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Abstract 

The development of organocatalytic and stereoselective reactions is an attractive tool for 

the synthesis of chiral organic molecules. The benefits compared to the metal or 

organometallic and enzymatic catalysis are for example the potential for saving cost, time and 

energy, enabling easier reaction conditions, minimization in chemical waste and lack of metal 

impurities in the chemical compound.  

The focus of this PhD thesis was the development of two organocatalytic and 

stereoselective reactions: the sulfa-Michael addition (SMA) and the Darzens condensation 

because they are interesting approaches for the synthesis of chiral drugs and, in the 

pharmaceutical industry, there are few Active Pharmaceuthical Ingredients (API) that are 

produced through  stereoselective SMAs and Darzens reactions catalysed by organocatalysts. 

Accordingly the thesis is organized in two parts: the first one concerning the sulfa-Michael 

reactions and the second one in which the studies on the Darzens reaction are described. Each 

part is self-consistent and presents the introduction, the scope of the study, the description and 

critical discussion of the results, the conclusions and the detailed description of the synthetic 

procedures and the characterization data of the products. Moreover some representative 

spectra are reported at the end of each part. References are reported as notes at the end of each 

page. The list of abbreviations used in the thesis is reported at the beginning of the thesis. 

In the field of sulfa-Michael addition (SMA), bifunctional hydrogen-bond donor (HBD) 

catalysis represents an approach for activating both the nucleophile and the electrophile 

reaction components. There are relatively few examples of stereoselective SMAs catalysed by 

bifunctional HBDs involving trans-chalcone (2) as Michael acceptor. 

In the context of HBD catalysts optimization, a survey of literature reports suggests that 

increasing the acidity of the NH thiourea protons have beneficial effects on reaction rates of a 

number of catalysed reactions. Prompted by this information, the comparative analysis, in a 

single experimental setting, of some HBD catalysts in stereoselective SMAs to trans-chalcone 

(2) was performed, Scheme 1.  
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Scheme 1 Comparative analysis of some HBD catalysts in stereoselective SMAs to trans-chalcone (2) 

studied during the PhD. 

We studied the effect of catalyst loading, solvent and temperature in the model reaction: 

the addition of phenylmethanethiol (1a) to trans-chalcone (2). With the optimised conditions, 

we comparatively evaluated, in a single experimental setting, the activity of some popular 

HBD catalysts in the stereoselective SMA of benzenethiol (1b), phenylmethanethiol (1a) and 

2-phenylethanethiol (1c) to trans-chalcone (2). Increasing the Brønsted acidity of the 

hydrogen bond donor unit gave, in some cases, faster reactions but had, in general, a negative 

impact on the stereoselectivity. The addition product 3b of benzenethiol (1b) to trans-

chalcone (2) was found to be stereochemically unstable, undergoing a retro-Michael reaction 

when left in the presence of the catalysts, such as in the case of a delayed work-up of the 

reaction mixture.  

Regarding the Darzens condensations, these reactions are most commonly run in the 

presence of strong anionic bases such as alkali metal hydroxides or alkoxides, sodium amide, 

LDA, LiHMDS or n-butyllithium, very often with pre-formation of the reactive ester enolate 

anion. To the best of our knowledge, there are no examples of Darzens reaction involving 

uncharged organobase. Prompted by this information, the suitability of óorganosuperbasesô 

with different pKBH
+ in the synthesis of Ŭ,ɓ-epoxycarbonyl compounds was assessed, Scheme 

2. 
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Scheme 2 Darzens condensation developed in the presence of óorganosuperbasesô V and VII . 

The reaction, under mild condition, proceeds in the presence of stoichiometric quantity of 

phosphazene P1-t-Bu V to give the corresponding cis- and trans-epoxides 3 in good yield and 

short reaction time. 

Although phosphazenes have great utility, both the problems of their stability and 

difficulties of their preparation make the identification of new superbases an important goal. 

To this end, cyclopropenimine VII , with a pKBH
+ similar to that of P1-t-Bu V, was tested. By 

using a stoichiometric quantity of ósuperbaseô VII , the epoxide 3 was obtained with up to 

34% yield and 1/0.85 d.r. cis/trans. By using a catalytic amount of ósuperbaseô VII  (30 

mol%), the Ŭ,ɓ-epoxycarbonyl compounds 3 were obtained with up to 86% yield and 1/0.6 

d.r. cis/trans; proving to be tolerant to both variations in the structure and electronic 

properties of the aromatic aldehydes and Ŭ-halo carbonyl compounds used. 
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Riassunto 

Le reazioni organocatalitiche e stereoselettive sono delle metodologie sintetiche utili per 

la sintesi di molecole chirali. I benefici rispetto alla catalisi metallica o organometallica ed 

enzimatica sono ad esempio il basso prezzo, il risparmio di tempo ed energia, condizioni di 

reazione semplici, la produzione di pochi rifiuti e lôassenza di impurezze metalliche nel 

composto desiderato. 

Il focus di questo dottorato è stato lo sviluppo di due reazioni organocatalitiche e 

stereoselettive: le addizioni di sulfa-Michael e le condensazioni di Darzens poiché 

rappresentano degli approcci sintetici interessanti per la sintesi di farmaci chirali e, 

nellôambito farmaceutico, ci sono pochi principi attivi (API) sintetizzati con reazioni di SMAs 

e/o di Darzens organocatalitiche e stereoselettive.  

Di conseguenza, la tesi è organizzata in due parti: la prima riguarda le reazioni di sulfa-

Michael e la seconda in cui sono descritti gli studi sulla reazione di Darzens. Ogni parte è 

auto-coerente e presenta l'introduzione, le finalità dello studio, la descrizione e la discussione 

dei risultati, le conclusioni, le procedure sintetiche utilizzate e i dati di caratterizzazione dei 

prodotti. Inoltre gli spettri rappresentativi sono riportati alla fine di ogni parte. I riferimenti si 

trovano come note alla fine di ogni pagina. L'elenco delle abbreviazioni utilizzate nella tesi è 

descritto all'inizio della tesi. 

