m, 2H, H-1"), 2.16 (tnd = 17.2 Hz, 1H, H-7), 2.27 (ddd,= 11.6, 5.6 , 3.6 Hz, 1H,
H-6), 2.46 (m, 2H, H-10), 2.58 (dd,= 9.6, 4.8 Hz, 1H, H-10a), 3.71 (s, 3H, &, 3.75, 3.80

(2m, 4H, CHO), 4.05 (ddJ = 9.2, 1.6 Hz, 1H, H-2), 4.13 (dd= 9.2, 6.8 Hz, 1H, H-2), 4.61 (t,
J=4.8 Hz, 1H, H-3"), 4.90 (d] = 9.6 Hz, 1H, H-10b), 4.92 (dd= 6.8, 1.6 Hz, 1H, H-3), 5.67
(m, 2H, H-8, H-9), 7.10-7.20 (M, 5H 685).

13C NMR (100.6 MHz, CDG): §25.6-25.7 (C-7, C-10), 29.4 (C-2’), 31.4 (C-1'),.83C-10a),
40.0 (C-6a), 51.9 (C¥D), 58.4 (C-6b), 59.7 (C-3), 64.6 (@B, 73.5 (C-2), 87.0 (C-10b), 104.1
(C-3"), 124.3-124.6 (C-8 C-9), 126.6 -128.3¢CmCsHs), 127.4 (Cp), 141.5 (CP), 165.1 (NCO),
171.8 (COO).

HRMS (ESI) calcd for [@H30NOs + H]*: 428.2068, found: 428.2062.
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(4R,48R,8aS)-2-(tert-Butoxycarbonyl)-4-[3-(1,3-dioxolan-2-yl)ethyl]-4-fiydroxymethyl)-
1,2,3,4,4a,5,8,8a-octahydroisoquinoline (11).

First step:Liquid ammonia (15 mL) was condensed at -78 °@ three-necked, 100 mL round-
bottomed flask equipped with a coldfinger conderderrged with dry ice-acetone, and then a
solution of lactanB (200 mg, 0.454 mmol) in THF (10 mL) was added. Témperature was
raised to -30 °C and sodium metal was added inlgoglons until the blue color persisted for 2
minutes. The reaction was quenched by the addibbrsolid NHiCl until the blue color
disappeared, and the mixture was stirred at roompéeature for 4 hours. The residue was digested
at room temperature with GBI>, and the resulting suspension was filtered throcgghe. The

solution was concentrated under reduced pressure.

Second stepA solution of the above residue (mixture of compadeO) in anhydrous dioxane (14
mL) was added dropwise to lithium aluminium hydr{@85 mg, 6.19 mmol) in a 3 necked flask
at 0 °C, under argon atmosphere and the resultirtura was stirred overnight at reflux. The
reaction was quenched with distilled water and Natll%o, dried with MgSQ@ filtered and
concentrated to give the amino alcolid which was used in the next step without further

purification.

Third step:Di-tert-butyl-dicarbonate (0.103 mL, 0.449 mmol) was addexpwise to a solution

of the above amino alcohdl in anhydrous CECl2 (7 mL) at room temperature under inert

atmosphere and the resulting mixture was stirred2fb hours. The solution was poured into

saturated aqueous MEI and extracted with C4€l.. The combined organic extracts were washed
with brine, dried, filtered, and concentrated. Rlakromatography (9:1 to 1.1 hexane-EtOAc) of
the residue gave the compoutitd(71 mg, 45% overall yield fror@).

[0]%% = -8.34 € 0.44, CHCL).

IR (film): 1683 (C=0), 3480 (OH) cth
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IH NMR (400 MHz, CDC4,COSY, gHSQCY1.45 (s, 9H, [CH3):C]), 1.58-1.76 (m, 4H, H-1',
H-2"), 1.78-1.96(m, 2H, H-8, H-4a), 1.98-2.30 (nh,4H-5, H-8, H-8a), 2.67-2.77 (m, 2H, H-1,
H-3), 3.42(s, 2H, CKDH), 3.59-3.62 (m, 2H, H-1,H-3), 3.85-3.98 (2m, 4BH,0), 4.87(t,J =
4.8 Hz, 1H, H-3"), 5.60 (M, 2H, H-6, H-7).

13 NMR (100.6 MHz, CDQ): J 21.6(C-5), 24.0 (C-1)), 27.2 (C-2’), 27.9 (C-8aB.2 (C-
8,[(CH3)sC]), 34.2(C-4), 45.4(C-1,C-3),64.9 (GB)), 68.2 (CHOH), 79.5 ([(CH)sC]), 104.7 (C-

3), 124.8 (C-6, C-7), 155.0 (NCOO).

HRMS (ESI) calcd for [@H33NOs + NaJ': 390.2251, found: 390.2263.
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(4R,48R,8aS)-4-(Azidomethyl)-2-(tert-butoxycarbonyl)-4-[3-(1,3-dioxolan-2-yl)ethyl]-
1,2,3,4,4a,5,8,8a-octahydroisoquinoline (13).

First Step Anhydrous TEA (2.18 ml, 15.6 mmol) and methaniswl chloride (1.21 ml, 15.6
mmol) were added at 0 °C under an inert atmospoeaestirred solution of alcohdll (1.98 g,
5.19 mmol) in anhydrous CGBl> (86 ml), and the resulting mixture was stirred abm
temperature for 4 hours. The reaction was quenuilithca saturated aqueous MH solution and
extracted with CECIl>. The combined organic extracts were dried, fidlea&d concentrated to

give a yellow oil which was used in the next stefhaut purification.

Second StepNaNs (2.03 g, 31.2 mmol) was added to a solution ofdheve mesylaté2 in
anhydrous DMF (15 ml) and the mixture was heate2DteC. After 48 hours, more Nal2.03 g,
31.2 mmol) was added and the resulting mixture stiaed at 90 °C for an additional 24 hours.
Then the reaction was quenched with distilled wagetracted with CbkLCl>, The organic extracts
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were dried, filtered and concentrated under pressugive an oil. Flash chromatography (hexane
to 9:1 hexane-EtOAc) of the residue gave the azatopoundl3 (1.69 g, 83%).

[0]%p = -35.2 € 0.595, CHCLy).
IR (film): 1691 (C=0), 2100 (&) cn™.

IH NMR (400 MHz, CDC},COSY, gHSQC)1.35 (s, 9H, [(CH)sC]), 1.44-2.08 (m, H, 10H, H-
1, H-2', H-4, H-4a, H-5, H-8a), 1.88-2.08 (m, 4H;5, H-8, H-8b), 2.49-2.63 (m, 2H, H-1, H-3),
3.10 (s, 2H, CkNs), 3.59-3.62 (m, 2H, H-1,H-3), 3.72- 3.85 (2m, 4H0), 4.72 (tJ = 4.8 Hz,
1H, H-3'), 5.48 (m, 2H, H-6, H-7).

13C NMR (100.6 MHz, CDGJ): 621.6 (C-2’), 25.8 (C-5), 27.8 (C-8a), 27.9Qf{=)C], C-8), 28.4
(C-1)), 34.8 (C-4a), 39.7 (C-4), 43.4-45.0 (C-1,3%-54.0 (CHN3), 64.9 (CHOH), 79.7
[(CH3)sC], 104.6 (C-3"), 123.9, 124.6 (C-6, C-7), 155.0 (MO).

HRMS (ESI) calcd for [@H32N404 + NaJ': 415.2316, found: 415.2334.

1.258

5.603
5.598
3.964

3.845
1.276
1.240

3.208
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(4R,4aR,6S,7S,8aS)-2-(tert-Butoxycarbonyl)-4-[3-(1,3-dioxolan-2-yl)ethyl]-7-tydroxy-6,4-
(iminomethano)-9-(-toluenesulfonyl)perhydroisoquinoline (15).

First step m-Chloroperoxybenzoic acid (1.48 g, 77% of purit$glommol) was added to a solution
of azidel3(1.22 g, 3.00 mmol) at 0 °C in GElz, (43 mL) and the mixture was allowed to warm
slowly to room temperature. After 5 hours, the tescwas quenched with saturated aqueous
NaHCQ, and the mixture was extracted with £&Hp. The organic extracts were dried, filtered
and concentrated under reduced pressure to giste apoxidel4, which was used in the next step

without purification.

Second stegMesP (4.8 mL of a 1 M solution in THF, 4.80 mmol) wadded to a solution of the
above azido epoxide4 in THF (60 mL), and the mixture was stirred atmotemperature for 2
hours. Water (6 mL) was added, and the resultingture was stirred overnight at room
temperature and concentrated under reduced pressaiferd a diazatricyclic alcohol.
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Third step TEA (0.410 mL, 3.00 mmol) was added dropwise &tiaing solution of the above
aminoalcohol in anhydrous C8l> (50 mL) at 0 °C. A solution gd-toluenesulfonyl chloride (572
mg, 3.00 mmol) in anhydrous GEl> (5 mL) was transferred via cannula, and the stirivas
continued at 0 °C for 2.5 hours. The reaction vias tquenched with saturated aqueous@®H
and the aqueous layer was extracted withh@# The combined organic extracts were dried,
filtered and concentrated under reduced pressuadfacd the protected tricyclic compourid
(998 mg, 62% in three steps) after flash chromaiolgy (9:1 to 1:1 hexane-EtOAc).

