
 

 

 

ENANTIOSELECTIVE SULFA-MICHAEL ADDITION TO TRANS-

CHALCONE DERIVATIVES WITH QUININE DERIVED BIFUNCTIONAL 

ORGANOCATALYSTS 

 

 

 

 

 

A THESIS SUBMITTED TO 

THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

OF 

MIDDLE EAST TECHNICAL UNIVERSITY 

 

 

 

 

 

 

 

BY 

 

DENİZ TÖZENDEMİR 

 

 

 

 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR 

THE DEGREE OF DOCTOR OF PHILOSOPHY 

IN 

CHEMISTRY 

 

 

 

 

 

 

 

DECEMBER 2020





 

 

 

Approval of the thesis: 

 

ENANTIOSELECTIVE SULFA-MICHAEL ADDITION TO TRANS-

CHALCONE DERIVATIVES WITH QUININE DERIVED 

BIFUNCTIONAL ORGANOCATALYSTS 

 

submitted by DENİZ TÖZENDEMİR in partial fulfillment of the requirements for 

the degree of Doctor of Philosophy in Chemistry, Middle East Technical 

University by, 

 

Prof. Dr. Halil Kalıpçılar  

Dean, Graduate School of Natural and Applied Sciences 

 

 

Prof. Dr. Cihangir Tanyeli 

Head of the Department, Chemistry 

 

 

Prof. Dr. Cihangir Tanyeli  

Supervisor, Chemistry, METU 

 

 

 

 

Examining Committee Members: 
 

Prof. Dr. Metin Zora 

Chemistry, METU 

 

 

Prof. Dr. Cihangir Tanyeli 

Chemistry, METU 

 

 

Prof. Dr. Özdemir Doğan 

Chemistry, METU 

 

 

Prof. Dr. Aliye Alaylı Altundaş 

Chemistry, Gazi University 

 

 

Assist. Prof. Dr. Yunus Emre Türkmen 

Chemistry, Bilkent University 

 

 

 

Date: 28.12.2020 

 



 

 

iv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I hereby declare that all information in this document has been obtained and 

presented in accordance with academic rules and ethical conduct. I also declare 

that, as required by these rules and conduct, I have fully cited and referenced 

all material and results that are not original to this work. 

 

  

Name, Last name : Deniz Tözendemir 

Signature : 

 

 



 

 

v 

 

ABSTRACT 

 

ENANTIOSELECTIVE SULFA-MICHAEL ADDITION TO TRANS-

CHALCONE DERIVATIVES WITH QUININE DERIVED 

BIFUNCTIONAL ORGANOCATALYSTS 

 

 

Tözendemir, Deniz 

Doctor of Philosophy, Chemistry 

Supervisor: Prof. Dr. Cihangir Tanyeli 

 

 

December 2020, 181 pages 

 

 

The use of organocatalysts has brought profound advantages in the context of 

asymmetric synthesis, in terms of ease of use and better compatibility with the 

environment. More than 20 organocatalysts of four different classes (squaramide, 

urea, thiourea, and sulfonamide) have been developed and used to catalyze various 

asymmetric reactions in our research group. In this thesis, asymmetric sulfa-Michael 

type additions were carried out in the presence of cinchona alkaloid derived 

squaramide and sulfonamide-type organocatalysts of our design. The first part of the 

thesis focuses on sulfa-Michael addition of methyl thioglycolate to trans-chalcones. 

23 enantiomerically enriched chalcone derivatives (>99% yield, 68-99% ee) and 4 

enantiomerically enriched aryl butenone derivatives (31-71% yield, 61-77% ee) 

were synthesized in the presence of a squaramide/quinine type organocatalyst. A 

nitro-substitued sulfa-Michael adduct was selected for further reactions which 

yielded optically and biologically active 1,4-benzothiazepin-2-one derivative. In the 

second part of the study, 1-naphthalenethiol was added to trans-chalcones in the 

similar fashion, in the presence of a sulfonamide/quinine type bifunctional 

organocatalyst. A total of 15 enantiomerically enriched sulfa-Michael adducts (β-
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aryl-β-sulfanyl ketones) containing thionaphthol moiety were synthesized with 

moderate to excellent enantioselectivities (51-96% ee). Selected β-aryl-β-sulfanyl 

ketones were oxidized to obtain corresponding optically active sulfones. 

 

Keywords: Asymmetric Synthesis, Asymmetric Catalysis, Organocatalysis, Sulfa-

Michael Reaction, Conjugate Addition 
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ÖZ 

 

KİNİN TÜREVİ BİFONKSİYONEL ORGANOKATALİZÖRLER İLE 

TRANS-ÇALKON TÜREVLERİNE ENANTİYOSEÇİCİ SÜLFA-MICHAEL 

KATILMALARI 

 

 

 

Tözendemir, Deniz 

Doktora, Kimya 

Tez Yöneticisi: Prof. Dr. Cihangir Tanyeli 

 

 

Aralık 2020, 181 pages 

 

Asimetrik sentez bağlamında organokatalizörlerin kullanımı, kullanım kolaylığı ve 

çevreyle uyum bakımından önemli avantajlar getirmiştir. Araştırma grubumuzda 

dört ayrı sınıftan (skuaramit, üre, tiyoüre ve sülfonamit) 20’den fazla organokatalizör 

sentezlenmiş ve bu katalizörler çok çeşitli asimetrik tepkimeyi katalizlemede 

kullanılmaktadır. Bu tez çalışmasında, kendi tasarımımız olan kinkona alkaloid 

türevi skuaramit ve sülfonamit tipi organokatalizörler varlığında asimetrik sülfa-

Michael tepkimeleri gerçekleştirilmiştir. Tezin ilk kısmı, metal tiyoglikolatın trans-

çalkonlara sülfa-Michael katılmaları üzerinde yoğunlaşmaktadır. Sentezlenen 

skuaramit/kinin tipi organokatalizör kullanılarak 23 adet enantiyomerce zengin 

çalkon türevi (>99% verim, 68-99% ee) ve 4 adet enantiyomerce zengin aril bütenon 

türevi (31-71% yield, 61-77% ee) elde edilmiştir. Oluşturulan nitro-sübsitüentli bir 

sülfa-Michael katılma ürünün seçilerek ilave tepkimelere tabi tutulması ile optikçe 

ve biyolojik olarak aktif 1,4-benzotiyazepin-2-on türevi elde edilmiştir. Çalışmanın 

ikinci kısmında, 1-tiyonaftolün sülfonamit/kinin tipi organokatalizör varlığında 

trans-çalkonlara katılması incelenmiştir. Toplam 15 adet enantiyomerce zengin 

sülfa-Michael katılma ürünü (β-aril-β-sülfanil ketonlar) ortalamadan çok yüksek 
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değerlere varan enantioseçiciliklerle (%51-96 ee) elde edilmiştir. Seçilen β-aril-β-

sülfanil ketonların yükseltgenmesiyle optikçe aktif sülfonlar elde edilmiştir. 

 

Anahtar Kelimeler: Asimetrik Sentez, Asimetrik Kataliz, Organokataliz, Sülfa-

Michael Tepkimesi, Konjuge Katılma 
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“Choose love, and don’t ever let fear turn you against your playful heart” 

-Jim Carrey
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CHAPTER 1  

1 INTRODUCTION  

1.1 Sulfur Containing Drugs 

Sulfur is an important element in biological systems. Because of the ability of sulfur 

containing compounds to exhibit a large variety of biological activities, they have 

long been used in pharmaceutical industry. By 2016, the most abundant heteroatom 

(excluding nitrogen and oxygen) in the drug market was sulfur, with 362 FDA 

approved sulfur derived drugs.1 

 

Figure 1.1. Structures of selected sulfur containing drug molecules 

Penicillin (1),2 the pioneering antibiotic for the treatment of bacterial infections has 

a thiazolidine ring in its core structure. After the impact of penicillin, sulfonamides 
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emerged as the first systematically administered antibiotics with Prontosil (2) being 

the first of the class.3 Casodex (3), a sulfone derived drug, is an anti-androgen which 

is used in the treatment of prostate cancer.4 Thioethers are another class of drugs with 

a wide range of biological activities; Diltiazem (4)5 is known for its use as a calcium 

channel blocker to treat cardiovascular diseases and Montelukast (5)6 is a successful 

drug for the treatment of seasonal allergies and asthma. (Figure 1.1). 

1.2 The Importance of Asymmetric Synthesis 

Life is chiral; 19 of the amino acids that make up our bodies and govern the processes 

ongoing in our bodies are chiral. Therefore, our physiological response to individual 

stereoisomers of optically active compounds are different. For instance, (R)-(-)-

linalool (6) is the compound that gives lavender its characteristic woody-floral aroma 

that we all know. On the other hand, (S)-(+)-linalool (7) odor is perceived as bitter 

or sour orange (Figure 1.2).7  

 

Figure 1.2. Structures and odors of linalool enantiomers 

 

In a similar manner, despite their physical and chemical properties being the same in 

achiral media, a patient’s physiology can react differently to the two enantiomers of 

a chiral drug. The (S)-isomer of the well-known anti-inflammatory drug ibuprofen 

(Figure 1.3) is over 100 times more potent than the (R)-isomer.8 In some cases, one 

enantiomer of the drug molecule can even be toxic, while the other has the desired 

therapeutic effect. D-Penicillamine is used in the treatment of Wilson’s disease by 

working as a chelating agent. L-Penicillamine, on the other hand, can lead to 
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blindness by causing the inflammation of the optic nerve (Figure 1.3).9 By 2006, 

chiral drugs were composing more than half of the commercial drugs,10 and some of 

the chiral drugs that had been previously marketed as racemates have been switched 

with their single enantiomers in the last decades.11 Due to the possible biological 

activity differences between the enantiomers of the drug molecule, the enantiopurity 

of those single-enantiomer drugs should be strictly controlled. 

 

Figure 1.3. Structures of ibuprofen and penicillamine enantiomers 

 

A group of Japanese scientists worked on the statistics of chiral drug market and 

drug development in Japan. According to their paper published in 2008,12 76 new 

drugs were approved between January 2001 and July 2003. 61% of those drugs were 

chiral and only a 13% portion was marketed as a racemic mixture. Their study also 

showed that, only 8% of the single-enantiomer drugs were developed through 

asymmetric synthesis; a technique which involves the synthetic pathways that favors 

the formation of one stereoisomer over the other. Other means of obtaining those 

molecules include starting from the single enantiomer of a chiral starting material 

(78%), and resolution of the racemic reaction mixture of a non-stereoselective 

pathway (18%). Undoubtedly, asymmetric synthesis did come far in the past 16 years 

and currently it is the most powerful tool for obtaining enantiopure or 
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enantioenriched compounds.13 However, there is still a demand for the development 

of new and more efficient asymmetric synthesis methods, and the subject remains as 

a hot topic in organic synthesis. 

1.3 Asymmetric Organocatalysis 

Among the techniques to obtain enantioenriched organic molecules, catalytic 

asymmetric synthesis methods are superior over other means of asymmetric 

synthesis. Due to the use of a substoichiometric amount of a chiral catalyst to bring 

about the desired enantioselective transformation, it is an atom economic method 

compared to the methods that use chiral auxiliaries or stoichiometric amount of 

catalysts.14 The catalyst chosen for asymmetric catalysis can be either an enzyme or 

a biocatalyst, a transition metal complex with chiral ligands or an organocatalyst. 

Biocatalytic methods present with limitations due to the single-handedness of nature. 

Transition metal catalysis comes with the issue of metal toxicity, which may require 

special disposal methods due to environmental concerns, or it may pose a serious 

health concern especially in the synthesis of drug molecules if traces of the catalyst 

remain. Moreover, transition metal complexes can be susceptible to moisture and air. 

Compared with the two aforementioned methods, organocatalysts are relatively 

inexpensive, non-toxic, more resistant to air and moisture; so that they do not require 

inert atmosphere, easily obtained and designed without resorting to complicated 

synthetic procedures.15 

Although it is widely accepted that MacMillan16 invented the term 

“Organocatalysis”, the concept was first introduced as “Organic Catalysis” in 1935 

by Wolfgang Langenbeck.17 However, the earliest example of asymmetric 

organocatalysis goes back to 1912; to the work of Bredig and Fiske (Scheme 1.1).18 

In the work, the chiral cyanohydrin 12 was synthesized with up to of 10% ee by the 

reaction of benzaldehyde with hydrogen cyanide in the presence of cinchona 

alkaloids quinine (13) or quinidine (14). Despite this unsatisfactory result, the work 

served as the basis of asymmetric organocatalysis. The real interest in the field began 

to increase exponentially after the publication of two pioneering works by List, 
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Lerner and Barbas19 (on proline catalyzed asymmetric aldol reactions); and 

MacMillan16 (iminium catalyzed asymmetric Diels-Alder reaction).

 

Scheme 1.1. The work of Bredig & Fiske: The first example of asymmetric 

organocatalysis 

 

Organocatalysts for asymmetric transformations can be classified into two broad 

categories based on the interactions they undergo with the substrates: Covalent and 

non-covalent catalysis (Figure 1.4).20  

 

Figure 1.4. Classes and modes of activation of asymmetric organocatalysts 
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A special class of organocatalysts with a noncovalent activation mode deserves 

recognition; “bifunctional catalysts” possess both acidic and basic units.21 Urea,22 

thiourea,23 guanidine,24 sulfonamide25 and squaramide26 moieties are some of the 

powerful acidic parts credited in the literature. Those acidic units can act as H-bond 

donors, which in turn, activate the electrophile. The nucleophile is activated via 

complete or partial deprotonation by the Lewis/Brønsted basic units. Remarkable 

results were obtained in the literature with DMAP,27 cyclohexyldiamine28 and 

cinchona alkaloid derived29 catalysts. The acidic and basic units are linked together 

with chiral spacer to induce enantioselectivity.  

1.3.1 Cinchona Alkaloids as a Motif in Bifunctional Organocatalysis 

Cinchona alkaloids are a family of naturally occurring compounds isolated from the 

bark of cinchona officinalis plants.30 The members of this family are considered as 

one of the most attractive organocatalysts due to their low cost, availability and the 

ease of modification by incorporating acidic units to obtain structures that allow 

bifunctional mode of activation.  

Although cinchona alkaloids were known to catalyze asymmetric transformations 

via the activation of the nucleophile by its quinuclidine moiety,18 the most influential 

paper on the family was Hiemstra and Wynberg’s work published in 1981.31 The 

work consists of the addition of aromatic thiols to cyclic enones in the presence of 

cinchona alkaloids as organocatalysts with enantioselectivities up to 75% ee. 

Although their ee’s were moderate at best, this work is regarded as a pioneer in 

asymmetric organocatalysis due to the elaborate investigation of thermodynamic 

parameters and thorough screening studies (Scheme 1.2). 
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Scheme 1.2. Pioneering work of Hiemstra and Wynberg 

 

Quinine is a member of the cinchona alkaloid family and has outstanding 

applications as an important moiety in organocatalysts. After quinine was adapted to 

the dual activation mode of bifunctional organocatalysts by the incorporation of 

acidic units, the reaction and substrate scope of quinine derived organocatalysts 

increased exponentially. In this work, the best catalysts for systems under 

investigation are quinine derived sulfonamide and squaramide. Thus, the next part 

of the literature will focus on sulfonamide and squaramide functionalized cinchona 

alkaloid-derived organocatalysts.  

1.3.1.1 Squaramides 

Squaramides were first introduced as organocatalysts by Rawal and co-workers in 

2008.32 Their sulfonamide/cinchonine catalyst 19 gave excellent results in the 

asymmetric conjugate addition of β-dicarbonyl compounds to nitrostyrene 

derivatives (Scheme 1.3). 

 

Scheme 1.3. Rawal’s pioneering work on asymmetric conjugate addition with chiral 

squaramide catalyst 
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Squaramide derivatives are claimed to be superior organocatalysts for asymmetric 

reactions than corresponding ureas and thioureas in terms of rigidity and H-bond 

dynamics; compared to (thio)ureas, squaramides have an extended conjugation 

throughout the dione moiety (Figure 1.5), resulting in a more rigid structure and 

therefore limited degree of conformational changes. In addition, the acidity of the 

NH hydrogens is greater in squaramides, leading to stronger H-bonds.33 When 

Rawal’s group compared the distance between the two NH hydrogens of thiourea 

and squaramide by using the crystallographic data and computational methods, they 

found that the spacing for squaramide is 2.72 Å, which was 0.6 Å greater than of 

thiourea. They interpret this finding as an evidence for better H-bonding in the case 

of squaramides. 

 

Figure 1.5. Comparison of resonance structures and distances between the hydrogens 

of thiourea and squaramide moieties 

 

Since this successful entry of squaramides in the realm of organocatalysis, it attracted 

tremendous interest and have been employed in a large variety of asymmetric 

transformations.34 

1.3.1.2 Sulfonamides 

The first quinine derived sulfonamide organocatalyst was developed by Song and 

co-workers in 2008,35 as an alternative catalytic system to (thio)ureas for the 
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methanolytic desymmetrization of cyclic anhydrides. The latter system was found to 

be vulnerable, since intermolecular H-bonding between the NH groups and 

sulfur/oxygen atom of (thio)ureas could lead to aggregation or dimerization of the 

catalyst, hindering its activity. Their newly designed catalyst was not only more 

thermally stable than (thio)ureas, but also allowed the group to attain 95% ee for the 

desired product (Scheme 1.4). According to the transition state model they suggested 

by computational approach, the quinuclidine moiety activates methanol by acting as 

a general base, while the sulfonamide part stabilizes the newly forming oxyanion by 

H-bonding. 

