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DŜƴŜǊŀƭ ƛƴǘǊƻŘǳŎǘƛƻƴ 

Many organic compounds contain cyclic systems.1 A heterocycle is a cyclic 

compound made up of carbon atoms and at least one other element. The most 

common elements present in the heterocyclic systems along with carbon are 

nitrogen, oxygen and sulphur. Heterocycles are widely spread in nature and they 

are fundamental in living systems as key component for biological processes, as 

well as application in human life as pharmaceutical, agrochemical, veterinary 

products and new materials with increasing relevance in different domains.2 In 

мфуу 9Ǿŀƴǎ ƛƴǘǊƻŘǳŎŜŘ ǘƘŜ ǘŜǊƳ ΨǇǊƛǾƛƭŜƎŜŘ ǎǘǊǳŎǘǳǊŜǎΩ ǘƻ ŘŜŦƛƴŜ ƳƻƭŜŎǳƭŀǊ 

ŦǊŀƳŜǿƻǊƪǎ ΨŎŀǇŀōƭŜ ƻŦ ǇǊƻǾƛŘƛƴƎ ǳǎŜŦǳƭ ƭƛƎŀƴŘǎ ŦƻǊ ƳƻǊŜ ǘƘŀƴ ƻƴŜ ǊŜŎŜǇǘƻǊΩΣ 

ǘƘŀǘ ǳǇƻƴ ƳƻŘƛŦƛŎŀǘƛƻƴǎ ΨŎould be a valuable alternative in the search for new 

ǊŜŎŜǇǘƻǊ ŀƎƻƴƛǎǘǎ ŀƴŘ ŀƴǘŀƎƻƴƛǎǘǎΩ.3 Even if initially this expression was referred 

to benzodiazepine scaffolds, now it applies to  many other compounds such as 

biphenyls, 1,4-dihydropyridines, pyridazines, benzopyrans, isoxazoles, 

monosaccharides.4 

In biological systems, there are numerous examples of molecules made up of 

heterocycles. For example, carbohydrates are made up of monosaccharides in 

their cyclic form (namely cellulose and starch are important biopolymers of 

glucose). Moving to nitrogen heterocycles, chlorophyll and heme contain the 

porphyrin ring, while pyrimidine and purine ring systems are the constituent of 

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

 
1 T. L. Gilchrist, Heterocyclic chemistry, 3rd ed, Longman: Harlow, UK, 1997, ch. 1. 
2 (a) M. Obana, T. Fukino, T. Hikima, T. Aida, J. Am. Chem. Soc. 2016, 138, 9246-9250; (b) 
H. Yamagishi, H. Sato, A. Hori, Y. Sato, R. Matsuda, K. Kato, T. Aida, Science 2018, 361, 
1242-1246. 
3 B. 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. Kling, K. A. Kunkel, J. P. Springer, J. J. Hirshfield, J. Med. Chem. 1988, 31, 2235-2246. 
4 (a) D. A. Horton, G. T. Bourne, M. L. Smythe, Chem. Rev. 2003, 103, 893-930; (b) C. G. 
Wermuth, Med. Chem. Commun. 2011, 2, 935-941. 
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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 amino acids involved in the synthesis of proteins in which the side 

group is a pyrrolidine 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 surprising that nowadays synthesis and 

properties of heterocyclic compounds are the object of countless research 

works.  

 

Figure I.1 - 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 associated with the presence of a pyridine ring. 
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I.1 Pyridine and its derivatives 

Pyridine is the simplest and best-known heterocyclic compound. The structure 

of pyridine is analogous ǘƻ ōŜƴȊŜƴŜΩǎ ƻƴŜ ǿƛǘƘ ǘƘŜ ǊŜǇƭŀŎŜƳŜƴǘ ƻŦ ŀ /-H group 

with a nitrogen atom. Even if it was prepared by early alchemists in impure form, 

the credit for its discovery is attributed to the Scottish scientist Thomas 

Anderson.5 In 1849, Anderson heated animal bones at high temperature and he 

examined the content of the oil. He recovered, among other substances, a 

colourless liquid with unpleasant smell, from which he isolated pure pyridine 

two years later. He described this compound as highly soluble in water, readily 

soluble in concentrated acids and salts upon heating, and only slightly soluble in 

oils. The structural relationship between pyridine and benzene was determined 

many years after its discovery independently by Wilhelm 

Körner (1869)6 and James Dewar (1871).7 They suggested that, by analogy 

between quinoline and naphthalene, the structure of pyridine is derived 

from benzene by substituting one C-H unit with a nitrogen atom. The first 

synthesis of a heteroaromatic compound was performed in 1876 by William 

Ramsay, that combined acetylene and hydrogen cyanide into pyridine in a red-

hot iron-tube furnace.8 

In 1881, Arthur Rudolf Hantzsch described the first major synthesis of pyridine 

derivatives. His procedure ǘȅǇƛŎŀƭƭȅ ǳǎŜǎ ŀ нΥмΥм ƳƛȄǘǳǊŜ ƻŦ ŀ ʲ-keto acid 

derivative (often ethyl acetoacetate), an aldehyde (often formaldehyde), 

and ammonia or its salt as the nitrogen donor and affords 1,4-dihydropyridines 

(Scheme I.1).9 For instance, the so-called Hantzsch ester (HEH, diethyl 1,4-

 
5 T. Anderson, Ann. Chem. Pharm. 1846, 16, 123-136.                   
6 W. Koerner, Giornale di Scienze Naturali ed Economiche 1869, 5, 111-114. 
7 (a) J. Dewar, Chemical News 1871, 23, 38ς41; (b) A. J. Rocke, Bulletin for the History of 
Chemistry 1988, 2, 4. 
8 W. Ramsay, Lond. Edinb. Dubl. Phil. Mag. 1876, 2, 269-281. 
9 A. Hantzsch, Ber.  Dtsch. Chem. Ges. 1881, 14, 1437-1638. 

https://en.wikipedia.org/wiki/Benzene
https://en.wikipedia.org/wiki/Red_heat
https://en.wikipedia.org/wiki/Red_heat
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dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate) is a commercial reagent 

nowadays widely applied in organocatalytic enantioselective reduction of 

imines as stoichiometric reducing agent.10 

 

Scheme I.1 - Sythesis of Hantzsch ester and its oxidation to substituted pyridine. 