[0]p?2= +24.01 ¢ 1.5, CHC}).

IR (film): 1689 (C=0), 3490 (OH) cth

'H NMR (400 MHz, CDC4, COSY, gHSQC)51.35, 1.41 (m, 13H, [(C}kC], H-1',H-2"), 1.45
(m, 1H, H-4a), 1.59-1.64 (m, 3H, 2H-8, H-5a), 1(82J = 16.0 Hz, 1H, H-5b), 1.97 (m, 1H, H-
8a), 2.33 (s, 3H, C#Ts), 2.60-2.78 (m, 2H, H-1a, H-3b), 3.03 §d; 12.5 Hz, 1H, H-10a), 3.24
(d,J=12.9 Hz, 1H, H-10b), 3.76 (m, 2H, @BI), 3.83 (masked, 1H, H-7), 3.86 (m, 2H, LH,
3.90 (masked, 2H, H-1a, H-3b), 3.96 (s, 1H, H-6504s, 1H, H-3"), 7.22 (d] = 8.1 Hz, 2H, H-
mTs), 7.64 (dJ = 8.2 Hz, 2H, He Ts).

13C NMR (100.6 MHz, CDG) : 621.1 (CHTS), 21.9 (C-5), 27.3 (C-1’), 28.2GH=3)C],29.4 (C-
2), 30.7 (8a), 32.3 (C-8), 32.4 (C-4), 35.2 (C;446.8 (C-10), 50.8 (C-6), 48.4-49.6 (C-1, C-3),
64.8 (2CHO),67.3 (C-7), 80,0 [(CEIC], (104.4 (C-3), 127.2 (B Ts), 129.9 (Gn Ts), 137.6 (C-

p Ts), 143.3 (4-Ts), 155.3 (NCOO).

HRMS (ESI) calcd for [GHaoN207S + HJ': 537.2629, found: 537.2613.
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(4R,4aR ,6S,7S,8aS)-7-(p-Benzoyloxy)-2-(ert-butoxycarbonyl)-4-[3-(1,3-dioxolan-2-
yl)ethyl]-6,4-(iminomethano)-9-(-toluensulfonyl)perhydroisoquinoline (16).

Triethylamine (40 pL, 0.296 mmol) and DMAP (2.4 ndg)198 mmol) were added to a stirred
solution of tricyclic compound5 (56 mg, 0.0990 mmol) in Gi&l> (2.5 mL). After 30 minutes
benzoic anhydride (34 mg, 0.150 mmol) was addedladesulting mixture was stirred at room
temperature overnight. The reaction was quenchatégddition of a solution of Ni€l and the
aqueous layer was extracted with £Li}. The combine organic extracts were dried over MgSO
filtered, and concentrated under reduced presstiash chromatography (9:1 to 1.1 hexane-

EtOAC) of the residue afforded compound benzoic poumd16 (40 mg, 65%) as a white foam.
IR (film): 1715 (C=0) cr.

IH NMR (400 MHz, CDC4, COSY, gHSQC)31.22 (m, 2H, H-2"), 1.29-1.45 (m, 11H, H-1’,
[(CH3)sC]), 1.49-1.62 (m, 2H, H-4a, H-8), 1.66-1.74 (M, HH48), 1.86 (S, 2H, H-5), 1.97 (s, 1H,
H-8a), 2.34 (s, 3H, C§Ts), 2.50-2.81 (m, 2H, H-1, H-3), 3.03 (ts 12.5 Hz, 1H, H-10), 3.47 (d,
J=12.9 Hz, 1H, H-10), 3.73-3.89 (masked, 2H, H-13}13.77, 3.87 (2m, 4H, 2GB), 4.24 (s,
1H, H-6), 4.72 (s, 1H, H-3), 5.03 (s, 1H, H-7)23.(d,J = 8.1 Hz, 2H, Hn Ts), 7.38 (tJ = 7.8
Hz, 2H, Ho CeHs), 7.50 (tJ = 7.4 Hz, 1H, Hp CeHs), 7.74 (d,J = 8.2 Hz, 2H, He Ts), 7.93 (dd,
J=8.2, 1.5 Hz, 2H, Hn CeHs).

13C NMR (100.6 MHz, CDGJ)): 6 21.8 (CHTSs), 23.7 (C-5),27.3 (C-1’), 28.1GH3)C], 28.2 (C-
2’), 29.6 (C-8), 30.9 (C-8a), 31.1 (C-4), 34.7 (€)447.2 (C-10), 48.3 (C-6), 49.3-49.8 (C-1, C-
3), 64.7 (2CHO),69.2 (C-7), 80.0 [(CKC], 104.2 (C-4)), 127.2 (@ Ts), 128.4 (O CsHs),
129.5 (Co CeHs), 129.7 (Cm Ts), 133.1 (Qp CsHs), 137.1 (Cp Ts), 143.4 (O-Ts), 155.5
(NCOO).

HRMS (ESI) calcd for [GHaaN20sS + HJ': 641.2891, found: 641.2877.
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2-(3-Cyclohexenyl)ethanol (17).

BFs: ERO (3.8 mL, 30.5 mmol) was added dropwise over 30uteis under inert atmosphere to a
cooled (0 °C) solution of 2-methyl-2-butene (30.k,®1.0 mmol of a 2 M solution in THF) and
NaBHs (855mg, 22.2 mmol) in anhydrous THF (14 mL), amel tesulting mixture was stirred at

0 °C for 1 h. 4-Vinylcyclohexene (3.6mL, 27.7 mma@s then added dropwise over a 5 minutes
and the solution was stirred at room temperatur@ fu The borane intermediate was oxidized by
slowly addition at O °C of NaOH 3 N (25 mL) and®3 30% (25 mL), and the resulting solution
was stirred overnight at 70 °C. The mixture wasaeted with EO and the combined organic
extracts were dried over anhydrous,8i@, filtered, and concentrated under reduced pressure
affording alcoholl7 (3.4 g, 99%).

IR (film):3400 (OH) cm'.
'H NMR (400 MHz, CDC4, COSY, HSQC)0J1.26 (m, 1H, H-5), 1.54 (m, 2H, H-1"), 1.69 (dm,
J=14.8 Hz, 1H, H-3), 1.72 (m, 2H, H-4, H-5), 2,06, 2H, H-6), 2.11 (dmJ = 14.8 Hz, 1H, H-

3), 3.71 (tJ = 6.8 Hz, 2H, H-2"), 5.65 (M, 2H, H-1, H-2).

13C NMR (100.6 MHz, CDGJ): 625.0 (C-6), 28.8 (C-5), 30.1 (C-4), 31.7 (C-3),8@-1"), 60.8
(C-2), 126.0, 127.0 (C-1,C-2).

HRMS (ESI) calcd for [@H140 + H*: 127.1117, found: 127.1114.
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4-(2-Azidoethyl)-1-cyclohexene (18).

First step Triethylamine (6.52 mL, 46.8 mmol) and mesyl ¢hde (4.83 mL, 62.4 mmol) were

added dropwise to a stirring solution of alcohdl(3.4 g, 27.4 mmol) in anhydrous @El, (400
210



mL) cooled to 0 °C under inert atmosphere. After ¢hd of addition, the mixture was allowed to
heat slowly to room temperature and was stirrecdlitional 2 h. Saturated aqueous48Hwas
added and the mixture was extracted witheCld The combined organic extracts were dried over
anhydrous Ng5Qy, filtered and the solvent was concentrated undduged pressure. Flash
chromatography (hexane to 8:2 hexane — ethyl aedffbrds the corresponding mesyl derivative
(6.42 g, 99%).

Second stefNaNs (10.9 g, 167.7 mmol) was added to a solution oath@ve compound (9.809 g,
41.9 mmol) in anhydrous DMF (250 mL) and the migtwas heated at 60 °C for 3 h. The resulting
mixture was quenched with distilled water. The amsdayer was extracted with @El2, and the
combined organic extracts were washed 6 times watter, dried with Ng&5Qs and concentrated
under reduced pressure to give an oil. Flash chimgraphy (hexane) afforded azide derivative
18 (5.068 g, 80%) as a colourless oil.

IH NMR (300 MHz, CDCY): 61.29 (m, 1H, H-5), 1.53-1.80 (m, 5H, H-5, H-4, H23)-1’), 2.05
(m, 3H, 2H-6, H-3), 3.33 (] = 6.9 Hz, 2H, H-2'), 5.66 (M, 2H, H-1, H-2).

13C NMR (75.4 MHz, CDGJ): 524.8 (C-6), 28.4 (C-5), 30.8 (C-4), 31.3 (C-3),136C-1"), 49.1
(C-2"), 125.8, 126.9 (C-1, C-2).

