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Aim of the thesis 
Part I: Benzothiazole - sulfones and sulfonamides 

Over the past decade, our research group has been focused on the chemistry of 

benzothiazole (BT) sulfone and its derivatives. It was observed that benzothiazole and its 

adjacent sulfone group is responsible for the different chemical behaviour of such 

substrates, when compared to phenyl sulfones. As an example of this statement, we took 

an advantage of double activation of methylene group (by BT sulfone and carbonyl) and 

we use it as a powerful C nucleophile in Mitsunobu alkylation. Such use led to the 

development of one and two-carbon homologation protocol of alcohols (Scheme l ) . 1 

one-carbon homologation 
O 

O H B T S H . * 1 > 

two-carbon homologation 

B T S O J , O ° 
O H B T 2 " Q ^ X Q R ^ b t s 0 2 ^ desulfonylation ^ C T ^ o R 3 

Scheme 1 - Homologation of alcohols 

Next, the real power of benzothiazole sulfone derivatives was revealed by the generation 

of the pluripotent reagent described in a publication of our group,2 where Knoevenagel 

condensation of BT sulfones and aldehydes led to a preparation of trisubstituted highly 

reactive olefins. Such substrates can be converted into various acyclic, cyclic, or 

polycyclic scaffolds (Scheme 2). 
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o 

BTSO-

Scheme 2 - Application of BT- olefins in diversity oriented synthesis 

Having in hands such achievements, we were obviously curious what would happen if 

we move into the field of BT-sulfonamides. Unfortunately, the literature search quickly 

revealed that the synthesis of BT-sulfonamides has been scarcely reported. Therefore, we 

had to focus on their preparation first. The route towards benzothiazole sulfonamides 

preparation together with their subsequent modification and their physical-chemical 

properties is covered in the first part of the thesis (Scheme 3). 

Preparation of BT-sulfonamide: 

Scheme 3 - General scheme of sulfonamide preparation and their modification 
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Part II: Plant secondary metabolites (Lignans and neolignans) 

Our research group has a long-time interest in a biological activity arising from the field 

of plant secondary metabolites. In particular, we are interested in the preparation of 

neolignan derivatives. Our main interest in this field is to prepare and evaluate these 

compounds against trypanosomes (Leishmania) and nematodes (Caenorhabditis 

elegans). The second part of the thesis builds on the previous research activity in the area 

of phenylpropanoids (dihydrobenzofurans) and covers the pursuit of their preparation I 

was involved in (Scheme 4).3 

o 

Scheme 4 - Microwave promoted preparation of phenylpropanoids 

In particular, the second part of the Thesis describes preparation of neolignan derivatives 

containing a dihydrobenzofurane core. Our main goal is to develop a general and versatile 

synthetic route to "non-symmetrical" dihydrobenzofurans (Scheme 5). 

8,5'- neolignan - homodimer 

Scheme 5 - General approach towards symmetric and non-symmetric neolignans 
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1 Introduction 
The organic synthesis has a trenendomous impact on the human life and therefore it plays 

an important role in a human history. The origins of organic synthesis of naturally 

occurring substances as we know today, dates back to 19 th century. However, it was not 

until 1950s when the development of more powerful spectroscopic method allows to 

determine and to characterize chemical structures present in nature. Until that time, the 

synthesis of natural products was together with degradative investigations, the main 

method of structure determination. For some, this was the turning point where the organic 

synthesis lost its justification.4 5 

However, there were others, who realized the great opportunity for tackling new synthetic 

challenges and "free themselves" from restrictions and familiar reactions of structural 

degradation. This was the start of the golden era of organic synthesis and many famous 

and important chemical transformations were developed en route to complex natural 

products. The names like Overman, Corey, Stork layed a groundwork of organic 

chemistry as we know today.6'7 One of the biggest accomplishments achieved in those 

days was the synthesis of B12 (Woodward - Harvard, Eschenmosher - ETH). This 

achievement was not only the synthesis complex B12 structure, but also the discovery of 

so-called Woodwards-Hoffmann rules that boosted the orbital-based theoretical approach 

in organic chemistry.8'5 The highest peak of that era is considered the synthesis of 

Palytoxin, described as "the Mount Everest of organic synthesis" (Kishi). 9 

Since that time, the organic synthesis went through a long journey, and now we do 

consider the field of novel transformation developement and the field of natural product 

synthesis as two distinct fields. The main goal of modern methodology development area 

is not only to describe a new reactions but also to come with a convenient, broadly 

applicable method with reasonable atom, step and redox economy.1 0"1 2 

The aim of this Thesis is to guide the reader through the endeavor to solve a long-standing 

problem in the chemistry of heterocyclic sulfonamide preparations. Sulfonamides, where 

the "traditional" synthetic methods fail to deliver the targeted structures in good yields. 

The goal was to investigate their synthesis and to describe and understand their unique 

position among other sulfonamidic derivatives. 
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2 Overview of the literature 
The first part of this chapter focuses on the brief introduction into the biological activities 

of compounds with sulfonamide functionalities. It also describes the unique position of 

sulfonamides among pharmaceuticals. Next, the comprehensive summary of the synthetic 

routes towards sulfonamides and methods of their preparation is described. The second 

part is introducing phenylpropanoid structural pattern (plant secondary metabolites) 

together with biomimetic and synthetic approaches toward (dihydro)benzofuran skeleton. 

2.1 Sulfonamides - biological activity 
The following text covers biological activity of representative examples of structures with 

sulfonamide moiety. Many of these compounds have been on a pharmaceutical market 

for several years and their position is irreplaceable (MOO FDA-approved compounds). 

Their biological activity area is large and ranges from antibiotic and diuretic properties 

to antiviral and anti-retroviral.13 

2.1.1 History 

The first mention about sulfonamides among synthetic drugs dates back to 1930s, when 

German scientists described anti-microbial properties of compound named Prontosil 

2-1. First, the scientists attributed these properties to azo functionality that Prontosil 

2-2 also contains, however, later it was found, that this compound is only a pro-drug. The 

active compounds is released only after the reduction of azo to amino group in human 

body (Figure 1). Such discovery was a huge breakthrough in medicine, because there was 

still lack of antimicrobial drugs that could be safely used in human bodies and it has 

started the modern era of chemotherapeutics. How important this discovery was, is best 

represented by the Nobel prize which was awarded to Gerhard Domagk "for the discovery 

of the antibacterial effects of Prontosil" in 193 9. 1 4 

Prontosil Sulfanilamide 

2-1 2-2 2-3 

Figure 1- Metabolism of Prontosil in a human body 

Since then, many more potent and even safer alternatives to "sulfa drug" (common name 

of Prontosil) have been synthesized. Their anti-microbial properties are the results of 
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inhibition of dihydropteroate synthase (DHPS), that catalyses the conversion of 

para-amino benzoate to dihydropteroate.15 This key step in folate synthesis prevents cells 

from dividing. However, the sulfonamide derivatives do not possess only antimicrobial 

properties. Their additional biological activities together with examples will be briefly 

discussed in the following subchapters that are organised according to their substitution 

patterns. 

2.1.2 Primary sulfonamides 

Celecoxib 2-5, as an example of primary sulfonamide, is a nonsteroidal 

anti-inflammatory drug (COX-2 inhibitor), and it is used for the treatment of rheumatoid 

arthritis and acute pain. 1 6 It could also be used to decrease a risk of colorectal adenomas.17 

Moreover, in recent years some evidences have been linking Celecoxib 2-5 with the 

possible treatment of mental health disorders such as depression, bipolar disorder and 

schizophrenia.18'19 Furosemide (Laxis®) 2-4 is another primary sulfonamide used in a 

treatment of edema. It is usually the first-choice chemotherapeutics to treat edema caused 

by congestive heart failure. Like other loop diuretics, it inhibits Na-K-Cl cotransporters 

in the thin ascending limb of the loop of Henle, where it binds to the chloride transport 

channel (Figure 2). 2 0 

2-4 2-5 

Figure 2 - Examples of compounds with primary sulfonamidic group 

2.1.3 Secondary sulfonamides 

Sulfomethaxole 2-7 is a very important drug used to treat urinary tract infections. It shows 

synergistic effect with Trimethoprim also known as co-trimoxazole (In a ratio of 20:1, 

Sulfomethaxole:Trimethoprim). It is used for both, treatment and prevention of 

Pneumocystis pneumonia or toxoplasmosis. Its mode of action is like other sulfonamide 

antibiotics that is the inhibition of dihydripteroate synthase (DHPS). One of the biggest 

drawbacks of using sulfonamidic antibiotics is a possible risk of body response called 

sulfa allergy (symptoms - skin rash, itchy eyes etc.) that could lead to serious 

complications.21 
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Sulfasalazine 2-7 as another example of primary sulfonamides is used to treat ulcerative 

colitis 2 2 and Crohn's disease.23 After uptake, sulfasalazine 2-7 is metabolized in colon by 

bacteria (the azo group is reduced to free amino group) and generated amine is the actual 

acitve substance.24 Additionaly, sulfonamidic compounds have also anti-diabetic 

properties (Carbutamide 2-8 and Glibencamide 2-9). Glibencamide is a type 2 diabetes 

drug that acts as inhibitor of the ATP-sensitive potassium channels in pancreating beta 

cells (Figure 3). 2 5 

2-6 2-7 2-8 2-9 

Figure 3- Examples of compounds with secondary sulfonamidic group 

2.1.4 Tertiary sulfonamides 

An example of the tertiary sulfonamide is a compound called Darunavir 2-10. It is an 

anti-retroviral compound that is used to treat HIV/AIDS. The mechanism of action is 

based on the inhibition of HIV-1 protease (FDA 2006).26 Probenecid 2-11, 

/V,./V-dipropyl sulfonamide, was primarily developed for a treatment of gout and 

hyperuricemia. In addition, it is sometimes used in a combination with other antibiotics 

to prolong the effect of those, and to protect the kidneys.2 7 Unfortunately, it is sometimes 

misused by athletes as a masking agent to prohibited substances during anti-doping tests 

(Figure 4). 2 8 

-NH 

Darunavir 

2-10 

OH 

Probenecid 

2-11 

Figure 4 - Examples of compounds with tertiary sulfonamidic group 
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2.2 Sulfonamides - Bioisosters 
Sulfonamide moiety was identified as one of the first bioisoster of the carboxylic acid 

functionality. Even though, the acidity of sulfonamide group is in general several orders 

of magnitude lower (pK a = 10 vs pK a = 6.5), the sulfonamide group can adopt similar 

orientation towards hydrogen bond donor, when compared to carboxylate. Such 

behaviour is attributed to the same distance between two oxygens of the sulfonyl moiety 

when compared to the distance between oxygens of carboxylic group.29 When E W G 

group onto sulfonamidic nitrogen is added (e.g. carbonyl), the acidity of N-H proton rises 

considerably (from pK a = 10 to 4.5). The pK a value, which is now in the same range as 

carboxylic acids can lead to an improvement in pharmacological properties in comparison 

to carboxylic functionalities, as was reported on occasion. 3 0 3 1 Recently, Kim et al. 

described bioisosteric properties of methylsulfonamidic group 2-12 to methoxy 2-13 that 

resulted into better solubility and even improved inhibition of human cancer cell growth 

(Figure 5). 3 2 

O M e O M e 

IC 5 0 = (Caki-1) = 0.86 nM ^ _ (Cakj.^ - 0 .43 nM 
oral bioavalibility = 9.9 % o r a | bioavalibility = 29.9 % 

2-12 2-13 

Figure 5 - Sulfonamides as bioisosters 
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2.3 Sulfonamide synthesis 
There are three general retrosynthetic approaches towards sulfonamide moiety. The first 

two are based on the oxidation of sulfur from its lower oxidation state prior to formation 

S-N bond (Figure 6). The most classical approach is based on the halide substitution and 

explores readily available synthesis of starting materials (Figure 6, Pathway A) . 

Although, this approach is well established, it struggles in combination with more 

complex molecules due to the poor functional group tolerance. Still, it remains as the 

choice number one, when the retrosynthetic analysis of sulfonamides is considered. The 

problems with incompatibility of this approach in case of oxidation of sulfide moiety were 

partially overcomed by the oxidative coupling approach (Figure 6, Pathway B). This 

approach usually starts with "sulfur" in oxidation state +IV. Finally, as mentioned earlier, 

the opposite approach could be also applied (Figure 6, Pathway C). In this case, 

a sulfur-nitrogen bond is formed and after that, the generated sulfenamide is oxidized to 

corresponding sulfonamide. It is fair to say that this approach is underdeveloped and there 

are only limited procedures describing this transformation. 

Sulfur VI+ 

Sulfur IV+ 
o o 

o r % o r 
O 

2-14 

2-15 

Pathway 

B 

Sulfur 11+ 

2-16 

2-17 

Figure 6 - Retrosynthetic approaches towards sulfonamides 

2.3.1 Synthesis starting from sulfonic acid derivatives - key reagents for Pathway A 

In this chapter, general methods towards the sulfonamide 2-17 synthesis starting from 

sulfonic acid halides 2-14 are discussed. Despite several limitations, this approach is used 

as the golden standard for the preparation of sulfonamides. The reaction of amine and 

sulfonyl halide 2-14 under basic conditions is the "classic" approach, familiar from the 

introductory organic chemistry courses (Figure 7). 
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Classical" nucleophilic substitution 

H 

C A 

o. 