 

Scheme 1.4. The sulfonamide/quinine catalytic system of Song and co-workers 

 

Not long after Song’s group published this new type of organocatalyst, many 

successful examples employing sulfonamides were added to the literature36 and 

sulfonamides continue to be a desired scaffold for asymmetric bifunctional 

organocatalysis. 

1.4 Sulfa-Michael Addition Reactions 

The ultimate goal in synthetic organic chemistry is to form more complex structures 

from small building blocks via formation of new carbon-carbon bonds. To achieve 

this, one of the most indispensable tools is Michael reaction, in which a carbanion is 

added to an α,β-unsaturated carbonyl compound in a conjugate manner. Variants of 

Michael addition were developed over the years to extend the reaction scope in order 



 

 

10 

to form new carbon-heteroatom bonds by the use of heteroatom-centered 

nucleophiles.37 Sulfa-Michael (also mentioned as thia-Michael or thio-Michael in the 

literature) addition reaction is a variant of Michael reaction, in which a sulfur-

centered nucleophile is employed as the donor, rather than a carbanion.38 It is a 

frequently sought method for the incorporation of carbon-sulfur bonds to the 

substrates, thanks to the large variety of possible donor and acceptor systems 

available. 

1.4.1 Asymmetric Sulfa-Michael Addition Reactions 

Due to the nature of α,β-unsaturated carbonyl compounds, sulfa-Michael addition 

(SMA) allows the formation of new stereocenters, which makes SMA a reaction of 

interest for asymmetric catalysis.39 

The first attempt for asymmetric SMA in the literature was the preliminary study of 

the development of polymeric catalyst systems for the polyaddition of dithiols to 

bis(enones).40 To evaluate the reactivity of their substrates, Inoue and co-workers 

first carried out a model reaction with lauryl mercaptan (24) and methyl methacrylate 

(25), in the presence of poly S-isobutylethyleneimine monomer (26) as the catalyst 

to induce stereoselectivity (Scheme 1.5). After observing a nonzero specific rotation 

for the product solution as the proof of asymmetry, they proceeded to the 

polyaddition with poly S-isobutylethyleneimine as the catalyst. Then the group 

turned their interest completely toward polyadditions and adding thiols to 

unsaturated polymers in the following decade. 

 

Scheme 1.5. The first attempt for asymmetric sulfa-Michael addition 
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Asymmetric organocatalytic SMA in a more conventional sense was published by 

Pracejus41 and Helder42 concurrently in 1977. Inspired by the works of Inoue, 

Pracejus and co-workers focused on the addition of thiols to methyl α-

phthalimidoacrylate (28), 2-ethyl-4-methylene-1,3-oxazolin-5-one (30) and 

nitrostyrene derivatives (32) by using a number of cinchona alkaloids as 

organocatalysts (Scheme 1.6). The target enantioenriched products were obtained 

with low to moderate selectivities. 

 

Scheme 1.6. Asymmetric SMA of benzylthiol with cinchona alkaloids as 

organocatalysts 

 

Helder’s asymmetric SMA study consists of the reaction of thiols with 2-

cyclohexene-l-one (34), in the presence of quinine (13) (Scheme 1.7). Although 

neither study shows a striking stereoinduction with the selected systems, they were 

the pioneers of a field which would attract the interest of synthetic chemists for 

decades to come.  
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Scheme 1.7. Asymmetric SMA of thiols to 2-cyclohexene-1-one 

 

Since then, many examples of asymmetric SMA reactions were added to the 

literature that employs different thiols to react with a large variety of enones.  

Despite the interest, asymmetric SMA reactions still remain relatively less explored, 

compared to other asymmetric transformations. The main challenge of SMA is the 

high nucleophilic power of sulfur, compared to carbon and other commonly studied 

heteroatoms, causing a high rate of background reaction. In other words, due to the 

high nucleophilicity of the donor, the reaction can occur even without the presence 

of a chiral catalyst, which will result in no stereoselectivity. To suppress this 

undesired background reaction, low temperatures and/or high catalyst loadings are 

generally employed.43 Liu et al.43b demonstrated the addition of thiols to α,β-

unsaturated N-acylated oxazolidine-2-ones 36 with a cinchona alkaloid derived 

thiourea catalyst 37 with 87-96% ee. But this high result demanded a relatively high 

(10 mol%) catalyst loading and low temperatures (-20 °C) (Scheme 1.8). The studies 

which employ mild conditions and low catalyst loading use thiophenol derivatives 

or simple alkyl thiols as nucleophiles.44 Rana and co-workers attained excellent ee’s 

with a very low quinine derived urea catalyst 40 for the SMA of simple substituted 

thiophenols and cyclic enones (Scheme 1.8).44b  

Being a versatile pharmacophore itself, trans-chalcone is an important core for the 

synthesis of biologically active compounds.45 Despite being an α,β-unsaturated 

compound, it is not a very good Michael acceptor, relatively.46 Consequently, sulfa-
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Michael additions to chalcones are less studied than other electrophiles. In 2010, Dai 

et al.44c investigated the SMA of simple alkyl thiols to trans-chalcone derivatives. 

With a low (1 mol%) loading of quinine/squaramide catalyst 43, they obtained the 

target thioethers 44 with moderate to excellent (61-99%) ee’s (Scheme 1.8). 

 

Scheme 1.8. Selected works on asymmetric organocatalytic sulfa-Michael addition 

 

As nucleophiles, thionaphthols and thioglycolic esters, however, are overlooked in 

sulfa-Michael addition reactions. To our best knowledge, no study is present 

concerning the organocatalytic asymmetric SMA of 1-thionaphthol to chalcones. 

Thus, they are chosen to be investigated within this thesis. The enantioselective 

reaction of methyl thioglycolate with trans-chalcones were explored only with 
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catalytic methods that employ La(OTf)3.
47 Considering the striking advantages 

organocatalysis offer in asymmetric reactions over organometallic catalysts, the 

aforementioned system has been studied as another part of this thesis. 

1.5 1,4-Benzothiazepin-2-ones 

Benzothiazepines are a class of organic heterocyclic compounds that contain 

nitrogen and sulfur in their 7-membered rings. 1,4-Benzothiazepin-2-one, a member 

of the aforementioned class, has a proven inhibitory effect against mitochondrial 

Na+-Ca2+ exchanger (mNCE),48 which is crucial in cell metabolism. Regulation of 

the Na+-Ca2+ in the cell also allows the neuroprotection of the cell, which was tested 

with the benzothiazepine derivative CGP-37151 (45) (Figure 1.6) on C. elegans 

worms. The study showed that CGP-37151 is effective for lengthening the lifespan 

of the worms.49 Inhibition of mNCE also affects the insulin secretion mechanism. 

Pei et al. demonstrated that the 1,4-benzothiazepin-2-one core could be utilized in 

the treatment of type II diabetes.50 

 

Figure 1.6. Structure of CGP-37151 and its benzothiazepine core 

The general strategy for the synthesis of 1,4-benzothiazepin-2-ones 49 are outlined 

below in Scheme 1.9.50 

 

Scheme 1.9. General synthesis methods for 1,4-benzothiazepin-2-ones 
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1.6 β-Aryl-β-Sulfanyl Ketones 

The general name of the sulfa-Michael addition products of aromatic thiols and 

chalcones are called “β-aryl-β-sulfanyl ketones” (also 1,3-biarylsulfanyl 

compounds). These core motifs are regarded as estrone analogues51 and found in the 

structure of seco-raloxifene 51. seco-Raloxifene is the non-cyclic bioisostere of 

raloxifene (50), which is a selective estrogen receptor modulator, employed in the 

treatment of osteoporosis and also has anti-proliferative activity against breast cancer 

cells (Figure 1.6).52 Study of Kumar and co-workers showed that β-aryl-β-sulfanyl 

ketones have potent anti-breast cancer activity, which is comparative to tamoxifen; 

the well-known breast cancer drug.53 In addition to the aforementioned biological 

activities, a group of Iranian scientists showed that these motifs are also potent urease 

inhibitors.54  

 

Figure 1.7. Structures of raloxifene and seco-raloxifene 

1.7 Chiral Sulfones 

The most well-known sulfone drug is dapsone (52), which is used for the treatment 

of leprosy as an antibacterial (Figure 18.8).55 Despite sulfones have been 

overshadowed in pharmacology by sulfonamides, they have a large array of biologic 

activities which may pave their way for their use as anti-HIV-156, anti-hepatitis C57, 

antifungal,58 acaricial/insecticidal59 and antimalarial agents. 



 

 

16 

 

Figure 1.8. The leprosy drug dapsone 

 

Although there are several possible methods of synthesis for obtaining sulfones, the 

most convenient pathway is the oxidation of corresponding sulfides. As oxidants, 

generally peroxides, peracids or permanganates are employed (Scheme 1.10).60 

Konduru et al. studied the oxidation of racemic chalcone-based sulfides to 

corresponding sulfones, which also showed promising antibacterial and antifungal 

activity.61 

 

Scheme 1.10. The general synthetic route for sulfones 

 

1.8 Aim of the Study 

Sulfa-Michael addition reaction is a versatile tool for the construction of new C-S 

bonds. The organosulfur compounds obtained via this route can serve as building 

blocks for sulfur-containing drug molecules. Considering more than half of the drugs 

on the market are chiral, synthesizing these building blocks in an asymmetric manner 

is essential. In this context, this thesis focuses on the enantioselective organocatalytic 

sulfa-Michael addition of selected thiol compounds to trans-chalcones. The chiral 

bifunctional organocatalysts designed for this purpose (Figure 1.9) were synthesized 

in the first part of this work.  
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Figure 1.9. Structures of organocatalysts 

 

In the second part of the thesis, these catalysts were surveyed in the enantioselective 

SMA of methyl thioglycolate (47) to trans-chalcones 60. Among the chalcone 

derivatives chosen for this transformation, 2-amino substituted derivative 61s was 

selected to carry out a model reaction towards the synthesis of chiral and 

enantiomerically rich 1,4-benzothiazepin-2-one motif 64. Despite the significant 

biological activity of this motif, synthesis of their chiral counterparts had not been 

previously explored (Scheme 1.11). 
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Scheme 1.11. Synthetic pathway for the SMA of methyl thioglycolate to chalcones 

and generation of 1,4-benzothiazepin-2-one 

 

In the last part of the work, our attention was directed to the SMA of 1-thionaphthol 

(65) to trans-chalcone derivatives 60 to obtain biologically active β-aryl-β-sulfanyl 

ketones (66). Then we targeted the transformation of the enantiomerically rich sulfa-

Michael products to the corresponding sulfones (67) via oxidation (Scheme 1.12). 

 

Scheme 1.12. Synthetic pathway for the SMA of 1-thionaphthol to chalcones and 

subsequent oxidation 
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CHAPTER 2  

2 RESULTS AND DISCUSSION 

2.1 Synthesis of Bifunctional Organocatalysts 

The organocatalysts employed in this work can be divided into two classes as 2-

aminoDMAP and quinine derived. The design and successful applications of 

organocatalysts having the 2-amino DMAP basic core was previously reported by 

our research group in the addition of 1,3-dicarbonyls to nitrostyrene derivatives.62  

 

Scheme 2.1. Synthesis of aminoDMAP derived bifunctional organocatalysts 
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Synthesis of 2-aminoDMAP catalysts starts form 4-dimethylaminopyridine (68), 

which is converted to the “2-bromoDMAP” unit 69. Then this unit is tethered to the 

chiral spacer (1R,2R)-(-)-1,2-diaminocyclohexane (70) by the modified Ullmann 

coupling reaction (Scheme 2.1). The resulting “2-aminoDMAP” moiety serves as the 

basic unit of the catalyst. Then the acidic part is introduced to achieve the 

bifunctionality; to obtain urea (54) and thiourea type (55) organocatalysts, 70 is 

reacted with 3,5-bis(trifluoromethyl)phenyl isocyanate (72) or 

bis(trifluoromethyl)phenyl isothiocyanate (73), respectively.  

For the synthesis of squaramide-type catalysts, initially the monosquaramide motif 

76 was constructed. The protocol starts with the conversion of squaric acid (74) to 

diethyl squarate (75). Then the selected bulky amine was allowed to react with 

freshly synthesized diethyl squarate to yield the corresponding monosquaramide 76. 

This monosquaramide was then coupled with the basic part to obtain the bifunctional 

squaramide/DMAP organocatalysts (56a-c). 

The quinine-derived organocatalysts of our design were also previously reported 

with their outstanding demonstrations on Michael,63 aza-Henry64 and aza-Friedel-

Crafts65 reactions. The basic “quinine amine” unit 77 is obtained via the Mitsunobu 

reaction of quinine (13), followed by Staudinger reduction of the in situ-formed 

azide.66 Then this unit is coupled by the acidic unit of choice to complete the 

bifunctional organocatalyst skeleton. Analogous to 2-aminoDMAP type catalysts, 

introduction of 3,5-bis(trifluoromethyl)phenyl isocyanate (72) or 

bis(trifluoromethyl)phenyl isothiocyanate (73) according to Soós’ procedure yields 

the corresponding urea 40 or thiourea 57, respectively.  

The squaramide/quinine organocatalysts 58a-c were synthesized by reacting the 

basic quinine amine moiety 77 with the selected monosquaramide, similar to the 

pathway for squaramide/DMAP catalysts.  

The acidic sulfonyl chloride unit 79 of the sulfonamide catalyst was obtained via the 

nitration of 2,4,6-trimethylbenzenesulfonyl chloride (78).67 It was then tethered to 
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the quinine amine (77) to obtain the bifunctional sulfonamide/quinine organocatalyst 

59 (Scheme 2.2). 

 

Scheme 2.2. Synthesis of quinine derived bifunctional organocatalysts 

 

2.2 Synthesis of the trans-Chalcone Derivatives 

The chalcone derivatives used in this work were obtained by Claisen-Schmidt 

condensation, using Murphy’s protocol (Scheme 2.3).68 
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Scheme 2.3. Synthetic route for trans-chalcone derivatives 

2.3 Asymmetric Sulfa-Michael Addition of Methyl Thioglycolate to trans-

Chalcones 

2.3.1 Optimization Studies 

The studies were started with the screening of the synthesized quinine or 2-

aminoDMAP derived chiral bifunctional catalysts (Figure 1.18). Among the eleven 

catalysts surveyed (Figure 2.1), sterically bulky organocatalysts with adamantyl 

moieties at their acidic part showed relatively better selectivities with the best one 

being the quinine-derived catalyst 58b which gave the desired product with almost 

stoichiometric yield and 83% ee (Table 2.1, entry 9). 

 

Figure 2.1. Structures of surveyed organocatalysts 
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Table 2.1. Catalyst and solvent screeninga 

 

Entry Cat Solvent Time (h) Yieldb (%) eec (%) 

1 54 DCM 1 >99 23 

2 55 DCM 6 15 8 

3 56a DCM 2 81 40 

4 56b DCM 1 >99 68 

5 56c DCM 6 83 5 

6 40 DCM 6 86 9 

7 57 DCM 6 70 15 

8 58a DCM 5 80 50 

9 58b DCM 1 >99 83 

10 58c DCM 6 32 14 

11 59 DCM 6 80 47 

12 58b Hexane 6 54 86 

13 58b Toluene 1 >99 87 

14 58b THF 1 >99 22 

15 58b Chloroform 6 99 84 

16 58b Dioxane 1 >99 45 

17 58b MTBE 2 89 84 

18 58b EtOAc 5 96 26 

19 58b MeCN 2 92 15 

20 58b Et2O 5 92 84 
a Unless stated otherwise, all reactions were performed with 0.10 mmol trans-chalcone and 0.20 mmol 

methyl thioglycolate in 0.5 mL of solvent, in the presence of 2 mol% organocatalyst at 0°C. b Isolated 

yields.c Determined by chiral HPLC analysis, AD-H column, 80:20 Hexane/isopropanol, 1.0 mL/min, 

254 nm. 

 

After selecting the best working catalyst, we tested several solvents for the reaction 

of interest to improve the stereoselectivity. Nonpolar solvents were found to work 

better than polar solvents and solvents that have hydrogen bond acceptor character 

gave lower ee’s due to their possible interference with the H-bond dynamics of the 
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catalyst and electrophile. The best results were obtained with hexane, toluene, 

chloroform, methyl tert-butyl ether and diethyl ether with small differences in ee’s 

(Table 2.1, entries 12, 13, 15, 17 and 20). However, the reaction was sluggish in 

hexane, diethyl ether and chloroform compared to toluene and methyl tert-butyl 

ether. And among the last two, toluene gave the desired product with both higher 

yield and ee (>99% yield and 87% ee versus 89% yield and 84% ee, respectively). 

Hence, toluene was selected as the best working solvent, and was used in further 

optimizations. 

Next, we investigated the effect of catalyst loading on enantioselectivity (Table 2.2, 

entries 1-4). The previous screenings were done with 2 mol% catalyst loading, and 

the reaction was carried out again with the catalyst loading varied between 1 and 10 

mol%. The selectivity was found to be increasing with increased catalyst loading and 

the reaction durations required for full conversion became shorter. The best 

selectivity (91% ee) was obtained in the presence of 10 mol% catalyst (Table 2.2, 

entry 4).  

Then, the effect of dilution was observed by changing the chalcone concentration 

from 0.2 M to 0.05, 0.1 and 0.4 M (Table 2.2, entries 4-7). 92% of enantiomeric 

excess was attained when we decreased the concentration to 0.1 M (Table 2, entry 

6). It seems dilution has a positive effect on selectivity, presumably because of the 

reduced possibility of the self-aggregation of the catalyst via hydrogen bonding. 

However, further dilution had a detrimental effect on ee (Table 2.2, entry 5). 