Nellôambito delle addizioni di sulfa-Michael (SMAs), la catalisi mediata da molecole 

bifunzionali donatrici di legami ad idrogeno (HBD) rappresenta un approccio interessante per 

l'attivazione sia della componente nucleofila che di quella elettrofila di una reazione.  

Gli esempi di SMA stereoselettive catalizzate da HBD bifunzionali e aventi il trans-

calcone (2) come accettore di Michael sono pochi. 

Con lôobiettivo di ottimizzare lôattivit§ dei catalizzatori HBD, la letteratura suggerisce 

come l'aumento dell'acidità dei protoni tioureici NH abbia effetti positivi sulle velocità di 

alcune reazioni. Spinto da queste informazioni, si è deciso di eseguire un'analisi comparativa 

di alcuni catalizzatori HBD in SMA stereoselettive aventi il trans-calcone (2) come accettore 

di Michael, Schema 1. 

 



 

 

xii  

 

 

Schema 1 Addizioni di sulfa-Michael promosse da catalizzatori HBD studiate durante il dottorato. 

Allôinizio, abbiamo studiato l'effetto della quantitá di catalizzatore, del solvente e della 

temperatura nella reazione modello: l'addizione del fenilmetantiolo (1a) al trans-calcone (2). 

Successivamente, con le condizioni di reazione ottimizzate, abbiamo valutato la capacità di 

indurre stereoselezione da parte di alcuni catalizzatori HBDs nelle SMAs stereoselettive del 

benzentiolo (1b), fenilmetantiolo (1a) e 2-feniletantiolo (1c) al trans-calcone (2). L'aumento 

dell'acidità di Brønsted nella porzione donatrice di legami ad idrogeno ha dato, in alcuni casi, 

reazioni più rapide ma, in generale, ha avuto un impatto negativo sulla stereoselettività. 

Inoltre, il prodotto 3b, ottenuto dallôaddizione del benzentiolo (1b) al trans-calcone (2) è 

risultato stereochimicamente instabile, poiché subisce una reazione di retro-Michael quando 

lasciato in presenza di catalizzatori, come nel caso di un ritardato work-up della reazione. 

Per quanto riguarda le condensazioni di Darzens, generalmente, sono condotte in 

presenza di basi forti come idrossidi o alcossidi di metalli alcalini, sodio ammide, LDA, 

LiHMDS o n-butil litio. In letteratura, non ci sono esempi di reazioni di Darzens condotte in 

presenza di basi organiche neutre. Quindi, si è deciso di studiare la reazione di Darzens in 

presenza di basi organiche neutre aventi una diversa pKBH
+, Schema 2.  
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Schema 2 Reazione di Darzens sviluppata in presenza delle basi V e VII . 

 

La reazione, in presenza di una quantità stechiometrica di fosfazene P1-t-Bu V, genera gli 

epossidi cis e trans 3 con una buona resa e con un breve tempo di reazione. 

Tuttavia, sia i problemi di stabilità che le difficoltà di preparazione delle basi 

fosfazeniche, rendono importante lôobiettivo di identificare nuove superbasi. A tal fine, è stata 

valutata la ciclopropenimmina VII , con una pKBH
+ simile a quella di P1-t-Bu V. Con 

lôimpiego di una quantità stechiometrica di "superbase" VII , l'epossido 3 è stato ottenuto con 

una resa fino al 34% e 1/0.85 d.r. cis/trans. Usando una quantità catalitica di "superbase" VII  

(30 mol%), i composti Ŭ,ɓ-epossicarbonilici 3 sono stati ottenuti con una resa fino all'86% e 

1/0.6 d.r. cis/trans; dimostrando di essere tollerante sia alle variazioni strutturali che alle 

proprietà elettroniche delle aldeidi aromatiche e dei composti carbonilici impiegati.
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1.1 Introduction  

Organocatalysis,1 a catalytic method paralleling metal or organometallic2 and enzymatic 

catalysis,3 is a synthetic methodology based on the use of small organic molecules to catalyse 

organic transformations. The term was coined by MacMillan in 2000.4 The field of 

organocatalysis has evolved over the last two decades into an attractive tool for the synthesis 

of chiral organic molecules.5 

Multiple benefits compared with the other two catalytic areas have brought the 

acceptance of organocatalysis as a complementary branch of catalytic methods, with the 

potential for saving cost, time and energy, enabling easier reaction conditions, minimization 

in chemical waste and lack of metal impurities in the final product. In general, organic 

molecules are usually stable under aerobic conditions, so there is no need for ultra-dry 

reaction conditions and for special reaction glassware. A large number of organocatalysts are 

naturally available from biological sources as single enantiomers and/or easily synthesized 

from precursors present in nature. In addition, organocatalysts are often cheaper and less toxic 

than metal-based catalysts and, can be easily removed from waste streams. 

The activation mode of organocatalysts, Figure 1.1, occurs either through the transient 

formation of covalent bonds, such as in enamine,6 iminium6 and carbene catalyst,7 as well as 

through non-covalent interaction, such as in hydrogen bonding catalysis (e.g. thioureas,8 

squaramides9 and phosphoric acids10) or ionic interaction (e.g. phase-transfer catalysts11). 

Together, these catalytic events represent the repertoire of organocatalysts currently available. 