JI 

or an? 
o, 

O Limited stability of sulfonylhalides 

O Electrophilicity on X (l»Br>CI»>F) 
2-14a 2-14b 2-14c 2-14d 

Figure 7 - Sulfonylhalides as the main precursors 

In general, sulfonyl chlorides 2-14b are used as the starting material due to their simple 

preparation and good balance between stability and reactivity. Sulfonyl fluorides 2-14a 

are less reactive and more stable than the corresponding chlorides 2-14b. On the other 

hand, sulfonyl bromides 2-14c and iodides 2-14d lack thermal stability and they are 

highly reactive. From that reasons, they are usually generated in situ and trapped by amine 

immediately after their generation. For clarity such methods (in situ generation of 

sulfonyl bromides and iodides) are discussed in the chapter 2.3.2 - Sulfonamide 

synthesis via oxidative coupling (S-N bond formation) - Pathway B. 

If we omit several limitations linked to the functional group tolerance, the main drawback 

of the sulfonyl halide-based approach is the presence of relative electrophilic halide atom 

connected to sulfonyl moiety. The electrophilicity of the atom can be of such magnitude, 

that the sulfonyl halide can serve as halogenation reagent. Thus, the reaction can lead to 

fairly different products than towards desired sulfonamides. To better demonstration of 

the halogen-tied electrophilicity, L U M O maps of all four possible benzensulfonyl halides 

are shown in Figure 8. The absolute energy values (e/au3) are used for the quantification 

of the electrophilic areas (A 2) present on halogen atom. The increasing electrostatic 

potential values together with the increasing areas nicely represent the electrophilic 

properties. The electrostatic potential value and the most electrophilic area increases from 

benzensulfonyl fluoride (A) towards benzensulfonyl chloride (B), bromide (C) and iodide 

(D), respectively (Figure 8). The L U M O map surfaces and energy values were obtained 

from Spartan Molecular Database (SMD - calculated for equilibrium geometry; DFT 

0DB97X-D, 6-31G*). 
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Benzensulfonyl bromide Benzensulfonyl iodide 

V a l u e : 0 .03894 e / a u 3 V a l u e : 0 .04108 e / a u 3 

A r e a : 0 .39 A 2 A r e a : 1.80 A 2 

Figure 8 - LUMO maps of benzensulfonyl halides 

2.3.1.1 Preparation of sulfonamides from sulfonyl fluorides 

Sulfonyl fluorides 2-14a are stable equivalents of the corresponding sulfonyl chlorides 

2-14b. Their reactivity substantially differs, since in the most cases they are not 

hydrolyzed in water. This advantage of such behaviour was taken by Sharpless et al. and 

used in so-called SuFEx method.33 As the main advantage, sulfonyl fluorides 2-14a 

barely undergoes undesired competitive nucleophilic attack towards fluorine atom ot the 

homolytic S-F cleavage.34 As mentioned previously, sulfonyl fluorides 2-14a are also 

much stable towards hydrolysis, due to the thermodynamic stability of S-F bond, in 

comparison to S-Cl bond (ca 40 kcal . mol" 1). 3 5 What makes SuFEx approach unique is 

the special fluoride-proton interaction. The strong interaction of F" with H + or Pv3Si+ 
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makes this process controllable and brings various possibilities how to suppress undesired 

reaction pathways.36 

The sulfonyl fluoride 2-14a synthesis then can be achieved from various synthons in 

different oxidation states of sulfur (S V I , S I V or S11). In the Scheme 6, several synthetic 

approaches towards sulfonyl fluorides 2-14a are covered. Namely from sulfonic acids 

2-22,37'38 hydrazides 2-18,39 sulfinic acid salts 2-1540 arylhalides 2-19,41'42 heteroaryl 

thiols 2-20,43 disulfides 2-2144 and sulfonylchlorides 2-14b (Scheme 6) . 4 5 ^ 7 

U 
OH 

2-22 

0. ,0 

Y 1 

2-18 O 
n 

ry^^oNa 
2-15 

V 

2-14b 2-19 

C 
- S v s" 

2-21 
V Or SH 

hetero 

2-20 

Scheme 6 - Possible approaches towards sulfonyl fluorides 

Once sulfonyl fluoride 2-14a is prepared, the synthesis of sulfonamide 2-17 proceeds 

upon the addition of amines in the presence of base (DIPEA, TEA, D M A P or pyridine). 

The choice of solvent is virtually limitless and ranges from D C M , DMSO and MeCN to 

alcohols (?BuOH, MeOH) and even water. Since the experimental procedures vary only 

little from substrate to substrate, only a representative protocol readily applicable on most 

of the substrates are shown within this chapter. For example, the combination of D M A P 
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and pyridine is used when various sulfonylamides 2-25 are targeted as products (Scheme 

7). 4 8 

ci 
D M A P (2 equiv) „ ) = \ 9\ 

FUN /? 
M e C N , 18 h H O O " 

H N ^ 0 
14-90% 

^ f - O H r = » / * , / / 3 0 examples F 3 C * T ~ - O H R = alkyl 

2-23 2-24 2-25 

Scheme 7-Most common sulfonamide synthesis protocol based on fluorine- nitrogen exchange 

If the starting sulfonyl fluoride 2-26 is activated for nucleophilic substitution 

(e.g. EWG, F in a position to sulfone) the reaction proceeds even without the additional 

activation (Scheme 8). 4 9 

F F 

2-26 2-27 2-28 

R = CQH5SCF2CF2J CQH$SCF2, CQH^S02^^2^^2' C5H5SO2CF2 

p - i - ? ~ u D C E , 5 0 °C , overn igh t F H N \ 

O 
2-28 \ = / 

Scheme 8 - Example of fluorine- nitrogen exchange vol.2 

D. Ball et al. reported interesting solution for less reactive sulfonyl fluorides 

2-29 where temperatures exceeding 100 °C are needed. In this case, the addition of 

Lewis acid activates the sulfonyl group (coordination to sulfonyl oxygens) and at the 

same time activate the leaving group by the coordination to fluorine atom. After the 

screening of several Lewis acids, bidentate Ca(NTf)2 provided the desired sulfonamides 

2-30 in best yields. In addition, if the solvent can stabilize the leaving group by hydrogen 

bonding, the synergistic effect with Ca(NTf)2 was observed (Scheme 9). 5 0 

LA 

S / - ^ / ä

N _ LA 
F, 

K 

R , R 2 N H 

C a ( N T F 2 ) 2 (1 equiv) * s * 
V ° — > R " " N ' " * 
R F ř - a m y l O H R 

60 °C, 24 °C 
2-29 

2 

2-30 

Activation with LA R R = a r y | , heteroaryl, alkyl 30 examples 

40-88% 

Scheme 9 - The use of Ca(NTf)2 as an activator in sulfonamides synthesis 
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The real power of SuFEx chemistry is its applicability in the context of so-called "Click 

chemistry". The chemistry that requires high-yielding, chemoselective, simple, efficient, 

and water-tolerant transformations. A wide range of chemoselective attachments of 

probes to the substrate of interest (chemistry of bioconjugates) is the key weapon in the 

biological process monitoring and in the determination of mechanisms of actions. For 

example see synthesis of calixarene-based glycocluster (Scheme 10).51 

OBn 

B n O - f i - - ° , 

BnQ I J 
8 

Í DEU. DMF, 60 °C. 6 h 
50% 

r.L, 3 h, 94% I 
InS \ I S 0 2 F 

F 0 2 S S O Ř F 

7 

BnO' 
BnO-

^OBn 

3-1 

DMF, SO 'C. B h 
B0% ] H* Pd[OH)j. 

AcOEl-MeOH, aq HCI 
r.t, 8 h, 72% 

NHO,S f \ S02H 
HH02S SOjHI 

1 O H N ^ 

HOHO' V / °H 

HOHO 

•O 

H O — N | 

L\0H H O 

H O * H O 

OH 

HO 

Scheme 10 - SuFEx protocol in context of calixaren chemistry {The Scheme was adopted from 

https://pubs. rsc. org/en/content/articlepdf/2017/ob/c6ob02458k) 

2.3.1.2 Preparation of sulfonamides from sulfonyl chlorides 

The traditional protocols use sulfonyl chlorides 2-14b as the main synthons that are easily 

accessible by various methods. Sulfonyl chlorides 2-14b are in general obtained by 

chlorosulfonation of aromatic compounds and heterocycles,52'53 a sulfochloration of 

aliphatic hydrocarbons,54 or by oxidation of thiols5 5 to sulfonic acids that are converted 

to sulfonyl chlorides (Figure 9). 5 6 As a drawback, all those methods proceed under harsh 

conditions, in general. This fact disqualifies such procedures from late-stage 

functionalization steps. 

Hetero(aryls) 

saturated 
hydrocarbons 

Sulfochlorination 

.chlore0" c 
Thiols 

Figure 9 - Key retrosynthetic steps 
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The sulfonyl chlorides 2-14b then can be readily converted to sulfonamides 2-17 in the 

presence of an excess of the amine (Figure 10). 5 7 _ 6 4The major limitation of this approach 

is the thermal instability of generated sulfonyl chlorides 2-14b that is especially apparent 

in the case of sulfonyl chlorides 2-14b substituted with heterocycles. Majority of 

conditions used for sulfonyl chloride 2-14b to sulfonamide 2-17 conversion, are the same 

as those used for sulfonyl fluorides 2-14a. However, due to greater reactivity towards 

nucleophilic attack on sulfur centre, milder conditions are usually required. 

o o 

O 01 

2-14b 

Base: Pyridine, E t 3 N , DIPEA, DMAP, K 2 C 0 3 , N a H C O 3." 

Solvent: THF, D C M , CHCI 3 , 1,4 dioxane, DMF, acetone.. 

X « 
N 

R1 

2-17 

Figure 10 - Typical conditions used for sulfonamide synthesis 

If basic conditions are a problem (substrate/functional group tolerance), then sulfonyl 

chlorides 2-31 can be transformed to sulfonamides 2-33 in the means of copper catalyzed 

oxidative C-N bond cleavage/S-N bond formation protocol. In this case, tertiary amines 

2-32 undergo a reaction with sulfonyl chlorides 2-31 in the presence of Cu 1 1 and O2 to the 

desired sulfonamides 2-33 in good to excellent yields. The plausible mechanism proceeds 

via iminium ion that is generated from amine by high-valent copper. After the elimination 

of aldehyde, amine 2-32 reacts with sulfonyl chloride 2-31 and provides sulfonamide 

2-33 (Scheme l l ) . 6 5 

A / \ \ 

2-31 

R2 

R^PJ 

2-32 

C u 2 0 (5 mol. %) 
0 2 (1 atm) 

D C E 
50 " C , 4h 

R = aryl, heteroaryl 
R1, R2 = alkyl 
R3 = alkyl, aryl 

X .R3  

Ar N 
R2 

2-33 

15 examples 

53-90% 

Proposed mechanism 

CHoCHO 

Scheme 11 - Cu"promoted oxidative coupling ofRS02Cl 

Interestingly, when cyclic amines 2-35a, 2-35b were reacted under the same reaction 

conditions, the product of ring opening and a chlorination was observed (Scheme 12). 
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Such result is therefore not compatible with the reaction mechanism shown in Scheme 11 

and more likely suggests the radical mechanistic pathway. On the other hand, the addition 

of radical scavengers do not spoil the reaction outcome and the mechanism remains 

unclear.65 

O * « 
2-35a C u 2 0 (5 mol. %) // \ CH3 2-36a 

0 2 (1 atm) \ _ / 66 % 
+ r>r / 

D C E H3C 

Scheme 12 - Cu"promoted oxidative coupling of cyclic tertiary amines 

2.3.2 Sulfonamide synthesis via oxidative coupling (S-N bond formation) -

Pathway B 

In recent years, oxidative coupling processes proved to be a powerful synthetic method. 

However, the focus was in general aimed on the carbon-carbon bond and 

carbon-heteroatom bond (O, S, N , P) formation. Overhelming potential of sulfonamides 

and their derivatives as promising biologically active compounds increased the 

requirement of novel synthetic routes towards sulfur-nitrogen bond formation. Recently 

developed oxidative coupling methods usually use combinations of dihalogen (I2, B n or 

their sources) and oxidizing agents (peroxides or oxygen). This protocol generates in situ 

sulfonyl halide that is immediately trapped by amine (Figure 11). 

S-N oxidative coupling 

• o - I - r 
O R 

2-17 

Figure 11 - S-N oxidative coupling based on the use of'RS02Na 

or 
o 
11 

"Jf or electrochemical 

oxidation 
O 

O N a 

2.3.2.1 Synthesis of sulfonamides from sulfinic acid salts 

The preparation of sulfonamides via oxidative coupling starts from sodium sulfinates, 

readily available sulfur-base derivative. Their synthesis proceeds under mild and air 
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stable conditions and these compounds possess great thermal stability. The common 

feature of all described methods is the in situ generation of sulfonyl halides that are 

subsequently converted into sulfonamides. Dihalogens (mostly I2 or Br2) are responsible 

for the oxidation step. The oxidizing agent can be also used in combination with an 

external oxidant that allows the use of dihalogen (or equivalent) in sub stoichiometric 

amounts. There are two main mechanisms that could be applied during the targeted 

transformation. The ionic mechanisms that is exploring the electrophilic nature of sulfur 

in sulfonyl halide (A) or Af-haloamine (B). The radical pathway (C) then refers to the 

homolytic cleavage of labile sulfur-halogen bond (Scheme 13).66 

O s s ,p H ionic pathway R3 

A ) i p * ' S \ , + R 2 ^ R 3 "N" - nucleophile ' R1' V 

' R 
2-14d 2-37 2-17 

O I ° w ° , 
B) U . + i ionic pathway , R J 

" O N a R 2 R3 "S" - nucleophile r 2 

2-15 2-38 2-17 

C) 9 t! radical pathway ° * ' P „ 3  

R 1 ' S * 0 R * 3 - e , - H + # Vm 

2-39 2-37 
R2 

2-17 

Scheme 13 - Three ways how sulfonamides can be prepared from sulfinic salts 

Oxidative coupling where sulfur(+IV) is oxidized to sulfur(+VI) was investigated by 

Zhao et al . 6 7 In this approach, sulfinate salt 2-40 was oxidized by I2, that was generated 

from TBAI in the presence of TBHP (Scheme 14). The authors observed that electronic 

effect on the sulfinic salt 2-40 has a significant impact on the yield of the reaction. When 

a salt bearing a substituent with M+ effect on the aromatic ring was used, yields were 

nearly quantitative. However, when salts 2-40 with electron withdrawing substituents 

were used (R 1 = ArCF3) the yield decreased considerably (Scheme 14). 