7.260

1.539
—=0.000

3.328
3

5.660
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3-(2-Azidoethyl)-7-oxabicyclo[4.1.0]heptane (19).

m-Chloroperoxybenzoic acid (2.2 g, technical grad#79.934 mmol) was added to a cold (0 °C)
solution of azidel8 (1.0 g, 6.622 mmol) in C¥€l2 (50 mL), and the mixture was allowed to warm
slowly to room temperature. After 4 h under stigrat room temperature, the mixture was washed
with saturated aqueous NaHg @hen saturated aqueous:8#Ds, dried over anhydrous NaQy,
filtered and concentrated under reduced pressigieéa mixture of epoxydes (1.1 g, 99%) which

was used in the next step without further purifmat

IR (film): 1262 (C-O-C), 2097 (N=N=N) cth

'H NMR (400 MHz, CDC4, COSY, HSQC)$0.88-1.00 (m, 2H, 2H-5), 1.11-1.21 (m, 1H, H-5),
1.31-1.53 (m, 8H, 2H-3, 1H-4, 1H-5, 4H-1"), 1.564.(m, 1H, H-4), 1.70-1.78 (m, 1H, H-6),

1.82-1.90 (m, 1H, H-6), 1.97-2.10 (m, 2H, 1H-3, 642.13-2.21 (m, 2H, 1H-3, 2H-6), 3.12-3.18
(m, 4H, 2H-1, 2H-2), 3.26-3.30 (m, 4H, H-2’).
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13C NMR (100.6 MHz, CDG): 523.3 (C-6), 24.1 (C-5), 25.0 (C-6), 26.9 (C-5),2{C-4), 29.9
(C-4), 30.3 (C-3), 31.6 (C-3), 34.9 (C-1'), 35.4-1F, 48.8 (C-2"), 49.1 (C-2’), 51.4 (C-1), 51.6
(C-1), 52.4 (C-2), 52.8 (C-2).

HRMS (ESI) calcd for [@H13Nz0 + H|*: 168.1131, found: 168.1136.
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8-Hydroxy-2-(toluenesulfonyl)-2-azabicyclo[3.3.1]noane (21).

First step MesP (2.40 mL of a 1 M solution in THF, 2.40 mmol) wadded to a solution of the
above epoxyde%9 (150 mg, 0.904 mmol) in THFA®D (22 mL, 9:1), and the mixture was stirred
at room temperature for one night. The resultifgtsm was concentrated under reduced pressure

to afford crude 2-ABN framework(Q) as pale yellow oil.

Second stepA solution of toluenesulfonyl chloride (297mg5&.mmol) in anhydrous Gi€l, (8
mL) and triethylamine (185uL, 1.32 mmol) were addeapwise to a solution of the above amino
alcohol Q) in anhydrous CECI2 (4.5 mL) at 0 °C under inert atmosphere. The metwas stirred
for4 h at 0 °C, poured into saturated XI§ and the resulting solution was extracted witpCl>.
The combined organic extracts were washed withebrdried over anhydrous Mg%Cand
concentrated under reduced pressure. Flash chrgraptoy (hexane to 1:1 hexane-EtOAc) gave
alcohol21(80mg, 30% overall yield from epoxid&S).

IR (film): 3600 (OH) cnt.

IH NMR (300 MHz, CDCY): 61.26-2.05 (m, 9H, 2H-4, 2H-9, H-5, 2H-6, 2H-7), 2.6, 3H,
CHs), 3.18 (gp,J= 6.3 Hz, 1H, H-3), 3.50 (qdF 6.3 Hz, 1H, H-3), 3.75 (m, 1H, H-1), 4.10 (br.
s, 1H, H-8), 7.30 (d= 8.1 Hz, 2H, He Ts), 7.70 (dl= 8.1 Hz, 2H, Hm Ts).

13C NMR (75.4 MHz, CDGJ): 521.4 (CH Ts), 23.3 (C-5), 24.1 (C-7), 25.8 (C-6, C-4), 206
9), 40.9 (C-3), 53.3 (C-1), 68.7 (C-8), 127.10s), 129.6 (On Ts), 136.8 (4-Ts), 143.2 (O

Ts).

HRMS (ESI) calcd for [@H22NOsS + H*: 296.1215, found: 296.1208.
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8-Oxo0-2-(toluenesulfonyl)-2-azabicyclo[3.3.1]nonan@?2).

Dess-Martin Periodinane (2.957 g, 6.971 mmol) waded at room temperature to a stirring
solution of bicyclic alcoha21 (1.371 g, 4.647 mmol) in G&l> (100 mL) under inert atmosphere.
After one night of stirring at room temperatursaaurated (1:1) solution of NaHG®laS,0zwas
slowly added. The resulting mixture was stirrecovausly for 45 min and extracted with &El».
The combined organic extracts were dried over ardugl NaSQu, filtered, and concentrated
under reduced pressure. The residue was purifiedflagh chromatography (hexane—
hexane/EtOAc 7:3), affording keto2& (1.183 g, 87%).

IR (film): 1716 (C=0) crt.

'H NMR (400 MHz, CDCY): 51.84-1.89 (m, 3H, H-4, H-9, H-6), 1.95 (m, 1H, H-B)12 (m, 3H,
H-5, H-4, H-9), 2.28 (m, 2H, 2H-7), 2.41 (s, 3H, £Fk), 3.27 (m, 1H, H-3), 3.65 (di,= 12.4,
6.0 Hz, 1H, H-3), 4.21 (1 = 2.8 Hz, 1H, H-1), 7.28 (dd,= 8.0, 0.8 Hz, 2H, b Ts), 7.65 (d]=
8.0 Hz, 2H, HM Ts).

13C NMR (100.6 MHz, CDG)): §21.5 (CH Ts), 23.6 (C-5), 29.8 (C-4), 30.6 (C-6), 33.1 (-9
38.1 (C-7), 40.6 (C-3),59.2 (C-1), 127.6 ¢0=s), 129.5 (On Ts), 134.8 (O-Ts), 143.5 (P Ts),

207.7 (C-8).

HRMS (ESI) calcd for [@sH1oNO3sS + H™: 294.1158, found: 294.1150.
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Methyl 5-oxopentanoate (24).

Sulfuric acid (200 pL) was slowly added to a saatofJd-valerolactone (9.27 mL, 99.9 mmol) in
MeOH (50 mL). After one night, the reaction was mgleed with CaCe@and filtered on celite
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(washings with diethyl ether). The filtered wasedriat O °C under reduced pressure and dissolved
in 500 mL of CHCI>. PCC (32.3 g, 149.8 mmol) and celite (32 g) welded to this solution at 0
°C and the reaction was stirred overnight. Thetreaanixture was filtered on silica (washings

with hexane and hexane-EtOAc 9:1) and dried, ginmeghyl 5-oxopentanoat (12.076 g,93%
in two steps).

IH NMR (300 MHz, CDCY): 51.96 (t,J=7.5 Hz, 2H, 2H-3), 2.39 (1=7.5 Hz, 2H, 2H-2), 2.56
(td, J= 7.5, 1.5 Hz, 2H, 2H-4), 3.69 (s, 2H, O§HP.78 (t,J=1,5 Hz, 1H, CHO).

13C NMR (74.6 MHz, CDQJ)): 616.8 (C-3), 32.4 (C-2), 42.3 (C-4), 51.0 (OfH.72.8 (COMe),
201.1 (CHO).
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3-Butenyltriphenylphosphonium bromide (25).

A mixture of 4-bromo-1-butene (3.2 mL, 31.5 mmaifariphenylphosphine (8.27 g, 31.5 mmol)
in toluene (21 mL) was heated at reflux for 24 he Teaction mixture was then cooled to rt and
filtered over a Buchner funnel. A white solid waslected, which was washed with toluene and
dried under high vacuum to afford desired prod8d @, 68%).

Experimental procedure fromarg. Biomol. Chem201412, 330.

For NMR and mass data sé€#&rg. Lett.2007, 9, 445.

\/\:/\/\I‘rOMe

(6]
(2)-Methyl 5,8-nonadienoate (26).

LDA (138 pL, 0.277 mmol) was slowly added-&0 °C to a mixture of the phosphonium 4t
(220 mg, 0.302 mmol), previous dried at 40 °C un@&uum with a trap of#®s over a weekend,
in HMPA (190 pL, 0.110 mmol) and THF (1 mL). Aftatirring at—40 °C for one hour, a solution
of aldehyde24 in THF (250uL) was added to the mixture cooled#8 °C and the reaction was
stirred overnight, allowing the temperature ragsd.tThe reaction was then quenched withsH
and extracted with diethyl ether. The combined oigaxtracts were dried over anhydrous
NaSQy, filtered, and concentrated under reduced pres$dash chromatography (hexane to
hexane — ED 95:5) gave the desired prod@& (33 mg, 79%).

IR (film): 1741 (O-C=0) crit.

IH NMR (400 MHz, CDC}, COSY, HSQC)J1.70 (dt,J = 14.4,8.0 Hz, 2H, H-3), 2.09 (appdd,
= 13.2,6.4 Hz, 2H, H-4), 2.32 (,= 7.2 Hz, 2H, H-2), 2.78 (appl,= 6.0 Hz,2H, H-7), 3.67 (s,
3H, OCH), 4.97 (dg,J = 10.4, 3.2,1.6 Hz, 1H, H-9), 5.03 (db= 15.2, 4.0,2.0 Hz, 1H, H-9),

5.39-5.48 (m, 2H, H-5, H-6), 5.80 (ddt= 16.4, 10.0,6.4 Hz, 1H, H-8).

13C NMR (400 MHz, CDGJ): 54.7 (C-3), 26.4 (C-4), 31.4 (C-7), 33.4 (C-2),5(0CH;), 114.7
(C-9), 127.8 (C-5), 129.6 (C-6), 136.8 (C-8), 17¢CL1).
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(6]
(2)-5,8-Nonadienoic acid (27).

