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DSYSNIf AYGNRRAOGAZY

Many organic compoundsontain cyclic system$.A heterocycle is a cyclic

compound made up of carbon atoms and at least one other eléniEme most
commonelements present in the heterocyclic systems alevith carbon are

nitrogen, oxygen and sulphur. Heterocycles are widphgadin nature and they

are fundamental in living systemaskey component for biological processes, as

well as application in human life as pharmaceutical, agrochemietérinary

productsand new materials with increasing relevance in different domaims.

Mpyy 90 ya AYGNRBRddzZOSR GKS GSNY WLINK OAf
TN} YSs2Nla WOILLIofS 2F LINROGARAY3I dza ST dz
0KF G dzLll2y YR beTavdubbiealigeyidtive WiEhe search for new
NBOSLII 2 NI I 32y A &Evén if Inifially this gxipres3ién yWwasaefesed

to benzodiazepine scaffolds, now it applies to many other compounds such as
biphenyls, 1,4ihydropyridines, pyridames, benzopyrans, isoxazsle

monosaccharides.

In biological systems, there areimerousexamples of molecules made up of
heterocycles. For example, carbohydrates are made up of monosaccharides in
their cyclic form ifamely cellulose and starch are impartt biopolymers of
glucose). Moving to nitrogen heterocycles, chlorophyll and heme contain the
porphyrin rirg, while pyrimidine and purine ring systems are the constituent of

nucleic acid bases, DNA and RNA, which contain genetic information of every

1T, LGilchrist,Heterocyclic chemisty@rd ed, LongmanHarlow, UK, 198 ch. 1.

2(a) M. Obana, T. kino, T. Hikima, T. Aida, Am. Chem. S&016 138, 92469250; (b)

H. Yamagishi, H. Sato, A. Hori, Yo, J&.Matsuda, K. Kato, T. Aid8cience01§ 361,

12421246.

3B. E. Evans, K. E. Rittle, M. G. Bock, R. M. DiPardo, R. M. Freidinger, W. L. Whitter, G. F.
Lundell, D. F. Veber, P. S. Anderson, R. S. L. Chang, V. J. Lotti, D. J. Cerino, T. B. Chen, P.
J. KlingK. A. Kunkel, J. P. Springer, J. J. Hirshfiéléd. Chem1988 31, 22352246

4(a)D. A Horton, G. T. Bourne, M. L. Smyttidem. Rex2003 103, 893930; (b)C. G.
Wermuth, Med. Chem. Commur2011, 2, 935941.
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living individual. Vitamins such as thiamine, riboflavin, nicotinamide and
ascorbic acid are very important diet ingredients for human wellness. Proline,
one of the 20 aminacidsinvolved in the synthesis of proteifmswhich the side
group is a pyrradline ring, prevents an ordinated secondary structure making
possible a polypeptide folding. Moreover, heterocycles are widely used as
synthetic intermediates due to their easy manipulation to achieve many other
functionalities. On this basis, it is not surprgsithat nowadays synthesis and

properties of heterocyclic compounds atbe object of countless research

works.

NH,
AR
NTN7 N/&O

H
Adenine Thymine
@ OH “H
R e
)I\ “ \\\S H o)
N NH,
Thiamine L-proline

Figure I1 - Examples of bioactive nitrogen heterocycles.

According to the enormous interest associated to heterocyclic systems, this
thesis work was focused on azaheterocycles, and in particular on derivatives

which reactivity is associatesith the presence of a pyridine ring.



|.1 Pyridineand its derivatives

Pyridine is the simplest and bekhown heterocyclic compound. The structure

of pyridine is analogusii 2 06 Sy 1T SySQa 2y S gAHgoud KS NBL
with a nitrogen atom. Even if it was prepared by early alchemists in impure form,
the credit for its dscovery is attributed tothe Scottish scientiSthomas
Andersor? In 1849 Andersonheated animal bones at high temperature and he
examined the content of the oiHe recovered among other substances
colourless liquid with unpleasargmell from whid he isolated pure pyridine

two years later. He describeatlis compoundas highly soluble in water, readily
soluble in concentrated acids and salts upon heating, and only slightly soluble in
oils. Thestructural relationship betweempyridineand benzenavas determined
many years  after its discovery independently  bywilhelm
Korner(1869¥ andJames Dewal871)’ Theysuggested that,by analogy
between quinoline and naphthalenethe structure of pyridine is derived
from benzeneby substituting one € unit with a nitrogen atomThe first
synthesis of a heteroaromatic compound was performed in 187&Vityam
Ramsay, thatombined acetylene and hydrogen cyanid® pyridine in aed-

hot iron-tube furnace®

In 1881 Arthur Rudolf Hantzsch described the first major synthesis of pyridine
derivativesHis procedure (i & LJA O f f & dzaS& | kete¥odY m YAE
derivative (oftenethyl acetoacetate), an aldehydeften formaldehyde)
andammoniaor its salt as the nitrogen don@nd affords 1,4lihydropyridines

(Scheme 1.1y.For instance the soecalled Hantzsch ester (HEH, dietiyd-

5T. AndersonAnn. ChemPharm.1846 16, 123136.

8 W. KoernerGiornale di Scienze Naturali ed Economit$@9,5, 111-114.

7(a)J. DewarChemical News871, 23, 3841; (b)A. JRockeBulletin for the History of
Chemistry1988 2, 4.

8 W.Ramsayl.ond. EdinbDubl. Phil. Magl1876 2, 269281.

9 A. HantzschBer. Dtsch Chem Ges 1881, 14, 1437%1638.

3


https://en.wikipedia.org/wiki/Benzene
https://en.wikipedia.org/wiki/Red_heat
https://en.wikipedia.org/wiki/Red_heat

dihydro-2,6-dimethy}t3,5-pyridinedicarboxylate) is a commercial reagent
nowadays widely applied in organocatalytic enantioselective reduction of

imines as stoichiometric reducing agéfit.

H\H/H
O (6] (0] H H
EtO . ot H0 FEOC COEt  pepy,  EtO:0 -~ -COE
LN [ ] ook, ®
(¢} O reflux H reflux N

NH,OAC <th 2h
HEH

Scheme 1 - Sythesis of Hantzk@ster and its oxidation to substituted pyridine.