T B A I (20 m o l % ) 

0 + H T B H P (3.0 e q u i v ) ^ = aryl, CF3 

R ^ S s Q N a

 + R2N~~R3 M e C N : H 2 0 (3:1) R 1 ^ 2 R2, R3 = alkyl 

_ 3 5 0 ° C , 8 h R 18 examples 
2 - 4 0 2-41 2-42 96-83% 

Scheme 14 - Sulfonamide synthesis based on S(+IV) oxidation 

26 



Overview of the literature Doctoral Thesis - F. Zálesák 

The combination of sodium percarbonate, as a solid carrier of hydrogen peroxide, with 

substoichiometric amount of molecular iodine, resulted in another convenient alternative 

of oxidative coupling synthesis of sulfonamides 2-45 (Scheme 15). However, it was 

demonstrated, that the addition of radical scavengers (TEMPO, BHT) retarded the 

formation of desired products, suggesting, the reaction proceeds via radical mechanism. 

Also, it was shown that such conditions are not compatible with the use of anilines 

(Scheme 15).68 

I2 (20 mo l %) 

O |_| N a 2 C 0 3 . 1.5 H 2 0 2 (2 equ iv ) R3 

R ^ S x

0 N a

 + R2N^R3 M e C N : D C M (1:1), 4 0 °C r 1 ^ 2 

2-43 2-44 2-45 

Scheme 15 - Sulfonamide synthesis - radical pathway 

This method proved to be suitable for the Af-sulfonylation of 1,2,4-triazoles 2-46 and 

benzotriazoles. On the contrary, substoichiometric amount of iodine had to be used and 

dioxygen then played the role of the external oxidizing agent (Scheme 16).69 

R1 R 1 

p2 I o l 2 (0.2 equiv) R * ^ L N 

Y T " N + S Q 2 ( 1 a t m ) T l N 

1 ^ - - N ' + R3 " O N a E t O A c : H 2 O ( 1 0 : 1 ) \ ^ " N ' 

H r.t., 3 h p 3 - S t 

2-46 2 -47 2-48 

Scheme 16 - Synthesis of benzotriazole sulfonamides 

Lai et al. reported very interesting approach to sulfonamides 2-55, 2-59 based on the 

reaction with sodium ;?-toluenesulfinate 2-54 with tertiary amines 2-49. Treatment of 

those with h in the presence of TBHP in H2O and ?BuOH, Af,Af-disubstituted sulfonamides 

2-55 were obtained. Interestingly, when the reaction was carried out in DMSO, 

/?-arylsulfonyl enamine 2-55 was the product of the reaction. Since the addition of 

TEMPO inhibits the reaction, it is believed, it proceeds via radical mechanism. The 

authors proposed the IVI2 catalytic redox cycle based on the additional mechanistic 

studies. Under those conditions, tertiary amine 2-49 is oxidized to iminium cation 

2-51 that is hydrolysed in the presence of water to aldehyde 2-52 and secondary amine 

2-53. Secondly, amine 2-53 then reacts with sulfonyl radical 2-54 to yield the sulfonamide 

2-55 (Scheme 17, Path A). If iminium cation 2-51 can not be hydrolysed (DMSO), 

Ri = Me or aryl 
R2, R3 =alkyl, (CH2CHJ20 
30 examples 

50-78% 

R1, R2 = H, Me, CI 

R3 = aryl or Me 

13 examples 
58 - 99% 
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generated enamine 2-56 then undergoes the addition of sulfonyl radical 

2-54 and yields /?-arylsulfonyl enamines 2-59 (Scheme 17, Path B). 7 0 

H 

o3 JL R1 r B u O O or rBuO 

• ŕBuOOH or ffiuOH 
fx 

2-49 

Path A 

?1 H20 

2-51 

Path B 
DMSO rBuOO or ŕBuO 

2-56 

2-52 

• 0 ° 
2-57 

R2 

2-50 

^ + H N ' 

^0 R2 

2-53 

,R1 R 

R2 

2-54 

R2 

i 

N 

O, 

2-58 
R = Me, MeO, F 
R1, R2 = alkyl 

HI 

2-55 
7 examples 
78 - 95% 

7 examples 
69 - 81% 

Scheme 17 - Plausible reaction mechanism of the sulfonamide formation that rationalize the role of solvents 

If we consider the reaction mechanism of the TBAB/mCPBA system,71 based on the 

control experiments, the authors claim that the reaction is not proceeding via radical 

mechanism. Such observation is valuable because it is increasing the scope of the 

transformations to the radical-susceptible substrates (Scheme 18). 

H 

mCPBA (1 equiv) 
B u 4 N B r (1.2 equiv) 

O N a + 2 ' I N - R 3 T H F : M e O H (30:1) 
r.t., 12h 

2-60 2-61 2-62 

S' R = H, Me 
N-R3 R2 = Et, Bn, (2-pyridyl)CH2, etc. 

r 2 R3 = H, Et, etc. 

16 examples 
39-89% 

Scheme 18- Oxidative coupling carried out by mCPBA and TBAB 

Sulfonylation of benzimidazoles 2-63, pyrazoles 2-66 was performed using NBS as an 

oxidizing agent. In case of benzimidazoles 2-63, the desired products were formed in 

excellent yields and broad scope. However, in a combination with pyrazoles 2-66, the 

reaction conditions led to the C4 halogenation (I, Br) along with the sulfonamide 

2-68 formation (Scheme 19).72 
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E t , 2 )
 2 V H
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X = Br,l 

25 examples 
52-98% 

Scheme 19 - Reactivity of benzoimidazoles in oxidative coupling reactions 

Tang et al. developed another interesting CuBn-mediated procedure for sulfonylation of 

amines 2-69.73 The proposed mechanism is based on the Cu(II) insertion to 

sulfur-bromine bond that undergoes the homolytical cleavage, resulting into free radical 

species C. In parallel, Cu(II) induces "ligand exchange" and formed Pv2N-Cu-Br 

intermediate B, that upon the reaction with sulfinate radical C yields the desired 

sulfonamide 2-71 (Scheme 20). 

2 

2-69 

S + N 
" O N a R1 R2 

2-70 

C u B r 2 (20 mo l %) 

D M S O , 100 °C 
H-R1 

R2 

2-71 

R1 = alkyl, aryl. 

R2 = alkyl, aryl. 

34 examples 
67-92% 

Proposed mechanism 

H , C 

v O N a 

C u B r 2 

- H B r 

C u B r 2 

- N a B r 
H3C-

R 1 

N - C u - B r 

R2 

E 

H,C-

0 

S - C u - B r 
ii 
O 

-CuBr 

-CuBr 

0 r n o 
S -
M 

O , 

H , C 

V 

H-R1 

R2 

Scheme 20 - Plausible mechanism for CuBn mediated reaction 

Iron catalyzed coupling of nitroarenes 2-73 and sodium arylsulfinate 2-72 developed by 

Zhang et al. provided a novel route to sulfonamides 2-74. The reaction is catalysed by 

Fe(II) ions and NaHSCb played a role of a reductant. Proposed reaction mechanism of the 

transformation is shown in Scheme 21. 7 4 
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Scheme 21 - Reactivity ofnitro compounds in iron catalysed sulfonamides preparations 

Similarly, sulfinic salt can be in situ generated from arylboronic acid 2-75 and pyrosulfite. 

If copper(I) and nitroaryl 2-76 is present, sulfonamides 2-77 are formed (Scheme 22). 7 5 

K 2 S 2 0 5 (2 equ iv ) 

C u ( M e C N ) 4 P F 6 (20 mo l %) 
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 H 
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30 examples 
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Proposed simplified mechanism 
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Scheme 22 - Reactivity ofboronic acids in K2S20s/[Cu] catalysed sulfonamide preparation 

In recent years, the chemistry synthesis has put a higher impact on the safety and 

ecological questions. From that perspective, electrochemical oxidation/reduction 

protocols might be a great solution towards sustainable and "safer" world. In general, 

electrochemistry-based methods are usually broadly substrate-tolerant and provide 

transformations with an excellent atom economy. E.g. electrochemical oxidation of 

2,5-diethoxy-4-morpholinoaniline 2-78 that proceeds in the presence of arylsulfinic acids 

provides sulfonamides 2-80 in moderate yields (Scheme 23). 7 6 
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R = C H 3 5̂7 %), H (62 %) 

2-80 

Scheme 23 - Electrochemistry-based oxidative coupling of anilines and sulfuric salts 

Using this method, a wide range of sulfonamides 2-83 can be prepared.77 The coupling 

proceeds in an undivided cell with methanol and in the presence of NH4I that plays a role 

of supporting electrolyte and redox catalyst. Such protocol is using current density of 

5 mA/cm 2 and is useful for oxidative aminations of primary aliphatic amines 2-82. The 

proposed mechanisms of the transformations are comparable with the previously 

mentioned methods and differ only in the "oxidizing agent" - graphite anode (Scheme 

24). 

NH4I (0.5 equiv) 

graphite anode 
O |_| nickel cathode ° y ° r 3 R1 = Me, Ph, 4-MeO-C6H4,4-CI-CeH4 

f A +

 R 2 N ^ 3 " R1' T R2 = H, alkyl, aryl 
R O N a M e O H R 2 R3 = alkyl or H 

2-81 2-82 2-83 31-76% 

Scheme 24 - Electrochemical oxdiative coupling of sulfinic salts and amines 

Similar conditions for sulfinic salts and amines coupling were used by Terent'ev et a l . 7 8 

NtUBr was used as supporting electrolyte and the redox catalyst in a combination with 

iron cathode in an undivided cell. Additionaly, simple access to sulfonamides 2-87 use a 

one-pot reaction of Rongalite®. The reaction provides sulfonamides via sulfinic salt 

2-86 generation and its subsequent oxidation with D C D M H in the presence of amines 

(Scheme 25). 7 9 
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Scheme 25 - Oxidative coupling using Rongalite® 

Finally, enzymatic oxidative coupling promoted by Laccase was reported by Rahimi and 

co-workes.80 These copper-based polyphenol oxidases promote oxidative coupling of 

4-substituted urazoles 2-88 and sodium sulfinates (Scheme 26). 

H N - N H 

R1 

2-88 
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O 

H N - N 
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R1 

2-90 

8 examples 
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Scheme 26 - Enzymatic oxidative coupling 

2.3.2.2 Synthesis of sulfonamides from sulfonylhydrazides 

Sulfonylhydrazides proved to be useful starting materials in sulfonamide synthesis. The 

main stregnth of sulfonylhydrazides is their air and moisture stability while preserving its 

high reactivity towards desirable transformations. The transformation of hydrazide 

species 2-91 into sulfonamides 2-93 proceeds via radical pathway with help of TBHP 

oxidant and substoichiometric amount of iodine or NH4I81 in D C E 8 2 or without solvent.83 

The important step is the generation of arylsulfonyl radical that after dinitrogen 

elimination reacts with iodine. Generated sulfonyl iodide then reacts with amine that 

allows the preparation of ./V-aliphatic as well as Af-aromatic sulfonamides 2-93 (Scheme 

27). 

R X N ' N H 2  
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2-91 
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Scheme 27 - Iodine-based oxidative coupling of sulfonylhydrazides with amines 
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Terent'ev and co-workers adopted sulfonylhydrazide-based 2-94 synthesis to be 

compatible with electrochemical preparation of sulfonamides from sulfinic salts. In such 

case, the oxidative coupling was carried out in an undivided cell in the presence of NEUBr 

or KBr as supporting electrolytes and provided excellent yields of Af-aliphatic 

sulfonamides 2-96 (Scheme 28). 7 8 
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56-98% 
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Scheme 28 - Electrochemical oxidative coupling of sulfonylhydrazides 

Sulfonamides 2-99 were also accessed by electrochemical oxidation of sulfonyl 

hydrazides 2-97 in the presence of tertiary amines 2-98. Mechanistic studies showed that 

Et3N in a combination with sulfonyl hydrazide 2-97 were the electroactive substances. 