An aqueous solution of LIOH (1 M, 31 mL, 30.95 minebs added to a solution of the e26r
(130 mg, 0.774 mmol) in THF (25 mL), and the rasglimixture was stirred at room temperature
for 4 h. The reaction was quenched by additionatdireited aqueous NaCl, and the solution was
washed with EO. The aqueous layer was then acidified until pih8 extracted with ED. The
combined organic extracts were dried over anhydi@aSQq, filtered, and concentrated under
reduced pressure to afford the corresponding a¢idvhich was used in the next step without

further purification (98 mg, 82%).

IR (film): 1709 (O-C=0) crit.

H NMR (400 MHz, CDC4, COSY, HSQC)01.71 (dt,J = 14.8, 7.2 Hz, 2H, H-3), 2.12 (appdd,
J=14.0, 7.2 Hz, 2H, H-4), 2.36 {,= 7.2 Hz, 2H, H-2), 2.79 (appl,= 6.0 Hz, 2H, H-7), 4.98
(dg,J =10.0, 2.8, 1.2 Hz, 1H, H-9), 5.03 (dbs 17.2, 3.2, 1.6 Hz, 1H, H-9), 5.39-5.49 (m, 2H,

H-5, H-6), 5.80 (ddt) = 17.2, 10.8, 6.0 Hz, 1H, H-8).

13C NMR (100.6 MHz, CDGJ): §24.4 (C-3), 26.3 (C-4), 31.5 (C-7), 33.2 (C-2), T114C-9),
128.0 (C-5), 129.5 (C-6), 136.8 (C-8), 179.3 (C-1).

HRMS (ESI) calcd for [@H1202 + H]™: 153.0921, found: 153.0916.
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f i:N\Ts

8-Methylene-2-(toluenesulfonyl)-2-azabicyclo[3.3.hpnane (28).

MeLi (457 pL of a solution 1.6 M in ED, 0.376 mmol) was slowly added at 0 °C in the dark
under inert atmosphere to a suspension @ {Cp. (87 mg, 0.348 mmol) in anhydrous@t(1.5
mL) cooled at 0 °C. After stirring at this tempenat for 1h, the reaction mixture was quenched
with H2O and extracted in the dark with-8t The combined organic extracts were dried and
concentrated under reduced pressure in absengghbtfd give CpTiMe, as an orange solid. A
solution of above solid (0.348 mmol) in anhydroaki¢ne/pyridine (100:1, 2 mL) was added
under argon atmosphere to a solution of bicyclimke22 (51 mg, 0.174 mmol) in anhydrous
toluene (500 pL) at room temperature, and the tieguiixture was stirred at reflux temperature
in the dark for 6h. The solvent was then removed, the resulting residue was treated with 8:2
EtO/CHCl.. The precipitate was filtered and the liquid &te concentrated. Purification by flash
chromatography (hexane to 9:1 hexane—EtOAc) aftbedleene28 (24 mg), recovering 16 mg of

the starting keton22 (47%, 69% considering the unreacted ketone).
IR (film): 1160 (N-SQ-C) cm™.

'H NMR (400 MHz, CDC4, COSY, HSQC)4 1.63-1.75 (m, 4H, H-4, 2H-6, H-9), 1.90-1.95 (m,
1H, H-9), 1.98-2.03 (m, 2H, H-4, H-5), 2.09-2.14, @, 2H-7), 2.40 (s, 3H, GHT's), 3.19-3.27
(m, 1H, H-3), 3.58-3.64 (m, 1H, H-3), 4.53Jt= 3.3 Hz, 1H, H-1), 4.70 (df,= 1.9,1.3 Hz, 1H,
=CHy), 4.86 (tJ = 1.8 Hz, 1H, =CH), 7.24 (ddJ = 8.0,0.6 Hz, 2H, Hn Ts), 7.67 (dtJ = 8.6,2.0
Hz, 2H, Ho Ts).

13C NMR (100.6 MHz, CDG)): 6 21.5 (CH Ts), 24.5 (C-5), 29.6 (C-4), 30.3 (C-7), 30.9 (C-6
34.9 (C-9), 41.9 (C-3), 55.1 (C-1), 111.7 (=§H.27.7 (CmTs), 129.1 (G Ts), 136.1 (O Ts),

142.8 (Ci Ts), 146.1 (C-8).

HRMS (ESI) calcd for [@H21NO,S + H*: 292.1366, found: 292.1367.
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(2)-8-Methylene-2-nona-5,8-dien-1-oxo-2-azabicyclo@1]nonane (29).

First step:Sodium metal (384 mg, 16.70 mmol) was added at rmynperature to a solution of
naphthalene (1068 mg, 8.33 mmol) in THF (24 mL)teAftirring for 2 h, part of the mixture
(10.04 mL) was added at -78 °C to a solution oftdsyl derivative28 (225 mg, 0.773 mmol) in
THF (20 mL). After 10 min at -78 °C, a few dropssaturated aqueous MEl were carefully

added, and the resulting solution was dried ovérydrous NaSQu, filtered and concentrated

under reduced pressure. This crude was used withidber purification in the next step.

Second steplo a stirred solution of aciéd7 (62 mg, 0.4 mmol) and above amine (0.4 mmol) in
CHxClI> (2 mL) was added dropwise a solution of DCC (99 24480 mmol) and DMAP (5 mg,
0.04 mmol) in CHCI2 (1.5 mL) at -20 °C under argon. After the end a@dition, the mixture was
allowed to heat slowly to room temperature and stased for one night. The dicyclohexylurea
was then filtered off and the filtrate was extrdcteith HCl 0.5 M and then with N&Os. The
combined organic extracts were dried over anhydiaSQu, filtered, and concentrated under
reduced pressure. The product was purified by fleastomatography (hexane-EtOAc 98:2),
affording amide29 (85 mg, 78% in two steps).

IR (film): 1410 (CH-C=C), 1644 (N-C=0) crh

IH NMR (400 MHz, CDC4, COSY, HSQC, rotamers}i1.68-1.79 (m, 12H, 2H-4, 2H-6, 2H-7,
2H-9, 4H-3),1.91-1.99 (m, 4H, 2H-4, 2H-9), 2.082(m, 6H, 2H-5, 4H-4"), 2.23-2.52 (m, 6H,
2H-7, 4H-2"), 2.76-2.81 (m, 4H, 4H-7"), 3.46-3.54, @H, 2H-3), 3.60 (ddd] = 12.8, 7.6, 3.6 Hz,
1H, 1H-3), 3.92 (dddj = 14.4, 7.6, 4.4 Hz, 1H, 1H-3), 4.33Jt= 2.8, 1H, 1H-1), 4.75-4.80 (m,
3H, =CH), 4.95-5.11 (M, 4H, 1H-1, 2H-9', =GH5.39-5.48 (M, 4H, 2H-5', 2H-6"), 5.75-5.85 (m,
2H, 2H-8).

13C NMR (100.6 MHz, CDGJ, rotamers)d24.6, 24.7 (C-5), 24.9 (C-3), 26.7, 26.8 (C-29,7
(C-9), 29.7 (C-7), 29.9 (C-9), 31.0 (C-3), 31.4,8(C-7"), 31.8 (C-6), 32.9 (C-7), 33.2, 33.4 (C-
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2), 34.4 (C-7), 38.4, 41.4 (C-3), 50.8, 55.3 (C11)9.8, 111.4 (=C}), 114.5, 114.6 (C-9), 127.3,
127.4 (C-5'), 130.2, 130.3 (C-6"), 136.9, 137.08(0C146.8, 148.4 (C-8), 172.2, 173.5 (C-1)).

HRMS (ESI) calcd for [@gH27NO + H|*: 274.2165, found: 274.2166.

180 160 140 120 100 80 60 40 20 PPm.
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TBDMSO™ " Br

3-Bromo-1-(tert-butyldimethylsilyloxy)propane (31).

Triethylamine (3.6 mL, 26.0 mmol), dimethylaminagine (122 mg, 1.0 mmol) antert-
butyldimethylsilane chloride (3.6 g, 24.0 mmol) ewa&xdded to a solution of 3-bromopropanol (1.8
mL, 20 mmol) in anhydrous THF (30 mL) under indrhasphere at room temperature. After 18
h stirring at room temperature, saturatedsl@Hvas added and the resulting mixture was extdacte
with EO. The combined organic extracts were dried ovaydrous NaSQs, and concentrated
under reduced pressure. Flash chromatography (Bex@ve protected alcoh8l (4.8 g, 96%)

as colourless oil.

IH NMR (400 MHz, CDGJ): §0.07 (s, 6H, ChBi), 0.90 [s, 9H, (CHsC], 2.03 (m, 2H, H-2),
3.51 (t,J = 6.6 Hz, 2H, H-1), 3.73 (= 5.4 Hz, 2H, H-3).

13C NMR (100.6 MHz, CDG): & -5.4 (2CHSi), 18.3 [(CH)3CSi], 25.9 [CH3)sCSi], 30.7
(CH2Br), 35.5 (CH), 60.4 (CHO).

0.068

l_\

L%‘ﬁ

‘L*ﬁ
i [ S

\

\

227



—25.891

-5.392

60.410
35.545

30.668

-1 T I e e e W A B L A B B AL W B B e e B LA B

140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

TBDMSO™ " >PPh;Br

3-(tert-Butyldimethylsilyloxy)propyltriphenyl-phosphonium b romide (32).