                                                           
1 a) Qin, Y.; Zhu, L.; Luo, S. Chem, Rev. 2017, 117, 9433; b) Zhan, G.; Du, W.; Chen, Y-C. Chem. Soc. Rev. 2017, 46, 1675; 

c) Bertelsen, S.; Jørgensen, K. A. Chem. Soc. Rev. 2009, 38, 217; d) MacMillan, D. W. C. Nature 2008, 455, 304. 
2 a) Liu, C.; Yuan, J.; Gao, M.; Tang, S.; Li, W.; Shi, R.; Lei, A. Chem. Rev. 2015, 115, 12138; b) Wencel-Delord, J.; 

Glorius, F. Nat. Chem. 2013, 5, 369; c) Díaz-Requejo, M. M.; Pérez, P. J. Chem. Rev. 2008, 108, 3379; d) Godula, K.; 

Sames, D. Science 2006, 312, 67. 
3 a) Lewis, J. C.; Coelho, P. S.; Arnold, F. H. Chem. Soc. Rev. 2011, 40, 2003; b) Schramm,V. L. Chem. Rev. 2006, 106, 

3029; c) Ramos, M. J.; Fernandes, P. A. Acc. Chem. Res. 2008, 41, 689; d) Callender, C.; Dyer, R. B. Acc. Chem. Res. 2015, 

48, 407; e) Oyama, S. T.; Somorjai, G. A. J. Chem. Educ. 1988, 65, 765; f) Hansen, D. E.; Raines, R. T. J. Chem. Educ. 

1990, 67, 483. 
4 Ahrendt, K. A.; Borths, C. J.; MacMillan, D. W. C. J. Am. Chem. Soc. 2000, 122, 4243. 
5 a) Alem§n, J.; Cabrera, S. Chem. Soc. Rev. 2013, 42, 774; b) Berkessel, A.; Grºger, H. Asymmetric Organocatalysis; 

Wiley-VCH: Weinheim, 2005. 
6 a) Nielsen, M.; Worgull, D.; Zweifel, T.; Gschwend, B.; Bertelsen, S.; Jorgensen, K. A. Chem. Commun. 2011, 47, 632; b) 

Erkkilä, A.; Majander, I.; Pihko, P. M. Chem. Rev. 2007, 107, 5416. 
7 Grossmann, A.; Enders, D. Angew. Chem. Int. Ed. 2012, 51, 314. 
8 a) Doyle,  A. G.; Jacobsen, E. N. Chem. Rev. 2007, 107, 5713; b) Schreiner, P. R. Chem. Soc. Rev. 2003, 32, 289. 
9 a) Alemán, J.; Parra, A.; Jiang, H., Jørgensen, K. A. Chem. Eur. J. 2011, 17, 6890; b) Storer, R. I.; Aciro, C.; Jone, L. H. 

Chem. Soc. Rev. 2011, 40, 2330. 
10 Terada, M. Curr. Org. Chem. 2011, 15, 2227. 
11 Maruoka, K. Asymmetric Phase Transfer Catalysis, Wiley-VCH: Weinheim, 2008. 
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Figure 1.1 Examples of activation mode of organocatalysts. 

1.2 Covalent organocatalysis 

In 1971, Parrish12 and Eder;13 developed independently a stereoselective intramolecular 

aldol reaction catalysed by proline (1). The activation mode of 1 was later explained by 

Barbas, Lerner and List, Scheme 1.1, in 2000 to occur via an enamine mechanism.14  

 

Scheme 1.1 Proline-enamine mechanism active during an organocatalytic process. 

The catalytic cycle starts with the nucleophilic attack of the chiral catalyst 1 to the 

aldehyde 2, forming the iminium-ion 3. The deprotonation of iminium-ion 3 generates the 

reactive nucleophilic enamine intermediate 4 that can attack an electrophile reforming the 

iminium-ion 5. The hydrolysis of the iminium-intermediate delivers the product 6 and the 

chiral catalyst, which is again available for another catalytic cycle. 

                                                           
12 Hajos, Z. G.; Parrish, D. R. German patent DE 2102623, 1971. 
13 Eder, U.; Sauer, G. R.; Wiechert, R. German patent DE 2014757, 1971. 
14 List, B.; Lerner, R. A.; Barbas, C. F. J. Am. Chem. Soc. 2000, 122, 2395. 
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Another example of covalent organocatalysis is the iminium-ion catalysis.6 Although the 

óhistoryô of iminium catalysis does not have a specific starting date; likely, the first process 

involving an iminium catalysis dates back to the discovery of the Knoevenagel 

condensation.15 

The designing, rather than discovering, of an iminium catalysis was developed by Mac-

Millan and co-workers in 2000.4 They hypothesized that the reversible formation of iminium 

ions from Ŭ,ɓ-unsaturated aldehydes and chiral amines might emulate the equilibrium 

dynamics and ́-orbital electronics that are inherent to Lewis acid catalysis. To test this 

hypothesis, they investigated the ability of the chiral imidazolidinone 9 to catalyse the 

stereoselective Diels-Alder reaction between the Ŭ,ɓ-unsaturated aldehyde 7 and diene 8, 

Scheme 1.2. The reaction provided cyclic endo-10 with good stereoselectivity. The catalyst 9 

and aldehyde 7 form, preferentially, the iminium ion E-11 where the Ŭ-hydrogen is far away 

from the geminal methyl groups of imidazolidinone 9. Therefore, the most favourable 

transition state leads to endo-10. 

 

Scheme 1.2 Diels-Alder reaction catalysed by imidazolidinone 9 via iminium ion mechanism. 

In addition to the imidazolidinone 9 family, others chiral amines were developed as 

iminium catalysts e.g. the diarylprolinol silyl ethers 12 and the diamine 13 derived from 

Cinchona alkaloids, Figure 1.2.16 

                                                           
15 Knoevenagel, E. Chem. Ber. 1894, 27, 2345. 
16 a) Marigo, M.; Wabnitz, T. C; Fielenbach, D.; Jørgensen, K. A. Angew. Chem., Int. Ed. 2005, 44, 794; b) Hayashi, Y.; 

Gotoh, H.; Hayashi, T.; Shoji, M. Angew. Chem., Int. Ed. 2005, 44, 4212; c) Chen, W.; Du, W.; Yue, L.; Li, R.; Wu Y.; Ding, 

L-S.; Chen, Y.-C. Org. Biomol. Chem. 2007, 5, 816. 
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Figure 1.2 Examples of iminium organocatalysts. 