  

In that period, pyridine was extracted from coal tar or obtained as a byproduct 

of coal gasification. The process was labour-consuming and inefficient: coal 

tar contains only about 0.1% of pyridine,11 and therefore a multi-stage 

purification was required, which further reduces the yield. A breakthrough came 

in 1924 when the Russian chemist Aleksei Chichibabin invented a pyridine 

synthesis reaction (Scheme I.2) based on inexpensive reagents.12 Nowadays, 

most pyridine is produced synthetically using various  reactions, such as 

Chichibabin synthesis, dealkylation of alkylpyridines, Bönnemann cyclization 

and other methods.13  

 

Scheme I.2 - Chichibabin pyridine synthesis. 

 
10 F. Foubelo, Y. Miguel, Chemical record 2015, 15, 5, 907-924. 
11 A. Täufel, W. Ternes, L. Tunger, M. Zobel, Lebensmittel-Lexikon, 4th ed., Behr: 
Hamburg, 2005, p. 226. 
12 A. E. Chichibabin, J. Prakt. Chem. 1924, 107, 122-128. 
13 S. Shimizu, N. Watanabe, T. Kataoka, T. Shoji, N. Abe, S. Morishita, H. Ichimura, 
¦ƭƭƳŀƴƴΩǎ 9ƴŎȅŎƭƻǇŜŘƛŀ ƻŦ LƴŘǳǎǘǊƛŀƭ /ƘŜƳƛǎǘǊȅ, Ed. B. Elvers, Wiley-VCH, 2000, Vol. 30, 
pp. 557-586. 

https://en.wikipedia.org/wiki/Coal_tar
https://en.wikipedia.org/wiki/Gasification
https://en.wikipedia.org/wiki/Coal_tar
https://en.wikipedia.org/wiki/Coal_tar
https://en.wikipedia.org/wiki/Name_reaction
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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 nitrogen 

atom is assigned position-1, 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 are named luditines and an equal number of trimethyl 

substituted derivatives are known as collidines.14 

The pyridine ring is highly common in nature being the core of many important 

alkaloids. Moreover, this system is present in biological environment because it 

is the fundamental constituent of main coenzymes such as nicotinamide 

adenine dinucleotide (NADH) and its phosphate (NADPH) (Figure I.2) involved in 

biological redox processes.  

 

Figure I.2 - Chemical structure of NADH/NADPH.  

 

Experimental evidence 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 resembles that of benzene in some aspects, although there 

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

 
14 R. K. Bansal, Heterocyclic Chemistry, 3rd ed., New Age International (P) Ltd.: New 
Delhi, 1999, ch. 6. 
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For example, electrophilic substitutions on the ring are difficult in pyridine with 

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

Quinoline is a heterocyclic aromatic compound, which is a benzofused pyridine, 

named benzo[b]pyridine.15 Quinoline can be derived from naphthalene by 

replacement of one h-CH group with respect to the junction with nitrogen. It is 

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 derivatives are very useful in many fields. Quinaldine and lepidine (i.e. 2- 

and 3-methylquinoline), 4-quinolone and the quinolinium ion are important 

derivatives of quinoline. Moreover, the quinoline structure is part of natural 

alkaloids such as quinine (Figure I.3), used in medical field to treat malaria.16  

 

Figure I.3 - Quinoline and quinine. 

 

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

who isolated quinoline.17 Quinoline was extracted from coal tar, and this 

 
15 T. Eicher, S. Hauptmann, A. Speicher The Chemistry of Heterocycles: Structures, 
Reactions, Synthesis, and Applications, 3rd ed., Wiley-VHC: Weinheim, 2003, ch. 5. 
16 J. W. W. Stephens, W. Yorke, B. Blacklock, J. W. S. Macfie, C. F. Cooper, Ann. Trop. 

Med. Parasit. 1917, 11, 113-125. 
17 (a) F. F. Runge, Ann. Phys. 1834, 31, 68; (b) C. Hung, Encyclopaedia Britannica, 11th 
ed., University Press: Cambrige 1911, Vol. 22, pp. 758-759. 
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method remains the principal source of commercial quinoline.18 There are many 

syntheses, starting from substituted aniline to close the heterocyclic ring. For 

example, the Friedlaender synthesis is the reaction between 2-

aminobenzaldehyde and acetaldehyde (Scheme I.3) to form quinoline.19  

 

Scheme I.3 - Friedlaender synthesis of quinoline. 

  

I.2 Isoxazole and its derivatives 

Azoles are a class of aromatic five-membered heterocycles containing at least 

one nitrogen atom in the ring.15 Compounds made up by one more heteroatom 

such as nitrogen, oxygen, or sulphur are called respectively, according to the 

atom that they contain, diazoles, oxazoles, and thiazole and they exist in two 

isomeric forms. Concerning diazoles, the trivial names pyrazole and imidazole 

are commonly applied for isomers with nitrogen atoms in 1,2- and 1,3-positions, 

respectively. Oxygen and sulphur derivatives are usually called isoxazole and 

isothiazole or oxazole and thiazole if the heteroatoms are respectively in 1,2- or 

1,3-positions (Figure I.4). 

 

Figure I.4 - Azoles: structure and trivial names. 