Triphenylphosphine (5.0 g, 19.1 mmol) was added swmlution of protected alcoh8Ll (4.0 g,
15.9 mmol) in anhydrous benzene (3 mL) under asgorosphere. The mixture was heated at 85
°C for 18 h and then was cooled to room temperattiteer was added to the resulting solution
and a white solid was formed. The residue wagditteand washed several times with ether. Flash
chromatography of the resulting solid (&3 to 9:1 CHCI>-MeOH) afforded phosphonium salt
32(7.9 g, 96%).

IH NMR (300 MHz, CDGJ): 50.04 (s, 6H, CkBi), 0.85 [s, 9H, (CHsC], 1.95 (m, 2H, H-2),
3.98 (M, 4H, H-1, H-3), 7.69-7.90 (M, 15H+G).

13C NMR (75.4 MHz, CDGJ): J-5.3 (2CHSI), 18.2 [(CH)sCSi], 18.7, 19.2 (CkP), 25.9
[(CH3)sCSi], 26.0, 26.1 (Cb), 61.6, 61.8 (CkD), 118.0, 118.8 (@€eHs), 130.3-133.7 (@, m

CeHs), 134.9 (Cp CeHs).
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m.p. 216 °C.

HRMS (ESI) calcd for [GH220P — TBDMSi + H*: 321.1403, found: 321.1398.
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TBDMSOWOMe

(2)-Methyl 8-(tert-butyldimethylsilyloxy)-5-octenoate (33).

LDA (890 puL, 1.424 mmol) was slowly added at -40t&CGa mixture of the phosphonium sak

(1 g, 1.940 mmol), previous dried at 40 °C undexuvem with a trap of s over a weekend, in
HMPA (1.225 mL, 7.055 mmol) and THF (6 mL). Aftéireng at -40 °C for one hour, a solution
of aldehyde24 in THF (2.50 mL) was added to the mixture cooleer8 °C and the reaction was
stirred overnight, allowing the temperature raiserdom temperature. The reaction was then
guenched with NECI and extracted with diethyl ether. The combinaghaic extracts were dried
over anhydrous N&Qy, filtered, and concentrated under reduced presBlash chromatography
(hexane to hexane—&X 98:2) gave the desired prod3&(390 mg, 70%).

IR (film): 1742 (COO) crt.
'H NMR (400 MHz, CDC4, COSY, HSQC)50.05 (s, 6H, CkSi), 0.89 [s, 9H, (CE)sCSi], 1.69
(m, 2H, 2H-3), 2.08 (M, 2H, 2H-4), 2.25 (m, 2H, Z4-2.31 (tJ = 8.0 Hz, 2H, 2H-2), 3.60 (g,

= 6.4 Hz, 2H, CHOSI), 3.67 (s, 3H, C}D), 5.40 (m, 2H, H-5, H-6).

13C NMR (100.6 MHz, CDG): J-5.3 (CH:Si), 18.3 [(CH)sCSi], 24.8 (C-3), 25.9 [{H3)sCSi],
26.7 (C-4), 31.1 (C-7), 33.5 (C-2), 51.5 (€, 62.9 (C-8), 126.9, 130.3 (C-5, C-6), 174.1 (NCO

HRMS (ESI) calcd for [@H300sSi + H|*: 287.2000, found: 287.2042.
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TBDMSO/W\)J\OH

(2)-8-(tert-Butyldimethylsilyloxy)-5-octenoic acid (34).

An aqueous solution of LIOH (1 M, 28.5 mL, 28.5 mjneas added to a solution of the es38r
(407 mg, 1.423 mmol) in THF (41 mL), and the rasglimixture was stirred at room temperature
overnight. The reaction was quenched by additicgatirated agueous NaCl, and the solution was
extracted first with EO, then the combined aqueous extracts were addifigil pH 5 and
extracted again with ED. The combined organic extracts were dried ovéydrous NaSQy,
filtered, and concentrated under reduced pres§ilash chromatography (EtOAc) afforded the
corresponding acid4, without further purification (190 mg, 49%).

IR (film): 1708 (COO) crit.
IH NMR (400 MHz, CDC4, COSY, HSQC)50.05 (s, 6H, CHSi), 0.89 [s, 9H, (CE)sCSi], 1.69-
1.76 (M, 2H, 2H-3), 2.12-2.17 (m, 2H, 2H-4), 2.362(m, 4H, 2H-7, 2H-2), 3.66 (,= 6.4 Hz,

2H, 2H-8), 5.40-5.46 (M, 1H, H-6), 5.49-5.56 (m,, HH5).

13C NMR (100.6 MHz, CDG): J-5.3 (CH:Si), 18.4 [(CH)sCSi], 24.5 (C-3), 25.9 [{Hs)sCSi],
26.5 (C-4), 30.7 (C-7), 33.2 (C-2), 62.2 (C-8), B@C-6), 131.6 (C-5), 178.9 (C-1).

HRMS (ESI) calcd for [@H270sSi - H*: 271.1735, found: 271.1738.
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8-Hydroxy-2-(toluenesulfonyl)-2-azabicyclo[3.3.1]noane (35).

NaBHs (183 mg, 4.833 mmol) was added to a solution tike22 (944 mg, 3.222 mmol) in THF
(9 mL) and MeOH (9 mL) at 0 °C, and the resultingtore was for 10 minutes. The reaction was
guenched by addition of saturated aqueous Na1@a the solution was extracted with@&t
dried over anhydrous N&8Q;, filtered, and concentrated under reduced pressizehol 35 was

obtained without further purification (866 mg, 91%)

IR (film): 3600 (OH) cm'.

'H NMR (400 MHz, CDC4, COSY, HSQC)©1.30-1.35 (m, 1H, H-9), 1.41-1.46 (m, 1H, H-9),
149-1.58 (m, 3H, H-4, 2H-6), 1.63-1.77 (m, 2H, H#47), 1.79-1.86 (m, 2H, H-5, H-7), 2.36 (s,
3H, CHg), 3.18-3.25 (m, 1H, H-3), 3.44-3.51 (m, 1H, H-3)54-3.58 (m, 1H, H-8), 3.95 (br. s,
1H, H-1), 7.25 (dJ = 8.0 Hz, 2H, He Ts), 7.70 (dJ = 8.8 Hz, 2H, HM Ts).

13C NMR (100.6 MHz, CDG)): 621.3 (CH Ts), 22.7 (C-5), 27.6 (C-4), 28.3 (C-7), 29.3 (G-6
29.4 (C-9), 41.6 (C-3), 53.7 (C-1), 71.0 (C-8), W20 Ts), 129.6 (On Ts), 135.7 (A-Ts),

143.4 (Cp Ts).

HRMS (ESI) calcd for [@H22NOsSi + H*: 296.1315, found: 296.131.
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6"”’OTBDMS
8-(tert-Butyldimethylsilyloxy)-2-(toluenesulfonyl)-2-azabtyclo[3.3.1]Jnonane (37).

TEA (123 pL, 0.881 mmol) and DMAP (4 mg, 0.0339 nimweere added under inert atmosphere
to a solution of alcohd5 (200 mg, 0.678 mmol) and TBDMSCI (123 mg, 0.814 Mo THF

(6 mL), and the reaction was stirred at reflux ovgint. The reaction mixture was quenched by
addition of saturated aqueous MH, and the solution was extracted withv@t dried over
anhydrous Ng5Qu, filtered, and concentrated under reduced presdRweification by flash
chromatography (hexane to 7:3 hexane-EtOAc) affbimmanpound7 (92 mg), recovering 108
mg of the starting alcoh@5 (33%, 72% considering the unreacted alcohol).

'H NMR (400 MHz, CDC4, COSY, HSQC)00.06 (s, 6H, CESi), 0.82 [s, 9H, (CE)sCSi], 1.36-
1.43 (m, 4H, H-6, H-9), 1.51-1.63 (m, 3H, H-4, H-1)69-1.74 (m, 2H, H-5, H-7), 2.29 (s, 3H,
CHjs), 3.32-3.37 (m, 2H, H-3), 3.67 (dd#i= 11.2, 7.2,4.4 Hz, 1H, H-8), 4.14 (br. s, 1H, HA)L3
(d,J=7.6 Hz, 2H, He Ts), 7.70 (dJ = 8.4 Hz, 2H, Hn Ts).

13C NMR (100.6 MHz, CDG)): 0.2 (CHSI), 23.4 (CH Ts), 26.3 (C-5), 29.4 [(C86CSi], 30.9

(C-4), 33.9 (C-7), 36.4 (C-6), 36.9 (C-9), 47.23557.6 (C-1), 76.8 (C-8), 132.3 (€Fs), 134.2
(C-mTs), 143.7 (G-Ts), 147.3 (O Ts).
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ﬁN‘H
"OTBDMS

8-(tert-Butyldimethylsilyloxy)-2-azabicyclo[3.3.1]nonane 38).

Sodium metal (96 mg, 4.176 mmol) was added at rmperature to a solution of naphthalene
(267 mg, 2.083 mmol) in THF (6 mL). After stirririgr 2 h, part of the mixture (800 uL) was
added at -78 °C to a solution of the tosyl derxa87 (25 mg, 0.0611 mmol) in THF (1.6 mL).
After 10 min at -78 °C, a few drops of saturatedesmys NHCI were carefully added, and the
resulting solution was dried over anhydrous;$@;, filtered and concentrated under reduced
pressure. Flash chromatography on basic alumin@AE&tto 8:2 EtOAc-methanol) afforded
compound38 (11 mg, 71%).