Among the portfolio of covalent organocatalysis, N-heterocyclic carbenes (NHCs), 

inspired by thiamine-dependent enzymatic processes, have emerged as powerful and versatile 

catalysts.17 The first activation mode of NHCs was described by R. Breslow in the benzoin 

condensation catalysed by the thiazolium salt 14, Scheme 1.3.18 The deprotonation of 

thiazolium 14 generates the nucleophilic thiazolylidene compound 15. The addition of the 

catalyst 15 to the aldehyde 2 gives the óBreslow-intermediateô 16 which can react with 

another aldehyde 2 to give Ŭ-hydroxy-ketone 18. 

 

Scheme 1.3 NHCs and Breslow intermediate 16. 

                                                           
17 a) Nair, V.; Vellalath, S.; Babu, B. P. Chem. Soc. Rev. 2008, 37, 2691; b) Ryan, S. J.; Candish, L.; Lupton, D. W. Chem. 

Soc. Rev. 2013, 42, 4906; c) Menon, R. S.; Biju, A. T.; Nair, V. Chem. Soc. Rev. 2015, 44, 5040; d) Wang, M. H.; Scheidt, K. 

A. Angew. Chem. Int. Ed. 2016, 55, 2.  
18 Breslow, R. J. Am. Chem. Soc. 1958, 80, 3719. 
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The three catalytic covalent-mechanisms reported above represent the most investigated 

strategies for the stereoselective synthesis of chiral compounds and they have seen 

tremendous development in recent years. 

1.3 Non-covalent organocatalysis 

In the 1981, Wynberg reported that Cinchona-alkaloid 21 catalyses the stereoselective 

addition of thiophenol 19 to the cyclic enone 20, Scheme 1.4, eq. 1, suggesting that the 

activation of the substrate and the organization of the transition state occur through hydrogen-

bonding interactions.19 However, the understanding of H-bonding catalysis was expanded in 

the late 1990s only, when Jacobsen,20 Scheme 1.4, eq. 2, and Corey,21 Scheme 1.4, eq. 3, 

independently developed a stereoselective Strecker reaction in the presence of hydrogen-

bonding organocatalysts 25 or 28 that activate the electrophilic component of the reaction. 

 

Scheme 1.4 Application of hydrogen-bonding organo-catalysts in stereoselective synthesis. 

                                                           
19 Hiemstra, H.; Wynberg, H. J. Am. Chem. Soc. 1981, 103, 417. 
20 Sigman, M.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120, 4901. 
21 Corey, E. J.; Grogan, M. J. Org. Lett. 1999, 1, 157. 
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Subsequently, Jacobsen explained the activation mode of thiourea organocatalysts 

through NMR, kinetic, structure-activity relationship and theoretical studies, Figure 1.3.22 In 

particular, the two urea protons form a dual H-bond interaction with the nitrogen atom of the 

enamine.  

 

Figure 1.3 Activation mode of thiourea via H-bond interaction. 

The investigation of Jacobsen has been crucial to understand this powerful activation 

mode and prompted the design and development of new chiral hydrogen bond donor (HBD) 

catalysts, Figure 1.4. The HBD catalysts discovered have a diversified range of structural and 

functional frameworks with different pKa of the HBD unit and, potentially, able to catalyse a 

large number of reactions.23 

 

Figure 1.4 Example of some popular HBDs catalysts. 

Among non-covalent organocatalytic methods, the last example reported is the phase-

transfer catalysis (PTC). The first successful application of a chiral PTC was developed by 

Merck research group for the synthesis of indacrinone 33, Scheme 1.5.24 In particular, they 

developed the stereoselective alkylation of compound 30 in the presence of the Cinchona-

based quaternary ammonium salts 31 to afford the product 32 in 95% yield with 92% ee. The 

quaternary Cinchona-ammonium cation 31 forms a nucleophilic ionic complex with the anion 

30a, generated by deprotonation with NaOH at the interphase of the organic and aqueous 

phases. The nucleophilic ionic complex 30b then reacts with the electrophile to provide the 

product 32 leaving the catalyst 31 free in the organic phase.  

                                                           
22 Vachal, P.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 10012. 
23 a) Doyle, A.; Jacobsen, E. N. Chem. Rev. 2007, 107, 5713; b) Auvil, T. J.; Schafer, A. G.; Mattson, A. E. Eur. J. Org. 

Chem. 2014, 2633. 
24 Dolling, U.-H.; Davis, P.; Grabowski, E. J. J. J. Am. Chem. Soc. 1984, 106, 446. 
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Scheme 1.5 PTC synthesis of indacrinone 33. 

Since PTC was introduced, various types of natural and non-natural product derived 

chiral PT catalysts were introduced, such as Cinchona-ammonium salt 34, binaphthyl-

modified salt 35 and chiral crown ether 36, Figure 1.5.25 

 

Figure 1.5 Example of some popular PT catalysts.

                                                           
25 a) Maruoka, K. Org. Process Res. Dev. 2008, 12, 679; b) Jew, S.; Park, H. Chem. Commun. 2009, 7090; c) Shirakawa, S.; 

Maruoka, K. Angew. Chem. Int. Ed. 2013, 52, 2. 
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2.1 Organosulfur drugs in the pharmaceutical industry 

Organosulfur compounds are widely present in nature and various biological systems. 

Cysteine 1, Figure 2.1, is involved in the biochemical pathway of almost all living 

organisms,26 furthermore, synthetic organosulfur compounds, Figure 2.1, are of significant 

potential in pharmaceutical science, serving, for instance, as antibiotic, antidepressant and 

antiasthma agents.27 In this respect it is interesting to note that all of the top ten selling drugs 

in 2012 were organosulfur compounds.28 

 

Figure 2.1 Example of biologically active organosulfur compounds present in nature and organosulfur 

drugs. 