Table 2.2. Further screening for SMA of methyl thioglycolate to trans-chalconea 
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Table 2.2. Continued.a 

Entry Cat. Loading T (°C) Conc. (M) Time (h) Yieldb (%) eec (%) 

1 1% 0 0.2 23 76 48 

2 2% 0 0.2 1 >99 87 

3 5% 0 0.2 1 >99 89 

4 10% 0 0.2 0.5 >99 91 

5 10% 0 0.05 0.5 >99 88 

6 10% 0 0.1 0.5 >99 92 

7 10% 0 0.4 0.5 >99 91 

8d 10% 0 0.1 0.5 86 91 

9e 10% 0 0.1 0.5 >99 79 

10 10% RT 0.1 0.5 >99 93 

11 10% -20 0.1 3 >99 94 

12 10% -40 0.1 25 >99 97 

13 1% RT 0.1 1 >99 90 
a Unless stated otherwise, all reactions were performed with 1:2 ratio of trans-chalcone to methyl 

thioglycolate in toluene, in the presence of organocatalyst 58b at the indicated temperature.  
b Isolated yields. c Determined by chiral HPLC analysis, AD-H column, 80:20 n-hexane / isopropanol, 

1.0 mL/min, 254 nm. d The reaction was carried out using 1:1 ratio of trans-chalcone to methyl 

thioglycolate. e The reaction was carried out using 1:3 ratio of trans-chalcone to methyl thioglycolate. 

 

Next, the effect of the ratio of reactants on selectivity was brought under 

investigation. Using an equimolar mixture of trans-chalcone and methyl 

thioglycolate resulted in a slight decrease in ee and a rather larger decrease in yield 

(Table 2.2, entry 8). Further increasing methyl thioglycolate amount to 3 molar 

equivalents showed a sudden drop in selectivity (entry 9). Thus, we moved on with 

a 1:2 ratio of reactants as before. 

Since sulfur nucleophiles are rather good nucleophiles, the background reaction 

which yields a racemic mixture of the product was of concern; when the reactants 

were allowed to react without the presence of any catalyst, formation of  some sulfa-

Michael addition product 61a was observed. To minimize the rate of background 

reaction, we investigated the effect of temperature as the final parameter. Carrying 

out the reaction at room temperature resulted in a slight increase in ee to 93% (Table 

2.2, entry 10). However, there was an even better improvement on selectivity when 
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the reaction medium was cooled. By running the reaction at -40 °C, almost full 

conversion and an excellent ee of 97% was achieved (entry 12), and the homogeneity 

of the reaction medium was retained despite this low temperature.  

To test the applicability of a milder reaction condition, we carried out the model 

reaction at room temperature with 1 mol% organocatalyst 58b. The desired product 

(61a) was obtained with almost quantitative yield and 90% ee. Unfortunately, this 

excellent enantioselectivity wasn’t maintained for substituted sulfa-Michael adducts 

under this condition. Thus, the optimal catalyst loading and reaction temperature 

were selected as 10 mol % and -40°C, respectively. 

The absolute configuration of chiral adducts were assigned as R by comparing the 

obtained data with the literature.47a The rest were tentatively assigned by analogy. A 

transition state model was proposed to elucidate the source of enantioselectivity 

(Scheme 2.4), in which the nucleophile is activated by the quinuclidine nitrogen, 

whereas the acidic squaramide hydrogens activate chalcone by H-bonding. The 

nucleophilic attack occurs on the Re face of chalcones, affording the R enantiomer. 

 

Scheme 2.4. The proposed transition state model for SMA of methyl thioglycolate 

to trans-chalcone derivatives 

 

2.3.2 Substrate Scope 

With the optimized conditions in hand, we synthesized a series of sulfa-Michael 

adducts by using various substituted chalcones and enones (Table 2.3). 
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Table 2.3. Substrate scope of SMA of methyl thioglycolate to trans-chalconesa 
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Table 2.3. Continued.a 

 
 

a Unless stated otherwise, all reactions were performed with 0.10 mmol trans-chalcone and 0.20 mmol 

methyl thioglycolate in 1.0 mL of solvent, in the presence of 10 mol % 58b at -40°C. b Performed 

with 4.9 mmol (1.02 g) of 60a, at gram-scale. 
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Among the employed chalcone derivatives, the best ee’s were obtained with the ones 

having substituents at para- or meta- positions, giving rise to excellent selectivities 

ranging between 95-99% (Table 2.3) regardless of the electronic character of the 

substituents. One exception was the 3-nitro substituted chalcone (76% ee). 2-Furyl 

and 2-thienyl moieties were also well tolerated (91 and 96% ee, respectively). 

Substituents on ortho-positions, however, gave rise to rather lower ee’s ranging 

between 68-86%. The lowest ee was obtained with the 2-nitro substituent (68% ee). 

When the electron donating and withdrawing nature of the substituents and the 

stereochemical outcomes of their reactions are evaluated, it can be deduced that the 

decrease in the selectivity for ortho-substituted derivatives is related to the steric 

effect. To demonstrate the efficiency of the catalyst system, a scale-up reaction was 

performed by using 4.9 mmol of 60a. The gram-scale synthesis yielded 61a with 

>99% yield and 93% ee. 

Next, the substituent scope was widened to aryl butenones 62a-d. When the reactions 

were carried out under the same optimized conditions as for chalcone derivatives, 

the reactions were sluggish and the products 63a-d were obtained with poor yields 

(Table 2.4).  

Table 2.4. SMA of methyl thioglycolate with aryl butenones under optimized 

conditionsa 
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Table 2.4. Continued.a 

a Unless stated otherwise, all reactions were performed with 0.10 mmol aryl butenone derivative and 

0.20 mmol methyl thioglycolate in 1.0 mL of solvent, in the presence of 10 mol% 58b at -40 °C. 

 

 

Seeing those results, the reactions of aryl butenones were performed at room 

temperature for improved rate of conversion and yield and the target adducts were 

obtained with shorter reaction times and higher yields (Table 2.5). For 63b and 63c, 

the selectivities were a little lower than the previous condition, but there was a small 

increase for the other entries. 

 

Table 2.5. SMA of methyl thioglycolate with aryl butenones under mild conditionsa 
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Table 2.5. Continued.a 

 
a Unless stated otherwise, all reactions were performed with 0.10 mmol aryl butenone derivative and 

0.20 mmol methyl thioglycolate in 1.0 mL of solvent, in the presence of 10 mol% 58b at room 

temperature. 

 

 

Another enone chosen for this part of the work was cinnamoyl benzotriazole 82. The 

starting material was synthesized by the reaction of cinnamic acid and benzotriazole 

in the presence of SOCl2.
69 After obtaining the enone, we proceeded with the 

addition of methyl thioglycolate under optimized conditions. Against our initial goal, 

the reaction gave the thiol substituted thioester 84 as the major product (31% yield, 

86% ee) instead of the 1,4-adduct (Scheme 2.5). 
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Scheme 2.5. SMA of cinnamoyl benzotriazole with methyl thioglycolate under 

optimized conditions 

 

Focusing on the good enantioselectivity attained for the thiol substituted thioester 

84, we carried out the reaction at a milder temperature and increased the methyl 

thioglycolate ratio to 3 equivalents to ensure complete elimination of benzotriazole 

moiety. As expected, we obtained 84 with 84% yield and 83% ee (Scheme 2.6). 

 

Scheme 2.6. Updated pathway to obtain 84 
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After obtaining a rather large number of derivatives with success, we focused on the 

possible further reactions of the enantiomerically enriched sulfa-Michael adducts. 

For this purpose, 2-nitro substituted adduct 61s was selected. Our intention was to 

first reduce the nitro group to amino, and then obtain the intramolecular cyclization 

product of the amino substituted adduct: the 1,4-benzothiazepin-2-one derivative. 

However, direct reduction caused the amino chalcone to undergo a cis- to trans- 

isomerization, followed by intramolecular cyclization and subsequent condensation, 

which transformed the substrate into the undesired 2-phenylquinoline 87 slowly. 

When we proceeded with the sulfa-Michael addition, transformation of amino 

chalcone to 2-phenylquinoline was almost instantaneous (Scheme 2.7). 

 

Scheme 2.7. Reduction of amino chalcone and transformation to 2-phenylquinoline 

 

To overcome this problem, we designed a new synthetic route which starts with the 

dithiolane protection of the carbonyl group of the 2-nitro substituted sulfa-Michael 

adduct 61s. 61s was reacted with 1,2-ethanedithiol in the presence of I2, and the 

desired thioacetal protected product 88 was obtained with 61% yield (Scheme 2.8). 

2.3.3 Synthesis of 1,4-Benzothiazepin-2-one Derivative 
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Scheme 2.8. Dithiolane protection of the 2-nitro substituted sulfa-Michael adduct 

61s 

With the undesired 2-phenylquinoline formation risk prevented, we proceeded to 

reduction of the protected adduct with iron in acidic medium, and the desired ring 

closure was observed without the isolation of the amino-adduct with 51% yield and 

17% ee (Scheme 2.9). The loss in the enantiomeric excess is attributed to the 

unpreventable retro-sulfa-Michael reaction, which was indicated by the appearance 

of starting material chalcone 60s on the TLC plates during the course of reduction. 

 

Scheme 2.9. Synthesis of chiral 1,4-benzothiazepin-2-one 

 

2.4 Asymmetric Sulfa-Michael Addition of 1-Thionaphthol to trans-

Chalcones 

2.4.1 Optimization Studies 

The chiral organocatalysts synthesized in the first part of the thesis (Figure 2.2) were 

surveyed also for the asymmetric SMA of 1-thionaphthol to chalcone derivatives.  
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Figure 2.2. Structures of surveyed organocatalysts 

 

The best catalyst for this transformation was quinine derived sulfonamide 59, which 

gave the desired product 66a with 98% yield and 63% ee (Table 2.6, entry 11).  

Table 2.6. Catalyst and solvent screeninga 

 

Entry Cat Solvent Time (h) Yieldb (%) eec (%) 

1 54 Toluene 0.5 69 8 

2 55 Toluene 0.5 73 61 
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Table 2.6 Continued.a 

Entry Cat Solvent Time (h) Yieldb (%) eec (%) 

3 56a Toluene 0.5 92 46 

4 56b Toluene 0.5 63 40 

5 56c Toluene 0.5 79 52 

6 40 Toluene 0.5 97 25 

7 57 Toluene 0.5 71 41 

8 58a Toluene 0.5 72 41 

9 58b Toluene 0.5 96 43 

10 58c Toluene 0.5 70 31 

11 59 Toluene 1 98 63 

12 59 Hexane 1 >99 6 

13 59 DCM 2.5 42 65 

14 59 THF 4 85 79 

15 59 Chloroform 2 50 65 

16 59 Dioxane 4 90 75 

17 59 MTBE 1 92 57 

18 59 EtOAc 2 49 65 

19 59 MeCN 1 81 55 

20 59 Et2O 3 28 57 
 

a Unless stated otherwise, all reactions were performed with 0.10 mol trans-chalcone and 0.20 mmol 

1-thionaphthol in 0.5 mL of solvent, in the presence of 2 mol% organocatalyst at room temperature. b 

Isolated yields. c Determined by chiral HPLC analysis, AD-H column, 99:1 Hexane/isopropanol, 0.8 

mL/min, 230 nm. 

 

After selecting the best working catalyst, optimization studies were initiated on the 

model reaction to determine the conditions to achieve the best enantioselectivity. The 

first parameter screened was the effect of solvent. Using THF and dioxane (Table 

2.6, entries 14 and 16, respectively) gave the two highest results, but the use of 

dioxane is best avoided due to its toxicity. Except for hexane (only 6% ee, entry 12), 

all other solvents afforded the target SMA adduct with similar moderate ee values. 

Thus, THF was selected as the best solvent. 
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Table 2.7. Further screening for SMA of 1-thionaphthol to trans-chalconea 

 

Entry Load Conc. (M) T (°C) Time (h) Yieldb (%) eec (%) 

1 0.1% 0.2 rt 72 - - 

2 0.5% 0.2 rt 40 81 82 

3 1% 0.2 rt 23 93 81 

4 2% 0.2 rt 4 85 79 

5 5% 0.2 rt 6 95 76 

6 10% 0.2 rt 3 83 69 

7 1% 0.05 rt 72 - - 

8 1% 0.1 rt 72 - - 

9 1% 0.15 rt 26 >99 79 

10 1% 0.25 rt 25 >99 78 

11 1% 0.3 rt 20 91 79 

12 1% 0.4 rt 19 >99 75 

13d 1% 0.2 rt 72 - - 

14e 1% 0.2 rt 41 91 79 

15f 1% 0.2 rt 19 90 78 

16 1% 0.2 0 40 96 73 

17 1% 0.2 -20 41 97 68 

18 1% 0.2 -40 49 90 62 
a Unless stated otherwise, all reactions were performed with 1:2 ratio of trans-chalcone to 1-

thionaphthol in THF, in the presence of organocatalyst 59 at the indicated temperature.  
b Isolated yields. c Determined by chiral HPLC analysis, AD-H column, 99:1 hexane / isopropanol, 

0.8 mL/min, 230 nm. d The reaction was carried out using 1:1 ratio of trans-chalcone to1-thionaphthol. 
e The reaction was carried out using 1:1.5 ratio of trans-chalcone to to1-thionaphthol. e The reaction 

was carried out using 1:3 ratio of trans-chalcone to 1-thionaphthol. 

 

Then, the catalyst loading was varied between 0.1 and 10 mol% to investigate its 

effect on enantioselectivity (Table 2.7, entries 1-6). At very low catalyst loading as 

0.1 mol%, the reaction was too sluggish; amount of the product was too small and 
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was not isolated. Using 0.5 mol% of 59 gave rise to the best ee value (82%, entry 2), 

however the outcome of the reaction with 1 mol% of 59 (81%, entry 3) was very 

close to the former and was completed in a shorter time (40 hours, compared to 23 

hours, respectively). Thus, the optimization was continued with 1 mol% catalyst 

loading. The effect of concentration of the reaction mixture was investigated by 

changing the chalcone concentration gradually from 0.05 to 0.4 M (Table 2.7, entries 

3 and 7-12). The best selectivity (81% ee) was obtained at 0.2 M chalcone 

concentration (Entry 3). Diluting the reaction mixture further than 0.15 M decreased 

the rate of reaction considerably and the amounts of products were not appreciable 

to be isolated. Increasing the concentration leaded to a small decrease in ee. 

Using an equimolar mixture of chalcone and naphthalene-1-thiol had a similar 

outcome for the progress of the reaction as dilution (Table 2.7, entry 14). Changing 

the chalcone to naphthalene-1-thiol ratios to 1:1.5 or 1:3 resulted in small losses in 

enantioselectivity. Hence, the studies were continued with 2 molar equivalents of 1-

thionaphthol to trans-chalcone. The optimization studies were concluded by 

investigating the effect of temperature on asymmetric induction (Table 2.7, entries 

16-18). Lowering the temperature gradually to -40 °C caused a significant loss in ee, 

allowing the synthesis of the product 66a with a final ee of 62% (entry 18). The most 

enantioenriched product was obtained at room temperature (81% ee). It is thought 

the matching of the catalyst and substrates required energy to some extent. 

Since the enantioenriched product 66a was unable to form adequate single crystals 

for XRD analysis, the absolute configuration of the product was assigned as “S” by 

comparing the obtained optical rotation value with the values in the literature for the 

organocatalytic SMA of thiols to trans-chalcone derivatives.44b,70 A transition state 

model to explain the origin of stereoinduction was proposed (Scheme 2.10), 

according to the Houk’s Brønsted acid−hydrogen bonding model, which was found 

to be the lowest-energy transition state for the SMA of thiols in the presence of 

cinchona alkaloid-type organocatalysts in Guo’s work in 2017.71 
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 Scheme 2.10. Proposed transition state for the SMA of 1-thionaphthol to trans-

chalcones 

 

2.4.2 Substrate Scope 

The substrate scope was extended to substituted chalcones, under the optimized 

conditions (Table 2.8). Among the chalcone derivatives employed in the model 

reaction, the best result in terms of enantioselectivity was attained with 4-methyl 

substituted chalcone, which allowed the synthesis of corresponding SMA adduct 66d 

with an excellent ee of 91%. Good to moderate results were obtained with chalcone 

derivatives possessing electron donating and withdrawing substituents. Compared 

with the unsubstituted trans-chalcone, a drastic decrease in enantioselectivity was 

observed with chalcone derivative 66c, however (23% ee, entry 3). 

 

Table 2.8. SMA of 1-thionaphthol to substituted trans-chalcones in THF 
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Table 2.8. Continued.a 

  

 

 

 

     

     



 

 

41 

   Table 2.8. Continued.a 
 

 
a Unless stated otherwise, all reactions were performed with 0.20 mmol trans-chalcone derivative 

and 0.40 mmol 1-thionaphthol in 1.0 mL of THF, in the presence of 1 mol % 59 at room 

temperature. 

 

Intrigued by this unexpected result, we decided to revisit the solvent screening. For 

this purpose, the sulfa-Michael addition of 1-thionaphthol to 60c was carried out 

again in toluene, dioxane and DCM, in addition to THF (Table 2.9). In DCM, 93% 

ee was attained for adduct 66c. In the light of this striking improvement, we decided 

to repeat the derivatization studies with DCM (Table 2.10). 

Table 2.9. Further solvent screening results for the selected derivative 66ca 

 

Entry Solvent Time (h) Yieldb (%) eec (%) 

1 THF 20 >99 23 

2 Toluene 6 95 78 

3 Dioxane 20 78 76 

4 DCM 6 94 93 
a Unless stated otherwise, all reactions were performed with 0.20 mmol 60c and 0.40 mmol 1-

thionaphthol in 1.0 mL of solvent, in the presence of 1 mol% 59 at room temperature. b Isolated yields. 
c Determined by chiral HPLC analysis. 
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Table 2.10. SMA of 1-thionaphthol to substituted trans-chalcones in DCM 
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  Table 2.10. Continued.a 

 

 
a Unless stated otherwise, all reactions were performed with 0.20 mmol trans-chalcone derivative and 

0.40 mmol 1-thionaphthol in 1.0 mL of DCM, in the presence of 1 mol % 59 at room temperature. 