In that period,pyridine was extracted froroal taror obtained as a byproduct
of coalgasification The process was labcaonsuming and inefficientoal
tar contains only about 0.1%of pyridine*and therefore a multstage
purification was requiredyhichfurther reduesthe yield. A breakthrough came
in 1924 when the Russian chemideksei Chichibabimvented apyridine
synthesisreaction (Scheme 1.2) basexh inexpensive reagenté Nowadays,
most pyridine is produced synthetically using variousactions such as
Chichibabin synthesis, dealkylation of alkylpyridirg®nemann cyclizatio

and other methods?

X
NO + AO + NH3 —_— O + Hzo + H2
N

Scheme 2 - Chichibabin pyridine synthesis.

OF. Foubelo, Y. Miguathemical record015 15, 5, 907924.

1L A, Taufel, W. Ternes, L. Tunger, M. ZolatpensmittelLexikon 4th ed, Behr.
Hamburg 2005,p. 226.

12 A, EChichibabin,). PraktChem1924 107, 122128.

13 8. Shimizu, N. Watanabe, T. Kataoka, T. Shoji, N. Abe, S. Morishita, H. |chimura

PfEYEYyyQa 9y Oe Of 2 LIS REA!B. BEvErs, Wil Hz2GOOWGL. B0, / KSY A & G N

pp. 557586.
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https://en.wikipedia.org/wiki/Coal_tar
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The presence of the nitrogen atom introduces an element of asymmetry that
allows the synthesis of three different monosubstituted pyridines. The nitioge
atom is assigned positieh, while the position in a monosubstituted pyridine
can be designed either by the numeric system or by the Greek alphabet. The
three methylpyridines, have both systematic and trivial names (picoline). The six
dimethylpyridines e named luditines and an equal number of trimethyl

substituted derivatives are known as collidiriés.

The gyridine ring is highlgommonin nature being the core of many important
alkaloids. Moreover, this system is present in biological environment lsedau
is the fundamental constituent of main coenzymes such as nicotinamide
adenine dinucleotide (NADH) and its phosphate (NAQPigure 1.2) involved in

biologicalredox processes.

NH,
' CONH,
Yy g e Y
NS ~IhNACIDN
N~ N o"\>o "o N
OH OH \O
RO ©OH HO OH
NADH: R=H

NADPH: R = POg*

Figure 12 - Chemical structure of NADH/NADPH.

Experimentakvidence that pyridine is an aromatic molecule, with a resonance
energy quite similar with that of benzene, and with a bond angle of 117° instead
of 120°. Its chemistry resertds that of benzene in some aspects, although there

are many important differences due to the presence of the ring nitrogen atom.

14 R. K. BansaHKeterocyclic Chemistngrd ed., New Age International (P) Ltd.: New
Delhi, 1999, ch. 6.



For example, electrophilic substitutions on the ring are difficult in pyridine with

respect to benzene, while nucleophilic atitths/substitutions are easier.

Quinoline is a heterocyclic aromatic compoumdichis a benzofused pyridine,
named benzdj]pyridine!® Quinoline can be derived from naphthalene by
replacement of oné -CH group with respect to the junction with nitrogdhis

a colourless liquid with a strong smell, but old samples became yellow and then
brown. Quinoline has many analogies with naphthalene and pyridine in
molecular geometry and bond parameters. Quinoline itself has few applications,
but its derivativesare very useful in many fields. Quinaldine and lepidine (t.e. 2
and 3methylquinoline), 4quinolone and the quinolinium ion are important
derivatives of quinoline. Moreover, the quinoline structure is part of natural

alkaloids such aguinine (Figure 1.3usedin medical field to treat malari.

\
HO N
o
N/ MeO N
~
N

Figure I3 - Quinoline and quinine.

In 1834, the German chemist Fiedlieb Ferdinand Runge was the first scientist

who isolated quinoline!” Quinoline was extracted from coal tar, and this

15 T. Eicher, S. Hauptmann, A. SpeiclibBe Chemistry of Heterocycles: Structures,
Reactions, Synthesis, and Applicatiddrsl ed., WileywHC: Weinheim, 2003, ch. 5

16 3. W. WStephens, W. York&. Blacklock J. W. SMacfie, C.F. Cooper,Ann Trop
Med. Parasit 1917, 11, 113-125.

7 (a) F. F. Rungeédm. Phys 1834 31, 68; () C. HungEncyclopaedia Britannicd 1th
ed., University Press: Cambrige 1911, ¥2|.pp.758759.
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method remains the principal source of commercial quinolitiehere are many
syntheses, starting from substituted aniline to close the heterocyclic ring. For
example, the Friedlaender synthesis is the reaction betwe&-

aminobenzaldehyde anacetaldehyde (Scheme 1.3)frarm quinoline?®

N N
NH, N

Scheme.8 - Friedlaender synthesis of quinoline.

|.2 Isoxazoleand its derivatives

Azoles are a class afomatic fivememberred heterocyclescontaining at least
onenitrogen atomin the ring®® Compounds made up by one more heteroatom
such as nitrogen, oxygen, or sulphane calledrespectively according to the
atom that they contain, diazoles, oxazqglesid thiazoleand they exist in two
isomeric forms Concerning @zoles the trivial names pyrazole and imidazole
are commonly applied for isomers witlitrogen atoms in 1,2and 1,3positions
respectively Oxygen and sulphur derivatives arsuallycalledisoxazole and
isothiazoleor oxazole and thiazole if the heteroatoms are respectively indk,2

1,3-positions (Figure 1.4).

N s 3 4 3
1 1

Pyrazole Imidazole Isothiazole Thiazole Isoxazole Oxazole

Figure ¥ - Azoles: structure and trivial names.

18G. Collin,H.Hole ! £ £ YI yyQa 9y O Ot 2 LIBIRE Elverd, Wildy y R dza (i N
VCH, 2000, Vol. 31, pp6l
9P, FriedlaendeBer. Dtsch Chem Ges 1882 15, 25722575.