Sulfur containing drug may present several functional groups involving the sulfur atom 

namely sulfonamides, thioethers, sulfoxides and sulfones.29 Sulfonamide drugs were the first 

antibiotics to be used systemically, and paved the way for the new antibiotic revolution in 

medicine. Nevertheless, antibiotics are not the only drugs derived from sulfonamides. For 

example, cyclothiazide 2, Figure 2.1, is a diuretic and antihypertensive drug that was 

                                                           
26 Fra¼sto da Silva, J. R.; Williams, R. J. P. The Biological Chemistry of the Elements; Oxford University Press: New York, 

2001. 
27 a) Nudelman, A. The Chemistry of Optically Active Sulfur Compounds; Gordon and Breach: New York, 1984; b) Sulphur-

Containing Drugs and Related Organic Compounds; Damani, L. A., Ed.; Wiley: New York, 1989. 
28 http://www.genengnews.com/insight-and-intelligenceand153/top-20-best-selling-drugs-of 2012/77899775/?page=2. 
29 Feng, M.; Tang, B.; Liang, S. H.; Jiang, X. Curr. Top. Med. Chem. 2016, 16, 1200. 
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originally introduced in the United States in 1963 by Eli Lilly. The total synthesis, Scheme 

2.1, includes the synthesis of sulfonamides 12 and the subsequent cyclization with aldehyde 

13 to afford cyclothiazide 2.30 

 

Scheme 2.1 Total synthesis of cyclothiazide 2. 

Other relevant sulfur containing drug is dorzolamide 3, Figure 2.1, first drug based on 

drug design and used to treat glaucoma.31 Recently, Zach System developed a stereoselective 

process for the preparation of compound 14 as an intermediate in the preparation of 

dorzolamide 3, Scheme 2.2.32 In particular, the oxidation of sulfide 14 gave keto-sulfone 15 

which was reduced to the hydroxyl compound 16. Subsequently, the Ritter reaction generated 

N-acetyl compound 17 which was transformed to the amine 18. Finally, the salification gave 

the desired dorzolamide 3.  

 

Scheme 2.2 Synthesis of dorzolamide 3. 

Well-known antibiotics containing sulfur atom are the penicillins, e.g. 4, Figure 2.1, that 

play a significant role in fighting against syphilis, or infections caused by staphylococci and 

                                                           
30 Whitehead, C. W.; Traverso, J. J.; Sullivan, H. R. Marshall, F. J. J. Org. Chem. 1961, 26, 2814. 
31 Ponticello, G. S.; Sugrue, M. F.,; Plazonnet, B.; Durand-Cavagna, G. Pharm. Biotechnol. 1998, 11, 555. 
32 Volpicelli, R.; Nardi, A.; Andretto, M.; Munari, I.; Brescello, R.; Smaniotto, A.; Cotarca, L.; Verzini, M. WO 

2014/005943, 2014. 
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streptococci. Though certain kinds of bacteria are resistant to penicillins, they are still popular 

antibiotics in the treatment of bacterial infections caused by susceptible, usually Gram-

positive, organisms.33 Penicillin is a secondary metabolite of certain species of Penicillium 

and is produced when growth of the fungi is inhibited by stress. It is not produced during 

active growth. The mass production of penicillins is mainly based on biosynthesis and 

semisynthesis. The first chemical synthesis of penicillin was accomplished by John C. 

Sheehan in 1957.34 Although the initial synthesis developed by Sheehan was not appropriate 

for mass production, one of the intermediate compounds, 6-aminopenicillanic acid (6-APA), 

was the nucleus of penicillin. It can be obtained from the fermentation brew of the Penicillium 

mold and used as the main building block for the preparation of several semisynthetic 

penicillins.35 

Going back to Figure 2.1, in 1988, the company Eli Lilly developed duloxetine 5, 

registered trademark Cymbalta, a potent inhibitor of the serotonin and norepinephrine uptake 

carriers.36 It is used for the treatment of depression, obesity, and alcoholism.37 The 

stereoselective synthesis includes four-stages, Scheme 2.3.38 In particular, ketone 20 was 

obtained from 2-acetylthiophene (19) via Mannich reaction. Subsequently, the stereoselective 

reduction of 20 gave the alcohol 22 which was used for the alkylation with 1-

fluoronaphthalene (23) to afford compound 24. Finally, N-methyl dealkylation generated the 

desired drug 5 with a 60% overall yield. 

 

Scheme 2.3 Total synthesis of duloxetine 5. 

                                                           
33 Garrod, L. P. Br. Med. J. 1960, 1, 527. 
34 Sheehan, J. C.; Henery, L.; Kenneth, R. J. Am. Chem. Soc. 1957, 79, 1262. 
35 Cole, M. Appl. Microbiol. 1966, 14, 98. 
36 a) Robertson, D. W.; Wong, D. T.; Krushinski, J. H. Jr. Eur. Pat. Appl. EP273658, 1988; b) Wong, D. T.; Robertson, D. 

W.; Bymaster, F. P.; Krushinski, J. H.; Reid, L R. Life Sciences 1988, 43, 2049. 
37 Robertson, D. W.; Krushinski, J. H.; Fuller, R. W.; Leander, J. D. J. Med. Chem. 1988, 31, 1412. 
38 Deeter, J.; Frazier, J.; Staten, G.; Staszak, M.; Weigel, L. Tetrahedron Lett. 1990, 31, 7101. 
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Among drugs used against acid-related diseases, AstraZeneca developed esomeprazole 7, 

Figure 2.1, the (S)-enantiomer of omeprazole, an inhibitor of the gastric acid pump H+/K+-

ATPase.39 Having considered different synthetic routes,40 they realised that the most attractive 

approach was the stereoselective oxidation of sulfide 25 to the corresponding sulfoxide, 

Scheme 2.4.41 

 

Scheme 2.4 Stereoselective oxidation of sulfide 25 in the synthesis of esomeprazole 7. 

Specifically, sulfide 25 was converted into esomeprazole 7 by using diethylïL-tartrate/ 

titanium (IV) isopropoxide/water in toluene and then, N,N-diisopropyethylamine and cumene 

hydroperoxide were added to the reaction mixture. After work-up, the isolated product 7 was 

obtained with 94% ee. 