 

Employing DCM as the solvent showed significant improvements in the asymmetric 

induction for chalcone derivatives having electron donating methyl and methoxy 

substituents (Table 10) especially with 4-methyl and 3,4,5-trimethoxy substituted 

chalcones (23% to 93% ee and 50% to 96% ee; 66c and 66w, respectively.) The two 

exceptions to this pattern were with 3-methyl substituted adduct 66f, which was 

obtained with a small decrease in enantioselectivity (77% to 63% ee) when THF was 

changed to DCM. In the case of halogens and electron withdrawing substituents, an 

opposite behavior was observed. The use of DCM instead of THF leaded to lower 

ee’s for the chalcone derivatives having the aforementioned substituents. The most 

dramatic decreases in selectivity were observed for derivatives 66r and 66u, for 

which the outcomes of the reactions were almost racemic. Only the bromo derivative 

66l showed a small improvement in DCM. The solvent effects on the SMA of 
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chalcone derivatives and 1-thionaphthol was summarized in Figure 2. This behavior 

might be related to the better stabilization of the transition state of substrates 

containing electron withdrawing substituents or halogens with THF, or vice versa. 

 

Figure 2.3. Comparison of the ee’s of SMA in the presence of THF and DCM as 

solvent 

 

2.4.3 Synthesis of Sulfones 

In order to enhance the potential bioactivity of the obtained enantioenriched 

products, selected SMA adducts (β-aryl-β-sulfanyl ketones) were subjected to 

oxidation with m-CPBA.72 The characterization of the newly formed oxidation 

product was done by ATR-FTIR, by comparing the FTIR spectra of SMA adduct 

66a with its corresponding oxidation product 67a (Figure 2.2). The formation of new 

strong absorption peaks at around 1303 cm-1 and 1120 cm-1 shows that the oxidation 

product is a sulfone.37 The results of the oxidation reactions are summarized in Table 

2.11. 
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Figure 2.4. Comparison of FTIR spectra of 66a (red, top) and 67a (blue, bottom) 

 

Table 2.11. Synthesis of enantioenriched sulfones from β-aryl-β-sulfanyl ketones 
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Table 2.11. Continued.a 

  

 

 

 

a Unless stated otherwise, all reactions were performed with 1 eq β-aryl-β-sulfanyl ketone derivative 

and 2.2 eq m-CPBA in DCM. 

 

Despite all the efforts, the retro sulfa-Michael reaction was inevitable regardless of 

the nature of the substituent and the target sulfones were obtained with low yields. 

Small increments in ee were observed when the oxidation was performed to form 

sulfones 67a, 67f and 67g. However, there was a small loss in enantioselectivity for 

67o.
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CHAPTER 3  

3 EXPERIMENTAL 

3.1 Materials and Methods 

1H and 13C NMR spectra were recorded on a Bruker Spectrospin Avance DPX 400 

spectrometer, at 400 and 100 MHz, respectively and in CDCl3. The solvent peaks are 

observed at δ 7.26 ppm (1H NMR) and 77.2 ppm (13C NMR); and δ 2.50 ppm (1H 

NMR) and 39.5 ppm (13C NMR), respectively. TMS was used as the internal 

standard and the chemical shifts were reported in ppm.  The coupling values (J) are 

calculated in Hz. The NMR spectra of the previously unknown compounds in the 

literature can be found in Appendix A. 

Enantiometric excess values were determined by Thermo Finnigan and Agilent 

HPLC systems, using Daicel AD-H, OD-H and IA chiral columns with mixtures of 

chromatography grade n-hexane and i-propanol. HPLC chromatograms of chiral 

products are given in Appendix B. 

FTIR analyses were done with a Bruker ATR instrument. 

HRMS analyses were done in UNAM, Bilkent University with an Agilent 6224 TOF 

LC-MS system. 

Optical rotation measurements were performed on a Rudolph Scientific Autopol III 

polarimeter, operating at 589 nm (sodium D-line). Specific rotation values were 

reported as [α]D
T  with c is in g/100 mL of solvent. 

The melting points of solid products that are new to the literature was measured on 

a MEL-TEMP 1002D apparatus. 

The reactions were monitored by thin layer chromatography, using Merck Silica Gel 

60 F254 plates, pre-coated on aluminum sheets. The TLC plates were visualized by 
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UV light and phosphomolybdic acid stain. Silica gel 60 F254 with mesh size 230-400 

was used for flash column chromatography. 

3.2 Synthesis of Bifunctional Quinine-type Organocatalysts 

3.2.1 Synthesis of Quinine Amine 77 

 

Quinine (10.0 mmol, 3.24 g) and triphenylphosphine (12.0 mmol, 3.15 g) were 

dissolved in freshly distilled THF (50 mL) and the solution was cooled down to 0 

°C. To this cooled solution, diisopropyl azodicarboxylate (12.0 mmol, 2.36 mL) was 

added all at once, followed by the dropwise addition of a cooled solution of diphenyl 

phosphoryl azide (12.0 mmol, 2.58 mL) in dry THF (20 mL). After the addition was 

complete, the solution was allowed to warm up to room temperature. After the 

reaction mixture was stirred at room temperature for 12 h, it was heated to 50 °C and 

stirred for an additional 2 h. Then a second portion of triphenylphosphine (13.0 

mmol, 3.41 g) was added and the mixture was maintained at 50 °C until the evolution 

of N2 gas was ceased (about 2 h). At this point, the mixture was cooled down to room 

temperature and the reaction was quenched by the addition of 1 mL of distilled water. 

The solvents were removed in vacuo and the residue was dissolved in a 1:1 mixture 

of DCM and 10% HCl (aq). Following the extraction, the aqueous phase was washed 

with DCM (4 x 50 mL). Next, the aqueous phase was made alkaline with 

concentrated NH3 and then washed with DCM again (4 x 50 mL). Finally, the organic 

phases were combined, dried over Na2SO4 and concentrated in vacuo. The crude 

product was purified by column chromatography on silica gel, using 

EtOAc/MeOH/conc. NH3 = 50:50:1. The desired product 77 was isolated as an 

orange-yellow viscous liquid with 75% yield. Analytical data matched previously 

reported value in the literature.
25  
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Synthesis of 2-Adamantyl Monosquaramide 76b 

  

Squaric acid (8.8 mmol, 10.0 g) was dissolved in 10 mL of absolute ethanol. The 

solution was refluxed for 3 h and then the solvent was removed under vacuum. Then 

10 mL of ethanol was added once again to the residue and the mixture was heated to 

reflux again. After 30 minutes, EtOH was evaporated again and the procedure was 

repeated twice more with 30-minute reflux periods. The final evaporation yields 

diethyl squarate as a pale-yellow oil. To obtain the 2-adamantyl monosquaramide, 

the crude diethyl squarate (1.0 mmol, 148 μL) dissolved in 2 mL of DCM was added 

to a solution of 2-adamanytlamine (1.0 mmol, 151 mg) in 2 mL of DCM at room 

temperature. The mixture was allowed to stir at room temperature for 24 h. The crude 

product was purified by column chromatography on silica gel, using 1:4 EtOAc/n-

hexane as eluent, which afforded the product 76b as a white solid with 91% yield. 

Analytical data matched previously reported value in the literature.63  

3.2.2 Synthesis of Bifunctional Organocatalyst 58b 

 

Quinine amine 77 (1.0 mmol, 323.4 mg) was dissolved in MeOH (1 mL) in a screw 

capped reaction vial. To this mixture, a solution of 2-adamantyl monosquaramide 

76b (1.2 mmol, 330.4 mg) in DCM (2 mL) was added. The resulting reaction mixture 

was stirred at room temperature for 48 h. The desired organocatalyst 58b was 

obtained as an off-white solid with 87% yield after purification with column 



 

 

50 

chromatography on silica gel, using 3:1 EtOAc/MeOH as eluent. Analytical data 

matched previously reported value in the literature.63  

3.2.3 Synthesis of 2,4,6-Trimethyl-3-nitrobenzene-1-sulfonyl chloride (79) 

 

Fuming nitric acid (47.6 mmol, 2 mL) was added to 2,4,6-trimethylbenzene-1-

sulfonyl chloride (78) (4 mmol, 874 mg) dropwise in 15 minutes. The reaction 

mixture was stirred for 1 h at room temperature, then diluted with 20 mL of ice-cold 

water upon the completion of the reaction. The mixture was extracted with diethyl 

ether (2 x 25 mL). The organic phases were combined and washed consecutively 

with 25 mL of cold water, 25 mL of 1% Na2CO3 and brine (2 x 25 mL). Combined 

organic phases were dried on Na2SO4 and concentrated in vacuo. The residue was 

recrystallized from n-pentane to yield 79 as white crystals with 43% yield. Analytical 

data matched previously reported value in the literature.67  

3.2.4 Synthesis of Bifunctional Catalyst 59 

 

2,4,6-trimethyl-3-nitrobenzene-1-sulfonyl chloride (79) (1.0 mmol, 263.7 mg) was 

added to a solution of quinine amine 77 (1.0 mmol, 323.4 mg) and triethylamine (1.1 

mmol, 140 μL in DCM (2.5 mL) at 0 °C. The mixture was brought to room 

temperature and stirred for 48 h. The mixture was then directly loaded onto silica gel 

column. Elution with EtOAc/MeOH/TEA = 90:10:1 afforded 59 as an off-white 

solid with 35% yield.  

Off-white colored solid, mp 101 °C, 35% yield. [α]D
30 = -135.0 (c 0.780, MeOH). 1H 

NMR (400 MHz, CDCl3) (mixture of rotamers) δ 8.58 (d, J = 4.2 Hz, 1H), 8.47 (d, 
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J = 4.5 Hz, 1H), 7.97 (d, J = 9.1 Hz, 1H), 7.87 (d, J = 9.2 Hz, 1H), 7.74 – 7.53 (m, 

1H), 7.50 – 7.45 (m, 1H), 7.44 – 7.31 (m, 1H), 7.20 (d, J = 4.2 Hz, 1H), 7.15 (d, J = 

4.5 Hz, 1H), 6.54 (s, 1H), 6.44 (s, 1H), 5.78 – 5.56 (m, 1H), 5.31 (s, 1H), 5.10 (d, J 

= 10.6 Hz, 1H), 5.04 – 4.85 (m, 1H), 4.46 (d, J = 10.9 Hz, 1H), 3.99 (s, 1H), 3.94 (s, 

1H), 3.46 (dd, J = 17.9, 9.4 Hz, 1H), 3.38 – 3.25 (m, 1H), 3.22 – 3.09 (m, 1H), 3.09 

– 2.92 (m, 1H), 2.90 – 2.71 (m, 1H), 2.41 (s, 1H), 2.39 (s, 1H), 2.34 (s, 1H), 2.13 (s, 

1H), 2.12 (s, 1H), 1.96 (s, 1H), 1.75 (s, 1H), 1.71 – 1.59 (m, 2H), 1.48 – 1.19 (m, 

1H), 1.06 – 0.79 (m, 1H). 13C NMR (100 MHz, CDCl3) (mixture of rotamers): δ 

157.8, 156.8, 151.8, 151.2, 147.0, 146.5, 144.5, 144.2, 141.6, 141.0, 140.9, 140.8, 

140.5, 138.9, 135.8, 134.8, 132.6, 132.4, 132.3, 132.1, 132.0, 131.9, 131.8, 131.8, 

131.7, 131.3, 130.0, 129.8, 128.4, 128.3, 128.0, 126.3, 123.7, 121.4, 120.2, 119.7, 

118.4, 114.7, 103.6, 100.7, 62.9, 61.1, 60.2, 55.8, 55.5, 55.3, 52.8, 40.3, 39.8, 39.4, 

39.2, 27.7, 27.5, 27.2, 27.1, 26.1, 24.8, 23.2, 22.5, 16.8, 16.8, 15.9, 15.5, 14.1. IR 

(neat): 3077, 2934, 2871, 1619, 1589, 1530, 1506, 1475, 1429, 1359, 1262, 1238, 

1168, 1138, 1103, 1032, 987, 912, 865, 840, 775, 717, 666, 563, 493 cm-1. HRMS 

(ESI-TOF) m/z: [M + H]+ Calcd. for C29H35N4O5S 551.2328; Found 551.2339. 

3.3 General Procedure for the Synthesis of Products 61a-v 

A screw-capped reaction vial was charged with chalcone derivative 60a-v (0.10 

mmol) and organocatalyst 58b (5.5 mg, 0.010 mmol) and toluene (0.5 mL). The 

mixture was cooled to -40 °C, then a solution of methyl thioglycolate 47 (18.0 µL, 

0.20 mmol) in 0.5 mL of toluene was introduced slowly into the vial with stirring. 

The mixture was stirred at -40 °C and progress of the reaction was monitored with 

TLC. Upon the consumption of chalcone derivative, the reaction mixture was 

directly subjected to flash column chromatography on silica, using n-hexanes/ethyl 

acetate mixture as eluent to yield products 61a-v. 
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3.3.1 Methyl 2-((3-oxo-1,3-diphenylpropyl)thio)acetate (61a) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 10.65 min, tmajor = 12.90 min, 97% ee, [α]D
28 = 138.9 (c 0.567, 

CHCl3). Analytical data matched previously reported values in the literature.47  

3.3.2 Methyl 2-((3-oxo-3-phenyl-1-(m-tolyl)propyl)thio)acetate (61b) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 9.41 min, tmajor = 11.25 min, 95% ee, [α]D
26 = 133.2 (c 0.547, CHCl3). 

Analytical data matched previously reported values in the literature.47 

3.3.3 Methyl 2-((3-oxo-3-phenyl-1-(p-tolyl)propyl)thio)acetate (61c) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 13.41 min, tmajor = 23.05 min, 96% ee, [α]D
26 = 130.4 (c 0.547, 

CHCl3). Analytical data matched previously reported values in the literature.47 
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3.3.4 Methyl 2-((3-oxo-1-phenyl-3-(p-tolyl)propyl)thio)acetate (61d) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 18.65 min, tmajor = 26.65 min, 97% ee, [α]D
34 = 200.8 (c 0.520, 

CHCl3). Analytical data matched previously reported values in the literature.47 

3.3.5 Methyl 2-((1-(2-methoxyphenyl)-3-oxo-3-phenylpropyl)thio)acetate 

(61e) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 10.41 min, tmajor = 11.95 min, 82% ee, [α]D
35 = 95.98 (c 0.835, 

CHCl3). Analytical data matched previously reported values in the literature.47 

3.3.6 Methyl 2-((1-(3-methoxyphenyl)-3-oxo-3-phenylpropyl)thio)acetate 

(61f) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 13.32 min, tmajor = 14.84 min, 96% ee, [α]D
26 = 159.5 (c 0.574, 

CHCl3). Analytical data matched previously reported values in the literature.47 
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3.3.7 Methyl 2-((1-(4-methoxyphenyl)-3-oxo-3-phenylpropyl)thio)acetate 

(61g) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 29.55 min, tmajor = 16.05 min, 99% ee, [α]D
26 = 101.7 (c 0.574, 

CHCl3). Analytical data matched previously reported values in the literature.47 

3.3.8 Methyl 2-((1-(furan-2-yl)-3-oxo-3-phenylpropyl)thio)acetate (61h) 

 

Yellow oil, >99% yield. HPLC (AD-H, 90:10 n-Hexane/Isopropanol, 1 mL/min, 254 

nm): tminor = 19.83 min, tmajor = 23.21 min, 91% ee, [α]D
26 = 99.08 (c 0.476, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 7.92 – 7.84 (m, 2H), 7.55 – 7.47 (m, 1H), 7.43 – 7.34 

(m, 2H), 7.32 – 7.25 (m, 1H), 6.24 – 6.18 (m, 2H), 4.75 (dd, J = 7.8, 6.3 Hz, 1H), 

3.71 – 3.64 (m, 1H), 3.63 (s, 3H), 3.53 – 3.45 (m, 1H), 3.13 (s, 2H). 13C NMR (100 

MHz, CDCl3): δ 196.0, 170.6, 152.4, 142.4, 136.5, 133.4, 128.7, 128.1, 110.3, 108.1, 

52.5, 41.9, 37.8, 32.9. IR (neat): 2952, 2918, 2850, 1733, 1684, 1596, 1503, 1448, 

1436, 1353, 1150, 1011, 761, 741, 689 cm-1. HRMS (ESI-TOF) m/z: [M + Na]+ 

Calcd. for C16H16O4SNa 327.0667; Found 327.0677. 

3.3.9 Methyl 2-((3-oxo-3-phenyl-1-(thiophen-2-yl)propyl)thio)acetate (61i) 
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Yellow oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 254 

nm): tminor = 13.91 min, tmajor = 16.13 min, 95% ee, [α]D
26 = 196.1 (c 0.487, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 7.92 – 7.81 (m, 2H), 7.54 – 7.46 (m, 1H), 7.43 – 7.33 

(m, 2H), 7.14 (dd, J = 5.0, 0.9 Hz, 1H), 7.03 – 6.95 (m, 1H), 6.82 (dd, J = 5.1, 3.5 

Hz, 1H), 5.10 – 4.91 (m, 1H), 3.62 (s, 3H), 3.59 – 3.48 (m, 2H), 3.13 (d, J = 15.1 Hz, 

1H), 3.07 (d, J = 15.1 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 195.9, 170.6, 145.1, 

136.5, 133.4, 128.7, 128.1, 126.6, 126.5, 125.1, 52.5, 45.8, 40.1, 33.0. IR (neat): 

2952, 2918, 2850, 1732, 1684, 1608, 1597, 1510, 1448, 1269, 1176, 1129, 1031, 

829, 763, 690, 552 cm-1. HRMS (ESI-TOF) m/z: [M + Na]+ Calcd. for C16H16O3S2Na 

343.0439; Found 343.0436. 