7



The soxazolesystemwas discovered in 1888 by Claisen, who synthesized 3
methyt5-phenylisoxazol&® In 1903, studying the reaction of
propargylaldehyde andhydroxylamine, Claisen obse the formation of a
cyclic compound, i.e. isoxazole, coming from cyclization of the oxime

intermediate?!

Between 1929 and 1946 Quilico and Speroni gave an important push to the
study of isoxazole®. They discovered the high reactivity of nitrile oxides and
fulminic acid with aliphatic alkynes and alkenes forming, respectively, isoxazole
and isoxazoline derivatives. Since 1980s these compounds were studied
extensively, due to their versatility in thgynthesis of various compounds, and
for their application in several fields, such as industry, medicine and
agriculture?®> Nowadays, the most common methods for the synthesis of
isoxazoles are: 18ipolar cycloadditions (1;BC) of nitrile oxides to
alkyres/alkenes under thermal conditions, usually with low regioselectivity;
formal Cu(Bcatalized 1,8DC of nitrile oxides to terminal alkynes affording
regioselectively 3/8lisubstituted isoxazoles (click reactidhzondensation of
hydroxylamine with 1,2licarbonyl compounds or equivalent systems such as
h >unsaturated carbonyl compounds; cycloisomerization, building an

appropriate substrate and promoting the cyclization by a suitable catalyst;

201, Claisen, O. Lowmaser. Dtsch Chem Ges 1888 21, 11491157.

21|, ClaiserBer. Dtsch Chem Ges 1903 36, 36643673.

22 A. Quilico, G. Speroni, L. C. Behr, R. LK&&cChemistry of Heterocyclic Compounds

Ed.: R. H. Wileyohn Wiley & Son®New Yorlg London,1962, pp. 594.

ZA. M. S. Silva, A. C. Tome and T. M. V. Pinho e Melo, J. EMadesn Heterocyclic

Chemisttf 9 Ra®Y Wd ! f g NST m. dzAf X Wod W =+ |j dzSNE
2011, 72¢808.

24(a) H. C. Kb| M. G. Finn, K. B. Sharpleasgew. Chem., Int. EA001, 40, 20042021;

(b) F. Himo, T. Lovell, R. Hilgraf, V. V. Rostovtsev, L. Noodleman, K. B. Sharpless, V. V.

Fokin,J. Am. Chem. S®005 127, 210216.
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intramolecular nitro group addition to unsaturated-@ bonds, with a

mechanism close to 1,BC?

Isoxazole is a moiety rarely foundriature, butits derivatives show important
biological applications. For example, muscimol (Figure 1.5), isolfxted
amanita muscariais a potent CNS depressant and agonist of G/SBxeral
reports show that compounds containing isoxazole exhibit antioxidant,
antibacterial, antiaging, antiviral, analgesic, aiflammatory, antifungal,

antitubercular and antitumoral activitie?.

Figure I5 - Muscimol

* %k %

On the basis of these considerations showing the multifacet reactivity of the
azaheterocycles previously reported, this thesis work will be focused on the
study of heterocyclic systems such ag2qquinolyl}2-propenl-ol , phenyl(2
quinolyl)methanol, (Zjuinolyl)(4tolyl)methanol, and dnethyk4-nitro-5-
(trichloromethyljsoxazole (Figure 1.&) different domains, properly discussed

in the following chapters.

AN AN A NO;
7
N/ X N/ N/ N\ |
0™ >ccely
OH OH OH

Figure 16 - Pyridyl, quinolyl, and isoxazolyl derivatives.

25T, Morita, S. Yugandar, S. Fuse, H. Nakarfigtaahedron Lett2018 59, 11591171.
26Y. Hassa, S. O. Ajibad&;hemistry Researcburnal 2017, 2, 182192.

9



In particular,the three carbinols can be applied in different contextshich
exploited the quinolyl system as well as the vinyl moiety present i

guinolylpropenol

The project involving -Bnethyk4-nitro-5-(trichloromethyl)isoxazole has been
developed in the laboratorfProf. Maup Adamo atniversity College of Dublin
during a four months stage. This study concerns the conversi8mudthyt4-

nitro-5-(trichloromethyl)isoxazoleinto other isoxazole derivatives through

reaction with different nucleophiles.
Accordingly the thesis wark will be described through the following chapters:

1. Synthesis ofhydroxyindolizidine derivativesfrom 1-(2-quinolyl)-2-

propen-1-ol

Hydroxyindolizidines are a class of compounds that show significant
biological/pharmacological activities. In order tovééop more efficient and
potent drugs, 32-quinolyl}2-propentl-ol can be used to synthesize new
benzofused hydroxyindolizidinegplying a general method developed in our

laboratory (Scheme 1.4J.

Z N OH _ _» N OH

Br Nu

Scheme 4 - General strategy to access hydroxyindolizines from quproly&nol

27 D. Giomi, R. Alfini, A. Micoli, E.CalamaiC.FaggiA. Brandi,J. Org. Chen2011, 76,
95369541
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2. Phenyl[2-quinolyl)methanols as a new class of hydrogen donors in

metal free reductions
The shown carbinos RdzS (G2 (GKS 6SI]1 IDARARRE 2Fy
atom, can give rise to tautomeric equilibria able to afford-didydropyridine

structures (Scheme 1.5).

X X
| Pz & R | xR | | R
" N 5
OH OH ¢}
R= Vinyl, Ph, Tolyl 1,2-DHP 1,4-DHP

Scheme & - Tautomeric equilibria foguinolylcarbinols

Forquinolylpropenol this behaviouwyhich is attributed to the presence of the
vinyl group could be responsible for different reaction pathways leading to
complex reaction mixtures. On the other hand, the tautomeric foty#&sDHP
and 1,4-DHPcan be responsile for phenyhuinolylmethanolsa reactivity as
hydrogen donors, as observed for Hantzsch ester (HEH) (SdhiEmepening
the way to their application in metdiee reduction of different functional
groups. In particular they are able to selectively rezlnitro groups in aromatic
and heteroaromatic nitro compounds as well as activated imines to the

corresponding amines (Scherhé) 22

28 D. Giomi,R.Alfini, A. Brandi,Tetrahedror2011, 67, 167172
22 D. Giomi,R. Alfini, J. CeccarelliA. Salvini, A. BrandGhemistrySele@016, 1, 5584
5589
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NN R
H,N
OyN X OH 2 X
| —+R - | R
> o X/
X R' = Phenyl, Tolyl
X =CH, N X=CH,N

Scheme 6 - Metal-free reductions using quinolyl carbinols.