In the early 1990s, Merck group discovered Montelukast 8, Figure 2.1, registered 

trademark Singulair, a leukotriene D4 receptor antagonist (LTD4) used for the prophylaxis 

and chronic treatment of asthma.42 Different chemical syntheses were reported for the 

preparation of Montelukast 8.43 In principle, the crucial step, in all syntheses, is the formation 

of the chemical bond between carbon and sulfur atoms.  

The first method reported required the use of methanesulfonyl derivate 26 and thiol 27 in 

the key synthetic step, Scheme 2.5.44 Subsequently, deprotection of the hydroxyl group with 

pyridinium p-toluene sulfonate (PPTS), hydrolysis of the methyl ester and purification of 

crude compound gave the sodium salt 8a.  

                                                           
39 a) Lindberg, P.; Brändström, A.; Wallmark, B.; Mattsson, H.; Rikner, L.; Hoffman, K.-J. Med. Res. Rev. 1990, 10, 1; b) 

Fellenius, E.; Berglindh, T.; Sachs, G.; Olbe, L.; Elander, B.; Sjöstrand, S.-E.; Wallmark, B. Nature 1981, 290, 159; c) von 

Unge, S.; Langer, V.; Sjölin, L. Tetrahedron: Asymmetry 1997, 8, 1967. 
40 Carlsson, E. I.; Junggren, U. K.; Larsson, H. S.; von Wittken Sundell, G. W. Patent appl. EP 074341, 1981. 
41 Cotton, H.; Elebring, T.; Larsson, M.; Li, L.; Sörensen, H.; von Unge, S. Tetrahedron: Asymmetry 2000, 11, 3819. 
42 a) Schoors, D. F.; De Smet, M.; Reiss, T.; Margolskee, D.; Cheng, H.; Larson, P.; Amin, R.; Somers, G. Br. J. Clin. 

Pharmacol. 1995, 40, 277; b) Markham, A.; Faulds, D. Drugs 1998, 56, 251; c) Noonan, M. J.; Chervinsky, P.; Brandon, M.; 

Zhang, J.; Kundu, S.; Mcburney, J.; Reiss, T. F. Eur. Respir. J. 1998, 11, 1232. 
43 Halama, A.; Jirman, J.; Bouġkov§, O.; Gibala, P.; Jarrah, K. Org. Process Res. Dev. 2010, 14, 425. 
44 Labelle, M.; Belley, M.; Gareau, Y.; Gauthier, J. Y.; Guay, D.; Gordon, R.; Grossman, S. G.; Jones, T. R.; Leblanc, Y. 

Bioorg. Med. Chem. Lett. 1995, 5, 283. 

https://en.wikipedia.org/wiki/Leukotriene_receptor_antagonist
https://en.wikipedia.org/wiki/Asthma
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Scheme 2.5 Key steps in the total synthesis of Montelukast 8. 

In the same years, the Takeda company identified pioglitazone 9, Figure 2.1, a 

benzylthiazolidinedione derivative approved with the brand name Actos and used for the 

treatment of diabetes.45 Pioglitazone 9 stimulates peroxisome proliferator-activated receptor 

gamma (PPARɔ) in order to modulate the transcription of the insulin sensitive genes that are 

involved in biochemical pathways of glucose and lipids.46  

The original chemical synthesis of pioglitazone 9 is shown in Scheme 2.6.47 The 

chemical route involved activation of 5-ethyl-2-pyridyl ethanol (29) as p-toluene sulfonyl 

ester to obtain intermediate 30. Subsequently, this intermediate was reacted with the 

nucleophilic p-hydroxybenzaldehyde 31 in the presence of sodium hydroxide affording 

compound 32. The Knoevenagel reaction between intermediate 32 and thiazolidinedione 33 

gave compound 34 which was reduced in the presence of Pd/C/H2 yielding the desired 

compound 9. 

                                                           
45 Momose, Y.; Meguro, K.; Ikeda, H.; Hatanaka, C.; Oi, S.; Sohda, T. Chem. Pharm. Bull. 1991, 39, 1440. 
46 a) Le, A.; Pucko, W.; Szelejewski, W. Org. Process Res. Dev. 2004, 8, 157,; b) Colca, J. R.; McDonald, W. G.; Waldon, 

D. J.; Leone, J. W.; Lull, J. M.; Bannow, C. A.; Lund, E. T.; Mathews, W. R. Am. J. Physiol. Endocrinol. Metab. 2004, 286, 

60; c) Paddock, M. L.; Wiley, S. E.; Axelrod, H. L.; Cohen, A. E.; Roy, M.; Abresch, E. C.; Capraro, D.; Murphy, A. N.; 

Nechushtai, R.; Dixon, J. E.; Jennings, P. A. Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 14342. 
47 Meguro, K.; Fujita, T.; Hatanaka, C.; Ooi, S. U.S. Patent 4,812,570, 1989. 
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Scheme 2.6 Total synthesis of pioglitazone 9. 

Among organo-sulfur drugs, the last example reported is diltiazem 10, Figure 2.1, a 

calcium antagonists used for the treatment of angina and hypertension.48 Among diversified 

synthetic approaches, methyl (2R,3S)-3-(4-methoxyphenyl)glycidate (35), Scheme 2.7, was 

recognized as a key intermediate for the chemical synthesis of diltiazem 10.49 In particular, 

the epoxide opening with 2-aminothiophenol (36) and the cyclization in the presence of 

methanesulfonic acid gave benzothioazepine 38 in 80% yield and >99% ee. Finally, 

alkylation and acetylation yielded the final product 10.50 

                                                           
48 a) Inoue, H.; Takeo, S.; Kawazu, M.; Kugita, H. Yakugaku Zasshi 1973, 93, 729; b) Nagao, T.; Sato, M.; Nakajima, H.; 

Kiyomoto, A. Chem. Pharm. Bull. 1973, 21, 92; c) Abe, K.; Inoue, H.; Nagao, T. Yakugaku Zasshi 1988, 108, 716. 
49 a) Kugita, H.; Inoue, H.; Ikezaki, M.; Takeo, S. Chem. Pharm. Bull. 1970, 18, 2028; b) Kugita, H.; Inoue, H.; Ikezaki, M.; 

Konda, M.; Takeo, S. Chem. Pharm. Bull. 1970, 18, 2284; c) Kugita, H.; Inoue, H.; Ikezaki, M.; Konda, M.; Takeo, S. Chem. 