3.3.10 Methyl 2-((1-(2-bromophenyl)-3-oxo-3-phenylpropyl)thio)acetate (61j) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 12.46 min, tmajor = 13.47 min, 81% ee, [α]D
34 = 74.00 (c = 0.700 

g/100 mL, CHCl3). Analytical data matched previously reported value.47 

3.3.11 Methyl 2-((1-(3-bromophenyl)-3-oxo-3-phenylpropyl)thio)acetate (61k) 

 

Light yellow oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 

mL/min, 254 nm): tminor = 9.83 min, tmajor = 10.84 min, 96% ee, [α]D
26 = 149.4 (c 

0.614, CHCl3). Analytical data matched previously reported value.47 
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3.3.12 Methyl 2-((3-(4-bromophenyl)-3-oxo-1-phenylpropyl)thio)acetate (61l) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 21.32 min, tmajor = 28.58 min, 96% ee, [α]D
34 = 158.0 (c 0.775, 

CHCl3). Analytical data matched previously reported value.47 

3.3.13 Methyl 2-((1-(2-chlorophenyl)-3-oxo-3-phenylpropyl)thio)acetate (61m) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 11.56 min, tmajor = 12.73 min, 95% ee, [α]D
34 = 109.4 (c 0.633, 

CHCl3). Analytical data matched previously reported value.47  

3.3.14 Methyl 2-((1-(3-chlorophenyl)-3-oxo-3-phenylpropyl)thio)acetate (61n) 

 

Colorless oil, >99% yield. HPLC (AD-H, 90:10 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 12.56 min, tmajor = 13.78 min, 96% ee, [α]D
32 = 185.8 (c 0.483, 

CHCl3). Analytical data matched previously reported value.47 
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3.3.15 Methyl 2-((1-(4-chlorophenyl)-3-oxo-3-phenylpropyl)thio)acetate (61o) 

 

Colorless oil, >99% yield. HPLC (IA, 80:20 n-Hexane/Isopropanol, 1 mL/min, 254 

nm): tminor = 11.34 min, tmajor = 16.62 min, 96% ee, [α]D
26 = 182.3 (c 0.581, CHCl3). 

Analytical data matched previously reported value.47 

3.3.16 Methyl 2-((1-(3-fluorophenyl)-3-oxo-3-phenylpropyl)thio)acetate (61p) 

 

Colorless oil, >99% yield. HPLC (AD-H, 85:15 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 11.22 min, tmajor = 12.36 min, 95% ee, [α]D
26 = 147.4 (c 0.554, 

CHCl3). 
1H NMR (400 MHz, CDCl3): δ 7.92 – 7.76 (m, 2H), 7.53 – 7.45 (m, 1H), 

7.44 – 7.33 (m, 2H), 7.24 – 7.17 (m, 1H), 7.17 – 7.11 (m, 1H), 7.12 – 7.04 (m, 1H), 

6.96 – 6.76 (m, 1H), 4.67 (t, J = 7.0 Hz, 1H), 3.61 (s, 3H), 3.51 – 3.49 (m, 2H), 3.05 

(d, J = 15.1 Hz, 1H), 2.95 (d, J = 15.1 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 

195.9, 170.5, 143.5, 133.4, 130.1, 130.0, 128.7, 128.1, 124.0, 115.1, 114.8, 114.5, 

52.4, 44.6, 44.2, 32.9. IR (neat): 3058, 2952, 1727, 1679, 1586, 1482, 1447, 1433, 

1295, 1223, 1134, 1001, 981, 890, 791, 757, 680 cm-1. HRMS (ESI-TOF) m/z: [M + 

Na]+ Calcd. for C18H17FO3SNa 355.0780; Found 355.0771. 
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3.3.17 Methyl 2-((3-oxo-3-phenyl-1-(2-(trifluoromethyl)phenyl)propyl)thio) 

acetate (61q) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 15.78 min, tmajor = 19.52 min, 79% ee, [α]D
32 = 117.2 (c 0.607, 

CHCl3). 
1H NMR (400 MHz, CDCl3): δ 7.90 – 7.85 (m, 2H), 7.83 (d, J = 7.9 Hz, 

1H), 7.57 (d, J = 7.9 Hz, 1H), 7.54 – 7.47 (m, 2H), 7.42 – 7.36 (m, 2H), 7.30 (t, J = 

7.6 Hz, 1H), 5.06 (dd, J = 9.0, 4.7 Hz, 1H), 3.61 – 3.54 (m, 1H), 3.50 (s, 3H), 3.35 – 

3.27 (m, 1H), 3.18 (s, 2H). 13C NMR (100 MHz, CDCl3): δ 195.6, 170.1, 140.8, 

136.5, 133.4, 132.4, 129.7, 128.7, 128.2, 128.2, 127.5, 125.9, 125.8, 52.3, 46.3, 40.9, 

34.1. IR (neat): 2953, 2920, 2851, 1739, 1685, 1598, 1581, 1451, 1376, 1312, 1155, 

1121, 1061, 1035, 769, 691 cm-1. HRMS (ESI-TOF) m/z: [M + Na]+ Calcd. for 

C19H17F3O3SNa 405.0748; Found 405.0726. 

3.3.18 Methyl 2-((3-oxo-3-phenyl-1-(4-(trifluoromethyl)phenyl)propyl)thio) 

acetate (61r) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 10.88 min, tmajor = 22.90 min, 95% ee, [α]D
25 = 119.3 (c 0.637, 

CHCl3). 
1H NMR (400 MHz, CDCl3): δ 7.91 – 7.76 (m, 2H), 7.56 – 7.45 (m, 5H), 

7.43 – 7.32 (m, 2H), 4.72 (t, J = 7.1 Hz, 1H), 3.59 (s, 3H), 3.53 (d, J = 7.1 Hz, 2H), 

3.08 – 2.87 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 194.7, 169.3, 144.1, 135.4, 

132.5, 128.8, 128.6, 127.7, 127.6, 127.03, 124.6, 51.4, 43.4, 43.2, 31.8. IR (neat): 

2954, 2920, 2850, 1730, 1680, 1616, 1596, 1540, 1424, 1364, 1364, 1324, 1273, 
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1229, 1155, 1108, 1069, 1001, 822, 689 cm-1. HRMS (ESI-TOF) m/z: [M + Na]+ 

Calcd. for C19H17F3O3SNa 405.0748; Found 405.0763. 

3.3.19 Methyl 2-((1-(2-nitrophenyl)-3-oxo-3-phenylpropyl)thio)acetate (61s) 

 

Yellow oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 254 

nm): tminor = 25.37 min, tmajor = 27.70 min, 68% ee, [α]D
34 = 79.61 (c 0.467, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 7.87 – 7.81 (m, 2H), 7.87 – 7.68 (m, 2H), 7.54 – 7.46 

(m, 2H), 7.41 – 7.35 (m, 2H), 7.34 – 7.27 (m, 1H), 5.28 (t, J = 7.1 Hz, 1H), 3.60 – 

3.56 (m, 2H), 3.53 (s, 3H), 3.22 (d, J = 15.3 Hz, 1H), 3.16 (d, J = 15.3 Hz, 1H). 13C 

NMR (100 MHz, CDCl3): δ 195.6, 170.1, 149.9, 136.7, 136.2, 133.5, 133.0, 130.0, 

128.7, 128.1, 128.1, 124.3, 77.3, 77.0, 76.7, 52.4, 45.6, 39.7, 33.8. IR (neat): 2953, 

2919, 2851, 1730, 1684, 1525, 1458, 1376, 1354, 1261, 1179, 1095, 1047, 1022, 

801, 722, 698 cm-1. HRMS (ESI-TOF) m/z: [M + Na]+ Calcd. for C18H17NO5SNa 

382.0725; Found 382.0717. 

3.3.20 Methyl 2-((1-(3-nitrophenyl)-3-oxo-3-phenylpropyl)thio)acetate (61t) 

 

Colorless oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 17.44 min, tmajor = 18.82 min, 76% ee, [α]D
34 = 160.9 (c 0.800, 

CHCl3). Analytical data matched previously reported value.47 
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3.3.21 Methyl 2-((1-(4-nitrophenyl)-3-oxo-3-phenylpropyl)thio)acetate (61u) 

 

Yellow oil, >99% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 254 

nm): tminor = 26.03 min, tmajor = 43.03 min, 95% ee, [α]D
25 = 161.5 (c 0.559, CHCl3). 

Analytical data matched previously reported value.47 

3.3.22 Methyl 2-((3-(4-nitrophenyl)-3-oxo-1-phenylpropyl)thio)acetate (61v) 

 

Yellow oil, >99% yield. HPLC (IA, 80:20 n-Hexane/Isopropanol, 1 mL/min, 254 

nm): tminor = 25.82 min, tmajor = 29.67 min, 95% ee, [α]D
25 = 100.7 (c 0.562, CHCl3). 

Analytical data matched previously reported value.47 

3.4 General Procedure for the Synthesis of Products 63a-d 

A screw-capped reaction vial was charged with chalcone derivative 62a-d (0.10 

mmol) and organocatalyst 58b (5.5 mg, 0.010 mmol) and toluene (0.5 mL). Then a 

solution of methyl thioglycolate 47 (18.0 µL, 0.20 mmol) in 0.5 mL of toluene was 

introduced slowly into the vial with stirring at room temperature. The mixture was 

stirred at ambient temperature and progress of the reaction was monitored with TLC. 

Upon the consumption of chalcone derivative, the reaction mixture was directly 

subjected to flash column chromatography on silica, using n-hexanes/ethyl acetate 

mixture as eluent to yield products 63a-d 
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3.4.1 Methyl 2-((3-oxo-1-phenylbutyl)thio)acetate (63a) 

 

Light yellow oil, 60% yield. HPLC (AD-H, 90:10 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 8.26 min, tmajor = 8.88 min, 60% ee, [α]D
29 = 139.0 (c 0.507, CHCl3). 

Analytical data matched previously reported value.47 

3.4.2 Methyl 2-((1-(4-methoxyphenyl)-3-oxobutyl)thio)acetate (63b) 

 

Light yellow oil, 50% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 7.33 min, tmajor = 8.65 min, 73% ee, [α]D
29 = 116.4 (c 0.473, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 7.23 – 7.16 (m, 2H), 6.84 – 6.72 (m, 2H), 4.41 (t, J 

= 7.3 Hz, 1H), 3.71 (s, 3H), 3.61 (s, 3H), 3.01 – 2.84 (m, 4H), 2.01 (s, 3H). 13C NMR 

(100 MHz, CDCl3): δ 204.8, 170.6, 158.9, 132.2, 129.0, 113.9, 55.1, 52.2, 49.5, 43.8, 

32.5, 30.3. IR (neat): 3000, 2950, 2915, 2838, 1715, 1608, 1583, 1511, 1460, 1436, 

1361, 1280, 1248, 1174, 1152, 1132, 1024, 1009, 831, 756, 704, 587, 544 cm-1. 

HRMS (ESI-TOF) m/z: [M + Na]+ Calcd. for C14H18NaO4S 305.0823; Found 

305.0824. 

3.4.3 Methyl 2-((3-oxo-1-(4-(trifluoromethyl)phenyl)butyl)thio)acetate (63c) 
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Orange oil, 70% yield. HPLC (AD-H, 90:10 n-Hexane/Isopropanol, 1 mL/min, 254 

nm): tminor = 7.65 min, tmajor = 9.83 min, 80% ee, [α]D
29 = 90.22 (c 0.733, CHCl3). 

1H 

NMR (400 MHz, CDCl3): δ 7.47 (dd, J = 33.4, 8.2 Hz, 4H), 4.50 (dd, J = 7.8, 6.7 

Hz, 1H), 3.59 (s, 3H), 3.02 – 2.83 (m, 4H), 2.04 (s, 3H). 13C NMR (100 MHz, 

CDCl3): δ 204.1, 170.3, 145.0, 128.5, 125.6, 125.6, 125.6, 52.4, 49.2, 43.8, 32.7, 

30.3. IR (neat): 2956, 2929, 1719, 1618, 1435, 1420, 1361, 1323, 1281, 1160, 1111, 

1068, 1016, 837, 799, 604 cm-1. HRMS (ESI-TOF) m/z: [M + Na]+ Calcd. for 

C14H15F3NaO3S 343.0592; Found 343.0583. 

3.4.4 Methyl 2-((1-(4-nitrophenyl)-3-oxobutyl)thio)acetate (63d) 

 

Yellow oil, 68% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 254 

nm): tminor = 12.82 min, tmajor = 16.07 min, 74% ee, [α]D
29 = 173.8 (c 0.673, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 8.15 – 8.05 (m, 2H), 7.53 – 7.42 (m, 2H), 4.55 (dd, 

J = 8.2, 6.2 Hz, 1H), 3.62 (s, 3H), 3.05 – 2.83 (m, 4H), 2.05 (s, 3H). 13C NMR (100 

MHz, CDCl3): δ 203.8, 170.1, 148.5, 147.2, 129.0, 123.8, 52.5, 49.0, 43.5, 32.6, 30.3. 

IR (neat): 3298, 2956, 2915, 2850, 1730, 1603, 1520, 1468, 1418, 1392, 1348, 1290, 

1257, 1215, 1194, 1177, 1100, 1047, 1027, 992, 944, 804, 720 cm-1. HRMS (ESI-

TOF) m/z: [M - H]- Calcd. For C13H14NO5S 296.0593; Found 296.0584. 

3.5 Procedure for the Synthesis of Product 84 

 

A screw-capped reaction vial was charged with cinnamoyl benzotriazole 82 (0.20 

mmol) and organocatalyst 58b (11.1 mg, 0.020 mmol) and toluene (1.0 mL). Then 

Then a solution of methyl thioglycolate 47 (36.0 µL, 0.40 mmol) in 0.5 mL of toluene 
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was introduced slowly into the vial with stirring at room temperature. The mixture 

was stirred at ambient temperature and progress of the reaction was monitored with 

TLC. Upon the consumption of chalcone derivative, an additional 18.0 µL portion 

of methyl thioglycolate 47 was added to the reaction mixture and the increment in 

the relative amount of 84 was observed via regular TLC monitoring. When the 

reaction reached a plateau in terms of the amount of 84 (2 days), the reaction mixture 

was directly subjected to flash column chromatography on silica, using n-

hexane/EtOAc mixture as eluent to yield the pure product. 

Light yellow oil, 84% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 11.557 min, tmajor = 13.003 min, 83% ee, [α]D
23 = 139.7 (c 0.470, 

CHCl3). 
1H NMR (400 MHz, CDCl3): 7.33 – 7.23 (m, 4H), 7.22 – 7.15 (m, 1H), 4.59 

– 4.34 (m, 1H), 3.61 (s, 3H), 3.60 (s, J = 4.2 Hz, 3H), 3.58 (s, 2H), 3.18 – 3.05 (m, 

2H), 3.00 (d, J = 15.1 Hz, 1H), 2.89 (d, J = 15.1 Hz, 1H). 13C NMR (100 MHz, 

CDCl3): δ 194.0, 170.4, 168.8, 139.4, 131.6, 128.7, 128.0, 52.7, 52.4, 49.3, 45.5, 

32.7, 31.1. IR (neat): 2952, 2920, 2850, 1936, 1692, 1493, 1453, 1435, 1406, 1379, 

1296, 1157, 1135, 1049, 1005, 886, 801, 770, 585, 529 cm-1. HRMS (ESI-TOF) m/z: 

[M + Na]+ Calcd. for C15H18NaO5S2 365.0493; Found 365.0493. 

3.6 Procedure for the Dithiolane Protection of Sulfa-Michael Adduct 88 

 

To a solution of the sulfa-Michael product 61s (0.790 mmol, 284 mg) and 1,2-

ethanedithiol (0.96 mmol, 79.5 μL) in 4.5 mL CHCl3, I2 (0.079 mmol, 20 mg) was 

added and the resulting mixture was stirred at room temperature until the starting 

material was consumed (5h). The progress of reaction was monitored with TLC. 

After completion, the reaction was quenched by adding 4 mL of 0.1 M Na2SO4 (aq) 

and 4 mL of 10% NaOH (aq), then extracted with CHCl3. The organic layer was 

washed with H2O, then dried over MgSO4 and concentrated in vacuo. The crude 
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product was purified by flash column chromatography with n-hexane/EtOAc = 5:1 

as eluent to yield the protected adduct, 88. 

Dark yellow oil, 61% yield. 1H NMR (400 MHz, CDCl3) δ 7.62 (dd, J = 8.1, 1.2 Hz, 

1H), 7.57 (d, J = 7.9 Hz, 1H), 7.54 – 7.49 (m, 2H), 7.45 – 7.38 (m, 1H), 7.26 – 7.20 

(m, 1H), 7.20 – 7.06 (m, 3H), 4.75 – 4.53 (m, 1H), 3.47 (s, 3H), 3.31 – 3.20 (m, 2H), 

3.17 – 2.98 (m, 5H), 2.92 (dd, J = 14.9, 5.3 Hz, 1H). δ 13C NMR (100 MHz, CDCl3): 

δ 169.9, 149.5, 142.9, 136.6, 133.0, 131.0, 130.7, 129.0, 128.0, 124.2, 121.4, 72.3, 

52.4, 51.4, 39.8, 39.2, 33.4. IR (neat): 3057, 3027, 3000, 2949, 2922, 2841, 1733, 

1604, 1577, 1524, 1489, 1434, 1350, 1275, 1191, 1154, 1126, 1081, 1004, 979, 877, 

855, 784, 762, 699, 666, 638, 562, 429 cm-1. MS (MALDI-TOF) m/z: [M + Na]+ 

Calcd. For C20H21NNaO4S3 458.0530; Found 458.0537. 