3. Reactivity of 3methyl-4-nitro-5-(trichloromethyl)isoxazole with

nucleophiles

Nucleophilic addition of alcohols to  -rBethyl4-nitro-5-
(trichloromethyl)isoxazole ianalkaline environment can be exploited to access

4-nitroisoxazoles variously substituted at posit®iiScheme 1.7

N02 NOZ

_ >

ROH, Base 7
N |

\

0™ >ccely O™ ™or

Scheme T.- Synthesis of new-ditroisoxazoles from-gethyt4-nitro-5-
(trichloromethyl)isoxazole.

30 Unpublished results.
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1.1 Introduction

1.1.1 Blyhydroxylated alkaloids as glycosidas#shitors

Polyhydroxylated alkaloidsontaininga pyrrolidine, piperidine, pyrrolizidine
and indolizidine ringystem,arewell knownmimicsof monosaccharide hese
compounds containing a nitrogen atonn the ringinstead of the endocyclic
oxygen are amongthe most interesting discoveries in the field of natural
products in recent years! These azasugars, also named iminosugars, are
classified in five classes thebasgs of their heterocyclic skeleton: pyrrolidines,
piperidines, pyrrolizidinggndolizidnes, and nortropanes. These alkaloids are
able to bind specifically to the active site of the glycosidasgymesnimicking

the corresponding natural substrate.

1.1.2Glycosidases and glycoproteins

Glycosidases are enzymes that catalyze the hydrolysis of glycoside bonds in
complex carbohydrates and glycoconjugates. These enzymes are essential for
the surviving of every living organism because of the wide variety of processes
they are involved. Digeise glycosidases, for example, break down complex
sugars to release monosaccharides which can be easily adsorbed and used in
metabolic processes, while lysosomal glycosidases catalgliizeconjugate
intracellularly®? A wide variety of glycosidases arwalved in the biosynthesis

of the oligosaccharide portions of glycoproteins and glycolipids located on the

31 (@) B. La Ferla, F. Nicotraminosugars as Glycosidases Inhibitors: Nojirimicin and
Beyond Ed.: A. E. Stulz, Wit ACH, Weinheim, 1999, &2; (b)N. Asano, R. J. Nash, R.
J. Molyneux, G. W. J. Fleégtrahedron: Asymmetrg00Q 11, 16451680.

S2A. A. Watson, G. W. J. Fleet, N. Asano, R. J. Molyneux, R. Phy&sthemistr2001,

56, 265295.
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cell surface. Glycoconjugates are responsible of the communications between
cells and its environment. Thesy/stemscan act as receptors to idefyi
hormones, useful for the cell life, and other molecules in the environment. This
peculiarity is important for the immune system, because cells can identify and
destroy pathogeit invaders such as viruses and bacterisloreover
polysaccharides are invad in the binding of proteins to proteins of adjacent
cells, creating new connections (junctions) useful to communicate between
cells.

Glycosidases are enzymes involved in a wide range of anabolic and catabolic
processes, based on molecular recognitiéa.this reason, the interest in these
glycosidases inhibitors as potential therapeutic agents and future drugs for the
treatment of many kind of disease$ias growrupin the last years?

Iminosugars have been shown to actinhibitors of hydrolytic glycosidases
enzymes, capable to break the glycosidic bond between polysaccharides units,
and glycosyltransferases. Both these enzymes are involved in the fundamental
intracellular process of glycoproteins and glycolipids syntifésiycosdases
catalyze with high selectivity the hydrolytic cleavage of glycoproteic chains in
precursors of the final glycoproteins. Specific glycosyltransferases further
elaborate the glycosidic portion that is recombined to produce the final
glycoproteins. Inmiosugars can strongly interfere in these processes.

The awareness of the fact that these iminosugars may have a huge therapeutic
power for the treatment of diseasesnnected with these processeas, in cell
protection mechanisms, because they modify gjymteins glycosylation and

(or) catabolism, or theplockglycosidases ithe recogriion of specific sugars,

stimulated the study of these compounds as potential anticancer, antiviral and

33F. Cardona, A. Goti, A. Brar@ir. J. OrgChem 2007, 15521565.
34(a) S. A. W. Gruner, E. Locardi, E. Lohof, H. Ke3istam. Re\2002 102, 491:514; (b)
V. H. Léélund, H. H. Jensen, X. Liang, M. BolemRev.2002 102, 515553.
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antidiabetics drug$® In particular, the antiviral activity of & glycosidase
inhibitors involves the glycosylation inhibition of a part of a glycoprotein (gp
160) in the endoplasmic reticulum, prevéng the formation of infected viral
particles®® or the inhibition of the fusion between the viral particle and the
membrane of the host cell mediated by a surface glycoprotéin.

Thehydrolisisof the glycoside bond occurs because of two residues present in
the catalytic site of enzymes: an acidic residue (proton donor) and a basic
residue (nucleophilic). According toetspatial position of the residues, the
hydrolysis may occur through completerersion (Scheme 1.1) o total retention

of the anomeric carbon configuration (Scheme 1.2).

35(a) N. Ischida, K. Kumagai, T. Niida, T. Tsuroka, H. YumaAtdibiot., Ser. 2967, 20,

66-71; (b) P. S. Sunkara; D. L. Taylor, M.S. Kang, T. L. Bowlin, P. S. Liu, A. S. Tyms, A.
Sjoerdsmal.ancetl989 333 1206; (c) G. W. J. Fleet, A. Karpas, RwakD_. E. Fellows,

A.S. Tyms, S. Petursson, S. K. Namgoong, N. G. Ramsden, P. W. Smith, J. C. Son, F. Wilson,
D. R. Witty, G. S. Jacob, T. W. RademadheBS Lett1988 237, 128132; (d) D. B.

Walker, M. Kowalski, W. C. Goh, Kz&tski, M. Krieger, Rosen, L. Rohrschneider, A.