A hydrolysis of iminium cation, which is the product of the oxidation, produced 

secondary amine that underwent substitution with sulfonyl chloride and yielded the 

targeted sulfonamide 2-90 (Scheme 29).84 

' i o s ,o 
> ' N H 2 + N 

2-97 

R1, R2, R3 = alkyl 

R1 ^R2 

2-98 

R3 

=2 + X 
Cl 
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. ^ S ^ ,R 17examples 

i„ 60 - 78% 

2-99 

R4 = Ph, 2-Me-C6H4, 2-Br-C6H4, 4-MeO-C6H4, 2,5-CI2-C6H3, 

Scheme 29 - Oxidative coupling of sulfonyl hydrazides and tertiary amines 

2.3.2.3 SO2 direct insertion methods 

Direct sulfonyl group incorporation into carbon-nitrogen bond has found an important 

place among the synthetic routes leading to sulfonamides. This method is popular because 

it explores the use of non-toxic alternative of SO2. Among bench stable solid surrogates 

of SO2 l,4-diazabicyclo[2.2.2]octane-bis(sulfur dioxide) is the most exploited S02(g) 

alternative (Figure 12).85 Since recently, many new synthetic methods have become to 

use this reagent that leads to exploring its full potential. 
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Figure 12 - Structure of DABSO 

Very useful approach to sulfonamides based on the use of DABSO starts with the 

chemoselective transformation of phenyl hydrazines 2-100 that are in the presence of 

copper catalyst transformed to sulfonamides 2-101. Based on the brief mechanism 

examination, authors proposed that phenyl radical is generated first and reacts with SO2 

to form arylsulfonyl radical. Generated radical triggers the formation of Cu(III) complex 

that after amine/Br" ligand exchange and reductive elimination yields the desired 

sulfonamide (Scheme 30).8 6 
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Scheme 30 - DABSO-based sulfonamide synthesis catalysed by CuBr.S(Me)2 

L i and co-workers developed Cu(II) catalysed de-nitrogen/sulfonylation reaction that is 

based on the transformation of triazenes 2-103 (sources of amino 2-105 and aryl radicals) 

that after incorporation of SO2 reaction with presented amine yielded sulfonamides 

2-106. In contrast with previously described methods, a solution of SO2 in MeCN was 

used as the source of sulfur dioxide (Scheme 31).8 7 
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2-106 

19 examples 
37-92% 

Scheme 31 - CuCb catalysed synthesis of sulfonamides 

Sulfonamide synthesis based on the use of organometals was reported by Deeming et al . 8 8 

At this point, generated organometallic reagent 2-107 (Zn, Mg, Li) were reacted with 

D A B SO and Af-chloroamines 2-110. Anilines and amino acids 2-109 are suitable 

substrates for this transformation. In contrast with above-mentioned proposed mechanism 

(via sulfonyl chloride), in this case, the authors considered in situ formation of 

iV-chloramine that reacted with sulfinic salt 2-108. The expected mechanism was not 

explicitly proven, moreover, reactions with individually prepared Af-chloramine were not 

successful (Scheme 32). 

R1 M 

2-107 

D A B S O (0 .6 e q u i v ) 

T H F , - 4 0 ° C 

O CI 

'•s' + 
O M 

2-110 
2-108 

V 
R 1 bi—R3 

R2 

2-111 

N a C I O 

M = Mg, Zn, Li 

R1 = Bu, aryl 

R2 = aryl 

28 examples 
50-83% 

H 

2-109 

Scheme 32 - Organometallic reagent based sulfonamide preparation 

In 2016, the metal-free DABSO-based transformation of hydrazones 2-112 was 

described.89 The cyclic secondary amines yielded the sulfonamides 2-113 in high yields, 

on the contrary, anilines provided sulfonamides 2-113 only in traces (Scheme 33). 

, N H T s 

P h 

D A B S O (0 .55 equ iv ) 

H 

D M S O 
100 °C , 16 h 

2-112 

P h 

2-113 

R1 = aryl 

R2 " alkyl, Ph 

R3 = alkyl, aryl 

R4 = H, Et 

23 examples 
20-90% 

Scheme 33 - Preparation of sulfonamides from tosyl hydrazones 
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Elucidation of the reaction mechanism suggested that radical pathways are improbable. 

The authors then proposed three probable ionic pathways. Path A is based on the 

nucleophilic properties of diazo species 2-115 and electrophilic properties of "SO2". The 

reaction then leads to sulfene 2-117 intermediate that is then trapped by amine. Path B 

then expects the protonation of diazo species 2-115 and nucleophilic displacement in 

S02-amine complex 2-119. The last option (Path C) is based on the ene reaction between 

aryl hydrazone 2-112 and SO2, that after decarboxylation provides sulfene 2-117 that 

reacts with amine (Scheme 34).8 9 

Path C 

. N H T s 
N 

R ^ R 2 

2-112 

SO, 

Ts 

N 

Ph n 
O 

ene reaction 

+ 
N -

Ph 

2-115 

Path B 

N ' 
- N 

H 

2-118 

SO, 

Path A 

V 
I 

2-119 

Ts 

H O N = N 

O Ph 

2-114 

O 
ř + 11 

' Ph 

2-116 

-N, 

Ph 

2-117 

H 
. N . 

Scheme 34 - Three plausible ionic pathways of tosylhydrazone - sulfonamide transformation 

2.3.3 Sulfonamide synthesis from thiols 

Since previously mentioned methods are so broadly applicable, thiol-based synthesis was 

explored in the literature only in very limited number of examples. However, in recent 

years it has gathered some attention from medicinal chemists. The formation of S-N bond 

prior the oxidation to sulfonamide 2-117 is very convenient and high-yielding in case of 

aliphatic amines. Unfortunately, the oxidation step allows only limited possibilites when 

available reagents are considered. This step is thus the main limitation of this approach. 

The sulfur-nitrogen bond is available from the reaction of thiol 2-120 with free amine and 

ideal oxidant, usually Af-halosuccinimide.90 Alternatively, sodium hypochlorite,91'92 

gaseous chlorine93 or electrochemical oxidation9 4 can be used to achieve such 
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transformation and the oxidation is usually carried out with mCPBA, KMn04 a or 

Ru-based oxidants (Figure 13). 

From thiols to sulfonamides 

or S H NXS, NaCIO, Cl2 

2-120 

/ S \ ,R1  

N 

R2 

2-16 

Oxidation N V R1 

R2 

2-17 

Figure 13 - Thiol-based sulfonamide synthesis that proceeds via sulfenamide 

In the following example, Poulsen et al. used such approach in the synthesis of amino 

acid building blocks. 9 5 mCPBA was used as the oxidant and provided sulfonamides 

2-122 in great yields (for most derivatives >80 %) (Scheme 35). 

O A c 

A c O 
A c O 

O A c 

o 
. _ s 
O A c V

N  

H 
O E t 

m C P B A (7 equiv) 

D C M , rt 
A c O 

A c O 

O 

2-121 

Q. 0 N 11 examples 
í ř V - s v J 30-99% 

H / T O E t 

O 

2-122 

Scheme 35 - a-aminoacid sulfonamide derivatives synthesis 

Using similar procedure, pyridazinone heterocycle-containing sulfenamides 2-123 were 

oxidized to the corresponding sulfonamides 2-124. Obtained compounds were tested as 

C B i receptor ligand antagonists (Scheme 36). Again, mCPBA provided very 

chemoselective oxidation that resulted in sulfonamide 2-124 formation in 40 - 71 % yield 

(Scheme 36).9 1 

H,C H3C 

, H m C P B A (3 e q u i v ^ 

^ N 0 D C M , rt 

R = alkyl 

23 examples 
45-71% 

2-123 2-124 

Scheme 36 - mCPBA-based oxidation of pyridazinone derivatives 

Another widely used oxidative conditions are based on the use of RuCb and NaI04. The 

sulfenamide 2-125 oxidation was accompanied with oxidative cleavage of double bond 

(Scheme 37).9 6 
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Scheme 37 - Ru-based sulfenamide oxidation 

Finally, the oxidation can be carried out either in the presence of KMnCVCuSCM system 

( E q l , Scheme 38). 9 8 

O A c 

E q 1 ) A CA°cO 

E q 2) 

O A c 

O K M n 0 4 / C u S 0 4 . 5 H 2 0 (1:1.5) 

O A c > j - R 
H 

C H 3 C N / H 2 0 

A c O 
A c O 

°" \<P R = alkyl, aryl 
OAc 17 examples 

2-127 

N Í S / 

- N 

K M n 0 4 (2 equiv) 

acetone 

2-128 

- N 

N -
H 86-90% 

2-129 2-130 

Scheme 38 - Oxidation of sulfenamides with KMn04 and KMn04/CuS04 . 5H2O 

R1 = alkyl 
R2 = heteroaryl 
25 examples 

14-41% 
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2.4 Sulfonamides in organic synthetic methodology 
Sulfonamide functionality does not have only strong position among biological active 

compounds; they are also important starting motive for several synthetic transformations. 

Due to relatively high acidity of sulfonamidic proton (pKa < 8), the sulfonamidic nitrogen 

can serve as the nucleophile in the well-known Fukuyama-Mitsunobu alkylation (Scheme 

39). It is a well-known concept with literary hundreds of examples." 

H 

2-131 

phosphine 

R3 

2-132 

azocarboxylate 

„ R 

© " I 
R3 

via 
2-133 

" S . ,R 
nil N 

2-134 

Scheme 39- General scheme for Fukuyama-Mitsunobu alkylation 

A Mitsunobu-like reaction, that transforms activated ketones to sulfonamides was 

reported by Maloney et a l . 1 0 0 The reaction proceeds in the presence of phosphine and 

non-nucleophilic base and yields imines 2-139 and sulfinates 2-138. Both products can 

be readily derivatized. This approach interestingly changed the conventional view on 

sulfonamides as a terminal functional group (Scheme 40). 

R V P h 
H 

O 

A . 

2-135 

C 0 2 E t 

2-136 
I-

P h " \ J C 0 2 E t 
H 

N v 
S + 
i 

R P h " " C 0 2 E t 

2-138 2-139 

in situ functialization of 
sulfinate or amine 

: BTMG 
2-137 

Scheme 40 - Utilization of sulfonamides as powerful reagentsin further functionalization 

Sulfonamides 2-140 can be used in the boron Mannich multicomponent reaction (The 

Petasis reaction) where sulfonamides 2-140 react with carbonyl compounds 2-141 in the 

presence of boronic acids 2-142. Eventhough, the method is well established, the reaction 

mechanism is still uncertain and awaits for detailed investigation (Scheme 41). 1 0 1 ' 1 0 2 
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2-144 

Scheme 41 - General scheme for Petasis reaction 

2.4.1 The use of sulfonamides in the transition metal catalysed reactions 

There are several reports of palladium and copper catalysed reactions, where Af-alkylated 

sulfonamides 2-147 play a role of a substrate by reacting with boronic acid (Chan-Evans-

Lam reaction) 1 0 3 ' 1 0 4 or arylhalides (Buchwald-Hartwig reaction). 1 0 5 ' 1 0 6 Compared to 

copper and palladium cross coupling reactions, nickel catalysed reactions of sulfonamides 

remain underdeveloped. The biggest obstacle for that is presumably the rate-limiting 

reductive elimination step from " N i " intermediate. However, this limitation was recently 

overcomed by photochemical approach by MacMil lan 1 0 7 and Roizen. 1 0 8 The rapid energy 

transfer to Ni(II) intermediate occurs, and a formation of triplet-excited-state species 

induces the rapid reductive elimination. The reductive elimination step was also achieved 

if sterically demanding and modestly electron donating biphosphines (DalPhos) were 

used as a Ni-catalyst ligands (Scheme 42). 1 0 9 

Touré, Navarro, Buchwald 

[Ar-X} ?1 + 
N 
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2-150 X = Cl, Br, I, OTs, OC(0)NEt2 2-151 

Scheme 42 - Application of sulfonamides in transition-metal catalysed coupling reaction 
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3 Plant secondary metabolites 
Plant secondary metabolites are a heterogeneous group of natural metabolic products that 

are not essential for the life functions of plants but has a tremendous effect on the quality 

of their life. The production influences survival functions e. g. competitive weapons 

against bacterias, fungi, insects, metal transporting agents, sexual hormones or agents for 

symbiosis between microbes and plants, nematodes, insects etc. 1 1 0 Up to date, there are 

known over 2 million of secondary metabolites, but only part of these were properly 

characterized. These metabolites are divided into classes based on their structure, 

function, and biosynthetic origins. Among the main classes of secondary metabolites 

belongs alkaloids, phenolic compounds, terpens and fatty acid-derivatives.111 

3.1 Phenylpropanoic compounds - lignans and neolignans 
Phenylpropanoids are the largest group of plant secondary metabolites produced by 

higher plants. The name of this group is derived from aromatic phenyl group and the three 

carbons of the propyl chain. To this vast family belongs along with lignans and neolignans 

also flavonoids, coumarins, stilbenes and phenolic acids. 1 1 2 

3.1.1 Phenylpropanoid biosynthesis 

Phenylpropanoid biosynthesis starts at the end of the plant shikimate pathway with 

non-oxidative deamination of phenylalanine 3-1 to trans-cirmdmic acid 3-2, catalysed by 

phenylalanine ammonia lyase and tyrosine ammonia lyase. The following step contains 

hydroxylation, catalysed by cinnamate 4-hydroxylase. This step is followed with 

generation of SCoA thioester of coumaric acid 3-4, catalysed by 4-coumaroyl CoA ligase. 