3.7 Procedure for Synthesis of Benzothiazepinone Derivative 81 

 

To a solution of nitro compound 88 (0.295 mmol, 128.5 mg) in 1.5 mL EtOH, Fe 

powder (0.885 mmol, 49.4 mg) and 0.1 N HCl solution (0.3 mL) was added 

consecutively. The resulting mixture was stirred vigorously at 80 ℃ until the 

completion of reaction (40 min), which was monitored by TLC. After completion, 

the reaction mixture was cooled down to room temperature, diluted with 2 mL 

EtOAc and filtered through a celite pad. The filtrate was then washed with saturated 

NaHCO3 (1.5 mL). The aqueous phase was back-extracted with EtOAc  (2x1 mL). 

Then the organic phases were combined and dried over MgSO4 and concentrated. 

The crude product was purified by column chromatography (1:10 EtOAc/n-hexanes) 

to yield 81. 

Dark yellow oil, 51% yield. HPLC (AD-H, 80:20 n-Hexane/Isopropanol, 1 mL/min, 

254 nm): tminor = 22.955 min, tmajor = 25.613 min, 17% ee, [α]D
23 = 13.18 (c 0.565, 

CHCl3). 
1H NMR (400 MHz, CDCl3): δ 7.69 – 7.54 (m, 2H), 7.24 –7.18 (m, 2H), 
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7.16 – 7.09 (m, 1H), 6.96 (td, J = 7.8, 1.5 Hz, 1H), 6.83 (s, J = 72.3 Hz, 1H), 6.83 (s, 

1H), 6.60 – 6.44 (m, 2H), 3.95 (dd, J = 7.5, 4.6 Hz, 1H), 3.49 (s, 2H), 3.31 – 3.15 

(m, 3H), 3.12 – 3.01 (m, 2H), 2.93 – 2.78 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 

170.7, 145.2, 144.2, 128.5, 128.1, 128.0, 127.3, 127.2, 118.4, 117.0, 73.5, 52.3, 39.3, 

38.9, 32.8, 29.7. IR (neat): 3425, 3413, 3345, 3055, 3021, 2948, 2921, 2850, 1730, 

1675, 1619, 1600, 1580, 1491, 1454, 1441, 1434, 1380, 1274, 1194, 1156, 1130, 

1081, 1031, 1001, 979, 851, 748, 697, 638, 573, 543, 531, 495, 480, 467 cm-1. MS 

(MALDI-TOF) m/z: [M + Na]+ Calcd. For C19H19NNaOS3 396.0526; Found 

396.0531. 

3.8 General Procedure for the Synthesis of Products 66a-x 

A screw-capped reaction vial was charged with trans-chalcone derivative (0.20 

mmol) and organocatalyst 59 (1.1 mg, 0.0020 mmol) and 0.5 mL of THF or DCM. 

Then a solution of 1-thionaphthol 47 (55. µL, 0.40 mmol) in 0.5 mL of the selected 

solvent was introduced slowly into the vial with stirring. The mixture was stirred at 

room temperature and progress of the reaction was monitored with TLC. Upon the 

consumption of the chalcone derivative, the reaction mixture was directly subjected 

to flash column chromatography, using n-hexane/EtOAc as eluent to yield β-aryl-β-

sulfanyl ketones 66a-x. 

3.8.1 3-(Naphthalen-1-ylthio)-1,3-diphenylpropan-1-one (66a) 

 

White solid, mp 99 °C, 93% yield. HPLC (AD-H, 99:1 n-Hexane/Isopropanol, 0.8 

mL/min, 220 nm): tminor = 33.445 min, tmajor = 35.736 min, 83% ee, [α]D
23 = -70.25 (c 

1.785, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.42 (d, J = 8.6 Hz, 1H), 7.77 – 7.71 

(m, 3H), 7.68 (d, J = 8.2 Hz, 1H), 7.48 – 7.38 (m, 4H), 7.31 (t, J = 7.7 Hz, 2H), 7.21 

– 7.15 (m, 3H), 7.15 – 7.04 (m, 3H), 4.88 (dd, J = 7.9, 6.3 Hz, 1H), 3.61 (dd, J = 
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17.2, 8.0 Hz, 1H), 3.53 (dd, J = 17.2, 6.2 Hz, 1H).13C NMR (100 MHz, CDCl3): δ 

197.0, 141.2, 136.7, 134.5, 134.1, 133.3, 133.2, 131.3, 129.1, 128.6, 128.6, 128.5, 

128.1, 127.8, 127.4, 126.8, 126.3, 125.8, 125.5, 48.9, 44.7. δ IR (neat): 3053, 3027, 

2891, 2878, 1678, 1595, 1501, 1449, 1418, 1368, 1340, 1251, 1225, 1078, 1019, 

1002, 981, 921, 801, 769, 750, 711, 689, 667, 642, 624, 599, 565, 549, 530, 419 cm-

1. MS (MALDI-TOF) m/z: [M + Na]+ Calcd. for C25H20NaOS 391.113; Found 

391.133. 

3.8.2 3-(Naphthalen-1-ylthio)-1-phenyl-3-(m-tolyl)propan-1-one (66b) 

 

White solid, mp 56 °C, 87% yield. HPLC (OD-H, 99:1 n-Hexane/Isopropanol, 0.8 

mL/min, 220 nm): tminor = 16.063 min, tmajor = 14.139 min, 78% ee, [α]D
24 = -111.4 (c 

1.660, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.42 (d, J = 8.2 Hz, 1H), 7.75 (d, J = 

7.4 Hz, 3H), 7.69 (d, J = 8.2 Hz, 1H), 7.54 – 7.38 (m, 4H), 7.31 (t, J = 7.6 Hz, 2H), 

7.23 (t, J = 7.7 Hz, 1H), 7.02 (dd, J = 15.1, 7.7 Hz, 3H), 6.90 (d, J = 6.6 Hz, 1H), 

4.95 – 4.76 (m, 1H), 3.62 (dd, J = 17.2, 8.1 Hz, 1H), 3.51 (dd, J = 17.2, 6.0 Hz, 1H), 

2.17 (s, 3H).13C NMR (100 MHz, CDCl3): δ 197.1, 140.9, 138.0, 136.7, 134.4, 134.0, 

133.2, 133.1, 131.5, 129.0, 128.6, 128.5, 128.3, 128.2, 128.1, 126.7, 126.2, 125.8, 

125.4, 124.7, 48.3, 44.7, 21.4. IR (neat): 3054, 3022, 2920, 2852, 1681, 1594, 1502, 

1448, 1415, 1363, 1334, 1249, 1216, 1055, 1019, 1000, 979, 877, 801, 784, 768, 

754, 727, 713, 684, 638, 624, 602, 573, 534, 510, 443, 421 cm-1. MS (MALDI-TOF) 

m/z: [M + Na]+ Calcd. for C26H22NaOS 405.129; Found 405.147. 

3.8.3 3-(Naphthalen-1-ylthio)-1-phenyl-3-(p-tolyl)propan-1-one (66c) 
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White solid, mp 102 °C, 94% yield. HPLC (AD-H, 98:2 n-Hexane/Isopropanol, 0.8 

mL/min, 254 nm): tminor = 15.832 min, tmajor = 14.441 min, 94% ee, [α]D
23 = -91.42 (c 

0.480, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.43 (d, J = 8.3 Hz, 1H), 7.77 – 7.70 

(m, 3H), 7.68 (d, J = 8.2 Hz, 1H), 7.51 – 7.39 (m, 4H), 7.30 (t, J = 7.7 Hz, 2H), 7.26 

– 7.19 (m, 1H), 7.14 – 7.06 (m, 2H), 6.95 (d, J = 7.9 Hz, 2H), 4.87 (dd, J = 8.3, 5.9 

Hz, 1H), 3.60 (dd, J = 17.1, 8.3 Hz, 1H), 3.49 (dd, J = 17.1, 5.9 Hz, 1H), 2.19 (s, 

3H). 13C NMR (100 MHz, CDCl3): δ 197.2, 138.1, 137.1, 136.7, 134.4, 134.1, 133.2, 

132.9, 131.6, 129.2, 129.0, 128.6, 128.1, 127.7, 126.8, 126.3, 125.8, 125.5, 48.1, 

44.9, 21.2. IR (neat): 3053, 3030, 2944, 2922, 2892, 2861, 1681, 1595, 1515, 1502, 

1449, 1417, 1361, 1334, 1307, 1251, 1226, 1155, 1113, 1062, 1019, 1001, 978, 954, 

918, 801, 770, 759, 733, 701, 684, 649, 623, 583, 564, 534, 521, 435, 417 cm-1. MS 

(MALDI-TOF) m/z: [M + Na]+ Calcd. for C26H22NaOS 405.129; Found 405.190. 

3.8.4 3-(Naphthalen-1-ylthio)-3-phenyl-1-(p-tolyl)propan-1-one (66d) 

 

White solid, mp 110-112 °C, >99% yield. HPLC (AD-H, 98:2 n-

Hexane/Isopropanol, 0.8 mL/min, 254 nm): tminor = 22.531 min, tmajor = 20.044 min, 

91% ee, [α]D
24 = -74.25 (c 1.910, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 8.41 (d, J 

= 8.3 Hz, 1H), 7.79 – 7.57 (m, 4H), 7.42 (dq, J = 15.4, 6.8 Hz, 3H), 7.27 – 6.98 (m, 

8H), 4.88 (dd, J = 7.7, 6.4 Hz, 1H), 3.53 (qd, J = 17.1, 7.1 Hz, 2H), 2.26 (s, 3H). 13C 

NMR (100 MHz, CDCl3): δ 196.6, 144.1, 141.3, 134.4, 134.3, 134.1, 133.1, 131.4, 

129.3, 129.0, 128.5, 128.4, 128.2, 127.8, 127.4, 126.8, 126.2, 125.8, 125.4, 48.5, 

44.6, 21.7. IR (neat): 3053, 3029, 2962, 2894, 1666, 1604, 1498, 1456, 1421, 1362, 

1328, 1307, 1230, 118, 1019, 972, 942, 815, 800, 767, 698, 666, 594, 559, 524, 491, 

456, 416 cm-1. MS (MALDI-TOF) m/z: [M + Na]+ Calcd. for C26H22NaOS 405.129; 

Found 405.147. 
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3.8.5 3-(3-Methoxyphenyl)-3-(naphthalen-1-ylthio)-1-phenylpropan-1-one 

(66f) 

 

White solid, mp 46-47 °C, >99% yield. HPLC (OD-H, 90:10 n-Hexane/Isopropanol, 

1 mL/min, 230 nm): tminor = 10.575 min, tmajor = 9.406 min, 63% ee, [α]D
24 = -92.87 

(c 2.100, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.42 (d, J = 8.2 Hz, 1H), 7.75 (t, J 

= 7.3 Hz, 3H), 7.69 (d, J = 8.2 Hz, 1H), 7.52 – 7.38 (m, 4H), 7.32 (t, J = 7.6 Hz, 2H), 

7.26 – 7.19 (m, 1H), 7.05 (t, J = 7.9 Hz, 1H), 6.79 (d, J = 7.6 Hz, 1H), 6.67 (d, J = 

17.9 Hz, 1H), 6.62 (dd, J = 8.1, 2.0 Hz, 1H), 4.93 – 4.79 (m, 1H), 3.68 – 3.48 (m, 

5H). 13C NMR (100 MHz, CDCl3): δ 195.5, 158.0, 141.3, 135.3, 133.0, 132.6, 131.8, 

131.7, 129.9, 128.0, 127.6, 127.1, 127.0, 126.6, 125.3, 124.8, 124.3, 124.0, 118.6, 

111.9, 111.5, 53.7, 46.9, 43.2. IR (neat): 3055, 3001, 2959, 2918, 2836, 1710, 1685, 

1597, 1489, 1448, 1359, 1260, 1221, 1157, 1090, 1042, 981, 873, 774, 692, 530 cm-

1. MS (MALDI-TOF) m/z: [M + Na]+ Calcd. for C26H22NaO2S 421.124; Found 

421.137.  

3.8.6 3-(4-Methoxyphenyl)-3-(naphthalen-1-ylthio)-1-phenylpropan-1-one 

(66g)  

 

White solid, mp 102 °C, 93% yield. HPLC (AD-H, 90:10 n-Hexane/Isopropanol, 1 

mL/min, 220 nm): tminor = 15.595 min, tmajor = 13.816 min, 84% ee, [α]D
23 = -120.0 (c 

1.845, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.42 (d, J = 8.3 Hz, 1H), 7.79 – 7.69 

(m, 3H), 7.67 (d, J = 8.2 Hz, 1H), 7.51 – 7.37 (m, 4H), 7.29 (t, J = 7.7 Hz, 2H), 7.21 
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(dd, J = 8.0, 7.4 Hz, 1H), 7.13 – 7.07 (m, 2H), 6.73 – 6.60 (m, 2H), 4.86 (dd, J = 8.3, 

5.9 Hz, 1H), 3.63 (s, J = 6.0 Hz, 3H), 3.58 (dd, J = 17.1, 8.4 Hz, 1H), 3.47 (dd, J = 

17.1, 5.9 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 197.2, 158.8, 136.8, 134.4, 133.2, 

133.1, 133.0, 131.6, 129.0, 128.9, 128.6, 128.5, 128.1, 126.7, 126.2, 125.8, 125.5, 

113.8, 55.2, 47.9, 44.9. IR (neat): 3051, 3006, 2953, 2931, 2891, 2834, 1681, 1609, 

1594, 1512, 1448, 1415, 1363, 1334, 1293, 1247, 1223, 1176, 1107, 1060, 1029, 

1000, 977, 954, 918, 850, 813, 800, 767, 736, 723, 699, 684, 667, 647, 621, 588, 

564, 529, 427, 414 cm-1. MS (MALDI-TOF) m/z: [M + Na]+ Calcd. for C26H22NaO2S 

421.124; Found 421.154. 

3.8.7 3-(3-Bromophenyl)-3-(naphthalen-1-ylthio)-1-phenylpropan-1-one 

(66k) 

 

White solid, mp 84 °C, 66% yield. HPLC (OD-H, 90:10 n-Hexane/Isopropanol, 1 

mL/min, 254 nm): tminor = 8.699 min, tmajor = 7.584 min, 51% ee, [α]D
24 = -145.1 (c 

1.480, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.39 (d, J = 8.2 Hz, 1H), 7.82 – 7.63 

(m, 4H), 7.43 (dd, J = 15.1, 7.6 Hz, 4H), 7.37 – 7.27 (m, 3H), 7.29 – 7.11 (m, 2H), 

7.03 (d, J = 7.6 Hz, 1H), 6.94 (t, J = 7.8 Hz, 1H), 4.80 (t, J = 7.0 Hz, 1H), 3.55 (d, J 

= 7.0 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 195.5, 142.6, 135.4, 133.4, 133.0, 

132.7, 132.3, 129.7, 129.5, 129.3, 128.8, 128.4, 127.6, 127.5, 127.0, 125.8, 125.5, 

125.3, 124.6, 124.3, 121.3, 46.8, 43.3. IR (neat): 3056, 3041, 2927, 2892, 1680, 

1594, 1565, 1501, 1475, 1448, 1429, 1415, 1357, 1329, 1219, 1151, 1061, 983, 953, 

918, 878, 811, 795, 768, 753, 716, 685, 667, 638, 604, 570, 533, 508, 445, 433, 419 

cm-1. MS (MALDI-TOF) m/z: [M + Na]+ Calcd. for C25H19BrNaOS 469.024; Found 

469.024. 
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3.8.8 1-(4-Bromophenyl)-3-(naphthalen-1-ylthio)-3-phenylpropan-1-one (66l) 

 

White solid, mp 162-163 °C, >99% yield. HPLC (AD-H, 98:2 n-

Hexane/Isopropanol, 1 mL/min, 254 nm): tminor = 16.944 min, tmajor = 17.723 min, 

82% ee, [α]D
24 = -53.21 (c 1.260, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 8.40 (d, J 

= 8.2 Hz, 1H), 7.70 (dd, J = 23.8, 8.0 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 7.51 – 7.31 

(m, 5H), 7.27 – 6.99 (m, 6H), 4.84 (t, J = 7.0 Hz, 1H), 3.65 – 3.31 (m, 2H). 13C NMR 

(100 MHz, CDCl3): δ 194.3, 139.1, 133.6, 132.6, 132.3, 131.5, 130.1, 129.4, 127.8, 

127.4, 126.8, 126.7, 126.7, 126.0, 125.7, 125.1, 124.5, 123.9, 123.7, 46.6, 42.9. IR 

(neat): 3055, 3030, 2899, 1682, 1583, 1500, 1452, 1396, 1365, 1331, 1220, 1177, 

1070, 1007, 983, 823, 799, 774, 721, 699, 661, 626, 601, 557, 524, 470, 448, 419 

cm-1. MS (MALDI-TOF) m/z: [M + Na]+ Calcd. for C25H19BrNaOS 469.024; Found 

469.058. 