W. Haseltine, J. SodrosKiroc.Natl. Acad. SclJSA1987, 84, 8120; (e) J. W. Dennis, K.

Koch, D. Beckned, Nat. Cancer Inst989 81, 10281033; (f) S. A. Newton, S. L. White,

M. J. Humphries, K. Oldeh, Nat. Cancer 1hs1989 81, 10241027; (g) G. K. Ostrander,

N. K. Scribner, L. R. Rohrschneri@mcer Re4.988 48, 10911094; (h) W. Leonhardt,

M. Hanefeld, S. Fischer, J. Schulagropean J. Clin. Inved094 24, 4549; (i) A. J. J.

Reuser, H. AWisselaar,European J. Clin. Invest994 24, 1924; (j) H. Bischoff,
European J. Clin. Inve$894 24, 3-10.

36 (@) P. Fischer, M. Collin, G. B. Karlssan]James, T. D. Butters, S. J. Davis, S. Gordon,

R. A. Dwek, F. M. Platt, Virol.1995 69, 57915797; (b) P. Cos, L. Maes, D. Vanden
Berghe, N. Hermans, L. Pieters, A. Vlietidckat. Prod2004 67, 284293.

$7M. J. Papandreou, R. BarboucRe,Guieu, M. P. Kieny, E. Fenouillét). Pharmacol.

2002 61, 186193.
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Scheme 2 - Hydrolysis witlretentionof configuration

On these bass, polyhydroxylated alkaloidsppearto be extremely powerful
and specific inhibitors of glycosidasdmcause they miic the furanosyl or
pyranosyl moiety of the natural substraté hasbeendemonstratedthat when

an iminosugar binds an active site ofgbycosidase, the protonation of the
compound permits the formation of an ionic couple between the inhibitor and
the carboxylate anionThe protonated inhibitor behaves as a transition state

analog of the natural substrat&his § enough to justify the gat affinity of the
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enzyme for the molecule: the efficiency of the inhibition, depends on the pKa
values of the inhibitor with respett the optimal pH of the enzyme. Moreover,
the number, position and configuratiaof the hydroxy groups of each alkaloid
determine the kind of glycosidasmzyme they cainhibit. These features are
very important, because they can influence the selectivity of a single enzyme,
an aspect that is not yet generally solved or understoadl is of peculiar
importance for the aplications of these molecules as drugs.

In the last years selective syntheses of new iminosugars, both natural and non
natural, have been performed for the study of cellular biological processes in
addition to their applications as potential drugbwo imnhosugars are already

commercially available as drugs: Zavésaad Celgosivif (Figire 1.1).

OH, oH
= H
HO B
O
o N
/\/I\O\
Zavesca Celgosivir

Figure 11 - Zavesca and Celgosivir.

ZavescK | & 0SSy LI ASR T2NJ GKS GNBIdYSyi
disorder in which glucocerebroside (a sphingolipid, also known as
glucosylceramide) accumulates in cells and certain organs.

Celgosivir has been developed for the treatment of hepatitigirGs (HCV)

infection, and it acts as prodrug of the natural castanospermine that inhibits
alphaglucosidase |, an enzyme that plays a critical role in viral maturation.
Celgosivir mechanism of action makes it work biotlvitro andin vivoagainst

other viruses such as HY, herpes (HSV) or bovine viral diarrtiB&B).

38T. Cox, R. Lachmann, C.lalolJ. Aerts, S. van Weely, M. Hrebicek, F. Platt, T. Butters,
R. Dwek, C. Moyses, |. Gow, D. Elstein, A. Zimaacet200Q 355, 14811485.
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1.1.3 Natural polyhydroxylated alkaloids

In 1966 Inouye and eworkers discovered the first natural polyhydroxylated
alkaloid, nojirimycin (nj): itvasisolated in a filtrate ofStreptomyes and it
showed a surprising activity appowerful inhibitor ofh - |y R glucosidase&’

The first Xdeoxy derivative, eoxynojirimicyn (DNJ), has been syrdhed by

the same authors by reduction of the anomeric carbon. Later, DNJ has been
isolatedfrom mulberry trees an&treptomycesultures, and it showetb actas

A Y KA 0 AdlugoNidiaged as 'well as other glucosid@desid was also found

to bea powerful inhibitor for the viral replication of H¥/.

The first pyrrolizidieiminosugar isolated from natural sources has been alexina,
obtained by the legum@lexa leiopetalaCasuarina, already used in Samoa for
the treatment of breast cancer, has been identified in the corteCa$aurina
equistetifoglia These compounds showadstrong inhibitory activity towards-

Iy Rglucosidases and-galactosidases.

OH OH
H z z
N NH o
HO HO NH
OH

Nojirimicyn 1-Deoxynojirimicyn
OH HO 4 OH
«10H  HO™ N /) 'OH
CH,OH CH,OH
Alexina Casuarina

Figure 12 - Examples of natural polyhydroxylated alkaloids.

Moving to indlizidine alkaloids, the first compound identified has been

swainsonine, isolated in 1979 from the leavesSefainsona canescefisind

39S, Inouye, T. Tsuruoka, T. Ito, T. Niicdirahedronl968 24, 21252144,
405, M. Colegate, P. Rorling, C. R. Huxtablaustr. J. Cheni979 32, 22572264.
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later from Astragalustogether with swainsonineN-oxide. Swainsonine ia

potent inhibitor of h-mannosidases.

Castanospermine hadeen isolated from the seeds dfastanospermum

austrais™ yR Al Aa I Li2IgYRdudabidagey' KA O0AG2NI 2F
OH, oH
HOW oz
Ho >N
Swainsonine Castanospermine

Figure 13 - Swainsonine and Castanospermine.

Lentiginosinewasisolated in 1990 by Elbein et al. by extraction in methanol
fromthe leaves ofstragalus lentiginosuysogether with swainsonine and&pr

lentiginosine??