This intermediate is the starting compound for further derivatization of coumaric acid 

derivative into monomeric phenylpropanoid subunits (e.g. sinapyl alcohol 3-12, 

p-coumaryl alcohol 3-5, coniferyl alcohol 3-10 etc.). These compounds are the main 

building blocks used in the generation of more complex lignans and neolignans units 

(Scheme 43). 1 1 3 
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coniferyl alcohol OH 5-hydroxyconiferyl alcohol sinapyl alcohol 
3-10 3-11 3-12 

Scheme 43 - Simplified phenylpropanoids biosynthesis 

3.1.2 Lignans and neolignans 

Lignans and neolignans are phenylpropanoid dimers. The classification into the class of 

lignan or neolignan is based upon their coupling pattern. Dimers that are generated from 

Cs and C8' coupling process, with respect to the phenylpropanoid monomer, are called 

lignans. Any other possible products of the dimerization, are called neolignans (Figure 

14). 1 1 4 

Lignans - basic structural motives 

dibenzylbutane 3,4-dibenzyltetrahydrofurane dibenzylbutyrolactone aryltetraline 

dibenzocyclooctadiene arylnaphtalene aryldihydronaphtalene 2,5-diaryltetrahydrofuran 

2-aryl-4-benzyltetrahydrofuran furofuran 
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Neolignans - basic structural motives 

Figure 14 - Basic structural motives oflignans and neolignans 

The dimerization process proceeds via a radical mechanism mediated by laccases and 

peroxidases.115 The dimerization is initiated by an abstraction of a proton and an electron 

(redox process). Newly generated phenylpropanoid radical then, based on the substitution 

pattern, can readily dimerize via homocoupling process. Recombination that can occur in 

the position Cs (lignans) or C3 (C5 if C3 occupied - neolignans) (Figure 15). 1 1 6 

3-13 3-13a 3-13b 3-13c 3-13d 3-13e 

Figure 15 - Resonance structures of phenylpropanoid free radical (3-13) 

3.2 (Dihydro)benzofuran formation (Cs, C5) dimerization - neolignans 
Benzofuran core containing neolignans are one of the most abundant structural motives 

in nature. The reason behind their vast presence among many phenylpropanoid 

metabolites is presumably the mechanism of their biosynthesis. The reactive radicals 

3-14 are generated at low concentrations, thus the addition to the double bond of 

phenylpropene is more probable than the radical recombination (Cs-Cs). In addition, the 
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formation of a thermodynamically stable benzylic radical 3-16 drives the reaction towards 

benzofuran 3-18 formation as well (Scheme 44). 1 1 7 

R 

OH 

3-15 3.16 3-17 3-18 

Scheme 44 - Homocoupling ofphenylpropanoid units 

3.2.1 Biomimetic (radical) synthesis of dihydrobenzofurans 

In vivo synthesis of benzofuran neolignans inspired scientist towards the development of 

biomimetic approach. Several biomimetic approaches based on various radical initiators 

were thus described. As is depicted on the dimerization mechanism, the phenolic group 

in para position is mandatory to achieve dimerization. As a consequence, only a few 

phenylpropene derivative can be used as substrate (e.g. ferulic, coumaric or caffeic acid). 

There are two main classes of "oxidants" that are used to promote dimerization coupling. 

The first one is based on the use of enzymatic oxidants (peroxidases,118 laccases119). The 

second one explores the use of metal base oxidants such as A g 2 0 , FeCb. 1 2 0 ' 1 2 1 The main 

drawback that hammers the expensive use of these two approaches is the reproducibility 

(also based upon our experience), low reaction yields and the formation of several side 

products. In addition, the formation of oligomers increases the difficulties in terms of 

purification of the desired products. Considering Cs-Cs neolignan 3-18 synthesis, the 

main sideproducts of the reaction are 8-0-4' 3-19 and 8,8 neolignans 3-20. The dimers, 

that formation can be readily rationalized via the radical stability of reaction 

intermediates. To exemplify this situation, the biomimetic reaction conditions, yields and 

the ratio between the products are depicted in the Table 1. 
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Table 1 - Biomimetic approach to isoeugenol 

8,5'- neolignan 8-0-4'- neolignan 8,8'- neolignan 

3-18 3-19 3-20 

Entry Conditions 8-0-4 a) 8,8 Ref 

1 Laccase (Rhus vernicifera) 43 % 22 % n.d. 119 

2 FeCl 3 53 % n.d. 2 % 120 

3 
Mn(III)TPP 

acetate/iodosylbenzene 
10% n.d. n.d. 121 

4 UV/Proflavin 42% 40 % n.d. 122 

5 HRP/H2O2 56% 22 % 13 % 118 

a) HPLC-based reaction yields, nd - product not detected 

3.2.2 Synthetic approaches towards substituted (dihydro)benzofurans 

There are only a few straightforward methods for the preparation of anti 2,3-disubstituted 

dihydrobenzofurans from readily available precursors. On the other hand, there is plenty 

of reactions describing formation of benzofuran ring. From that reasons, such 

anti 2,3-disubstituted dihydrobenzofurans can be then readily prepared by reduction of 

benzofuran ring. The aim of the following chapter is not to fully summarize all known 

approaches, but just briefly point out the most important and the interesting ones towards 

both benzofurans and dihydrobenzofurans. 

3.2.2.1 Dihydrobenzofuran preparation - [4+1] annulations 

The most straightforward method for 2,3-disubstituted dihydrobenzofurane 3-24 

preparation is probably [4+1] annulation of quinone methides 3-21 with 

a-functionalized ketones 3-22 that yields dihydrobenzofuranes 3-24 with excellent 

enantiomeric and diastereomeric ratio (Scheme 45). 1 2 3 
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3-21 

tBu 
3-23 (10 mol %) 

C s 2 C 0 3 (2 equiv) O 

R P E , -20 °C 
3-22 

X = CI, Br 
R1= Br, F, OMe 
R2 = aryl, alkyl 

36 examples 
20:1 d r 

up to 99.9% 

Scheme 45 - Preparation of 2,3 disubstituted benzofurans 

Lei et al. developed a method for dihydrobenzofuran 3-27 preparation from the reaction 

of sulfur ylides 3-26 and 2-tosylalkyl phenols 3-25. The quinone methide is generated in 

situ under basic conditions and readily reacts with sulfur ylide 3-26, yielding benzofurans 

3-27 in great yields (Eq 1, Scheme 46). 1 2 4 Quinone methides can be also generated from 

phenolic Mannich bases 3-28 and can undergo [4+1] cycloaddition in a reaction with 

pyridinium ylides 3-29 (Eq 2, Scheme 46). 1 2 5 

Eq1) 

Eq 2) 

3-25 

B r 

-R3 

3-26 

C s 2 C 0 3 (2.5 equiv) 

D C M , 12 h, rt 
=>2i! 

3-28 3-29 

DBU (0.1 equiv) 

M e C N , 81 °C 

O 

3-27 

R1 = Ar 
R2 = H, 5-OMe 
R3 = COOR 

17 examples 
77-99% 

3-30 

R1 = H, Ar 
R2 = Ar, NH2  

25 examples 
61-89% 

Scheme 46 - dihydrobenzofuran preparation from 2-tosylalkyl phenols 

3.2.2.2 Preparation of dihydrobenzofurans - reduction of benzofurans 

As was mentioned above, the synthesis of 2,3-dihydrobenzofurans 3-32 based on the 

reduction of the benzofuran skelet 3-31 is very convenient approach with broad functional 

group tolerance. Its advantage lies in nearly limitless number of possibilites towards 

benzofuran core synthesis that allows preparations of subtrates with various substituents. 

The anti reduction can be carried out with magnesium as the reducing agent (Scheme 
126,127 
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70%+ 

Scheme 47-Anti reduction of benzofurane ring 

3.2.2.3 Preparation of benzofurans - Intramolecular cyclization 

The key step of the benzofuran 3-34 formation is in this case the intramolecular 

cyclization of the OH-nucleophile (phenol) 3-33 to alkyne or its synthetic equivalent. To 

successful success in this formally 5-exo dig(trig) cyclization, activation of the 

unsaturated function is required. In this context, along with plethora transition-metal 

based Lewis acids, PhI(OAc)2 showed to be a very powerful promoter.128 The reaction 

with PhI(OAc)2 can be carried out also in catalytic fashion (mCPBA used as an oxidant) 

(Scheme 48). 1 2 9 

5 mol % l n l 3 

D C E , 80 % 

11 examples 
R = alkyl, aryl 

40 -90 % 

3-34 

O H 

3-35 

Ar P h l ( O A c ) 2 (10 mol %) 
m C P B A (2 equiv) 

M e C N , rt 

69-85% 
> 20 examples 

3-36 

Scheme 48 - Intramolecular cyclizations of substituted phenols 

Propargyl alcohol derivarive 3-37 can also serve as the substrate for benzofuran 3-39 

synthesis. In this case, Pd catalyst serves as the II bond activator. Isocyanide was added 

to the reaction in order to prevent early protodepalladation via formation of cyclization 

intermediate 3-38 (Scheme 49). 1 3 0 

P d ( O A c ) 2 (5 mol %) 
fBuNC (1.2 equiv) 

C s 2 C 0 3 i M e C N 

NŕBu 

[Pd 

O R 

3-38 

y 
3-39 

R = alkyl, aryl 
10 examples 

66-86% 

Scheme 49 - Pd catalysed annulation 

In my view, the real beauty of chemistry is shown in the transformation of hydrazones 

3-40 into benzofurans 3-42, catalyzed by copper salt. This approach combines the specific 

reactivity of copper catalysed reactions (in situ formation of copper acetylide A) and 

copper carbenoid. The in situ formed allene E then sets up the scaffold required for 

intramolecular cyclization, that successfully accomplish the sequence (Scheme 50). 1 3 1 
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^ O H 

3-40 

. N H T s 
+ R 

C u B r (0.1 equiv) 
C s 2 C 0 3 (3 equiv) 

M e C N 100 °C 

3-41 

Proposed catalytic cycle 

3-42 

ccr 

20 examples 
38-85% 

R R = alkyl, aryl 

Scheme 50 - CuBr promoted benzofuran preparation 

Another, very efficient copper catalyzed approaches based on the intramolecular 

cylcization explores the reactivity of aromatic ketones 3-42. Two nearly indentical 

protocols independently described the preparation of mono and disubstituted benzofurans 

3-43, 3-45 (Scheme 51). 1 3 2< 1 3 3 

Eq1) 
Br 

3-42 

Cul (8.5 mol %) 
TMEDA (3.5 equiv) 

H 2 0 , 120 °C o 
3-43 

R = alkyl, aryl 
7 examples 
76-91 % 

Eq2) 

3-44 

Br 

Cul (10 mol %) 
K 3 P O 4 (1.2 equiv) 

DMF, 105 °C 

R 

V 

3-45 

R1 = alkyl, COOEt, CN 
R2 = aryl, Me, H 
10 examples 
78 - 98% 

Scheme 51 - Copper-mediated approach to benzofurans 

3.2.2.4 Preparation of benzofuranes - C-H functionalization 

Recently, several benzofuran 3-49 preparations based on the transition metal-catalysed 

promoted annulations were described. The following examples show the use of palladium 

catalysis based transformations that use copper(II) salts as the co-oxidant. Sahoo et al. 

used substituted phenols 3-47 together with alkynes 3-48 as the substrates that in the 

presence of Pd salts yielded benzofurans 3-49 in excellent yields. The authors postulated 
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two plausible mechanisms that would explain observed transformation. The first one is 

based on the Wacker-type oxidation process that is followed by C-H insertion of [Pd] 

species. The second possibility is that Pd(II) undergoes o/t/zo-palladation followed by 

carbometallation onto the alkyne 3-48 (Scheme 52). 1 3 4 

O H R2 

Pd(dba) 3 (5 mol%) 
ligand (10 mol%) 

N a O A c , C u ( O A c ) 2 

1,4 dioxane, 130 °C 

3-47 3-48 

53 -92 % 

10 examples 

3-49 

R1, R2 = aryl, heteroaryl 
R = N02, OMe, AcNH, heteroaryl etc 

Proposed catalytic cycle 

base 

- O . 

jl X C-H insertion 

[ P W h \ p 
^ - P h 

[Pd"], P h p d i i 
- P h ortho-palladation 

, [Pd H ] 
O o 

carbo-palladation || I O 
U A V i 17 

\ / / [PdM] 

carbo-palladation 

Scheme 52 - Paladium catalyzed annulation 

Similar conditions were developed for the annulation of phenols 3-50 and styrenes 

3-52. The authors also expect that the similar reaction mechanism (ort/zo-palladation 

followed by carbo-palladation) governs the reaction (Scheme 53). 1 3 5 

O H 

P d ( O A c ) 2 ( 1 0 m o l % ) 
phenantro l ine (20 m o l % 

2 N a O A c , C u ( O A c ) 2 

D C E , 110 °C 

3-50 3-51 3-52 

R1 = CHO, COCH3, Br, OMe etc. 

R2 = aryl, alkyl 

40 -90 % 

> 30 examples 

Scheme 53 - C-H activation catalysed by paladium 

A selective synthesis of benzofurans 3-55 substituted in the position 3 was described by 

the group of Maiti. The regioselectivity of the reaction was in this case reversed by the 

addition of cinnamic acid derivatives 3-54. The proposed reaction mechanism includes a 

decarboxylative step, followed by P-elimination and cyclization as a key step of the 

transformation (Scheme 54). 1 3 6 
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0 2 or C u 
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/ X O O H 
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Scheme 54 - Wacker-type benzofuran synthesis 

3.2.2.5 Preparation of benzofurans from diazocompounds 

Finally, I would like to share the benzofuran synthesis 3-58 that is using diazocompounds 

3-57 as the reagents. Metal-free conditions and Brondsted acid catalysis is used to 

promote the transformation. In the key step, 1,2-arylshift is accompained with dinitrogen 

elimination. After a ring closure and the dehydration, the authors reported a preparation 

of 3-substituted benzofurans 3-58 in excellent yields (Scheme 55). 1 3 7 

COOEt 

5 examples 
91-99% 

1,2 aryl shift 

Scheme 55 - Bronsted acid catalysed benzofuran preparation 

More common in this context is rhodium catalyzed decarbonylative cyclization, followed 

by diazo compound 3-60 initiated Rh-carbene formation, that yields desired 

2,3-disubstituted benzofurans 3-61. The key role in this non-coordinating counterion 

plays -N(Tf)2 that allows very rapid decarbonylation process, thus formation of 
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benzofurane 3-58. On the contrary, when acetate counterion is used, the decarbonylation 

step is supressed and the reaction yields chromones (Scheme 56). 1 3 8 

Scheme 56 - Rhodium catalysed benzofuran preparation 
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4 Results and discussion 
Results achieved during my Thesis can be divided into two parts. In the first one, detailed 

investigation of the benzothiazole sulfonamide synthesis is discussed, as well as the 

chemical-physical properties of the obtained products. The second part is then devoted to 

the biomimetic homocoupling and cross dehydrogenative coupling approach towards 

(dihydro)benzofuranes. 