 
18 G. Collin, H. HokeΣ ¦ƭƭƳŀƴƴΩǎ 9ƴŎȅŎƭƻǇŜŘƛŀ ƻŦ LƴŘǳǎǘǊƛŀƭ /ƘŜƳƛǎǘǊȅ, Ed. B. Elvers, Wiley-
VCH, 2000, Vol. 31, pp. 1-6. 
19 P. Friedlaender, Ber.  Dtsch. Chem. Ges. 1882, 15, 2572-2575. 
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The isoxazole system was discovered in 1888 by Claisen, who synthesized 3-

methyl-5-phenylisoxazole.20 In 1903, studying the reaction of 

propargylaldehyde and hydroxylamine, Claisen observed the formation of a 

cyclic compound, i.e. isoxazole, coming from cyclization of the oxime 

intermediate.21  

 

Between 1929 and 1946 Quilico and Speroni gave an important push to the 

study of isoxazoles.22 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 the synthesis of various compounds, and 

for their application in several fields, such as industry, medicine and 

agriculture.23 Nowadays, the most common methods for the synthesis of 

isoxazoles are: 1,3-dipolar cycloadditions (1,3-DC) of nitrile oxides to 

alkynes/alkenes under thermal conditions, usually with low regioselectivity; 

formal Cu(I)-catalized 1,3-DC of nitrile oxides to terminal alkynes affording 

regioselectively 3,5-disubstituted isoxazoles (click reaction);24 condensation of 

hydroxylamine with 1,3-dicarbonyl compounds or equivalent systems such as 

ʰΣʲ-unsaturated carbonyl compounds; cycloisomerization, building an 

appropriate substrate and promoting the cyclization by a suitable catalyst; 

 
20 L. Claisen, O. Lowman, Ber.  Dtsch. Chem. Ges. 1888, 21, 1149-1157. 
21 L. Claisen, Ber.  Dtsch. Chem. Ges. 1903, 36, 3664-3673. 
22 A. Quilico, G. Speroni, L. C. Behr, R. L. Mc Kee, Chemistry of Heterocyclic Compounds, 
Ed.: R. H. Wiley, John Wiley & Sons: New York ς London, 1962, pp. 5-94. 
23 A. M. S. Silva, A. C. Tome and T. M. V. Pinho e Melo, J. Elguero, Modern Heterocyclic 
ChemistryΣ 9ŘǎΦΥ WΦ !ƭǾŀǊŜȊπ.ǳƛƭƭŀΣ WΦ WΦ ±ŀǉǳŜǊƻΣ WΦ .ŀǊƭǳŜƴƎŀΣ ²ƛƭŜȅπ±/IΣ ²ŜƛƴƘŜƛƳΣ 
2011, 727ς808. 
24 (a) H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem., Int. Ed. 2001, 40, 2004-2021; 
(b) F. Himo, T. Lovell, R. Hilgraf, V. V. Rostovtsev, L. Noodleman, K. B. Sharpless, V. V. 
Fokin, J. Am. Chem. Soc. 2005, 127, 210-216. 
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intramolecular nitro group addition to unsaturated C-C bonds, with a 

mechanism close to 1,3-DC.25 

Isoxazole is a moiety rarely found in nature, but its derivatives show important 

biological applications. For example, muscimol (Figure I.5), isolated from 

amanita muscaria, is a potent CNS depressant and agonist of GABA. Several 

reports show that compounds containing isoxazole exhibit antioxidant, 

antibacterial, anti-aging, antiviral, analgesic, anti-inflammatory, antifungal, 

antitubercular and antitumoral activities.26 

 

Figure I.5 - Muscimol. 

* * *  

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 as 1-(2-quinolyl)-2-propen-1-ol , phenyl(2-

quinolyl)methanol, (2-quinolyl)(4-tolyl)methanol, and 3-methyl-4-nitro-5-

(trichloromethyl)isoxazole (Figure I.6) in different domains, properly discussed 

in the following chapters. 

 

Figure I.6 - Pyridyl, quinolyl, and isoxazolyl derivatives. 

 
25 T. Morita, S. Yugandar, S. Fuse, H. Nakamura, Tetrahedron Lett. 2018, 59, 1159-1171. 
26 Y. Hassan, S. O. Ajibade, Chemistry Research Journal 2017, 2, 182-192. 
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In particular, the three carbinols can be applied in different contexts which 

exploited the quinolyl system as well as the vinyl moiety present in 

quinolylpropenol.  

The project involving 3-methyl-4-nitro-5-(trichloromethyl)isoxazole has been 

developed in the laboratory Prof. Mauro Adamo at University College of Dublin 

during a four months stage. This study concerns the conversion of 3-methyl-4-

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

reaction with different nucleophiles. 

Accordingly, the thesis work will be described through the following chapters:  

1. Synthesis of hydroxyindolizidine derivatives from 1-(2-quinolyl)-2-

propen-1-ol  

Hydroxyindolizidines are a class of compounds that show significant 

biological/pharmacological activities. In order to develop more efficient and 

potent drugs, 1-(2-quinolyl)-2-propen-1-ol can be used to synthesize new 

benzofused hydroxyindolizidines applying a general method developed in our 

laboratory (Scheme I.4).27 

 

Scheme I.4 - General strategy to access hydroxyindolizines from quinolylpropenol. 

 

 
27 D. Giomi, R. Alfini, A. Micoli, E. Calamai, C. Faggi, A. Brandi, J. Org. Chem. 2011, 76, 
9536-9541. 
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2.  Phenyl(2-quinolyl)methanols as a new class of hydrogen donors in 

metal free reductions 

The shown carbinolsΣ ŘǳŜ ǘƻ ǘƘŜ ǿŜŀƪ ŀŎƛŘƛǘȅ ƻŦ ǘƘŜ ΨǇƛŎƻƭƛƴŜ ǘȅǇŜΩ ƘȅŘǊƻƎŜƴ 

atom, can give rise to tautomeric equilibria able to afford 1,4-dihydropyridine 

structures (Scheme I.5).  