H OH H OH
Lentiginosine 2-epi-lentiginosine

Figure 14 - Lentiginosine, 2&pklentiginosine andhstragalus lentiginosus

Lentiginosine has been isolated because in the methanolic estwbastragalus
lentiginosus an h-amyloglucosidase inhibitor, that is an enzyme able to
hydrolyze 1,4and 1,6"-glucosidicbonds,has been observed. Once isolated

and purified, lentiginosine resulted to be a good inhibitor of these enzymes, with

41L. D. Hohenschutz, E. A. Bell, P. J. Jewess, D. P. Leworthy, R. J. Pryce, E. Arnold, J. Clardy,

Phytochemistry1981, 20, 811-814.
42|, Pastuszak, R. J. Molineux, L. F. Jam&s Hbein Biochemistry1990, 29, 18861891.
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an 1G= 5ug/mL. Lateion, a major inhibitory power has been observed for the
synthetic compoundin the inhibition of amyloglucosidases (froAspergillus
niger), probably becauseof impurities present in the alkaloid extracted from
natural sources® 2-Eptlentiginosine is totally inactive: this is an evidence of
how crucialis the relative configuration of the two hydrogyoups to determine
the biological activity. The peculiarity of the lentiginosine is that it is the first
inhibitor for glycosidases hag only two hydroxy groups; violating the empiric
rule according to which the substrate should have at least 3 OH groups-in a
position with respecto nitrogen to show any inhibitory properties. Moreover,
it is one of the most selectivéerivatives beause it does not inhibit the other
testedglycosidases.

Recent studies demonstratedther interesting biological propertiefor the
natural (+)lentiginosine, in addition to the inhibition of glycosidases. In
particular, itwas found to bea powerful inhbitor of Heat Shock Protein 90
(HSP90¥

1.1.4 Synthesis of 1-@hydroxyindolizidines from pyrid@precursors

In the last few years, the research of easy and efficient methods for the synthesis
of chiral compounds including pyridine nucleus has bégnificantly increased
according to the wide fieladf application ofthese systems: supramolecular
chemistry, asymmetrical catalysis, synthesis of natural compotinds.
Consequently, many pyridirderivatives are nhow easily available and usable.
Regardingindolizidine alkaloids, the most part of the synthetic procedures
described is focused on the construction of the pyeror piperidire unit,
opportunely functionalized, with the aim to obtain the bicyclic skeleton by

cyclization. Aromatic pyridine derivaes appears to be interestindpuilding

43F. M. Cordero, D. Giomi, A. Brar@ijrr.Med. Chem2014 14, 10
4“4 A, Landa, A. Minkkila, G. Blay, K. A. Jorger@eem. Eur. 2006 12, 34723483.
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blocks for the synthesis of indolizigisystems. Despite these considerations, in
the literature procedure for the synthesis of ,2-dihydroxyindolizidineghat
exploit this approach are very limited.

A first example of the application of pyridgicompounds appeared in 196dnd
was related to the synthesis of -hydroxiindolizidie derivatives®® Ethyl
picolinate has been converted ton the appropriate precursorby Claisen
condensation with ethyl acetate. Hydrogenation on P&@d heating led to the

bicyclic lactam, then reduced withiAIH (Scheme 1.3).

@ AcOEt | N Ha, PtO,
e _ .
= EtONa N CO,Et H* N CO,Et

N~ >CO,Et

OH OH
C@ LiAIH,
N Et,O/THF N

Scheme B- Synthesis ofl-hydroxyindolizidine starting from ethyl picolinate

In 2003, Zhou et al. developed a new enantioselective total synthesis-of (+)
lentiginosine, which is the shorgeroute using norchiral starting materialé® In

fact, (+}lentiginosine has beenbtained in 20% overall yield in only 3 steps,
starting from ethyl 32-pyridyl)acrylate N-oxide (.1), through Sharpless
asymmetric dihydroxylation (AD) and cyclization (Scheme 1.4). The starting
material has been synthesized from picolinaldehyde by Wittig readbllowed

by dihydroxylation. The asymmetric dihydroxylation (Algs conductedvith

a higher excess of (DH®HAL and K Q with respect to the normal reaction

conditions, leads to the formation of the ditl2 in an enantiomeric excess >

45V. Carelli, F. Liberatore, F. Morlac@mpnali di Chimica961 51, 467476.
46Z. Feng, A. Zholigtrahedron Lett2003 44, 497-498.
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99%. By Pdatalyzed hydrogenation they obtained a lactam mixture in 3.2:1
ratio. After the removal ofl.4 by crystallizationfrom ethyl acetate, the

reduction of compound..3with BH-SMe in THF provide (+)lentiginosine

X X a X OH
| —, | — |l
— N~ —
N CHO N CO,Et N CO,Et

|+

O- O- OH
1.1 1.2

lb
H OH H OH
+ OH
13 O 3221 44 0O
lc

(+)-lentiginosine
(a) 0.4 mol% K5[0sO,(OH)4], 3 mol% (DHQ),PHAL, K3[Fe(CN)g] (3 equiv),
K,CO5 (5 equiv), MeSO,NH5 (1 equiv), H,O/tBUOH (1:1), 24h, 62% with 20%
starting material recovery; (b) 10% Pd/C, 10 atm H, MeOH, 24h, 43% of
1.3; (c) BH; SMey THF, from 0°C to 20°C, 10h, 75%.

Scheme #.- Zhou method for the enantioselective total synthesis ofgrtiginosine.

An analogus procedure has been applied to the synthesis @fswainsonine

and (¢)-2,8adi-episwainsoning'’

In 2008 a 5 steps synthesis @j-lentiginosine starting from -bromopyridine
was published (Scheme 1.5). This synthetic strategy exqudiie Mitsunobu
reaction to create the dihydroxylated -faiember ring contained in the
indolizidine skleton. Treating zromopyridine with n-BuLi {78 °C) 2-
litiumpyridine was generated that easily reacted with (R-2,30

isopropylidenglyceraldehyde to give a mixture of diastereoisortiégsind 1.6,

47G. Heimgrtner, D. Raatz, QReiser Tetrahedror2005 61, 643655.
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resolved by chromatography. Deprotection of acetonilé in weakly aciit
environment yielded triol 1.7 which, through intramolecular cyclization in
Mitsunobu conditions, evolves in the bicyclic pyridine sal8. The Pt@
catalyzed hydrogenationfd.8generatad a mixture of diasterecisomeds9and
1.10(0.8:1),that yieldedthe nonnatural systemsq)-lentiginosine and 8&pk

lentiginosine, in 28% and 31fields,respectively from 2bromopyridine*®

%ZX

X+@YEX

1.5 1.6
la
H OH H OH _ OH mOH
c b ®
o™ 110 oM e o® cl OH
Cl cl ; Cl 1.8 1.7
dl

i i

8a-epi-lentiginosine  (-)-lentiginosine

(a) HCl acq, 99%; (b) PPh; DIAD, acetonitrile, 2h, 98%; (¢) Hy/PtO, H,0, EtOH,
97%; (d) KOH, 96%.