4.1 Benzothiazolesulfonamides 
As briefly mentioned in the theoretical part of the Thesis, there are three main synthetic 

pathways to sulfonamides. Therefore, this chapter is divided into three parts and each part 

is devoted to one of the approaches that leads to BT-sulfonamides. In the first part, 

a detailed discussion that describes the applicability of each approach to BT-sulfonamides 

synthesis is given. The final part of the chapter then covers the applicability of 

BT-sulfonamides as a potent synthon for various modifications. 

4.1.1 Preparation of sulfonamides from sulfonyl halides 

The first main synthetic approach towards sulfonamides uses sulfonyl halides precursor 

as the key synthetic intermediate (Figure 16). The synthesis of BT-sulfonyl halides, their 

applications in sulfonamide preparations and the evaluation of scope and limitations of 

their use is covered in this chapter. We investigated preparations of BT-sulfonyl halides 

and their applications in sulfonamide preparations, together with evaluation of scope and 

limitation of such method. 

Sulfur VI+ 
o o 

or&> cn> 
X = F, CI, Br, I 

Figure 16- Sulfonyl halide to sulfonamide transformation 

4.1.1.1 Preparation from B T S O 2 F 

Based on the literature reports, we were aware of the bezothiazole fluoride 4-2 

outstanding stability under "normal" conditions. 4 3 ' 1 3 9 However, the reported BT-sulfonyl 

fluoride 4-2 synthesis based on the chlorine/fluorine nucleophilic exchange, lacked 

required convenience and provided BT-sulfonyl fuloride 4-2 in low yields. At this point, 

we were curious, whether the opposite "electrophilic fluorine" approach would be 
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successful. From that reasons, we used sulfinic salt 4-1 and reacted it with Selectfluor®. 

Surprisingly, the reaction proceeded smoothly and yielded the desired BTSO2F 4-2 in 

short reaction time. During the optimization, strong solvent dependence on reaction yield 

and the formation of the side products was observed. The highest yield was obtained when 

the reaction was carried out in MeCN. We also noted a presence of benzothiazole 4-3 in 

the crude reaction mixture (Table 2). This result was not very surprising, since 

benzothiazole 4-3 is the natural product of sulfinic salt 4-1 desulfurylation. 

Table 2 - BTSO2F synthesis optimization of the reaction conditions 

Selectfluor® aS O (2equiv) rf****r^S\ " „ r ^ ^ S \ 

M » M . c M , . - c , o ,

n , iXtr * w 
15 mins 

4.1 4-2 4-3 

Entry Solvent Ratioa) Yield(%)b) 

1 MeOH 1:2.3 -

2 THF 1:99 

3 MeCN 99:1 85 

4 DCM 99:1 47 
a) Based on the crude 1 H NMR spectra; b) refers to isolated yield after the flash 

column chromatography 

Having an easy access to BTSO2F 4-2, the reaction conditions upon which fluorine atom 

would be replaced with nitrogen nucleophile were investigated. The reaction that fullfills 

this requirement is in the literature known as SuFEx protocol. The main advantages of 

this protocol are described in the chapter 2.3.11 - (Preparation of sulfonamides from 

sulfonyl fluorides ). In a nutshell, the SuFEx protocol could be a very strong weapon in 

forging S-N bonds starting from sulfonyl fluorides due to selective and high yielding 

reactions. In our case, we started our optimization reactions with BTSO2F 4-2 and 

benzylamine 4-5. After a brief evaluation, we figured out that MeCN is the best reaction 

solvent, and the reaction provides the sulfonamide 4-6 in best yield, if 3 equivalents of 

benzylamine 4-5 are used. Higher loading of benzylamine 4-5 had no impact on the 

reaction yield (Table 3, Entries 1 - 5). Since one equivalent of amine is consumed in the 

form of HF salt, we speculated if one equivalent of benzylamine 4-5 can be replaced with 

Et3N or D A B C O . Unfortunately, the use of tertiary amine proved to hammer the reaction 

and, in such cases, only traces of product 4-6 were obtained. (Table 3, Entries 6 and 8). 
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This result suggests that D A B C O or Et3N do not behave only as a possible HF scavenging 

agents, but they also interfere with sulfonamide formation. We speculate that these 

compounds attacks sulfur atom and substitites fluorine atom before playing the role of 

the buffer. Generated D A B C O or Et3N intermediate then might be unstable under the 

reaction conditions and readily decompose. 

Table 3- Optimization of BT sulfonamides preparation 

/-Ph 

°w° 
H2N 

(3.0 equiv) 

N 

4-2 

undesired 

C H 3 C N , rt, 14h Ú1 + 

a 
DABCO 
orDBU 
or Et3N 

, ) - S = 0 
N ®{i-R 

t \ 
R R 

4 - 6 a 

an -Ph 

4-7a 

decomposition 

4-8 

Entry Conditions BnNH 2 

(equiv) 

Additives Ratio3' Yield"' Note 

1 MeCN 3 None >99:1 65 >95% conversion of 4-2 

2 MeCN 2 None 15:1 37 >95% conversion of 4-2 

3 MeCN 1 None 
Traces 

of 4-6 
- >95% conversion of 4-2 

4 MeCN 4 None >99:1 67 >95% conversion of 4-2 

5 MeCN 5 None >99:1 64 >95% conversion of 4-2 

6 MeCN 2 
Et 3N (2 

equiv) 

Traces 

of 4-6 
-

>95% conversion of 4-2, 

complex mixture 

7 DCM 3 None n.d. -
>95% conversion of 4-2, 

complex mixture 

8 
MeCN 3 

DABCO 

(2 equiv) 
n.d. -

>95% conversion of 4-2, 

complex mixture 
"' based on the ' H NMR spectra of the crude reaction mixture; b ) refers to isolated yield after the flash column 

chromatography. 

Having optimized reaction conditions in hands, we turned our attention to scope and 

limitations evaluation. The optimized reaction conditions yielded desired 

BT-sulfonamides 4-6a-d if primary a-unbranched aliphatic amines were used as 
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substrates. However, when sterically more demanding amines (a-branched primary and 

secondary amines) were used, the reaction yields dropped significantly. In the case of 

anilines, the reaction did not provide products 4-11, 4-12, presumably due to low 

nucleophilicity of nitrogen atom. Another reason behind the low reaction yields, was also 

the formation of BT-amines 4-7 that are products of competitive attack of amines to 

electrophilic centre of benzothiazole ring. In such case, after the C-addition, the 

intermediate 4-9 undergoes desulfurylation to give the undesired BT-amine 4-7. When 

cyclohexyl diamine was used as a substrate, a complex mixture of mono/di 

BT-sulfonamide and mono/di BT-amines were formed 4-6h, 4-8, 4-9. 

R2 

t 

O. , 0 

BT N Pi) 
H 

0 N ,0 

H 

O. , 0 

BT N 
H 

B T ' N 
H 

O 4-6a(65%) 4-6b(72%) 4-6c (56 %) 4-6cŕ(45%) " BT 
4-6a:4:7a = >99:1a> 4-6b:4:7b = >99:1a> 4-6c:4-7c = 68:32a> 4-6d:4-7d = >99:1a> 4-6e (24 %) 

4-6e:4-7e = 70 :30 a ) 

°* 'P 
BT N oB w 
4-6f (24 %) 4-6g (22 %) 

4-61:4-7f = 92 :8 a ) 4-6g:4-6:7g = 71:29a» 

O B T 

0=V . - s . V N H ^ - v - N I -

aNH ô o. A a, 
^ V % T 4 . 8

H 4-9 
4-6/) 

, N H 2 

BT 
N 

4-9 

4-6h:4-8:4-9 = 1:3:5 

mixture of products 

H h 
B T X N V ^ l B T " s ' N - r ^ 

traces 

4-11 
traces 
4-12 

Scheme 57 -Scope and limitation ofSuFEx approach 

The electrophilic properties of BTSO2F 4-2 can be well rationalized with described 

L U M O map and L U M O orbital energy (1.7 eV) representation (Figure 17). The L U M O 
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map reveals that the most electrophilic site is located on the benzothiazole ring carbon 

(blue area). 

c2 

Figure 17'— LUMO map of'BTSOiF - obtained using Spartan Molecular Database, SMD - calculated for equilibrium 
geometry; DFT coB97X-D, 6-31G* 

Thus, it is understandable that more nucleophilic and more sterically hindered 

(a-branched primary amines) substrates undergoes undesired attack to C2 carbon. This 

phenomenon is the main obstacle behind the limited scope of this reaction. Several 

optimizations were carried out in order to suppress undesired side reaction; however, 

change of solvent or the addition of Lewis acids did not shift the reaction outcome to the 

desired products. 

4.1.1.2 Preparation from BT-SO2CI 

Despite the literature reports claiming that the preparation of BTSO2CI 4-14 is rather 

tricky starting point in BT-sulfonamide preparation 4-6, we were still keen on 

reproducing procedures reported in literature. Some of the protocols were based on the 

use of molecular chlorine in the combination with acetic acid or hydrochloric ac id . 1 4 0 ' 1 4 1 

Those protocols were not attempted due to safety issues. The other experiments based on 

the use of bleach or hydrogen peroxide were preffered. In this case, the preparation of 

sulfonyl chloride 4-14, followed by its conversion to sulfonamide 4-6a, yielded the 

products in very low yields (Table 4). Low yields of these transformations can be 

attributed to the problematic work up that follows the oxidation. In this case, the reaction 

mixture as well as all the glassware must be kept at 0 °C. It is expected that most of 

BTSO2CI 4-14 did decompose during this work up procedure. Such observation only 

discourages our efforts to BT-sulfonamides that would include BTSO2CI4-14 formation. 
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Table 4- Synthesis of BT-sulfonamides that proceeds via BTS02CI intermediate 

- S H 

4-13 

% — S N 

S 

4-15 

N O 

4-14 

N 0  

4-6a 

4-3 

Entry BT-source Conditions Isolated 

yield (%)a) 

Note 

Disulfide 4-15 

BT-SH 4-13 

BT-SH 4-13 

Disulfide 4-15 

BT-SH 4-13 

1) NaOCl, HCl, DCM, -10 °C, 1 h 

2) BnNH 2, CH2CI2, -10°C, 4h 

1) HCl, NaCIO, 0°C, CH2C12, lh 
2) BnNH 2, CH2CI2, -10°C, 4h 

1) (5.0 equiv), HCl, NaCIO, 0°C, 
CH2CI2, lh, then -30°C, C 6 F 5 OH (3.0 
equiv), Et 3N (5.0 equiv), CH2C12, 5h 
2) BnNH 2, CH2CI2, -30°C to 0°C, lh 

BnNH 2 (1.0 equiv), ZrCl 4 (1 equiv), 

H2O2 (4 equiv), pyr, rt, lh 

BnNHz (1.0 equiv), ZrCl 4 (1 equiv), 

H2O2 (4 equiv), pyr, rt, lh 

n.d. 

15 

48 

n.d. 

n.d. 

No 

reaction 

Only BT 

4-3 

Only 

disulfide 

4-15 
a) refers to isolated yield after the flash column chromatography 

4.1.2 Oxidative coupling method 

Next, we turned our attention to oxidative coupling synthesis of sulfonamides using 

approach where stable sulfur(IV+) derivative is used as the starting material. The 

oxidation to sulfonyl halides - sulfur(VI+) - in the presence of amine should yield the 

desired BT-sulfonamides 4-6. Since the sulfonyl halide is generated in situ, it was 

expected that this reaction with amine would provide the desired sulfonamides 4-6 

without significant undesired decomposition of sulfonylating agent (Figure 18). 
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Sulfur (IV+) 

or % or oNa 

Su/fur (V/+j 

;'n situ 

Figure 18- Oxidative coupling approach to sulfonamides 

As mentioned above, the key starting material for the oxidative coupling approach is the 

BT-sulfinate salt 4-1 (Scheme 58). The salt 4-1 was reported as stable crystalline 

compound.142 From the synthetic poin of view, 2-mercaptobenzothiazole 4-3 seems to be 

the most convenient starting material to 4-1, since it can be readily transformed to 4-1 in 

two steps via the sulfinate intermediate 4-16 that upon the hydrolysis provides the sodium 

salt 4-1. 

N O Hydrolysis 
m; = > 

S ONa 

N Oxidation 

S OMe 

N 

SH 

4-1 4-16 4-3 

Scheme 58 - Retrosynthetic approach for BTS02Na preparation 

4.1.2.1 Preparation of BTSChMe 

The synthesis of sulfinic salt started from the disulfide 4-15 that was transformed to 

methyl sulfinate 4-16 using the Brownbridge protocol.9 0 The reaction provides 

benzothiazole sulfinic methyl ester 4-16 in high yields (Table 5). During the reaction 

optimization, we focused on the NBS amount required to achieve the conversion of 

disulfide 4-15. It was observed that at least 4 equivalents were needed (Table 5, Entry 3). 