Pharm. Bull. 1971, 19, 595; d) Hashiyama, T.; Inoue, H.; Konda, M.; Takeda, M. J. Chem. Soc., Perkin Trans 1. 1984, 1725; 

e) Hashiyama, T.; Inoue, H.; Takeda, M.; Aoe, K.; Kodera, K. J. Chem. Soc., Perkin Trans. 1 1985, 421. 
50 Synthelabo, US Patent 5,013,835, 1991. 
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Scheme 2.7 Total synthesis of diltiazem 10. 
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2.2 The world of sulfur -chemistry reactions 

The organo-sulfur chemistry occupies a prominent position in the race for the synthesis 

of valuable chemical substances, indeed, organosulfur compounds are widely present in 

nature and living organisms where they are pivotal compounds in many biochemical 

processes. Moreover, several scaffolds for fine chemicals and drugs contain sulfur functional 

groups in their structure as presented in Section 2.1. 

Relevant functional groups presenting the sulfur atom are depicted in Figure 2.2 and they 

are: thiols (a), disulfides (b), sulfonium salts (c), sulfoxides (d), sulfones (e), sulfonic acids 

(f), thioacetals (g) and thioacids (h), and sulfonamides (i).51 

 

Figure 2.2 Some representative sulfur functional groups. 

The chemistry of sulfur functional groups is very rich and it is out of the scope of this 

chapter to overview such a large part of chemistry. However, in the following sections some 

reactions involving thiols or sulfur electrophiles and related to the research work of this PhD 

thesis such as nucleophilic substitution, addition and condensation reactions are presented and 

discussed. 

 

2.2.1 Thiols as nucleophiles 

Thiols operate as nucleophiles in two main types of reactions: either substitutions or 

additions to a multiple bond, Scheme 2.8.52  

The substitution type reaction is not restricted to carbon centres, either aliphatic or 

aromatic, but includes also the main group and transition elements. 

Among the different methods to form the carbon-sulfur bond, the direct substitution of 

leaving groups such as halides, sulfonates, O-phosphinite, etc., Scheme 2.8, Eq.1; by a sulfur 

nucleophile represents an interesting approach for the C-S bond formation.53 

                                                           
51 Rayner, C. M.; Philip, P. Organosulfur Chemistry, Ed.; Academic Press: 1995. 
52 Peach, M. E. The Chemistry of the Thiol Group, Patai, S., Ed.; John Wiley & Sons Ltd.: 1974. 
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Scheme 2.8 Examples of reactions involving thiols as nucleophiles. 

For example, the ability of sulfonates as leaving groups has allowed the preparation of 

tertiary thiols such as Ŭ-thio-esters 42, Scheme 2.9. The displacement of the mesylate leaving 

group by thiophenol occurs via SN2 mechanism. Specifically, the presence of the Ŭ-ester 

group of 41 inhibits carbocation formation and the planar ester group creates minimal steric 

hindrance for the nucleophile approach.54 

 

Scheme 2.9 Synthesis of Ŭ-thio-esters 42. 

Sulfur-based nucleophiles have been employed in nucleophilic ring opening of epoxides, 

Scheme 2.8, Eq. 2.55 As mentioned in the synthesis of diltiazem 10, Scheme 2.7, under 

thermal conditions, the reaction of 2-aminothiophenol (36) with the glycidic ester 35 proceeds 

with retention of configuration at the stereocenter C-3. The thiol 36 protonates the epoxide 35 

from the proximal side of a plane defined by the four atoms attached to it, Scheme 2.10. The 

ring opening is facilitated by the p-methoxy group, leading to the resonance-stabilized p-

                                                                                                                                                                                     
53 Procter, D. J. J. Chem. Soc., Perkin Trans. 1 2001, 335. 
54 Weaver, J. D.; Morris, D. K.; Tunge, J. A. Synlett  2010, 470. 
55 López, I.; Rodríguez, S.; Izquierdo, J.; González, F. V. J. Org. Chem. 2007, 72, 6614. 
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methoxy quinone cation 43. The stereochemistry observed can be explained if the 

disappearance of the ion pair is faster than migration of thiolate 36a.56 

 

Scheme 2.10 Mechanism of ring opening 35 in the presence of thiol 36. 

Other important substitution reactions for the formation of C-S bonds are the cross-

coupling transformations, Scheme 2.8, Eq. 3.57 In 2003, Campagne and co-workers developed 

the arylation of cysteine derivative 44, Scheme 2.11, Eq.1.58 The reactions were carried out in 

the presence of Pd2dba3/dppf system and aryl iodide 45. This study is of interest because it 

allows accessing to biologically active molecules containing the cysteine core. The same 

catalytic condition was used for the synthesis of Isoaliin 49, the main sulfur compound found 

in onions Allium cepa, Scheme 2.11, Eq.2.59 The mechanism of the cross-coupling reaction of 

cysteine derivative was studied using both 31P NMR spectroscopy and electrochemical 

experiments.60 

 

Scheme 2.11 Synthesis of cysteine derivatives via cross-coupling reaction. 