Scheme &- Enantioselective total synthesis gflentiginosine starting from-bromopyridine

*k%

48R. AzzuzC. Fruit, L. Bischoff, F. MarsdisQrg. Chen2008 73, 11541157.
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Earlier, 2bromopyridine has been used in the synthesistlod indolizdine

moiety via conversion into the correspondiniy-alkenylpyridiniumsalts and
subsequent radical cyclization the presence of tributyltinhydride (Scheme
1.6)%

B O Q
— —>
N~ "Br 89%

Tfo@ TfO @

(a) BuzSnH, AIBN, toluene, reflux, 12h, 74%; (b) Hy, PtO, MeOH, 24h,
20 °C, 40 psi, 52%.

Scheme &.- Indolizidine skeleton synthesis by radical cyclization

Recently, Ssubstituted indolizidineswere obtained in high regio and
diastereoselectivity from pyrid precursors through the intramolecular
activation of the pyridie ring and subsequent asymmetric dearomatizatiaith

aGrignardreagent (Scheme 1.79.

_ N _ _ N _

| [ TO |

I H N/ F(\]\/
N7 Nome 5 " b, TR -~ MR
H A\ TfO \ |
O /\ N_——Mg—x N N
AuX OMe OMe
R = Me, n-CgH44, i-Pr, n-Pr, c-Hex, n-Hex, t-Bu, vinyl, 2-phenyl, N-Me-2-indolyl l
H

(a) Tf,0, 2-CIPy, -20°C; (b) RMgBr, -78°C, CH,Cl, 83-94%, > 95:5 dr, >95:5 rr. N R

Scheme T.- Synthesis of Ssubstituted indolizidines

49 A. P. Dobbs, K. JonesTKVealTetrahedron Lett1997, 38, 53835386.
50G. Barbe, G. Pelletier, A. B. Chare@ey. Lett2009 11, 33983401.
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Pyridire systems have also been applied as direct precursors of
tetrahydropyridires® dihydropyridires®> and aminocyclopentaa ring

systems>® which were eventually converted into indolizidines products.

1.1.5 Benzoindolizidenderivatives

With the goal of synthesimg new pdent and selective iminosugars, the
research was focused on the modification of the indoliadikeleton through

the conjugations with substructuresuch as variously functionalized chains or
aminoacidic structures. These functionalizations regarded maihly &
membered ring of the indoliziden skeleton. Benzocondensed indolizidin
systems, as well as their oxidized or reduced forms, are widely represented in
natural compounds and in pharmacologically active compounds. In 2000,
Pearson and Fang reported the synthesis of benzofused
azabicyclah.nO]alkanesthrough Schmidt reaction and its application to the
gephyrotoxin formal synthesi.

Computational studies show significant effects associated to the presence of
aromatic substituent: for example, for benzerivatives of lentiginosine is
foresighted a better interaction with the enzymatic active Site.

Natural polyhydroxylated andubstituted pyrrolizidines, such as conodopsine

and radicamine (Fig. 1.5), also showed interesting biological activities.

51Y. N. Bubnov, E. Klimkina, A. V. IgnatenkBuss. Chem. Bull998 47, 941949,
52D. L. Comins, A. B. puDrg. Lett.1999 1, 19411943.

537. Zhao, L. Song, P. S. Maridretrahedror2005 61, 88888894.

54W. H. Pearson, W. Fanlj,OrgChem2000Q, 65, 71587174.

55F. M. Cordero, B. B. Khairnar, P. Bonanno, A. Martinelli, A. BEandiJ. OrgChem.
2013 22, 48794886.
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OCH;
(-)-Codonopsine 1 Radicamine B

Figure 15 - Codonopsine and Radicamine

Tylophorine, a phenantroindolizidralkaloid, has been isolated froflylophora
indica plant belonging to the family o&sclepiadacea#® Leaves of thiplant
have been used, in India, for the treatment of asthma, bronchitis, rheumatism,
and dysentery. Tylophorine and its derivatives possessiaftaimmatory and
antitumoral properties, and theyarget many enzymesuch asthymidylate
synthase and dihydfolate reductaseé’ A total synthesis of tylophorine has
beenreportedby Comins and Morgan in 1991, starting from pyeginecursors
via formation of N-acyldihydropyridons These systems allowed to obtain a
diaryl substitutedindolizidire alkaloid, septicine, able to evolve in the final
compound by oxidative couplirf§A general synthetic method for the synthesis
of benzdusedindolizidine alkaloids has been developed starting framilar

precursors>?

56 E. Gellert,Alkaloids: Chemical and Biological Perspectifedletier SW. New York:
Academic Press; 1987,-832.

57S. Saraswati,. K. Kanaujia, S. Kumar, A. A, Alhaitftigcular Cance2013 12:82
58D, L. Comins, L. Morgan,Tetrahedron Lett1991, 32, 59195922.