3.8.9 3-(2-Chlorophenyl)-3-(naphthalen-1-ylthio)-1-phenylpropan-1-one 

(66m) 

 

White solid, mp 54-55 °C, 84% yield. HPLC (OD-H, 90:10 n-Hexane/Isopropanol, 

1 mL/min, 254 nm): tminor = 7.968 min, tmajor = 9.813 min, 66% ee, [α]D
24 = -4.622 (c 

1.350, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.73 – 8.41 (m, 1H), 7.97 – 7.79 (m, 

4H), 7.68 – 7.52 (m, 4H), 7.50 – 7.32 (m, 5H), 7.18 (dd, J = 8.8, 5.1 Hz, 2H), 5.54 

(t, J = 7.1 Hz, 1H), 3.72 (qd, J = 17.3, 7.2 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 

196.6, 138.5, 136.5, 134.7, 134.0, 133.9, 133.5, 133.3, 130.7, 129.8, 129.3, 128.6, 

128.4, 128.4, 128.1, 126.9, 126.7, 126.2, 125.8, 125.4, 44.7, 44.2. IR (neat): 3052, 
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2916, 2894, 1687, 1581, 1502, 1472, 1447, 1357, 1312, 1264, 1243, 1202, 1160, 

1061, 1032, 981, 911, 797, 770, 749, 732, 679, 650, 588, 557, 538, 503, 459, 418 

cm-1. MS (MALDI-TOF) m/z: [M + Na]+ Calcd. for C25H19ClNaOS 425.074; Found 

425.131. 

3.8.10 3-(3-Chlorophenyl)-3-(naphthalen-1-ylthio)-1-phenylpropan-1-one 

(66n) 

 

White solid, mp 85 °C, 79% yield. HPLC (OD-H, 95:5 n-Hexane/Isopropanol, 1 

mL/min, 220 nm): tminor = 9.514 min, tmajor = 8.199 min, 85% ee, [α]D
23 = -132.7 (c 

1.590, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.39 (d, J = 8.3 Hz, 1H), 7.88 – 7.64 

(m, 4H), 7.54 – 7.38 (m, 4H), 7.33 (t, J = 7.7 Hz, 2H), 7.26 – 7.19 (m, 1H), 7.17 (s, 

1H), 7.10 – 6.92 (m, 3H), 4.82 (t, J = 7.1 Hz, 1H), 3.67 – 3.45 (m, 2H). 13C NMR 

(100 MHz, CDCl3): δ 196.6, 143.4, 136.5, 134.5, 134.2, 134.1, 133.7, 133.4, 130.7, 

129.6, 129.5, 128.7, 128.6, 128.1, 127.9, 127.5, 126.9, 126.3, 126.1, 125.7, 125.4, 

47.9, 44.4. IR (neat): 3054, 3029, 2951, 2920, 2851, 1681, 1593, 1570, 1500, 1431, 

1412, 1364, 1333, 1254, 1226, 1185, 1163, 1076, 1001, 984, 904, 834, 798, 769, 

752, 729, 683, 64, 625, 604, 533, 508, 436, 419 cm-1. MS (MALDI-TOF) m/z: [M + 

Na]+ Calcd. for C25H19ClNaOS 425.074; Found 425.087. 

3.8.11 3-(4-Chlorophenyl)-3-(naphthalen-1-ylthio)-1-phenylpropan-1-one 

(66o) 

 



 

 

72 

White solid, mp 121-122 °C, >99% yield. HPLC (AD-H, 90:10 n-

Hexane/Isopropanol, 1 mL/min, 220 nm): tminor = 11.144 min, tmajor = 9.939 min, 71 

ee, [α]D
24 = -125.2 (c 2.090, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 8.40 (d, J = 8.2 

Hz, 1H), 7.88 – 7.72 (m, 3H), 7.70 (d, J = 8.2 Hz, 1H), 7.55 – 7.38 (m, 4H), 7.33 (t, 

J = 7.7 Hz, 2H), 7.21 (dd, J = 14.7, 6.8 Hz, 1H), 7.13 – 7.03 (m, 4H), 4.83 (dd, J = 

7.7, 6.5 Hz, 1H), 3.70 – 3.42 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 196.7, 139.9, 

136.6, 134.5, 134.1, 133.5, 133.4, 133.0, 130.8, 129.4, 129.1, 128.7, 128.6, 128.5, 

128.1, 126.9, 126.3, 125.7, 125.5, 77.4, 77.1, 76.8, 47.8, 44.5. IR (neat): 3050, 3028, 

2926, 2897, 1679, 1595, 1493, 1450, 1418, 1359, 1332, 1226, 1154, 1091, 1015, 

976, 954, 917, 853, 815, 799, 769, 751, 732, 683, 656, 619, 571, 531, 505, 430 cm-

1. MS (MALDI-TOF) m/z: [M + Na]+ Calcd. for C25H19ClNaOS 425.074; Found 

425.086. 

3.8.12 3-(Naphthalen-1-ylthio)-1-phenyl-3-(4-(trifluoromethyl)phenyl) 

propan-1-one (66r) 

 

White solid, mp 118 °C, 91% yield. HPLC (AD-H, 90:10 n-Hexane/Isopropanol, 1 

mL/min, 254 nm): tminor = 8.847 min, tmajor = 7.195 min, 67% ee, [α]D
23 = -74.02 (c 

1.730, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.37 (d, J = 7.8 Hz, 1H), 7.88 – 7.68 

(m, 4H), 7.54 – 7.30 (m, 8H), 7.28 – 7.16 (m, 3H), 4.89 (t, J = 7.1 Hz, 1H), 3.78 – 

3.50 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 195.4, 144.3, 135.4, 133.4, 133.0, 

132.7, 132.4, 129.3, 128.6, 128.3 (q, J = 32.3 Hz), 127.6, 127.5, 127.0, 127.0, 125.9, 

125.3, 124.5, 124.3, 124.3 (dd, J = 7.5, 3.8 Hz), 46.9, 43.5. IR (neat): 3050, 2939, 

2902, 1677, 1618, 1596,1503, 1450, 1426, 1365, 1328, 1226, 1157, 1123, 1072, 

1018, 986, 954, 918, 860, 821, 797, 769, 758, 708, 684, 647, 634, 620, 601, 563, 

529, 425 cm-1. MS (MALDI-TOF) m/z: [M + Na]+ Calcd. for C26H19F3NaOS 

459.101; Found 459.123. 
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3.8.13 3-(Naphthalen-1-ylthio)-3-(4-nitrophenyl)-1-phenylpropan-1-one (66u) 

 

Yellow solid, mp 129-130 °C, 81% yield. HPLC (AD-H, 90:10 n-

Hexane/Isopropanol, 1 mL/min, 210 nm): tminor = 26.461 min, tmajor = 24.532 min, 

68% ee, [α]D
23 = -153.6 (c 1.665, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 8.37 (d, J 

= 8.1 Hz, 1H), 7.92 (d, J = 8.7 Hz, 2H), 7.83 – 7.68 (m, 4H), 7.54 – 7.40 (m, 3H), 

7.37 (t, J = 7.6 Hz, 3H), 7.26 – 7.15 (m, 3H), 4.90 (t, J = 7.1 Hz, 1H), 3.74 – 3.55 

(m, 2H). 13C NMR (100 MHz, CDCl3): δ 195.1, 148.0, 145.8, 135.2, 133.4, 133.1, 

133.1, 132.6, 128.9, 128.8, 127.7, 127.7, 127.5, 127.0, 126.1, 125.4, 124.5, 124.4, 

122.5, 46.8, 42.9. IR (neat): 3073, 3048, 2962, 2900, 2851, 1673, 1595, 1515, 1449, 

1260, 1227, 1107, 1016, 975, 956, 918, 857, 798, 796, 751, 716, 682, 647, 618, 566, 

536, 514, 427 cm-1. MS (MALDI-TOF) m/z: [M + Na]+ Calcd. for C25H19NNaO3S 

436.098; Found 436.151. 

3.8.14 3-(Naphthalen-1-ylthio)-1-phenyl-3-(3,4,5-trimethoxyphenyl) propan-1-

one (66w) 

 

White solid, mp 115-116 °C, >99% yield. HPLC (AD-H, 90:10 n-

Hexane/Isopropanol, 1 mL/min, 230 nm): tminor = 22.490 min, tmajor = 16.387 min, 

96% ee, [α]D
23 = -123.30 (c 2.410, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 8.36 (d, J 

= 8.1 Hz, 1H), 7.84 – 7.76 (m, 2H), 7.76 – 7.66 (m, 2H), 7.52 – 7.37 (m, 4H), 7.34 

(t, J = 7.6 Hz, 2H), 7.23 (t, J = 7.7 Hz, 1H), 6.27 (s, 2H), 4.80 (t, J = 7.1 Hz, 1H), 

3.66 (s, 3H), 3.63 – 3.48 (m, 8H). 13C NMR (100 MHz, CDCl3): δ 195.7, 151.6, 
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135.8, 135.4, 135.3, 133.3, 132.7, 132.4, 132.0, 129.8, 127.9, 127.3, 127.1, 126.8, 

125.4, 124.9, 124.5, 124.1, 103.5, 59.5, 54.7, 47.6, 43.1. IR (neat): 3057, 3001, 2970, 

2934, 2899, 2838, 2827, 1682, 1590, 1513, 1454, 1430, 1366, 1335, 1320, 1254, 

1223, 1182, 1125, 1008, 899, 805, 768, 754, 722, 688, 647, 557, 522, 416 cm-1. MS 

(MALDI-TOF) m/z: [M + Na]+ Calcd. for C28H26NaO4S 481.145; Found 481.137. 

3.8.15 3-(Naphthalen-1-ylthio)-1-(2-nitrophenyl)-3-phenylpropan-1-one (66x) 

 

White solid, mp 112 °C, 89% yield. HPLC (AD-H, 99:1 n-Hexane/Isopropanol, 0.8 

mL/min, 254 nm): tminor = 64.775 min, tmajor = 68.571 min, 82% ee, [α]D
24 = -1.545 (c 

1.165, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.52 – 8.22 (m, 1H), 8.07 – 7.82 (m, 

1H), 7.78 – 7.60 (m, 2H), 7.55 – 7.31 (m, 5H), 7.20 (t, J = 7.7 Hz, 1H), 7.16 – 7.00 

(m, 5H), 6.94 – 6.81 (m, 1H), 4.75 (t, J = 7.3 Hz, 1H), 3.41 (t, J = 8.7 Hz, 2H). 13C 

NMR (100 MHz, CDCl3): 198.2, 143.9, 139.0, 136.1, 132.8, 132.7, 132.5, 131.6, 

129.4, 129.1, 127.1, 127.0, 126.3, 126.1, 126.1, 125.3, 124.7, 124.1, 123.9, 122.7, 

47.2, 46.9. IR (neat): 3058, 3029, 2923, 2910, 2856, 1709, 1573, 1529, 1499, 1455, 

1403, 1367, 1343, 1218, 1142, 1019, 987, 935, 856, 790, 767, 747, 732, 715, 697, 

668, 634, 618, 572, 547, 508, 451, 420 cm-1. (MALDI-TOF) m/z: [M + Na]+ Calcd. 

for C25H19NNaO3S 436.098; Found 436.139. 

3.9 General Procedure for the Synthesis of Sulfones 

A solution of β-aryl-β-sulfanyl ketone (0.1 mmol) in 0.8 mL DCM was cooled to 

0°C. m-CPBA (0.22 mmol, 38.0 mg) was added to this stirred solution portionwise 

over 15 minutes. After the addition was complete, the mixture was allowed to warm 

up to room temperature and stirred for a total of 30 minutes. When all the β-aryl-β-

sulfanyl ketone was consumed, the reaction mixture was diluted with 0.8 mL of 

DCM, then washed with 3 x 0.8 mL of 5% K2CO3 (aq) and 3 x 1 mL of 5% NaHCO3 

(aq) to remove the excess m-CPBA. The aqueous layer was extracted three times 
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with DCM (1 mL). The organic layers were then combined, dried over Na2SO4 and 

concentrated in vacuo. The crude product was purified by column chromatography 

on silica, using n-hexane/ethyl acetate as eluent to afford the desired sulfones. 

3.9.1 3-(Naphthalen-1-ylsulfonyl)-1,3-diphenylpropan-1-one (67a) 

 

White solid, mp 135 °C, 43% yield. HPLC (IA, 95:5 n-Hexane/Isopropanol, 1 

mL/min, 220 nm): tminor = 44.650 min, tmajor = 47.501 min, 86% ee, [α]D
22 = -156.9 (c 

1.140, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.74 (d, J = 8.6 Hz, 1H), 7.92 (dd, J 

= 28.8, 7.8 Hz, 4H), 7.75 (d, J = 7.3 Hz, 1H), 7.69 – 7.62 (m, 1H), 7.59 – 7.48 (m, 

2H), 7.44 – 7.36 (m, 2H), 7.25 (t, J = 7.8 Hz, 1H), 7.13 – 6.90 (m, 5H), 5.22 (dd, J 

= 9.2, 3.8 Hz, 1H), 4.15 (dd, J = 17.9, 3.8 Hz, 1H), 3.94 (dd, J = 18.0, 9.3 Hz, 1H). 

13C NMR (100 MHz, CDCl3): δ 198.0, 136.2, 135.3, 133.9, 133.7, 132.6, 132.0, 

129.4, 129.4, 139.1, 128.8, 128.8, 128.7, 128.3, 128.2, 127.0, 124.3, 123.9, 65.7, 

36.8. IR (neat): 3034, 2957, 2915, 2852, 1685, 1596, 1505, 1449, 1420, 1363, 1341, 

1303, 1235, 1196, 1150, 1025, 981, 921, 826, 801, 768, 750, 699, 686, 629, 594, 

573, 555, 525, 506, 476 cm-1. HRMS (ESI-TOF) m/z: [M + Na]+ Calcd. for 

C25H20NaO3S 423.1031; Found 423.1022. 

3.9.2 3-(3-Methoxyphenyl)-3-(naphthalen-1-ylsulfonyl)-1-phenylpropan-1-

one (67f) 

 

White solid, mp 93 °C, 45% yield. HPLC (IA, 95:5 n-Hexane/Isopropanol, 1 

mL/min, 254 nm): tminor = 18.229 min, tmajor = 20.872 min, 68% ee, [α]D
23 = -115.5 (c 



 

 

76 

1.313, CHCl3). 
1H NMR (400 MHz, CDCl3): δ. 13C NMR (100 MHz, CDCl3): δ 8.74 

(d, J = 8.7 Hz, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.88 (t, J = 7.5 Hz, 3H), 7.80 (d, J = 

7.4 Hz, 1H), 7.65 (t, J = 7.8 Hz, 1H), 7.58 – 7.48 (m, 2H), 7.40 (t, J = 7.6 Hz, 2H), 

7.28 (t, J = 7.8 Hz, 1H), 6.91 (t, J = 8.0 Hz, 1H), 6.65 – 6.51 (m, 2H), 6.41 (s, J = 

9.9 Hz, 1H), 5.18 (dd, J = 9.3, 3.8 Hz, 1H), 4.12 (dd, J = 17.9, 3.9 Hz, 1H), 3.93 (dd, 

J = 18.0, 9.3 Hz, 1H), 3.42 (s, J = 10.6 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 

192.9, 157.2, 134.1, 133.1, 131.8, 131.7, 131.5, 130.0, 129.9, 127.3, 127.2, 126.9, 

126.7, 126.6, 126.1, 124.8, 122.2, 121.9, 119.5, 112.6, 112.6, 63.7, 52.9, 34.6. IR 

(neat): 3053, 2960, 2918, 2849, 1726, 1685, 1594, 1493, 1447, 1362, 1305, 1258, 

1231, 1149, 1121, 1035, 883, 792, 770, 688, 679, 633, 619, 593, 552, 528, 504, 486 

cm-1. HRMS (ESI-TOF) m/z: [M]+ Calcd. for C26H22O4S 430.1239; Found 439.1239. 

3.9.3 3-(3-Methoxyphenyl)-3-(naphthalen-1-ylsulfonyl)-1-phenylpropan-1-

one (67g) 

 

White solid, mp 146 °C, 62% yield. HPLC (IA, 90:10 n-Hexane/Isopropanol, 1 

mL/min, 254 nm): tminor = 40.307 min, tmajor = 45.189 min, 86% ee, [α]D
22 = -173.1 (c 

1.773, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 8.73 (d, J = 8.6 Hz, 1H), 7.96 (d, J = 

8.2 Hz, 1H), 7.87 (d, J = 7.7 Hz, 3H), 7.78 (d, J = 7.3 Hz, 1H), 7.66 (t, J = 7.8 Hz, 

1H), 7.59 – 7.49 (m, 2H), 7.39 (t, J = 7.6 Hz, 2H), 7.29 (t, J = 7.8 Hz, 1H), 6.88 (d, 

J = 8.6 Hz, 2H), 6.53 (d, J = 8.7 Hz, 2H), 5.16 (dd, J = 9.4, 3.7 Hz, 1H), 4.09 (dd, J 

= 17.9, 3.8 Hz, 1H), 3.90 (dd, J = 17.9, 9.5 Hz, 1H), 3.61 (s, 3H), 1.51 (s, J = 19.6 

Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 194.1, 158.8, 135.2, 134.1, 132.9, 132.6, 

131.1, 130.9, 129.6, 128.4, 128.1, 127.7, 127.7, 127.1, 125.9, 123.4, 123.3, 123.0, 

112.8, 642, 54.1, 35.8. IR (neat): 3061, 3004, 2962, 2916, 2850, 1684, 1610, 1580, 

1511, 1457, 1421, 1361, 1303, 1254, 1229, 1179, 1154, 1120, 1025, 979, 910, 852, 
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800, 768, 729, 711, 679, 639, 621, 600, 572, 552, 529, 505, 484, 440 cm-1. HRMS 

(ESI-TOF) m/z: [M + Na]+ Calcd. for; C26H22NaO4S 453.1136; Found 453.1164. 