However, the best results were obtained using 5 equivalents of NBS (Table 5, Entry 2). 
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Table 5 - Optimization of BTS02Me preparation 

up to 5 mmol scale 
" O M e 

4-15 4-16 

Entry BT-source Br source Conditions Isolated 

yield (%)a) 

1 Disulfide 4-15 NBS (6.0 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
67 

2 Disulfide 4-15 NBS (5.0 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
65 

3 Disulfide 4-15 NBS (4.0 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
60 

4 Disulfide 4-15 NBS (3.5 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
55 

5 Disulfide 4-15 NBS (3.0 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
51 

6 Disulfide 4-15 NBS (2.5 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
32 

7 Disulfide 4-15 NBS (2.0 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
20 

8 Disulfide 4-15 NBS (1.0 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
0 

9 Disulfide 4-15 Br 2 (5.0 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
66 

10 Disulfide 4-15 Br 2 (4.0 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
62 

11 BT-SH 4-3 NBS (2.5 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
71 

12 BT-SH 4-3 Br 2 (2.5 equiv) 
CH 2Cl 2/MeOH = 

1:1 (V/V) 
70 

a) refers to isolated yield after the flash column chromatography 

Next, the hydrolysis of methylsulfinate disulfide 4-15 was performed using standard 

reaction conditions and sodium sulfinate 4-1 was obtained in good yields (Scheme 59). 

The salt 4-1 is therefore stable and can be stored at room temperature for prolonged period 
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of time. The great advantage of the use of sulfinic salt 4-1 as the starting material is its 

thermal stability that allows its storage for decent period of time. The only drawback of 

4-1 is its lability to acids that results in desulfurylation reaction that yields benzothiazole 

4-3. This synthetic disadvantage is however viewed as an advantage if this salt 4-1 is used 

in physiological systems. Indeed, H + - labile properties of 4-1 were studied intensively 

and the salt 4-1 was used as SO2 - releasing substrate in the context of SO2 regulation of 

mammalian pulmanory systems. The half-life of sodium benzothiazole 4-1 sulfinate at pH 

4 and 5 (37°C) is 7.5 and 75 min, respectively.142 

S O N a O H ( l e q u i v ) ^ y S ft H* 

N ^ O M e T H F : H 2 0 ' U ^ S ) * " U V + ^ 

4-16 4-1 4-3 

Scheme 59 - Sodium sulfinate preparation 

Mechanistic investigation of the methyl sulfinate formation 

Let's turn our attention back to the methyl BT-sulfinate 4-1 synthesis. Since the original 

paper does not discuss the reaction mechanism, we were intrigued in detailed reaction 

mechanism investigation.90 It was obvious that the oxidizing agent is "Br + " species 

derived from NBS or Br2. Due to red/brown colour (vide infra) of the reaction mixture, 

Br2 was considered as the oxidant. Indeed, bromine might activate disulfidic bond 

towards nucleophilic attack of methanol (Scheme 60). Such transformation would lead to 

one equivalent of methyl sulfenester 4-18 and one equivalent of sulfenylbromide 4-19 that 

rapidly undergoes reaction with methanol. Resulting HBr then regenerates Br2 from the 

molecule of NBS. 
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-HBr 

Background reaction 

O 

HBr + \^\i-Br 

O 

O 

O 

Br, 

Scheme 60 - Expected reaction mechanism of BTSOMe generation 

Having generated methyl sulfenate 4-18, it is further oxidized by B n to sulfinic ester 

4-16. There are two possible reaction pathways that can accomplish this transformation. 

In both cases, first electrophilic addition of "Br + " species to sulfur of methylsulfenate 

4-18 occurs (Scheme 61). Generated oxonium-like intermediate 4-20 then can (A) undergo 

the addition of MeOH to yield tetrahedric intermediate 4-21, that upon the elimination of 

MeBr yield the sulfinic ester 4-16. Or (B) can undergo Br" mediated demethylation to 

yield 4-22, via BTSOBr 4-22 intermediate to the desired methylsulfinate 4-16. The 

resulting MeBr alkylates methanol that leads to HBr and Br2 regeneration. 

(A) 

4-18 

N @ 0 - M e 

4-20 

(B) 

S O - M e 

N Br O - M e 
4-21 

MeOH 

N Br 

N 

4-16 

OMe 

p Background reaction 

MeBr + MeOH — Me' Me 

4-22 

HBr 
NBS 

Br, 

Scheme 61 - Proposed mechanism of BTS02Me preparation (Part 2) 

To shed more light on this transformation, the formation of the methylsulfenate 4-18 key 

intermediate was investigated. From that reason, stable phenylsulfenate 4-25 was 

independently prepared and characterized starting from thiophenol 4-23 (Scheme 62). 

The methylsulfenate 4-25 was then treated with NBS in methanol to mimic the reaction 
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conditions we used during the BT-methyl sulfinate 4-16 synthesis. The reaction sequence 

using reported reaction yielded sulfinic ester 4-26 in good yield and purity. 1 9 8 ' 1 9 9 

SH N C S (1.2 equ iv ) ) 

D C M 

4-23 

SCI 

4-24 

E t 3 N (1.1 equiv) 
M e O H (1.1 equiv) 

E t 2 0 

S . O M e N B S (2 eqiuv) 

M e O H 

4-25 

55% 

4-26 

84% 

Scheme 62 -PhSOlMe synthesis 

4.1.2.2 Sulfonamide synthesis 

The oxidative coupling approach was inspired by the work reported by Yan et al . 7 1 and 

the recent report from by Xian . 1 4 3 This synthetic protocols describes the use of mCPBA/ 

T B A B as Br2 source to achieve sulfonamides 4-29. The reaction proceeds the same 

reaction pathway as shown in the theoretical part of the Thesis (Scheme 63). 

o 
// 
SN 

O N a 

Br2 

4-27 

V 
Br 

4-28 

R 

4-29 

in situ Br2 generation 

m C P B A 
TBAB Br, 

Scheme 63 - General scheme of sulfonamide synthesis based on the oxidatiove coupling protocol 

To start, the protocol of X i a n 1 4 3 was examined and the desired sulfonamide 4-6a was 

isolated in 77 % yield. However, this protocol (mCPBA/TBAB) uses several different 

components that does not fulfill our atom-efficiency requirement. We attempted to 

optimize/simplify the reaction conditions on the model reaction of sulfinic salt 4-1 and 

benzylamine. We observed that eventhough the conversion of the sulfinic salt 4-1 is 

quantitative, the reaction yields also benzothiazole 4-3. The formation of benzothiazole 

4-3 is the result of a competitive nucleophilic attack of amine to the bromine atom. To 

avoid this undesired side reaction and to increase the yields, we vary the source of 

bromine, oxidizing agents, base, and solvent. 

Soon we figured out that the role of bromine source and the presence of m-chlorobenzoic 

acid (from mCPBA) are the crucial agents that have an impact on the reaction progress. 

It was shown that the presence of m-chlorobenzoic acid is causing the sulfinic salt 4-1 

decomposition. Thus, Br2 was added as "Br + " source, to promote the reaction (Table 6, 

Entry 4). The reaction yields the sulfonamide 4-6a and only traces of 4-3 was observed. 

The disadvantage of this approach, however, was the problematic quantification of the 
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Br2 when the reactions were carried out in small scale. Thus, we searched for Br2 

alternative that we found in the NBS. The use of NBS did solve the important issues that 

was the Br + source and also H + scavenger. Using NBS in THF/EtOH (4:1) the desired 

sulfonamide 4-6a was isolated in 91 % yield (Table 6, Entry 6). The same result was 

achieved if the reaction was carried out at 0 °C (Table 6, Entry 8), however if -78 °C was 

the temperature of the reaction mixture, only the product of sulfinic salt 4-1 

desulfurylation 4-3 was isolated (Table 6, Entry 9). If the reaction was carried out in 

THF/EtOH solvent mixture (Table 6, Entry 7) or in the presence of higher NBS loading 

(Table 6, Entry 10), the higher amount of undesired product 4-3 was formed. The higher 

loading of the benzylamine (Table 6, Entry 12) seemed to have a little impact on the 

reaction outcome. The use of alternative X + sources as NCS, NIS or I2 led only to the 

decomposition of the sulfinic salt 4-1 (Table 6, Entries 13-15). 

Table 6 - Optimization of BT-sulfonamides preparation 

, A B 

Entry Reaction conditions A/B ratio Isolated 

yield (%)a) 

Sulfinic salt 

conversion^ 

1 BnNH2(1.2 equiv), DIPEA (1.5 

equiv), TBAB (1.5 equiv), mCPBA (3 5.6:1 77 >95% 

equiv), THF:EtOH (1:1), rt lit. 7 1 

2 BnNH2(1.2 equiv), DIPEA (1.5 

equiv), KBr (1.5 equiv), mCPBA (3 1.6:1 53 >95% 

equiv), THF:EtOH (1:1), rt 

3 BnNH2(1.2 equiv), DIPEA (1.5 

equiv), KBr (1.5 equiv), H 2 0 2 (3 1:99 - >95% 

equiv), THF:EtOH (1:1), rt 

4 BnNH2(1.2 equiv), DIPEA (1.5 

equiv), Br 2 (2 equiv) THF:EtOH (1:1), 

rt 

11.5:1 86 >95% 

5 BnNH 2 (1.2 equiv), NBS (1.5 equiv), 

THF:EtOH(l:l),rt 
4:1 77 >95% 
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BnNH 2 (1.2 equiv), NBS (1.5 equiv) 
13:1 91 >95% 

THF:EtOH(4:l),rt 

BnNH 2 (1.2 equiv), NBS (1.5 equiv) 
4.2:1 - >95% 

THF:EtOH (20:1), rt 

BnNH 2 (1.2 equiv), NBS (1.5 equiv) 
12:1 90 >95% 

THF:EtOH (4:1), 0 °C 

BnNH 2 (1.2 equiv), NBS (1.5 equiv) 
1:99 - >95% 

THF:EtOH (4:1), -78 °C 

BnNH 2 (1.2 equiv), NBS (2 equiv) 
7.3:1 - >95% 

THF:EtOH(4:l),rt 

BnNH 2 (1.2 equiv), NBS (3 equiv) 
9:1 - >95% 

THF:EtOH(4:l),rt 

BnNH 2 (2 equiv), NBS (1.5 equiv) 
10:1 - >95% 

THF:EtOH(4:l),rt 

BnNH2(1.2 equiv), NCS (3 equiv) 
1:99 - >95% 

THF:EtOH(4:l),rt 

BnNH 2 (1.2 equiv), NIS (3 equiv) 
1:99 - >95% 

THF:EtOH(4:l),rt 

BnNH2(1.2 equiv), h (3 equiv) 
1:99 - >95% 

THF:EtOH(4:l),rt 
a) refers to pure isolated compound after the flash column chromatography; b) refers to conversion of 

sulfinic salt based on *H NMR 

Having established suitable reaction conditions for the oxidative coupling between 

sulfinic salt 4-1 and amine, the scope and limitations of the method were evaluated. 

Primary and secondary aliphatic amines were suitable subtrates for targeted tranformation 

and yielded the sulfonamides 4-6a, 4-6c in good to excelent yields. In this context, it was 

observed that the reaction conditions tolerates carbonyl group 4-6i, unsaturated bonds 

4-6b and aromatic rings 4-6e, 4-6j. Furthemore, when aminoalcohols were used as the 

starting material, the method proved to be chemoselective and yielded only sulfonamides 

4-6k, 4-61. The method is also readily scalable (5 mmol) without any drop in reaction 

yields. On the other hand, the reaction conditions were not applicable if anilines 4-31, 

4-32,4-36,4-37,4-38 were reacted. Observed unreactivity can be attributed to low aniline 

nitrogen lone pair nucleophilicity. In addition, when anilines 4-31, 

4-32, 4-36, 4-37, 4-38 were used as the starting material, and also in case of furan-base 
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amine 4-39, the only product of aromatic ring bromination was observed. When NH4CI 

4-50, aminoacids derivatives, or N H 2 C N 4-49 were used as the starting material, the 

reactions failed to provide desired products (Table 7). 

k O N a 

Table 7- Scope and limitations of oxidative coupling approach 

N B S (1.5 equiv) ^ r f V S ^ = 0 N B S (1.5 e q i 

T H F / E t O H (4: 

BT0 2 S' 

H 
. N ^ ^ P h 

4-6a (92%, 90%*) 
B T 0 2 S - N H 

4-6b (65%) 

S 0 2 B T 

4-6c (67%) 

B T 0 2 S - N H HN—^ 

4-6i (67%) 

S 0 9 B T BT0 2 S 
NH HN 

4-6e (74%) 4-6j (36%) 

S 0 2 B T 
HN, 

O H 

4-6k (64%) 

S 0 2 B T 
HN, 

' ' l ^ O H 
P h 

4-61 (37%) 

BT0 2 S 

S 0 2 B T 

to 
4-6h (30%) 

S 0 2 B T 
BT0 2 S 

- o 
4-6f(55%) 

B T 0 2 S N 

4-6g (<5%, 34%) *5 m m o 1 s c a l e 

O H 

4-6m (76%) 

No reaction 

H 2 N — O M e H 2 N — N Q 2 

4-31 

H2NHQ> { 

4-32 

H,N 

NH, 

4-36 4-37 4-38 

P h O O E t 

' V Y ^ 0 M e O' 
NH 2 

4-33 

utt OEt u 

NH 2 

4-34 

HoN ' x — ' 

4-39 4-40 

NH 2 

4-35 

NH2CN, NH4CI 

4-49 4.50 

Mechanistic investigation 

Now I would like to go back to the reaction mechanism of oxidative coupling reaction. 