59D. L. Comins, K. HigucBgilstein J. Orgchem 2007, 3, No. 42.
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OCH,

] OCH;

OCH,
OCH;

Tylophorine Septicine

Figure 16 - Tylophorine and Septicine

Gephyrotoxin is a natural alkaloid in whitte indolizidire moiety is condensed
with a cycldiexane ring instead ofa benzene. This alkaloid & naturally
occurring productsecreted by the Colombian tropical frogDendrobates

histrionicus(Figire 1.7)%°

Figure 17 - Dendrobates histrionicus

80 M. Santarem, C. VannudBacqué, GLhommet,J. OrgChem 2008 73, 64666469.
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Gephyrotoxin is a member of the class of histrionicotogims has been isolated

for the first time in 1977 by Daly and coworkers from the skin secretifns
tropical frogs. This compound is a relatively ntoxic chemical. At first, it
showed activity as slight muscarinic antagonist, but recent studies showed ot
interesting neurological activitie$hese new and interesting biological activities
and the scarcity of both frogs and alkaloids in the frogs stimulated the search
for new syntheses of such compoundghe first total synthesisof (+)
gephyrotoxinwas reported by Kishi and coworkers in 1981. They prepared

gephyrotoxin by {pyroglutammic acid in 18 stegScheme 1.8%

L-pyroglutamic Acid (+)-Gephyrotoxin

Scheme B- Total syntesis of (49ephyrotoxin by Kishi

1.1.6 Synthesis of benzoindoligiderivatives

In 1983 Mariano and coauthors described the synthesis of a benzoinddizidin
derivative by photochemical cyclization starting froNiprenylquinolhium
perchlorate.Upon tradiation at<> 310 nmof the metharolic solutionof N-
prenylquinolnium perchlorate immediate hydrogenation on PtCataly$ of
the crude, neutralization, and chromatographic separation on silicg gel
diastereomeric benzoindolizidinegere obtained in 27% overall yielGcheme
1.9). It is mandatory to execute the hydrogenation step before the

neutralization of the crude photolysate to obtain observable quantities of

61 R. Fujimoto, Y. KisHigtrahedron Lett1981, 42, 41974198.
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benzoindolizidie compounds.This phenomenon probably resulted from the
extreme lability of the 1,2lihydroquinoline ring that would be produced after
deprotonation. Another problem involves the formation of significant
quantities of byproducts, deriving from theleavageof the GN bond in theN-

prenylquinolnium perchlorate®

X hv, CH;OH N H 1. Hy, PtO, ’
® N 2. OH
5N 6 HN N
C'O“K)\ clo,
OCH3 OCH;

Scheme B.- Photochemical synthesis of benzoindolizidines N-prenylquinolinium

perchlorate

Hill and coworkers describethe photochemical synthesis df-hydroxy1-
phenylbenzoE]indolizidine, starting from a suitable ketoamif®cheme 1.10).
The reactioninvolveda photachemical abstractiorof hydrogen inh -position
with respectto nitrogen, and the presence of a carbonybgp at opportune
distance allowoingthe radical cyclizgson. The productwas unfortunately

unstable andlifficult to purify.5®

L), | —
N~ OH
N~ O K/k N Ph
Ph

1-Phenyl-1-hydroxy-benzo[elidolizidine

Ph

Scheme 1.0 - Photochemical formation of benzoindolizidines from ketoamines

62U. C. Yoon, S. L. Quillen, P. S. Mariano, R. Swanson, J. L. Stavinoha, smB&pnem.
S0c.1983 105, 12041218.
83S. A Ashraf, BlilllC® L1 KfSTZ | & aChént. ReSRE(E)I3RE6WD

267.
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In 1996 Bubnoet al. reported the synthesis of a benzoindolizidine via reductive
allylation of quinoline. The synthesis consitin the addition of allyd
dipropylboron to positios 1 and 2 of the quinoline ring, followed by
hydroboration with dipropylboron hydride. Ahis point the dihydroquinoline
derivative was hydrogenated on Pd/SrG@nd then oxidized with hydrogen
peroxide in NaOHp yieldan aminoalcohol. At the end, treaent with PPRin
CBs and then with NEt allowed to obtain benzoindolizithe in 55%yield
(Scheme 1.11%
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Scheme 1.1 - Benzoindolizidine synthesis via reductive allylation of quinoline

An analogus procedure to that applied by Zhou on pyrididerivatived® has
been used by Jorgensen to synthedtze non-natural compound (R 2S10&S-
1,2-dihydroxy1,2,3,5,10,10asahydrobenzd]indolizidine 1.1494  The
synthesis consietl inthe use of the opticlly activeN-oxide1.11, obtained by
Mukaiyama asymmetric aldol condensatioof ketene silyl acetalwith
isoquinolinecabboxyaldelyde-N-oxide inthe presence of chiral bisoxazadin
Cu(ll) complexes. The tricyclic systdmi3 obtained by N-oxide reduction,
cyclization, and diastereoselective reduction of the intermediate pyridinium salt

1.12 wasconverted into indolizidia derivativel.14 (Scheme 1.12).
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(a) 10% Pd/C, NH4CO,H (5 equiv); iPrOH, 20°C, 54%; (b) CF3CO,H (cat.), 10%
Pd/C, MeOH, 20°C, 16h, 98%; (c) BH; SMe, (1.2 equiv), THF, 16h; then EtOH,
5h, 71%.

Scheme 1.2 - Jorgensen method for the synthesis of benzoindolzd#nivatives

Recently enantiopure2,3,5trinydroxybenzog]indolizidinewas synthesized by
1,3-dipolar cycloaddition of a pyrrolins-oxideto 2-bromostyrene3® Reductive
ring opening othe isoxazoliine intermediate and cyclizatioosing; f £ YI yy Qa
conditions via coppecatalyzedaromatic aminatiorof pyrroline derivatives led

to the finalproduct (Scheme 1.13).
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Scheme 1.3 - Synthesis of trihydroxybenzo[elindolizidine.
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Recently our laboratory developed a new synthesis of racemic lentiginosine
starting from the commercially available pyridir2carboxaldehydé’
Treament with vinykmagnesium bromidafforded 1-(2-pyridil)-2-propent1-ol
(1.19), which reactd easily with Bf(or NBS) to give a couple of diastereomeric
indolizinium saltsX.16a, via intramoleular nucleophilic substitution on the
bromination intermediate. Theisdiastereoisomer is less stable thdre trans

one (since it decomposes in reducing environment), but it isomérize
guantitatively irto the trans salt 1.16aby heatingat 80 °C in water for 5 days.
Thetranssaltwas fullyreduced to give two diastereomeric bromohydridsi(7

and 1.18 dr 1.5:1) resolved by chromatographic column. Bromohydnas

converted into the corresponding epoxided.19 and 1.20) by alkaline
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