 

Scheme I.5 - Tautomeric equilibria for quinolylcarbinols. 

 

For quinolylpropenol this behaviour, which 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 forms 1,2-DHP 

and 1,4-DHP can be responsible for phenylquinolylmethanols a reactivity as 

hydrogen donors, as observed for Hantzsch ester (HEH) (Scheme I.1), opening 

the way to their application in metal-free reduction of different functional 

groups. In particular they are able to selectively reduce nitro groups in aromatic 

and heteroaromatic nitro compounds as well as activated imines to the 

corresponding amines (Scheme I.6).28,29 

 
28 D. Giomi, R. Alfini, A. Brandi, Tetrahedron 2011, 67, 167-172. 
29 D. Giomi, R. Alfini, J. Ceccarelli, A. Salvini, A. Brandi, ChemistrySelect 2016, 1, 5584-
5589. 
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Scheme I.6 - Metal-free reductions using quinolyl carbinols. 

  

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

nucleophiles 

Nucleophilic addition of alcohols to 3-methyl-4-nitro-5-

(trichloromethyl)isoxazole in an alkaline environment can be exploited to access 

4-nitroisoxazoles variously substituted at position 5 (Scheme I.7).30 

 

Scheme I.7 - Synthesis of new 4-nitroisoxazoles from 3-methyl-4-nitro-5-
(trichloromethyl)isoxazole. 

  

  

 
30 Unpublished results. 
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/ƘŀǇǘŜǊ м ς {ȅƴǘƘŜǎƛǎ ƻŦ ƘȅŘǊƻȄȅ ƛƴŘƻƭƛȊƛŘƛƴŜǎ  

1.1 Introduction 

1.1.1 Polyhydroxylated alkaloids as glycosidases inhibitors 
 

Polyhydroxylated alkaloids containing a pyrrolidine, piperidine, pyrrolizidine 

and indolizidine ring system, are well known mimics of monosaccharides. These 

compounds, containing a nitrogen atom in the ring instead of the endocyclic 

oxygen, are among the most interesting discoveries in the field of natural 

products in recent years.31 These azasugars, also named iminosugars, are 

classified in five classes on the basis of their heterocyclic skeleton: pyrrolidines, 

piperidines, pyrrolizidines, indolizidines, and nortropanes. These alkaloids are 

able to bind specifically to the active site of the glycosidase enzymes mimicking 

the corresponding natural substrate. 

 

1.1.2 Glycosidases 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. Digestive glycosidases, for example, break down complex 

sugars to release monosaccharides which can be easily adsorbed and used in 

metabolic processes, while lysosomal glycosidases catabolize glycoconjugate 

intracellularly.32 A wide variety of glycosidases are involved in the biosynthesis 

of  the oligosaccharide portions of glycoproteins and glycolipids located on the 

 
31 (a) B. La Ferla, F. Nicotra, Iminosugars as Glycosidases Inhibitors: Nojirimicin and 
Beyond, Ed.: A. E. Stulz, Wiley-VCH, Weinheim, 1999, 68-92; (b) N. Asano, R. J. Nash, R. 
J. Molyneux, G. W. J. Fleet, Tetrahedron: Asymmetry 2000, 11, 1645-1680. 
32 A. A. Watson, G. W. J. Fleet, N. Asano, R. J. Molyneux, R. J. Nash, Phytochemistry 2001, 
56, 265-295. 
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cell surface. Glycoconjugates are responsible of the communications between 

cells and its environment. These systems can act as receptors to identify 

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 pathogenic invaders such as viruses and bacteria. Moreover 

polysaccharides are involved 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 recognition. For this reason, the interest in these 

glycosidases inhibitors as potential therapeutic agents and future drugs for the 

treatment of many kinds of diseases has grown up in the last years.33 

Iminosugars have been shown to act as inhibitors 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 synthesis.34 Glycosidases 

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. Iminosugars can strongly interfere in these processes. 

The awareness of the fact that these iminosugars may have a huge therapeutic 

power for the treatment of diseases connected with these processes, or in cell 

protection mechanisms, because they modify glycoproteins glycosylation and 

(or) catabolism,  or they block glycosidases in the recognition of specific sugars, 

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

 
33 F. Cardona, A. Goti, A. Brandi, Eur. J. Org. Chem. 2007, 1551-1565. 
34 (a) S. A. W. Gruner, E. Locardi, E. Lohof, H. Kessler, Chem. Rev. 2002, 102, 491-514; (b) 
V. H. Lellelund, H. H. Jensen, X. Liang, M. Bols, Chem. Rev. 2002, 102, 515-553. 
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antidiabetics drugs.35 In particular, the antiviral activity of the glycosidase 

inhibitors involves the glycosylation inhibition of a part of a glycoprotein (gp 

160) in the endoplasmic reticulum, preventing the formation of infected viral 

particles,36 or the inhibition of the fusion between the viral particle and the 

membrane of the host cell mediated by a surface glycoprotein.37  

The hydrolisis of 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 to the spatial position of the residues, the 