IH NMR (400 MHz, CDC4, COSY, HSQC)50.04 (s, 3H, CkSi), 0.05 (s, 3H, CkSi), 0.89 [s,
9H, (CHs)sCSi], 1.39-1.44 (m, 2H, 2H-9), 1.58-1.63 (M, 2H,8}1.68-1.71 (m, 1H, H-4a), 1.83-
1.87 (m, 2H, H-5, H-7a), 1.91-1.97 (m, 2H, H-4b7bl), 2.83-2.88 (m, 2H, H-1, H-3a), 3.28 (d,

J=12.4,5.6 Hz, 1H, H-3b), 3.74 (ddb= 10.8, 7.6, 4.0 Hz, 1H, H-8).

13C NMR (100.6 MHz, CDGJ): 5-4.7 (CHS), -4.5 (CHSi), 18.1 [(CH)sCSi], 25.0 (C-5), 25.9
[(CH3)sCSi], 29.6 (C-6), 30.5 (C-4), 32.0 (C-7), 32.1 (54L.3 (C-3), 52.1 (C-1), 73.6 (C-8).

HRMS (ESI) calcd for [@H3oNOSi + H*: 256.2091, found: 256.2084.
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f i:N\Boc
OH
2-(tert-Butoxycarbonyl)-8-hydroxy-2-azabicyclo[3.3.1]Jnonan€41).

First step:MesP (12.5 mL of a 1 M solution in THF, 12.5 mmol) wadded to a solution of the
epoxyded 9(1.67 g, 10.0 mmol) in THF/#¥D (170 mL, 6:1) and the mixture was stirred ovenhig
at 70 °C. The resulting solution was concentrateeu reduced pressure to afford crude (2-ABN)

framework as pale yellow oil.

Second stepA solution of ditert-butyl dicarbonate (2.1 g, 10.0 mmol) in anhydr@i$Cl, (3
mL) was added dropwise to a solution of the abaweha alcohol (10.0 mmol) in anhydrous
CHxCI> (222 mL) at room temperature under inert atmosphBne mixture was stirred for 2 h,
poured into water, and the resulting solution wasaeted with CHCl.. The combined organic
extracts were washed with brine, dried over anhysifdgSQ, filtered and concentrated under
reduced pressure. Flash chromatography (9:1 théxdne-EtOAc) gave alcoh#l (1.28 g, 55%
overall yield from19) as colourless oil.

IR (film): 3453 (OH), 1689, 1666 (C=0) chn

'H NMR (300 MHz, CDC4, rotamers)01.45 [s, 9H, C(CH)s], 1.45 (masked, 2H, H-6), 1.57 (m,
1H, H-7), 1.65 (m, 2H, H-4, H-9), 1.91 (m, 3H, HH9, H-5), 2.06, 2.14 (d} = 13.2 Hz, 1H, H-
7), 2.50 (br. s, 1H, OH), 3.42 (m, 1H, H-3), 3.53, (LH, H-3), 3.93 (s, 1H, H-1), 3.99 (s, 1H, H-
8).

13C NMR (75.4 MHz, CDGJ, rotamers):d24.0, 24.2 (C-5), 25.0, 25.1 (C-7), 25.6, 25.8 JC-6
26.6, 26.8 (C-4), 27.9, 28.2 (C-9), 28.4 @E{3)3], 39.1, 40.0 (C-3), 50.9, 51.3 (C-1), 66.6, 67.6

(C-8), 79.3, 79.4Q(CHs)3], 156.0, 156.1 (CO).

HRMS (ESI) calcd for [@H23NO3 + H]*: 264.1570, found: 264.1577.
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f i:N\Boc
(6]

2-(tert-Butoxycarbonyl)-8-oxo-2-azabicyclo[3.3.1]Jnonane (42

Dess-Martin Periodinane (5.7 g, 13 mmol) was adgdedom temperature to a solution of bicyclic
alcohol41 (1.28 g, 5.3 mmol) in C¥Cl> (196 mL). After 18 h of stirring at room tempenaua
saturated (1:1) solution of NaHG®Ia&S03 was slowly added. The resulting mixture was ddirre
vigorously for 1 h and extracted with @El>. The combined organic extracts were dried over
anhydrous Ng5Qy, filtered, and concentrated under reduced presgtiash chromatography
(hexane to 1:1 EtOAc-hexane) afforded ketdB€1.07 g, 85%) as a colorless oil.

IR (film): 1696, 1705 (C=0) crth
IH NMR (400 MHz, CDC4, COSY, HSQC):31.40 [s, 9H, (CH)sC], 1.79, 1.81 (2m, 2H, H-6,
H-4), 1.91 (m, 2H, H-9), 2.08 (m, 1H, H-6), 2.1@@.(m, 3H, H-5, H-4, H-7), 2.76 (M , 1H, H-

7), 3.43 (m, 1H, H-3), 3.73 (m, 1H, H-3), 4.20 (b, H-1).

13C NMR (100.6 MHz, CDG): §22.6 (C-5), 28.2 [CH3)sC], 28.3 (C-4), 31.9 (C-6), 35.3 (C-9),
35.3 (C-7), 37.2 (C-3), 60.0 (C-1), 80.6 [(§4C], 155.1 (COO), 210.3 (CO).

HRMS (ESI) calcd for [@H21NOs + Ng*: 262.1419, found: 262.1416.

7.260

-
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(2)-8-Ox0-2-nona-5,8-dien-1-oxo-2-azabicyclo[3.3.1]nane (43).

First step:TFA (1.1 ml) was added at room temperature to atwwl of ketonet2 (69 mg, 0.289
mmol) in CHCI (3.2 mL). After stirring for 30 min, the mixtureas concentrated under reduced

pressure. This crude was used without further jmatibn in the next step.

Second stepro a stirred solution of aci@l7 (45 mg, 0.292 mmol) and above amine (0.289 mmol)
in CHxCl> (1.6 mL) was added dropwise a solution of DCC i}, 0.345 mmol) and DMAP (4
mg, 0.03 mmol) in CkCl> (1.1 mL) at -20 °C under argon. After the end adition, the mixture
was allowed to heat slowly to room temperature awaks stirred for one night. The
dicyclohexylurea was then filtered off and theréite was extracted with HCI 0.5 M and then with
NaCOs. The combined organic extracts were dried overydmdus NaSQ, filtered, and
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concentrated under reduced pressure. The prodsgbwdied by flash chromatography (hexane-
EtOAc 8:2), affording amidé3 (40 mg, 50% in two steps).

H NMR (400 MHz, CDC4, COSY, HSQC, rotamers§i1.66-1.73 (m, 2H, H-3"),1.83 (dm, 2H,
H-4), 1.90-1.98 (m, 4H, H-4, H-6, H-9), 2.00-2.12, 3H, 2H-4’, H-6), 2.13-2.19 (dm, 1H, H-9),
2.22-2.24 (m, 1H, H-5), 2.28-2.36 (m, 2H, H-2"¥2-2.48 (m, 1H, H-7), 2.59-2.68 (m, 1H, H-7),
2.79 (t,J = 5.6 Hz, 2H, H-7’), 3.41-3.55 (m, 3H, H-3), 3.991¢,J = 12.0, 7.2, 4.8 Hz, 1H, H-3),
4.21 (br s, 1H, H-1), 4.62 (br s, 1H, H-1), 4.96n(d = 10.0 Hz, 1H, =CHh), 5.03 (dmJ = 16.8
Hz, 1H, =Ch), 5.42-5.45 (m, 2H, H-5', H-6"), 5.81 (ddt= 16.8, 10.0, 6.8, 6.8 Hz, 1H, H-8’).

13C NMR (100.6 MHz, CDGJ, rotamers)323.7, 23.8 (C-5), 24.9 (C-3"), 26.6 (C-4'), 2914),
30.2 (C-6), 31.4, 31.5 (C-7"), 32.5 (C-9), 32.9,B@E-2"), 33.8 (C-4), 35.6, 37.2 (C-7), 37.3, 39.8
(C-3), 57.8, 59.5 (C-1), 114.5 (=GH 127.5, 127.6 (C-6"), 130.0, 130.1 (C-5'), 1363%.0 (C-
8), 172.5-173.8 (C-1'), 208.7-210.3 (C-8).

HRMS (ESI) calcd for [€&/H2sNO2 + H]*: 276.1958, found: 276.1955.

7.262

-0,001

\_5.435
2.171

L 5.441
2.787
1.697

L
T LMWWM___

<

244



130,069
127,527
114.554
55.460

mEm BaEa T T T L LS o I S B B
220 200 180 160 140 120 100 80 60 40 20 0 ppm

Y%

—

BCE system (30).

Schrock catalyst (36 mg, 0.0470 mmol) was adde@umert atmosphere to a solutiondd (15

mg, 0.0470 mmol) in benzene (5.2 ml), and the méxtuas heated to 30 °C for one night, and to
reflux for additional 24 hours. The reaction wasrtltoncentrated under reduced pressure. Flash

chromatography (hexane to 2:8 EtOAc-hexane) affbpfeduct30in traces.

HRMS (ESI) calcd for [@GH24NO + H™: 246.1852, found: 246.1845.
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To Whom It May Concern

It is with great pleasure that | provide this letter about the work developed by
Federica Caso during her stay in the laboratory of Organic Chemistry of the Faculty of
Pharmacy of the University of Barcelona.