                                                           
56 Schwartz, A.; Madan, P. B.; Mohacsi, E.; O`Brien, J. P.; Todaro, L. J.; Coffen, D. L. J. Org. Chem. 1992, 57, 851. 
57 Beletskaya, I. P.; Ananikov, V. P. Chem. Rev. 2011, 111, 1596. 
58 Moreau, X.; Campagne, J. J. Organomet. Chem. 2003, 687, 322. 
59 Namyslo, J.; Stanitzek, C. Synthesis 2006, 3367.  
60 Moreau, X.; Campagne, J. M.; Meyer, G.; Jutand, A. Eur. J. Org. Chem. 2005, 3749. 
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Thiols operate as nucleophiles also in addition reactions, Scheme 2.8, Eq.4 and Eq.5.61 

For example, this reaction was used for the synthesis of heterocycles such as benzothiazoles 

51, Scheme 2.12. Bao and co-workers developed the cyclization reaction of 2-

aminothiophenol (36) with ɓ-diketones 50 in the presence of the TsOH·H2O as Brønsted acid 

providing various 2-substituted benzothiazoles 51 in good to excellent yields (51ī92%).62 

 

Scheme 2.12 Synthesis of benzothiazoles 51. 

In 2007, Ananikov and co-workers developed the additions of sulfur nucleophiles to the 

carbonīcarbon triple bonds, Scheme 2.13. They demonstrated that Pd nanoparticles catalysed 

the regioselective addition of cyclohexane thiol 52 to alkyne 53 providing the vinyl sulfide 54 

in good yield and selectivity.63 

 

Scheme 2.13 Addition of thiols to C-C triple bonds. 

2.2.2 Electrophilic sulfur reagents 

Electrophilic sulfur reagents has been known since the 1960s in the context of the studies 

of the mechanism of the electrophilic additions of chalcogenides to carbon-carbon double and 

triple bonds. The intermediates thiiranium ions, also named episulfonium ions, and thiirenium 

ions were isolated and characterized by X-Ray analysis when the alkene or alkyne present 

                                                           
61 Chauhan, P.; Mahajan, S.; Enders, D. Chem. Rev. 2014, 114, 8807. 
62 Mayo, M. S.; Yu, X.; Zhou, X.; Feng, X.; Yamamoto, Y.; Bao, M. Org. Lett. 2014, 16, 764. 
63 Ananikov, V. P.; Orlov, N. V.; Beletskaya, I. P.; Khrustalev, V. N.; Antipin, M. Y.; Timofeeva, T. V. J. Am. Chem. Soc. 

2007, 129, 7252. 
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very bulk substituents.64 Thiiranium ions are comparable to epoxides and aziridinium ions in 

their ability to undergo ring opening with a variety of nucleophiles, Scheme 2.14. Thiiranium 

ions are generated from reaction of alkenes with electrophilic sulfur reagents, such as sulfenyl 

halides, thiosulfonium salts, and sulfenamides.65 Despite the high reactivity of thiiranium 

ions, they are stable at low temperature and undergo stereospecific ring opening via SN2 

mechanism by nucleophiles, providing the anti-sulfenofunctionalized products.66 

 

Scheme 2.14 Sulfenilation of an alkene via the intermediate thiiranium ion. 

Few examples are reported for the stereoselective sulfeno-functionalization reactions via 

thiiranium ions. In 1994, Pasquato and co-workers described the first example of 

stereoselective sulfeno-amination of trans-3-hexene (55) in the presence of a stoichiometric 

amount of S-methylthiobinaphthyl-derivative 56, Scheme 2.15. Opening of thiiranium ion 

with acetonitrile in the presence of water generated product 57 in 80% yield with 86% ee. The 

lower temperature (-78 °C) led to product 57 with higher enantiomeric purity, consistent with 

the temperature dependence on the thiiranium stability.67 

 

Scheme 2.15 Stereoselective sulfeno-functionalization reaction developed by Pasquato. 

                                                           
64 a) Schmid, G. H.; Garratt, D. G. The Chemistry of Double- Bonded Functional Groups; John Wiley & Sons: London, 197; 

b) Capozzi, G.; Modena, G.; Pasquato, L. In The Chemistry of Sulphenic Acids and Their Derivatives; Patai, S., Ed.; John 

Wiley & Sons, Ltd.: West Sussex, UK, 1990; pp 403ī516. 
65 Destro, R.; Lucchini, V.; Modena, G.; Pasquato, L. J. Org. Chem. 2000, 65, 3367. 
66 a) Fachini, M.; Lucchini, V.; Modena, G.; Pasi, M.; Pasquato L. J. Am. Chem. Soc. 1999, 121, 3944; b) Denmark, S. E.; 

Vogler, T. Chem. Eur. J. 2009, 15, 11737. 
67 Lucchini, V.; Modena, G.; Pasquato, L. J. Chem. Soc., Chem. Commun. 1994, 1565. 
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After this publication and in the same year, Rayner reported the intramolecular ring 

opening of thiiranium ions generated from the chiral methylthio-sulfonium salt 59 to yield 

benzoxazine 60 with good yield and low stereoselectivity, Scheme 2.16.68 

 

Scheme 2.16 Stereoselective sulfeno-functionalization reaction developed by Rayner. 

Only 20 years later, Denmark and co-workers developed an organocatalytic and 

stereoselective sulfenofunctionalization reaction in the presence of selenophosphoramide 63 

as catalyst, Scheme 2.17.69 The catalytic cycle initiates with the sulfenylation of the 

selenophosphoramide Lewis base 63 mediated by MsOH to generate the catalytically active 

intermediate 64. Subsequently, the arylsulfenyl group is transferred to the alkene 65, forming 

the enantiomerically enriched thiiranium ion 66. Its stereospecific ring opening by the 

nucleophile 67 delivers the product 68 and regenerates catalyst 63. Products were obtained 

with good or very good chemical yields and excellent enantiomeric excess. 

 

Scheme 2.17 Catalytic cycle involving the chiral selenophosphoramide 63. 

                                                           
68 Archer, N. J.; Rayner, C. M.; Bell, D.; Miller, D. Synlett 1994, 1994, 617. 
69 Denmark, S. E.; Hartmann, E.; Kornfilt, D. J. P.; Wang, H. Nat. Chem. 2014, 6, 1056. 