hydrolysis may occur through complete inversion (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. Yumoto, J. Antibiot., Ser. A 1967, 20, 
66-71; (b) P. S. Sunkara; D. L. Taylor, M.S. Kang, T. L. Bowlin, P. S. Liu, A. S. Tyms, A. 
Sjoerdsma, Lancet 1989, 333, 1206; (c) G. W. J. Fleet, A. Karpas, R. A. Dwek, L. 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. Rademacher, FEBS Lett. 1988, 237, 128-132; (d) D. B. 
Walker, M. Kowalski, W. C. Goh, K. Kozarski, M. Krieger, C. Rosen, L. Rohrschneider, A. 
W. Haseltine, J. Sodroski, Proc. Natl. Acad. Sci. USA 1987, 84, 8120; (e) J. W. Dennis, K. 
Koch, D. Beckner, J. Nat. Cancer Inst. 1989, 81, 1028-1033; (f) S. A. Newton, S. L. White, 
M. J. Humphries, K. Olden, J. Nat. Cancer Inst. 1989, 81, 1024-1027; (g) G. K. Ostrander, 
N. K. Scribner, L. R. Rohrschnerider, Cancer Res. 1988, 48, 1091-1094; (h) W. Leonhardt, 
M. Hanefeld, S. Fischer, J. Schulze, European J. Clin. Invest. 1994, 24, 45-49; (i) A. J. J. 
Reuser, H. A. Wisselaar, European J. Clin. Invest. 1994, 24, 19-24; (j) H. Bischoff, 
European J. Clin. Invest. 1994, 24, 3-10. 
36 (a) P. Fischer, M. Collin, G. B. Karlsson, W. James, T. D. Butters, S. J. Davis, S. Gordon, 
R. A. Dwek, F. M. Platt, J. Virol. 1995, 69, 5791-5797; (b) P. Cos, L. Maes, D. Vanden 
Berghe, N. Hermans, L. Pieters, A. Vlietinck, J. Nat. Prod. 2004, 67, 284-293. 
37 M. J. Papandreou, R. Barbouche, R. Guieu, M. P. Kieny, E. Fenouillet, Mol. Pharmacol. 
2002, 61, 186-193. 
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Scheme 1.1 - Hydrolysis with inversion of configuration. 

  

 

 

Scheme 1.2 - Hydrolysis with retention of configuration. 

On these bases, polyhydroxylated alkaloids appear to be extremely powerful 

and specific inhibitors of glycosidases, because they mimic the furanosyl or 

pyranosyl moiety of the natural substrate. It has been demonstrated that when 

an iminosugar binds an active site of a glycosidase, the protonation of the 

compound permits the formation of an ionic couple between the inhibitor and 

the carboxylate anion. The protonated inhibitor behaves as a transition state 

analog of the natural substrate. This is enough to justify the great 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 respect to the optimal pH of the enzyme. Moreover, 

the number, position and configurations of the hydroxy groups of each alkaloid 

determine the kind of glycosidase enzyme they can inhibit. These features are 

very important, because they can influence the selectivity of a single enzyme, 

an aspect that is not yet generally solved or understood, and is of peculiar 

importance for the applications 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 drugs. Two iminosugars are already 

commercially available as drugs: Zavesca37 and Celgosivir38 (Figure 1.1). 

 

 

Figure 1.1 - Zavesca and Celgosivir. 

Zavesca Ƙŀǎ ōŜŜƴ ŀǇǇƭƛŜŘ ŦƻǊ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ DŀǳŎƘŜǊΩǎ ŘƛǎŜŀǎŜΣ ŀ ƎŜƴŜǘƛŎ 

disorder in which glucocerebroside (a sphingolipid, also known as 

glucosylceramide) accumulates in cells and certain organs. 

Celgosivir has been developed for the treatment of hepatitis C virus (HCV) 

infection, and it acts as prodrug of the natural castanospermine that inhibits 

alpha-glucosidase I, an enzyme that plays a critical role in viral maturation. 

Celgosivir mechanism of action makes it work both in vitro and in vivo against 

other viruses such as HIV-1, herpes (HSV) or bovine viral diarrhea (BVB). 

 

 
38 T. Cox, R. Lachmann, C. Hollak, J. Aerts, S. van Weely, M. Hrebicek, F. Platt, T. Butters, 
R. Dwek, C. Moyses, I. Gow, D. Elstein, A. Zimran, Lancet 2000, 355, 1481-1485. 
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1.1.3 Natural polyhydroxylated alkaloids 
 

In 1966 Inouye and co-workers discovered the first natural polyhydroxylated 

alkaloid, nojirimycin (nj): it was isolated in a filtrate of Streptomyces, and it 

showed a surprising activity as a powerful inhibitor of h - ŀƴŘ ʲ- glucosidases.39 

The first 1-deoxy derivative, 1-deoxynojirimicyn (DNJ), has been synthesized by 

the same authors by reduction of the anomeric carbon. Later, DNJ has been 

isolated from mulberry trees and Streptomyces cultures, and it showed to act as 

ƛƴƘƛōƛǘƻǊ ƻŦ ʰ-glucosidases as well as other glucosidases,33 and was also found 

to be a powerful inhibitor for the viral replication of HIV.32 

The first pyrrolizidine iminosugar isolated from natural sources has been alexina, 

obtained by the legume Alexa leiopetala. Casuarina, already used in Samoa for 

the treatment of breast cancer, has been identified in the cortex of Casaurina 

equistetifoglia. These compounds showed a strong inhibitory activity towards h- 

ŀƴŘ ʲ- glucosidases and ̡ -galactosidases.  

 

Figure 1.2 - Examples of natural polyhydroxylated alkaloids. 

Moving to indolizidine alkaloids, the first compound identified has been 

swainsonine, isolated in 1979 from the leaves of Swainsona canescens40 and 

 
39 S. Inouye, T. Tsuruoka, T. Ito, T. Niida, Tetrahedron 1968, 24, 2125-2144. 
40 S. M. Colegate, P. R. Dorling, C. R. Huxtable, Austr. J. Chem. 1979, 32, 2257-2264. 
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later from Astragalus together with swainsonine N-oxide. Swainsonine is a 

potent inhibitor of h -mannosidases.  

Castanospermine has been isolated from the seeds of Castanospermum 

australis,41 ŀƴŘ ƛǘ ƛǎ ŀ ǇƻǿŜǊŦǳƭ ƛƴƘƛōƛǘƻǊ ƻŦ ʰ- ŀƴŘ ʲ- glucosidases.  