Federica Caso joined my group to do a stay on January 12, 2015 and she was
working interruptedly till July 10", 2015. She came back on September 1*, 2015, and she
was working interruptedly till February 26, 2016. During her stay in Barcelona she was
involved in a project devoted to the enantioselective total synthesis of marine alkaloids of
the madangamine group. In particular, she was working on the search of alternative
procedures to improve the stereocontrolled synthesis of the 11-membered E ring of this
class of alkaloids.

Federica was a very motivated and responsible student, with a strong interest in
her research work and excellent work habits. She has good intellectual ability,
resourcefulness, initiative and a good knowledge of the field. She is skilled at synthetic
manipulation, purification, separation techniques, operating infrared and nuclear magnetic
resonance equipment, and interpretation of mass spectrometry and spectroscopic data.
She has experience in literature searches and good general computer skills. In addition,
she is able to plan her laboratory work, interpret results and meet deadlines.

On a personal level, Federica is a kind and helpful person, with an open character.
She has a good capacity for teamwork and always got along very well with the members
of the research group and the professors of the Department.

Working with Federica Caso has left me with the most favorable impression of her
commitment to chemical research and of her personal qualities.
Sincerely,
1
|

e

Mercedes Amat
Professor of Organic Chemistry
University of Barcelona

.

Barcelona, March 19, 2016
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ABSTRACT: The combined use of silanes (Et;SiH or
PMHS) and I, as novel N-glycosidation reagents for the
synthesis of bioactive oxathiolane nucleosides 3TC and FTC is
reported. Both systems (working as anhydrous HI sources)
were devised to act as substrate activators and N-glycosidation
promoters. Excellent results in terms of chemical efficiency and
stereoselectivity of the reactions were obtained; surprisingly,
the nature of the protective group at the N4 position of

X
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(fluoro)cytosine additionally influenced the stereochemical reaction outcome.

In the absence of effective vaccines able to control viral
infections, clinical use of chemically modified nucleosides
currently represents the core of any chemotherapeutic treatment
aiming at a substantial and prolonged suppression of viral
replication."” Because of the structural relationship with their
natural counterparts, synthetic nucleosides can deeply interfere
with various viral life cycles, mainly at a transcriptional level, b.y
blocking the information flow enclosed in the viral genomes. ™
Among sugar-modified nucleosides, those having a 1,3
oxathiolane moiety as deoxyribose bioisostere have received
considerable attention over the last two decades, owing to their
remarkable antiviral properties, especially as reverse transcriptase
inhibitors (RTIs).>™ As result of the powerful biological
activities and favorable toxicological profiles,” the two
oxathiolane nucleosides Lamivudine (3TC, 1) and Emtricitabine
(FTC, 2) have been licensed for the treatment of human
immunodeficiency viruses (HIV-1 and HIV-2) and hepatitis B
virus (HBV) infections, whether administered individually or in
combination with other inhibitors®® (Figure 1). In addition, a
number of other promising oxathiolane nucleosides including
Apricitabine (ATC, 3) and Racivir (RCV, 4) (Figure 1) are
currently undergoing dlinical evaluation as antiretroviral
agents.-"'8

Over the years, the increasing clinical request for oxathiolane
nucleosides has justified the development of a wide variety of
synthetic approaches allowing their preparation in high purity
and on large scale.**"" Despite their structural simplicity, access
to these compounds has represented a major synthetic challenge,
because of (a) the need for a chemistry enabling stereochemical
control of two potentially epimerizable stereocenters and (b) the
need for stereoselective N-glycosidation methodologies required
in the absence of directing groups adjacent to the glycosidation
site.

< ACS Publications ~ ©2015 American Chemical Society 2626
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Figure 1. Oxathiolane nuclecsides currently approved or undergoing
clinical evaluation as antiviral agents.

Some among the most efficient approaches aimed at the
stereoselective oxathiolane nucleoside synthesis have been
focused on aration of nucleoside precursors 8 and 9
(Scheme 1).""~" One of the methods of choice for the industrial
production of 3TC and FT'C follows the procedure suggested by
Whitehead et al,">"® which involves the reaction between L-
menthyl ester-containing (55)-5-chlorooxathiolane 7a (prepared
from S-hydroxyoxathiolane 5a with 2R,5R configuration at the
oxathiolane ring by reaction with SOCI,) and presilylated
cytosine or S-fluorocytosine, leading to nucleoside precursors 8a
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Scheme 1. Synthetic Approaches to Oxathiolane Nucleoside
Precursors 8 and 9
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and 9a in satisfying yields (8a: 66%;"* 9a: 81%'>*) and anomeric
selectivity (8a: a:ff = 10:1;'* 9a: not given) (Scheme 1). This
approach represented a convenient alternative to the previous
methodology by Tse et al,""'* who used the more unstable and
expensive (although more eﬂicnent) TMSI as N-glycosidation
reagent (8a: 75%, fra = 23:1;'* 9a: 91%, f:a = 28:1'") starting
from acetate (ZR,SR) 5b (Scheme 1). Aswidely reported, in both
cases the high fi-selectivity is due to formation of oxoniumion 6,
stablhzed through anchimeric assistance by the menthyl ester
function."”

In the framework of our interest into new N-glycosidation
methods,'® the search for more efficient, stereoselective, and
cost-effective variants of the above approaches caused us to
explore the synthetic potential of the N-glycosidation reagent
based on the combined use of silanes [especially triethylsilane
(Et;SiH) and polymethylhydrosiloxane (PMHS)] and iodine
(1,). Use of these systems in organic synthesis already has
numerous precedents in the literature, especially in carbohydrate
chemistry. " The Et;SiH/I, system is an established reagent
devised for a wide variety of transformations, mdudm
iodination,'® regloselectlve Bn group removal
O-glycosylation®™ (even in stereoselective fashion),?"® nd
rearrangement reactions.”’ The PMHS/I system has demon-
strated an analogous synthetic potential;** the very low cost of
PMHS™ makes the latter an even more convenient option for
large-scale applications.

As widely reported, both Et;SiH/1, and PMHS/1, systems act
as sources of anhydrous HI, which is believed to be the actual
reagent in most of the above trasformations.'” Herein, the latter
was conceived to be used both as acetate 5b activator (enabling
its conversion into S-a-iodooxathiolane 7b) and as glycosidation
promoter (Scheme 1).

Access to enantiopure S-acetoxyoxathiolane (2R,5R)-5b was
ex? lored using the synthetic strategy reported by Whitehead et
% (Scheme 2). The coupling reaction between commercially
available L-menthyl glyoxylate monohydrate (10) and 1,4-
dithiane-2,5-diol, followed by treatment of the crude mixture
with a TEA-containing n-hexane solution provided hemiacetal 5a
(60% yield). Literature procedure reports an early formation of
four stereoisomers Sa [with the following isomeric distribution:
trans-(2R,5R)-5a, 35%; trans-(25,55)-5a, 15%; cis-(2R,5S)-5a,
35%; cis-(2S,5R)-Sa, 15%], while the subsequent addition of n-
hexane/TEA is claimed to enable both the rapid interconversion
among the stereoisomers and the selective precipitation of the

Scheme 2. Synthesis of (2R,5R)-5b from Glyoxylate 10
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sole (2R,5R)-5a."* However, in our hands, the exact repehtlon of
this methodology (as well as that of a more recent variation)'* on
laboratory scale (10 mmol) always gave a roughly equimolar
mixture of two hemiacetal stereoisomers Sa (60% overall yield)
containing the (2R,SR) isomer. In addition, hydroxyl group
acetylation of the last ones (Ac,O/Py) led again to a base-
mediated isomerization, providing a mixture of four acetates Sb
(91%). Differently from the aforementioned Whitehead's
distribution'* of hemiacetals Sa, we identified™ as the two
major acetate stereoisomers Sb those having the C2 and C$
stereocenters in a frans relationship [trans-(2R,SR)-5b, 35%;
trans-(25,55)-5b, 35%; cis-(2R,55)-5b, 15%; cis-(2S,5R)-5b,
15%] (Scheme 2). Accordingly, an accurate separation of the
two main isomers was mandatory to ensure a high optical purity
to the target nucleosides: indeed, while the trans acetate with the
(2RSR) configuration represented a suitable building block en
route to (—)-oxathiolane nucleosides, conversely the use of the
stereoisomer with (25,5S) configuration allows the synthesis of
the corresponding (+)-enantiomers. Gratifyingly, selective
recrystallization of the sole (2R,5R)-5b could be achieved by
treatment of the mixture with n-hexane containing a catalytic
amount of TEA (42% yield). Isomerization at C2 (but not at CS)
position, enabling conversion of the minor cis-(2S,5R)-5b into
the corresponding trans-(2R,5R)-5b, was also observed at this
stage.

Silane/I,-mediated N-glycosidation was then tested by
reaction of (2R,5R)-5b with cytosine (1la), S-fluorocytosine
(12a), and their N*-benzoyl and N'-acetyl derivatives 11b,c and
12b (Table 1). The reaction involved the treatment of 5b with a
premixed silane/I, solution followed by the one-pot addition of
presilylated nucleobase solutions. First attempts with unpro-
tected cytosine 1la using Et;SiH/l, and PMHS/I, as N-
glycosidation reagents provided, already after 1 h at rt, the
corresponding nucleoside 8a in excellent yields (Et,SiH: 98%;
PMHS: 86%) and, somewhat in line with previous methods, with
high anomeric selectivities (f:a = 15:1, 88% de) (entries 1 and
2).