3.9.4 3-(4-Chlorophenyl)-3-(naphthalen-1-ylsulfonyl)-1-phenylpropan-1-one 

(67o) 

 

White solid, mp 134 °C, 28% yield. HPLC (IA, 90:10 n-Hexane/Isopropanol, 1 

mL/min, 254 nm): tminor = 25.206 min, tmajor = 31.435 min, 66% ee, [α]D
23 = -135.7 (c 

1.040, CHCl3). 
1H NMR (400 MHz, CDCl3): ): 8.71 (d, J = 8.7 Hz, 1H), 8.00 – 7.93 

(m, 1H), 7.90 – 7.82 (m, 3H), 7.77 (d, J = 7.4 Hz, 1H), 7.71 – 7.64 (m, 1H), 7.64 – 

7.42 (m, 3H), 7.40 (t, J = 7.7 Hz, 2H), 7.35 – 7.27 (m, 1H), 6.93 (dd, J = 35.0, 8.5 

Hz, 4H), 5.17 (dd, J = 9.6, 3.6 Hz, 1H), 4.01 (ddd, J = 27.6, 18.0, 6.6 Hz, 2H) . 13C 

NMR (100 MHz, CDCl3): δ 193.6, 134.9, 134.3, 133.7, 132.8, 132.7, 130.9, 130.6, 

130.1, 129.5, 128.4, 128.1, 127.8, 127.6, 127.4, 127.0, 125.9, 123.0, 122.9, 64.0, 

49.3, 35.6. IR (neat): 3059, 2917, 2849, 1681, 1658, 1593, 1492, 1447, 1420, 1363, 

1329, 1142, 1119, 1094, 1015, 979, 924, 858, 798, 772, 775, 707, 689, 631, 620, 

598, 564, 533, 507, 481, 456 cm-1. HRMS (ESI-TOF) m/z: [M + Na]+ Calcd. for 

C25H19ClNaO3S 457.0641; Found 457.0666. 
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CHAPTER 4  

4 CONCLUSION 

In this work, the activities of chiral bifunctional organocatalysts developed in our 

research group on the enantioselectivity of sulfa-Michael addition to trans-chalcone 

derivatives were surveyed. 

In the first half of the study, the enantioselective SMA of methyl thioglycolate to 

trans-chalcone derivatives was carried out in the presence of 10 mol% of 2-

adamantyl/quinine organocatalyst 58b. A total of 27 enantiomerically enriched 

sulfa-Michael adducts were obtained, with ee values ranging between 60-99%. The 

selected derivative 61s was subjected to further transformations to afford the 

benzothiazepinone derivative 81, which is a potential drug core against type II 

diabetes. The drop in enantioselectivity from 68% ee to 17% ee at the end of the 

transformation was attributed to the unavoidable retro-sulfa-Michael reaction. 

The second half of the work employed 1-thionaphthol as the sulfa-Michael donor, 

newly developed quinine derived sulfonamide organocatalyst 59 in the SMA to 

trans-chalcones. 15 enantiomerically enriched β-aryl-β-sulfanyl ketones were 

obtained with moderate to excellent enantioselectivities (51-96% ee) with a very low 

catalyst loading (1 mol%) at ambient temperature, using two different solvent 

systems. Different extents of asymmetric induction were achieved with each solvent-

substrate pair, presumably due to different levels of stabilization of transition state 

for each. Four of the β-aryl-β-sulfanyl ketones were oxidized via a simple single-

step route to form corresponding chiral sulfones without any appreciable loss in 

enantioselectivities. 
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APPENDICES 

A. NMR SPECTRA 

Figure A. 1 1H NMR spectrum of 59 

Figure A. 2 13C NMR spectrum of 59 
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Figure A. 3 1H NMR spectrum of 61a 

 

 

Figure A. 4 13C NMR spectrum of 61a  
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Figure A. 5 1H NMR spectrum of 61b 

 

 

Figure A. 6 13C NMR spectrum of 61b 
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Figure A. 7 1H NMR spectrum of 61c 

 

 

Figure A. 8 13C NMR spectrum of 61c 
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Figure A. 9 1H NMR spectrum of 61d 

 

 

Figure A. 10 13C NMR spectrum of 61d 



 

 

90 

 

Figure A. 11 1H NMR spectrum of 61e 

 

 

Figure A. 12 13C NMR spectrum of 61e 
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Figure A. 13 1H NMR spectrum of 61f 

 

 

Figure A. 14 13C NMR spectrum of 61f 
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Figure A. 15 1H NMR spectrum of 61g 

 

 

Figure A. 16 13C NMR spectrum of 61g 
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Figure A. 17 1H NMR spectrum of 61h 

 

 

Figure A. 18 13C NMR spectrum of 61h 
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Figure A. 19 1H NMR spectrum of 61i 

 

 

Figure A. 20 13C NMR spectrum of 61i 
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Figure A. 21 1H NMR spectrum of 61j 

 

 

Figure A. 22 13C NMR spectrum of 61j 
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Figure A. 23 1H NMR spectrum of 61k 

 

 

Figure A. 24 13C NMR spectrum of 61k 
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Figure A. 25 1H NMR spectrum of 61l 

 

 

Figure A. 26 13C NMR spectrum of 61l 



 

 

98 

 

Figure A. 27 1H NMR spectrum of 61m 

 

 

Figure A. 28 13C NMR spectrum of 61m 
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Figure A. 29 1H NMR spectrum of 61n 

 

 

Figure A. 30 13C NMR spectrum of 61n 
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Figure A. 31 1H NMR spectrum of 61o 

 

 

Figure A. 32 13C NMR spectrum of 61o 
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Figure A. 33 1H NMR spectrum of 61p 

 

 

Figure A. 34 13C NMR spectrum of 61p 
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Figure A. 35 1H NMR spectrum of 61q 

 

 

Figure A. 36 13C NMR spectrum of 61q 
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Figure A. 37 1H NMR spectrum of 61r 

 

 

Figure A. 38 13C NMR spectrum of 61r 
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Figure A. 39 1H NMR spectrum of 61s 

 

 

Figure A. 40 13C NMR spectrum of 61s 
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Figure A. 41 1H NMR spectrum of 61t 

 

 

Figure A. 42 13C NMR spectrum of 61t 
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Figure A. 43 1H NMR spectrum of 61u 

 

 

Figure A. 44 13C NMR spectrum of 61u 



 

 

107 

 

Figure A. 45 1H NMR spectrum of 61v 

 

 

Figure A. 46 13C NMR spectrum of 61v 
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Figure A. 47 1H NMR spectrum of 63a 

 

 

Figure A. 48 13C NMR spectrum of 63a 
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Figure A. 49 1H NMR spectrum of 63b 

 

 

Figure A. 50 13C NMR spectrum of 63b 
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Figure A. 51 1H NMR spectrum of 63c 

 

 

Figure A. 52 13C NMR spectrum of 63c 
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Figure A. 53 1H NMR spectrum of 63d 

 

 

Figure A. 54 13C NMR spectrum of 63d 
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Figure A. 55 1H NMR spectrum of 84 

 

 

Figure A. 56 13C NMR spectrum of 84 
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Figure A. 57 1H NMR spectrum of 88 

 

 

Figure A. 58 13C NMR spectrum of 88 
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Figure A. 59 1H NMR spectrum of 81 

 

 

Figure A. 60 13C NMR spectrum of 81 
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Figure A. 61 1H NMR spectrum of 66a 

 

 

Figure A. 62 13C NMR spectrum of 66a 
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Figure A. 63 1H NMR spectrum of 66b 

 

 

 

Figure A. 64 13C NMR spectrum of 66b 
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Figure A. 65 1H NMR spectrum of 66c 

 

 

Figure A. 66 13C NMR spectrum of 66c 
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Figure A. 67 1H NMR spectrum of 66d 

 

 

Figure A. 68 13C NMR spectrum of 66d 
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Figure A. 69 1H NMR spectrum of 66f 

 

 

Figure A. 70 13C NMR spectrum of 66f 
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Figure A. 71 1H NMR spectrum of 66g 

 

 

Figure A. 72 13C NMR spectrum of 66g 
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Figure A. 73 1H NMR spectrum of 66k 

 

 

Figure A. 74 13C NMR spectrum of 66k 
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Figure A. 75 1H NMR spectrum of 66l 

 

 

Figure A. 76 13C NMR spectrum of 66l 
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Figure A. 77 1H NMR spectrum of 66m 

 

 

Figure A. 78 13C NMR spectrum of 66m 
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Figure A. 79 1H NMR spectrum of 66n 

 

 

Figure A. 80 13C NMR spectrum of 66n 
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Figure A. 81 1H NMR spectrum of 66o 

 

 

Figure A. 82 13C NMR spectrum of 66o 
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Figure A. 83 1H NMR spectrum of 66r 

 

 

Figure A. 84 13C NMR spectrum of 66r 
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Figure A. 85 1H NMR spectrum of 66u 

 

 

Figure A. 86 13C NMR spectrum of 66u 
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Figure A. 87 1H NMR spectrum of 66w 

 

 

Figure A. 88 13C NMR spectrum of 66w 
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Figure A. 89 1H NMR spectrum of 66x 

 

 

Figure A. 90 13C NMR spectrum of 66x 
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Figure A. 91 1H NMR spectrum of 67a 

 

 

Figure A. 92 13C NMR spectrum of 67a 
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Figure A. 93 1H NMR spectrum of 67f 

 

 

Figure A. 94 13C NMR spectrum of 67f 
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Figure A. 95 1H NMR spectrum of 67g 

 

 

Figure A. 96 13C NMR spectrum of 67g 
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Figure A. 97 1H NMR spectrum of 67o 

 

 

Figure A. 98 13C NMR spectrum of 67o 
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B. HPLC CHROMATOGRAMS 

 

 

Figure B. 1 HPLC chromatogram of rac-61a 

 

 

 

 

Figure B. 2 HPLC chromatogram of enantiomerically enriched 61a 
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Figure B. 3 HPLC chromatogram of rac-61b 

 

 

 

 

 

Figure B. 4 HPLC chromatogram of enantiomerically enriched 61b 
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Figure B. 5 HPLC chromatogram of rac-61c 

 

 

 

 

 

Figure B. 6 HPLC chromatogram of enantiomerically enriched 61c 
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Figure B. 7 HPLC chromatogram of rac-61d 

 

 

 

 

 

Figure B. 8 HPLC chromatogram of enantiomerically enriched 61d 
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Figure B. 9 HPLC chromatogram of rac-61e 

 

 

 

 

 

Figure B. 10 HPLC chromatogram of enantiomerically enriched 61e 
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Figure B. 11 HPLC chromatogram of rac-61f 

 

 

 

 

 

Figure B. 12 HPLC chromatogram of enantiomerically enriched 61f 
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Figure B. 13 HPLC chromatogram of rac-61g 

 

 

 

 

 

Figure B. 14 HPLC chromatogram of enantiomerically enriched 61g 
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Figure B. 15 HPLC chromatogram of rac-61h 

 

 

 

 

 

Figure B. 16 HPLC chromatogram of enantiomerically enriched 61h 
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Figure B. 17 HPLC chromatogram of rac-61i 

 

 

 

 

Figure B. 18 HPLC chromatogram of enantiomerically enriched 61i 
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Figure B. 19 HPLC chromatogram of rac-61j 

 

 

 

 

 

Figure B. 20 HPLC chromatogram of enantiomerically enriched 61j 
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Figure B. 21 HPLC chromatogram of rac-61k 

 

 

 

 

 

Figure B. 22 HPLC chromatogram of enantiomerically enriched 61k 
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Figure B. 23 HPLC chromatogram of rac-61l 

 

 

 

 

 

Figure B. 24 HPLC chromatogram of enantiomerically enriched 61l 
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Figure B. 25 HPLC chromatogram of rac-61m 

 

 

 

 

 

Figure B. 26 HPLC chromatogram of enantiomerically enriched 61m 
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Figure B. 27 HPLC chromatogram of rac-61n 

 

 

 

 

 

Figure B. 28 HPLC chromatogram of enantiomerically enriched 61n 
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Figure B. 29 HPLC chromatogram of rac-61o 

 

 

 

 

 

Figure B. 30 HPLC chromatogram of enantiomerically enriched 61o 
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Figure B. 31 HPLC chromatogram of rac-61p 

 

 

 

 

 

Figure B. 32 HPLC chromatogram of enantiomerically enriched 61p 
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Figure B. 33 HPLC chromatogram of rac-61q 

 

 

 

 

 

Figure B. 34 HPLC chromatogram of enantiomerically enriched 61q 
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Figure B. 35 HPLC chromatogram of rac-61r 

 

 

 

 

 

Figure B. 36 HPLC chromatogram of enantiomerically enriched 61r 
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Figure B. 37 HPLC chromatogram of rac-61s 

 

 

 

 

 

Figure B. 38 HPLC chromatogram of enantiomerically enriched 61s 
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Figure B. 39 HPLC chromatogram of rac-61t 

 

 

 

 

 

Figure B. 40 HPLC chromatogram of enantiomerically enriched 61t 
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Figure B. 41 HPLC chromatogram of rac-61u 

 

 

 

 

 

Figure B. 42 HPLC chromatogram of enantiomerically enriched 61u 
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Figure B. 43 HPLC chromatogram of rac-61v 

 

 

 

 

 

Figure B. 44 HPLC chromatogram of enantiomerically enriched 61v 
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Figure B. 45 HPLC chromatogram of rac-63a 

 

 

 

 

 

Figure B. 46 HPLC chromatogram of enantiomerically enriched 63a 
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Figure B. 47 HPLC chromatogram of rac-63b 

 

 

 

 

 

Figure B. 48 HPLC chromatogram of enantiomerically enriched 63b 
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Figure B. 49 HPLC chromatogram of rac-63c 

 

 

 

 

 

Figure B. 50 HPLC chromatogram of enantiomerically enriched 63c 
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Figure B. 51 HPLC chromatogram of rac-63d 

 

 

 

 

 

Figure B. 52 HPLC chromatogram of enantiomerically enriched 63d 
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Figure B. 53 HPLC chromatogram of rac-84 

 

 

 

 

 

Figure B. 54 HPLC chromatogram of enantiomerically enriched 84 
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Figure B. 55 HPLC chromatogram of rac-81 

 

 

 

 

 

Figure B. 56 HPLC chromatogram of enantiomerically enriched 81 
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Figure B. 57 HPLC chromatogram of rac-66a 

 

 

 

 

 

  

 

Figure B. 58 HPLC chromatogram of enantiomerically enriched 66a 
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Figure B. 59 HPLC chromatogram of rac-66b 

 

 

 

 

 

  

 

Figure B. 60 HPLC chromatogram of enantiomerically enriched 66b 
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Figure B. 61 HPLC chromatogram of rac-66c 

 

 

 

 

 

  

 

Figure B. 62 HPLC chromatogram of enantiomerically enriched 66c 
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Figure B. 63 HPLC chromatogram of rac-66d 

 

 

 

 

  

 

Figure B. 64 HPLC chromatogram of enantiomerically enriched 66d 
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Figure B. 65 HPLC chromatogram of rac-66f 

 

 

 

 

  

 

Figure B. 66 HPLC chromatogram of enantiomerically enriched 66f 
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Figure B. 67 HPLC chromatogram of rac-66g 

 

 

 

 

  

 

Figure B. 68 HPLC chromatogram of enantiomerically enriched 66g 
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Figure B. 69 HPLC chromatogram of rac-66k 

 

 

 

 

  

 

Figure B. 70 HPLC chromatogram of enantiomerically enriched 66k 
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Figure B. 71 HPLC chromatogram of rac-66l 

 

 

 

 

  

 

Figure B. 72 HPLC chromatogram of enantiomerically enriched 66l 
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Figure B. 73 HPLC chromatogram of rac-66m 

 

 

 

 

  

 

Figure B. 74 HPLC chromatogram of enantiomerically enriched 66m 
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Figure B. 75 HPLC chromatogram of rac-66n 

 

 

 

 

  

 

Figure B. 76 HPLC chromatogram of enantiomerically enriched 66n 
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Figure B. 77 HPLC chromatogram of rac-66o 

 

 

 

 

  

 

Figure B. 78 HPLC chromatogram of enantiomerically enriched 66o 
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Figure B. 79 HPLC chromatogram of rac-66r 

 

 

 

 

  

 

Figure B. 80 HPLC chromatogram of enantiomerically enriched 66r 
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Figure B. 81 HPLC chromatogram of rac-66u 

 

 

 

 

  

 

Figure B. 82 HPLC chromatogram of enantiomerically enriched 66u 
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Figure B. 83 HPLC chromatogram of rac-66w 

 

 

 

 

  

 

Figure B. 84 HPLC chromatogram of enantiomerically enriched 66w 

 



 

 

176 

 

  

 

Figure B. 85 HPLC chromatogram of rac-66x 

 

 

 

 

  

 

Figure B. 86 HPLC chromatogram of enantiomerically enriched 66x 
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Figure B. 87 HPLC chromatogram of rac-67a 

 

 

 

 

  

 

Figure B. 88 HPLC chromatogram of enantiomerically enriched 67a 
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Figure B. 89 HPLC chromatogram of rac-67f 

 

 

 

 

  

 

Figure B. 90 HPLC chromatogram of enantiomerically enriched 67f 
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Figure B. 91 HPLC chromatogram of rac-67g 

 

 

 

 

  

 

Figure B. 92 HPLC chromatogram of enantiomerically enriched 67g 
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Figure B. 93 HPLC chromatogram of rac-67o 

 

 

 

 

  

 

Figure B. 94 HPLC chromatogram of enantiomerically enriched 67o 
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