 

 

Figure 1.3 - Swainsonine and Castanospermine. 

Lentiginosine was isolated in 1990 by Elbein et al. by extraction in methanol 

from the leaves of Astragalus lentiginosus, together with swainsonine and 2-epi-

lentiginosine.42 

 

 

Figure 1.4 - Lentiginosine, 2-epi-lentiginosine and Astragalus lentiginosus. 

Lentiginosine has been isolated because in the methanolic extracts of Astragalus 

lentiginosus an -hamyloglucosidases inhibitor, that is an enzyme able to 

hydrolyze 1,4- and 1,6- -hglucosidic bonds, has been observed. Once isolated 

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

 
41 L. D. Hohenschutz, E. A. Bell, P. J. Jewess, D. P. Leworthy, R. J. Pryce, E. Arnold, J. Clardy, 
Phytochemistry 1981, 20, 811-814. 
42 I. Pastuszak, R. J. Molineux, L. F. James, A. D. Elbein, Biochemistry 1990, 29, 1886-1891. 
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an IC50= 5 µg/mL. Later on, a major inhibitory power has been observed for the 

synthetic compound in the inhibition of amyloglucosidases (from Aspergillus 

niger), probably because of impurities present in the alkaloid extracted from 

natural sources.33 2-Epi-lentiginosine is totally inactive: this is an evidence of 

how crucial is the relative configuration of the two hydroxy groups to determine 

the biological activity. The peculiarity of the lentiginosine is that it is the first 

inhibitor for glycosidases having only two hydroxy groups; violating the empiric 

rule according to which the substrate should have at least 3 OH groups in a -̡

position with respect to nitrogen to show any inhibitory properties. Moreover, 

it is one of the most selective derivatives, because it does not inhibit the other 

tested glycosidases.  

Recent studies demonstrated other interesting biological properties for the 

natural (+)-lentiginosine, in addition to the inhibition of glycosidases. In 

particular, it was found to be a powerful inhibitor of Heat Shock Protein 90 

(HSP90).43 

 

1.1.4 Synthesis of 1,2-dihydroxyindolizidines from pyridine precursors 
 

In the last few years, the research of easy and efficient methods for the synthesis 

of chiral compounds including pyridine nucleus has been significantly increased 

according to the wide field of application of these systems: supramolecular 

chemistry, asymmetrical catalysis, synthesis of natural compounds.44 

Consequently, many pyridine derivatives are now easily available and usable.  

Regarding indolizidine alkaloids, the most part of the synthetic procedures 

described is focused on the construction of the pyrrole or piperidine unit, 

opportunely functionalized, with the aim to obtain the bicyclic skeleton by 

cyclization. Aromatic pyridine derivatives appears to be interesting building 

 
43 F. M. Cordero, D. Giomi, A. Brandi, Curr. Med. Chem. 2014, 14, 10. 
44 A. Landa, A. Minkkila, G. Blay, K. A. Jorgensen, Chem. Eur. J. 2006, 12, 3472-3483. 
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blocks for the synthesis of indolizidine systems. Despite these considerations, in 

the literature procedures for the synthesis of 1,2-dihydroxyindolizidines that 

exploit this approach are very limited.  

A first example of the application of pyridine compounds appeared in 1961, and 

was related to the synthesis of 1-hydroxiindolizidine derivatives.45 Ethyl 

picolinate has been converted into the appropriate precursor by Claisen 

condensation with ethyl acetate. Hydrogenation on PtO2 and heating led to the 

bicyclic lactam, then reduced with LiAlH4 (Scheme 1.3).  

 

 

Scheme 1.3 - Synthesis of 1-hydroxyindolizidine starting from ethyl picolinate. 

In 2003, Zhou et al. developed a new enantioselective total synthesis of (+)-

lentiginosine, which is the shortest route using non-chiral starting materials.46 In 

fact, (+)-lentiginosine has been obtained in 20% overall yield in only 3 steps, 

starting from ethyl 3-(2-pyridyl)acrylate N-oxide (1.1), through Sharpless 

asymmetric dihydroxylation (AD) and cyclization (Scheme 1.4). The starting 

material has been synthesized from picolinaldehyde by Wittig reaction followed 

by dihydroxylation. The asymmetric dihydroxylation (AD), was conducted with 

a higher excess of (DHQ)2PHAL and K2CO3 with respect to the normal reaction 

conditions, leads to the formation of the diol 1.2 in an enantiomeric excess > 

 
45 V. Carelli, F. Liberatore, F. Morlacchi, Annali di Chimica 1961, 51, 467-476. 
46 Z. Feng, A. Zhou, Tetrahedron Lett. 2003, 44, 497-498. 
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99%. By Pd-catalyzed hydrogenation they obtained a lactam mixture in 3.2:1 

ratio. After the removal of 1.4 by crystallization from ethyl acetate, the 

reduction of compound 1.3 with BH3·SMe2 in THF provided (+)-lentiginosine. 

 

 

Scheme 1.4 - Zhou method for the enantioselective total synthesis of (+)-lentiginosine. 