Under the same conditions, the reaction of Sb with §-
fluorocytosine 12a gave higher selectivities (f:a = 35:1,94% de)
and similar yields (Et,SiH: 91%; PMHS: 84%) (entries 10 and
11). The reaction of 5b with protected nucleobases was then
considered: surprisingly, we found a dramatic improvement in
the ff/a ratio when N'-benzoyl- and N'-acetyl(5-fluoro)-
cytosines 11b,c and 12b were used (entries 3-8, 12, and 13).
As an example, treatment of Sb with Et;SiH /I, or PMHS/1, and
11c gave the corresponding nucleoside precursor 8¢ with a 80—
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Table 1. Silane/I,-Mediated N-Glycosidation Reaction
NHR
=N

o

H
11412 (j\lr"""‘

0 o
RO)&,, 2(17‘% Silanel, BSA Ro}\.._ c—)7,,N\[rN

DCM  DCM s o
@R5R}S6  0°C.1h mih 8.9
|R = L-Menthyl
nudeobase

entry  silane R X nudeoside (%) (de, 96;
1 Et,SiH 11a H H 8a 98 88
2 PMHS 11a H H Sa 86 88
3 EtSH° 11b Bz H sb 72 95
4 PMHS 11b Bz H sb 73 95
5 ESHY 11b Bz H 8b 87 98
6 PMHSY 11b Bz H 8b 94 >99
7 ESH 1lc Ac H Sc 95 97
8 PMHS 11c Ac H 8c 80 98
9 E,SHY 11d Bn H 8d 62° 86
10 ESH 122 H F 9 91 94
11 PMHS 122 H F 9 84 94
12 ESH 12b Bz F 9b 85 98
13 PMHS 12b Bz F 9b 90 599

“Determined by 'H NMR analysis (400—600 MHz). "The structure of
f- and a-nudeosides was determined by reduction of the menthyl
ester group of 8a and 9a and subsequent NMR comparison of the
corresponding reduction products with literature data.™ Silane/I,
addition to the reaction mixture immediately after premixing of the
two reagents. “Silane/1, addition to the reaction mixture carried out 15
min after premixing of the two reagents. “Mixture of regioisomeric N'
and N° nudeosides (as suggested by NMR analysis).

95% yield and f#/a ratios of 68:1—85:1 (97—98% de) (entries 7
and 8). Notably, the stereochemical outcome of thereactions was
significantly influenced by the mixing times of silanes with I,. As
an example, when addition of Et;SiH/I, to Sb was performed
immediately after premixing of the two reagents (entry 3), the
reaction with N*-benzoyl cytosine 11b gave the corresponding
nucleoside 8b with an anomeric ratio of about 36:1 (95% de); in
the same reaction, a much higher fi-selectivity (f:a = 83:1, 97%
de) was instead observed when Et,SiH and 1, were mixed for 15
min before addition® (entry 5). With PMHS/L,, the same
conditions provide even larger selectivity differences, with the f#/
a ratios increasing from 35:1 (95% de; entry 4) to 250:1 (>99%
de; entry 6). The reaction with N'-benzoylfluorocytosine 12b
similarly provided exceedingly high f-selectivities using either
Et,SiH/I, (98% de; entry 12) and PMHS/I, (>99% de; entry
13).

The results reported in Table 1 highlight the superiority of
PMHS/I, regarding the stereoselectivity of the reactions, while
with Et;SiH/I, higher yielding conversions were observed in
almost all cases. It is worth noting that, considering the selectivity
differences between the two systems, the participation of further
reactive species other than HI in the reaction mechanism cannot
be excluded. The dramatic stereoselectivity improvement of the
reactions with N"-pmtected cytosines 11b,c and 12b compared
to those with 11a and 12a also deserve some comments. At first
glance, these results even appeared counterintuitive (the bulkier
the N'-amino group in the nucleobase, the higher the cis-
selectivity). A good agreement between experimental data and

Scheme 3. Silane/I,-Mediated N-Glycosidation and
“Protective Group Effect”: A Working Hypothesis
B.BSA

1,
N " Q%o c))\ o
- N R— e X o !
ro” CT Tase €| [~o gf
s (a-face attack) s
89 6 7
R = L-Menthyl hard soft
B = nuclecbasa ~
-12b [X = EWG (F), R? = EWG (Bz)} b)S\2) g gsa
Piee > 300:1 (f-tace
HR? 2 | . 11bc [X = M, R? = EWG (Bz, Ac)] attack)
X 5 fa up to 250:1
[N 5| -12ap¢= EWG (F). R? = H] 3\ o
NAO Pia = 35:1 rio” ¢ ) -8
H 2| -1aX=H,R?=HJ: s—/
B 2 Pla=15:1
112 ] 41d[X= M, R? = ERG (Bn)) 8-9p
pa=13:1

the HSAB (hard and soft acids and bases) theory was instead
found. Accordingly, starting from the well-established'” state-
ment that an equilibrium exists between a minor, “hard” f-
oxonium ion 6 (leading to @-configured S, 2 products) and a
major, “soft” a-glycosyl iodide 7 (leading to f-configured
products), we reasoned that the installation of an electron-
withdrawing group (EWG) at the N4 position of the nucleobases
11 and 12 (eg., in 1lbc and 12b) would make the
corresponding N1 position a “softer” site than in 11a and 12a.
This would explain the large preference of 11b,c and 12b for 7b
(as result of preponderant soft—soft interactions ), whereas in the
case of 11a and 12a a minor f-selectivity would be based on a
non-negligible hard—hard interaction with 6 (Scheme 3). It
should be also noted that, along the same lines, the higher
selectivity in the reaction of 12a compared with that in the
reaction of 11a can be similarly explained as a consequence of the
presence of the fluorine atom at CS position.

On the basis of these assumptions, the presence of an electron-
releasing group (ERG) such as in the N'-benzylcytosine (11d),
able to reduce (albeit slightly) the softness of the corresponding
persilylated nucleobase, was supposed to worsen the f-
selectivity. As a result, treatment of Sb with Et;SiH/I, and
persilylated 11d*” gave nucleoside precursor 8d with an
anomeric ratio of ca. 13:1 (86% de), additionally in low yield™®
(Table 1, entry 9).

With nucleoside precursors 8 and 9 in hand, attention was
then turned to L-menthyl group reduction to afford target 3TC
and FTC (Scheme 4). In line with previous reports,'* treatment
of 8a (R = H) with LiAlH, provided, after 1 h at 0 °C, the
corresponding free nucleoside 1 in a satisfying 83% yield.
Conversely, the same procedure, starting from N'-Bz or N*-Ac
derivatives 8b,¢, only provided the corresponding ester reduction
products in low (58% from 8c) or even negligible amounts
(<10% from 8b). Alternatively, reduction of 8b and 9b (R = Bz)
was conceived by two-stages, one-pot procedure involving early
N*-acyl group removal by “superheated” MeOH™ to give 8a and
9a, followed by addition of a reducing agent to the crude reaction
mixture (Scheme 4). However, treatment of 8c with MeOH at
100 °C as described by Robins et al.”® provided, already after 1 h,
large amounts of the epimerization product (25,55)-8a along
with the expected nucleoside with (2R,5S) configuration
[(2R,5S5)-8a: (25,55)-8a = 2.2:1]; incidentally, detection in the
crude of other nucleoside species containing methyl ester groups
also suggested formation of transesterification products 13. On
the other hand, a temperature decrease led to a substantial
minimization of the epimerization degree [T = 50 °C, (2R,5S)-
8a: (25,55)-8a = 24:1; T = 40 °C, (2R55)-8a: (25,55)-8a =
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Scheme 4. 3TC and FTC Synthesis by One-Pot Reduction of
Nucleoside Precursors 8 and 9
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60:1]. Eventually, one-pot addition of NaBH, and K,HPO, to
the crude reaction mixture gave lamivudine (1) in an excellent
95% overall yield and with a high anomeric selectivity (f:a >
50:1). The same protocol, repeated on nucleoside 9b, provided
unprotected emtricitabine 2 with similar results (75% overall
yield; f:a > 40:1) (Scheme 4).

In summary, we have provided a first look at the synthetic
potential of Et;SiH/I, and PMHS/I, as novel N-glycosidation
reagents, as exemplified by the synthesis of the antiviral drugs
oxathiolane nucleosides 3TC and FT'C. Because of the low cost
and high stability of the reagents, the chemical efficiency, and the
exceedingly high stereoselectivity of the reactions, this approach
can be reasonably considered as an effective alternative to the
existing methodologies and reagents devoted to the same end.
Crucial in influencing the stereochemical reaction outcome, an
unprecedented role played by the N4 protective groups of
(fluoro )cytosine has been also observed and rationalized on the
basis of their capacity to increase nucleobase softness. Far beyond
the scope of this work, this last finding opens up new
opportunities in the stereoselective synthesis of f-nucleosides
not relying on the presence of stereodirecting groups. A more
comprehensive investigation on this topic aimed at studying
scope and limitations of silane/l, in nucleoside synthesis is
ongoing and will be published elsewhere.
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