 

An analogous procedure has been applied to the synthesis of (ς)-swainsonine 

and (ς)-2,8a-di-epi-swainsonine.47 

 

In 2008 a 5 steps synthesis of (ς)-lentiginosine starting from 2-bromopyridine 

was published (Scheme 1.5). This synthetic strategy exploited the Mitsunobu 

reaction to create the dihydroxylated 5-member ring contained in the 

indolizidine skeleton. Treating 2-bromopyridine with n-BuLi (-78 °C), 2-

litiumpyridine was generated that easily reacted with (R)-2,3-O-

isopropylidenglyceraldehyde to give a mixture of diastereoisomers 1.5 and 1.6, 

 
47 G. Heimgärtner, D. Raatz, O. Reiser, Tetrahedron 2005, 61, 643-655. 
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resolved by chromatography. Deprotection of acetonide 1.6 in weakly acidic 

environment yielded triol 1.7 which, through intramolecular cyclization in 

Mitsunobu conditions, evolves in the bicyclic pyridine salt 1.8. The PtO2-

catalyzed hydrogenation of 1.8 generated a mixture of diastereoisomers 1.9 and 

1.10 (0.8:1), that yielded the non-natural systems (ς)-lentiginosine and 8a-epi-

lentiginosine, in 28% and 31% yields, respectively, from 2-bromopyridine.48 

 

 

Scheme 1.5 - Enantioselective total synthesis of (-)-lentiginosine starting from 2-bromopyridine. 

 

***  

 

 
48 R. Azzuz, C. Fruit, L. Bischoff, F. Marsais, J. Org. Chem. 2008, 73, 1154-1157. 
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Earlier, 2-bromopyridine has been used in the synthesis of the indolizidine 

moiety via conversion into the corresponding N-alkenylpyridinium salts and 

subsequent radical cyclization in the presence of tributyltin hydride (Scheme 

1.6).49 

 

Scheme 1.6 - Indolizidine skeleton synthesis by radical cyclization. 

 

Recently, 5-substituted indolizidines were obtained in high regio- and 

diastereoselectivity from pyridine precursors through the intramolecular 

activation of the pyridine ring and subsequent asymmetric dearomatization with 

a Grignard reagent (Scheme 1.7).50 

 

 

Scheme 1.7 - Synthesis of 5-substituted indolizidines. 

 
49 A. P. Dobbs, K. Jones, K. T. Veal, Tetrahedron Lett. 1997, 38, 5383-5386. 
50 G. Barbe, G. Pelletier, A. B. Charette, Org. Lett. 2009, 11, 3398-3401. 
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Pyridine systems have also been applied as direct precursors of 

tetrahydropyridines,51 dihydropyridines,52 and aminocyclopentane ring 

systems,53 which were eventually converted into indolizidines products. 

 

1.1.5 Benzoindolizidine derivatives 
 

With the goal of synthesizing new potent and selective iminosugars, the 

research was focused on the modification of the indolizidine skeleton through 

the conjugations with substructures, such as variously functionalized chains or 

aminoacidic structures. These functionalizations regarded mainly the 6-

membered ring of the indolizidine skeleton. Benzocondensed indolizidine 

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 

azabicyclo[m.n.0]alkanes through Schmidt reaction and its application to the 

gephyrotoxin formal synthesis.54 

Computational studies show significant effects associated to the presence of 

aromatic substituent: for example, for benzoderivatives of lentiginosine is 

foresighted a better interaction with the enzymatic active site.55 

Natural polyhydroxylated aryl-substituted pyrrolizidines, such as conodopsine 

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

 

 
51 Y. N. Bubnov, E. V. Klimkina, A. V. Ignatenko, Russ. Chem. Bull. 1998, 47, 941-949. 
52 D. L. Comins, A. B. Fulp, Org. Lett. 1999, 1, 1941-1943. 
53 Z. Zhao, L. Song, P. S. Mariano, Tetrahedron 2005, 61, 8888-8894. 
54 W. H. Pearson, W. Fang, J. Org. Chem. 2000, 65, 7158-7174. 
55 F. M. Cordero, B. B. Khairnar, P. Bonanno, A. Martinelli, A. Brandi, Eur. J. Org. Chem. 
2013, 22, 4879-4886. 
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Figure 1.5 - Codonopsine and Radicamine. 

 

Tylophorine, a phenantroindolizidine alkaloid, has been isolated from Tylophora 

indica, plant belonging to the family of Asclepiadaceae.56 Leaves of this plant 

have been used, in India, for the treatment of asthma, bronchitis, rheumatism, 

and dysentery. Tylophorine and its derivatives possess anti-inflammatory and 

antitumoral properties, and they target many enzymes such as thymidylate 

synthase and dihydrofolate reductase.57 A total synthesis of tylophorine has 

been reported by Comins and Morgan in 1991, starting from pyridine precursors 

via formation of N-acyldihydropyridons. These systems allowed to obtain a 

diaryl substituted indolizidine alkaloid, septicine, able to evolve in the final 

compound by oxidative coupling.58 A general synthetic method for the synthesis 

of benzofused indolizidine alkaloids has been developed starting from similar 

precursors.59 

 

 
56 E. Gellert, Alkaloids: Chemical and Biological Perspectives, Pelletier SW. New York: 
Academic Press; 1987, 55-132. 
57 S. Saraswati, P. K. Kanaujia, S. Kumar, A. A, Alhaider, Molecular Cancer 2013, 12:82 
58 D. L. Comins, L. A. Morgan, Tetrahedron Lett. 1991, 32, 5919-5922. 
59 D. L. Comins, K. Higuchi, Beilstein J. Org. Chem. 2007, 3, No. 42. 
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Figure 1.6 - Tylophorine and Septicine. 

 

Gephyrotoxin is a natural alkaloid in which the indolizidine moiety is condensed 

with a cyclohexane ring instead of a benzene. This alkaloid is a naturally 

occurring product secreted by the Colombian tropical frog Dendrobates 

histrionicus (Figure 1.7).60 

 

 

Figure 1.7 - Dendrobates histrionicus. 

 

 
60 M. Santarem, C. Vannucci-Bacqué, G. Lhommet, J. Org. Chem. 2008, 73, 6466-6469. 
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Gephyrotoxin is a member of the class of histrionicotoxins and has been isolated 

for the first time in 1977 by Daly and coworkers from the skin secretions of 

tropical frogs. This compound is a relatively non-toxic chemical. At first, it 

showed activity as slight muscarinic antagonist, but recent studies showed other 

interesting neurological activities. These new and interesting biological activities 

and the scarcity of both frogs and alkaloids in the frogs stimulated the search 

for new syntheses of such compounds. The first total synthesis of (+)-

gephyrotoxin was reported by Kishi and coworkers in 1981. They prepared 

gephyrotoxin by L-pyroglutammic acid in 18 steps (Scheme 1.8).61 

 

 

Scheme 1.8 - Total syntesis of (+)-gephyrotoxin by Kishi. 

 

1.1.6 Synthesis of benzoindolidine derivatives 
 

In 1983 Mariano and coauthors described the synthesis of a benzoindolizidine 

derivative by photochemical cyclization starting from N-prenylquinolinium 

perchlorate. Upon irradiation at ˂  > 310 nm of the methanolic solution of N-

prenylquinolinium perchlorate, immediate hydrogenation on PtO2 catalyst of 

the crude, neutralization, and chromatographic separation on silica gel, 

diastereomeric benzoindolizidines were obtained in 27% overall yield (Scheme 

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. Kishi, Tetrahedron Lett. 1981, 42, 4197-4198. 
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benzoindolizidine compounds. This phenomenon probably resulted from the 

extreme lability of the 1,2-dihydroquinoline ring that would be produced after 

deprotonation.  Another problem involves the formation of significant 

quantities of by-products, deriving from the cleavage of the C-N bond in the N-

prenylquinolinium perchlorate.62 

 

 

Scheme 1.9 - Photochemical synthesis of benzoindolizidines from N-prenylquinolinium 

perchlorate. 

 

Hill and coworkers described the photochemical synthesis of 1-hydroxy-1-

phenyl-benzo[e]indolizidine, starting from a suitable ketoamine (Scheme 1.10). 

The reaction involved a photochemical abstraction of hydrogen in h -position 

with respect to nitrogen, and the presence of a carbonyl group at opportune 

distance, allowoing the radical cyclization. The product was unfortunately 

unstable and difficult to purify.63 

 

 

Scheme 1.10 - Photochemical formation of benzoindolizidines from ketoamines. 

 
62 U. C. Yoon, S. L. Quillen, P. S. Mariano, R. Swanson, J. L. Stavinoha, E. Bay, J. Am. Chem. 
Soc. 1983, 105, 1204-1218. 
63 S. A. Ashraf, J. Hill, CΦ LƪƘƭŜŦΣ !Φ aΩIŀƳŜŘƛΣ IΦ WΦ ½ŜǊƛȊŜǊΣ Chem. Research (S) 1993, 266-
267. 
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In 1996 Bubnov et al. reported the synthesis of a benzoindolizidine via reductive 

allylation of quinoline. The synthesis consisted in the addition of allyl-

dipropylboron to positions 1 and 2 of the quinoline ring, followed by 

hydroboration with dipropylboron hydride. At this point the dihydroquinoline 

derivative was hydrogenated on Pd/SrCO3 and then oxidized with hydrogen 

peroxide in NaOH, to yield an aminoalcohol. At the end, treatment with PPh3 in 

CBr4 and then with NEt3, allowed to obtain benzoindolizidine in 55% yield 

(Scheme 1.11).64 

 

 

Scheme 1.11 - Benzoindolizidine synthesis via reductive allylation of quinoline. 

 

An analogous procedure to that applied by Zhou on pyridine derivatives46 has 

been used by Jorgensen to synthesize the non-natural compound (1R,2S,10aS)-

1,2-dihydroxy-1,2,3,5,10,10a-esahydrobenzo[f]indolizidine (1.14).44 The 

synthesis consisted in the use of the optically active N-oxide 1.11, obtained by 

Mukaiyama asymmetric aldol condensation of ketene silyl acetal with 

isoquinolinecarboxyaldehyde-N-oxide in the presence of chiral bisoxazoline 

Cu(II) complexes. The tricyclic system 1.13 obtained by N-oxide reduction, 

cyclization, and diastereoselective reduction of the intermediate pyridinium salt 

1.12, was converted into indolizidine derivative 1.14 (Scheme 1.12). 

 
64 Y. N. Bubnov, M. E. Gurskii, T. V. Potapova, Russ. Chem. Bull. 1996, 45, 2665-2667. 
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Scheme 1.12 - Jorgensen method for the synthesis of benzoindolizidine derivatives. 

 

Recently, enantiopure 2,3,5-trihydroxybenzo[e]indolizidine was synthesized by 

1,3-dipolar cycloaddition of a pyrroline N-oxide to 2-bromostyrene.55 Reductive 

ring opening of the isoxazolidine intermediate and cyclization using ¦ƭƭƳŀƴƴΩǎ 

conditions via copper-catalyzed aromatic amination of pyrroline derivatives led 

to the final product (Scheme 1.13). 
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Scheme 1.13 - Synthesis of trihydroxybenzo[e]indolizidine. 

 

***  

 

Recently our laboratory developed a new synthesis of racemic lentiginosine 

starting from the commercially available pyridine-2-carboxaldehyde.27 

Treatment with vinyl-magnesium bromide afforded 1-(2-pyridil)-2-propen-1-ol 

(1.15), which reacted easily with Br2 (or NBS) to give a couple of diastereomeric 

indolizinium salts (1.16a,b) via intramolecular nucleophilic substitution on the 

bromination intermediate. The cis diastereoisomer is less stable than the trans 

one (since it decomposes in reducing environment), but it isomerized 

quantitatively into the trans salt 1.16a by heating at 80 °C in water for 5 days. 

The trans salt was fully reduced to give two diastereomeric bromohydrins (1.17 

and 1.18, dr 1.5:1) resolved by chromatographic column. Bromohydrins was 

converted into the corresponding epoxides (1.19 and 1.20) by alkaline 


























































































































































































































