During the optimization of the reaction conditions, we observed that the reaction is nearly 

instantaneous. It usually took only few seconds to its full completion. Presumably, the 

reaction is one of the examples of diffusion controlled. When we carried out the reaction 
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in the presence of radical scavenger (TEMPO), no significant change in the reaction rate 

or yields was observed. Interestingly, the reaction is carried out in EtOH, as the 

nucleophilic co-solvent. Suprisingly, no ethyl sulfonate was observed during or after the 

reaction in the crude reaction mixture. The N over O selectivity can be rationalized by 

higher nucleophilicity of nitrogen atom over oxygen. 

Having in hands these results, we can speculate over the three possible reaction pathways 

(Scheme 64). First Pathway A was considered. In this case BTSOiBr 4-30 should be 

formed as the intermediate and we believe that it is rather unlikely that no ethylsulfonate 

would be formed if the reaction proceeds via this intermediate. In case of Pathway B, 

iV-bromo intermediate 4-42 is formed, and that might answer the question, why no ethyl 

sulfonate and only BT-sulfonamide 4-6 formation was observed. Third radical reaction 

(Pathway C) can be ruled out, because the reaction proceeds in the presence of radical 

scavenger. However, no reaction pathway can be explicitly ruled out, and the mechanism 

can differ from substrate to subtrate. 

Pathway A) 

Pathway B) 

Pathway C) 

Scheme 64 - Possible mechanistic pathways of oxidative coupling 

4.1.3 BT-sulfonamide synthesis via S-N coupling followed by oxidation 

Having obtained the first two, although limited approaches to sulfonamides 4-6, the third 

possible way based on the S-N bond forming/oxidation approach was investigated 

(Scheme 65). Since the sequence consist of two steps, both of them will be discussed 

separately. 
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- N O oxidation ^ v - N S-N bond formation N 

4-6 4-42 4-43 

Scheme 65 - Two step approach to BT sulfonamides starting from benzothiazol 

4.1.3.1 S-N bond formation 

The BT-sulfenamide 4-42 synthesis was first described by Brownbridge et a l . 1 4 4 who 

reported reaction of 2-mercaptobenzothiazole 4-43 and amines in the presence of NCS. 

The depicted reaction proceeded smoothly and provided sulfenamides 4-42 in good yields 

and purity. Interestingly, in this transformation, minimum 3 equivalents of amines were 

required to draw the reaction to its completion (Scheme 66). 

Brownbridge conditions 

C O * 
R1R2NH2 (3.0 equiv) N S R1 

N C S (1.0 equiv) / = ( * N ' 
\ A - S R2 95+% yield 

C H 2 C I 2 , RT 
4-43 4.42 

Scheme 66 - Sulfenamide preparation starting from 2-mercaptobenzothiazole and benzylamine 

Since, the Brownbridge protocol was missing any details about the transformation; we 

decided to investigate the reaction in more details. First, upon mixing 

of 2-mercaptobenzothiazole 4-43 and amine, the formation of white suspension was 

observed. Such observation suggested rapid formation of ammonium salt 4-44. Without 

NCS addition, no reaction occured, however, after the addition of NCS the reaction 

started immediately. The reaction mixture relatively fast underwent the change from 

suspension to clear solution. Observation that suggested consumption of presumed 

ammonium salt 4-44 intermediate. Over the time, white precipitate again started to form 

in the reaction mixture. This salt was further identified as BnNEbCl and after the given 

reaction time 4-45 was isolated in nearly quantitative yield. Next, we turned our attention 

towards benzothiazole disulfide 4-15 since its formation was detected when anilines were 

used as the starting substrates. The question was: at which point of the reaction is this 

compound formed? Mainly, we were wondering if the formation of disulfide 4-15 is an 

undesired side reaction, or i f it is sort of "resting state" intermediate that can be 

successfully transformed into the desired sulfenamide 4-45. To make the situation even 

more complex, in the case of the reaction with aniline, some BTSH 4-43 (presumably in 

form of its salt - BnNHsBTS" 4-44) was also present in the reaction mixture. To address 
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this, the reaction of the disulfide 4-15 and benzylamine 4-5a without any other additive 

was carried out. To our surprise, the product sulfenamide 4-45 was formed, albeit in 

considerably lower yield (Scheme 67, Eq 2). When the same reaction was performed, 

together with an addition of NCS (1 equiv), the product 4-45 was isolated in 91 % yield 

(Scheme 67, Eq 3). To evaluate, whether the radical pathway is not operating, the 

experiment was performed in the presence of TEMPO (Scheme 67, Eq 6). In this case, 

no significant drop in yield was observed, that led us to discard such possibility. 

Eq 1) [I 

Eq 2) 

N 

4-43 

S B n N H 2 (3.0 equiv) 
0-SH 

C H 2 C I 2 , RT 

4-15 

[I \ /)— S B n N H 3 

N 
white precipitate 

4-44 

NCS 

(1.0 equiv) / = \ ' H 

B n N H 2 (3.0 equiv) 

C H 2 C I 2 , RT, 1 h \ _ r s 42% 
4-45 

4-45 
95+% 

/=<Ve«.«») Q-sHlN 

white solid/ 

Eq 3) 

Eq 4) 

Eq 5) 

Eq 6) 

4-15 

4-15 

4-15 

N 

4-43 

/>—SH 

B n N H 2 (3.0 equiv) 
N C S (1.0 equiv) 

) 
C H 2 C I 2 , RT, 1 h 

B n N H 2 (3.0 equiv) 
1 

C H 2 C I 2 , RT, 1 h 
then 

N C S (1.0 equiv) 

B n N H 2 (3.0 equiv) 
N C S (1.0 equiv) 

T E M P O (1.5 equiv) 
i 

C H 2 C I 2 , RT, 1 h 

B n N H 2 (3.0 equiv) 
N C S (1.0 equiv) 

T E M P O (1.5 equiv) 
i 

C H 2 C I 2 , RT, 1 h 

4-45 

N v S . N , ß n 

/ = \ I H 

91% 

95+% 
•45 

/ = < T 9 5 + % 

4-45 

N ^ S v N ' S " 

4-45 
95+% 

Scheme 67- Control experiments that should shed more light in to the mechanism of sulfenamide formation 

Based on those experiments, two possible pathways that may occur during the 

sulfenamide formation 4-45 were postulated (Scheme 68). The first pathway (Pathway 

A) suggested the reaction proceeds via sulfenyl chloride 4-45 intermediate, that 

undergoes the nucleophilic displacement with amine and, upon the deprotonation, yields 

the desired sulfenamide 4-47. The second possibility (Pathway B) thus seems to operate 

in case of less nucleophilic or more sterically hindered amines. We believe that the lower 

reactivity of amine then favorize the addition of BTS" 4-44 or BTSH 4-43 to BT-S-Cl 
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4-45 and gives the disulfide 4-15. The disulfide 4-15 then reacts with additional 

equivalent of BTSH 4-43 and yields the sulfenamide 4-47. 

Scheme 68 - Plausible mechanism of sulfenamides formation 

Our findings then suggest that only 2 equivalents of amine should be required to reach 

the maximal reaction yield. However, we presume that considerable amount of BTSH 

4-43 is "trapped" in the form of ammonium salt 4-44 that results in lower concentration 

of free amine in the solution. Such lower concentration presumably decreases the ability 

to promote the reaction to full conversion. From that reasons, 3 equivalents of amine were 

used and proved to be optimal amount. 

4.1.3.2 Sulfenamide oxidation 

4-42 4-6 

Scheme 69 - Sulfenamide oxidation 

Based on the literature reports, 1 4 5 ' 1 4 6 the oxidation process of sulfenamides 4-42 to 

sulfonamides 4-6 is rarely employed in synthetic and medicinal chemistry. The main 

reason behind is the fact that this oxidation usually proceeds in very low yields. That can 

be in case of heteroarylic sulfenamides even labelled as " lausy". Thus we decided to find 

new oxidation conditions that would be able to oxidize sulfur(II) atom from sulfenamide 

4-42 to sulfur(VI) of sulfonamide 4-6. At the same time, the conditions should have large 

functional group tolerance. First, we aimed to evaluate the influence of the "classic" 

oxidation conditions such as KMn04 or mCPBA for transformation of sulfenamide 4-47 

to 4-6a (Table 8, Entry 1, Entry 2). Unfortunately, only traces of product 4-6a along with 
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4-3 were detected. Next, oxidation using HsIOe/CrCb that has been successfully used in 

our group for oxidation of sulfides to sulfones was adopted (Table 8, Entry 3). 1 ' 2 In this 

case the product 4-6a was formed, however, its stability under the reaction conditions 

was low and its degradation was observed. Next, KMn04/CuS04 oxidation system97 was 

attempted to promote the reaction (Table 8, Entry 4). In this case, the desired product 

4-6a could be isolated in 23 % yield. More importantly, the formation of the side product 

4-3 was neglible under such reaction conditions. Based on our previous experience in 

heteroaryl sulfides to sulfone oxidation 1 4 8 the Mo-based oxidation was attempted. 

Gratifyingly, the desired product 4-6a was obtained in 89 % yield (Table 8, Entry 5). 

Table 8- Optimization of sulfenamide oxidation 

4-47 4-6a 

Entry Reaction Conditions 3a/S15 
ratio3 

Isolated 

yield 

(%)b 

Note 

1 
mCPBA (77%, 2.1 equiv), CH2C12, 

0°C, 24h 
1.6:1 -

>95% conversion 

of 4-47a) 

2 KMn04 (5 equiv), acetone, 0 °C, 24h 1:5 -
>95% conversion 

of 4-47a) 

3 H 5I0 6 , Cr0 3 , MeCN, 0°C, 6h 1:99 -
>95% conversion 

of 4-47a) 

>95% conversion 

4 
KMn0 4 : CuS0 4 . 5H 20 (1:1.5), rt, 

overnight 
99:1 23 

of 4-47a) several 

unidentified side 

products 

5 
H 2 0 2 , (NH4)eMo04 . 4H 20 (0.3 equiv), 

0°C 
99:1 89 

>95% conversion 

of 4-47a) 

a) jased on the ' H NMR spectra of the crude reaction mixture; b) refers to isolated yield after the 

flash column chromatography. 

Having optimized reaction conditions, the scope and limitations of the BT-SH 4-43 to 

BT-sulfonamides 4-6 transformation was evaluated. Using our two-step protocol, various 

sulfonamides 4-6 were prepared in good to very good yield (Table 9). The first step 

70 



Results and discussion Doctoral thesis - F. Zálesák 

provide sulfenamides 4-42 in sufficient purity to be directly trasformed to the desired 

sulfonamides 4-6 without further purification. The second step is then usually "the 

troublemaker" step since oxidation conditions are not always compatible with 

sulfenamide 4-42 and/or sulfonamide 4-6 stability. In short, primary alkyl amines, 

a-branched alkylamines and secondary A^Af-dialkylamines proved to be suitable subtrates 

for the two step transformation and yielded BT-sulfonamides 4-6a, 4-6b, 4-6c, 4-6g. On 

the other hand, a-branched benzylamines 4-6j, 4-6e, anilines, and NH4CI4-50 or N H 2 C N 

4-49 proved to be incompatible with the reaction conditions. The real power of this 

method is in the possibility of using aminoacids as starting material without any lose of 

the stereointegrity. Even, HCl-salts of aminoacid esters could be used as a starting 

material when modified procedure Et3N was added for preparation of 4-6n, 4-6o, 4-6p. 

The protocol is also readily scalable (up to 10 mmol) without any significant drop in 

reaction yield. 

Table 9- Scope and limitations of the 4-43 to 4-6 synthesis 

N 

4-43 

SH 
NCS (1 equiv) 

DCM, rt 

Mo v l 

o'-b 

H202 (20 equiv), 
(NHJeMoOf (0.3 equiv) 

EtOH, 0 "C to rt 

N 7 
4-6 

H R 

B T 0 2 S ' N V - ' P H B T 0 2 S - N H 

4-6a (92%, 94%") 4-60(51%) 

S 0 2 B T 
HN, 

4-6* (45%) 

S 0 2 B T 

V ^ O H 
Ph 

4-6/ (47%) 

S 0 2 B T 

4-6c (66%) 

B T 0 2 S , / — \ 

4-6g (34%) 

* yieds after two steps 

"10 mmol scale 

lu >-— B T 0 2 S - N H 

4-6</(39%) 

O Et 

B T 0 2 S ' 
.N 
H 1 

O Et 

' ~-'o 

B T 0 2 S ' 

4-6n (67%) 

4-6r(43%) 

Ph Q 

B T 0 2 S ' Ä H  

4-60 (80%) 

NH 

B T 0 2 S - N H 

4-6p (66%) 

•o" 

No reaction 

S 0 2 B T 
HN, 

H 2 N - ^ ~ ^ > - N 0 2

 H 2 N - < Q > 

4-6/(<5%) B T 0 2 S 
4-32 4-36 

.i S 0 2 B T 4-6/1 (complex mixture) 
'1 NH OMe 

NH4CI 
4-50 

NH2CN 
4-49 

4-6e (<5%) 4-37 

a) All reported reaction yields refer to pure isolated compounds over two steps b) reactions carried out in 10 
mmol scale 
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4.2 Properties of BT-sulfonamides 

4.2.1 pK a of BT sulfonamides 

Having in hands short and efficient way to BT-sulfonamides 4-6 we have decided to 

investigate the properties of obtained compounds. Especially we were interested in the 

evaluation of the N - H bond properties - pK a (S02N / /R) values. Our interest in this bond 

was based on our previous experience with BT-sulfones.^That allowed us to explore and 

efficiently exploit relatively high B T - S 0 2 C i / R 1 R 2 acidity in context of synthetic method 

development. To evaluate the pK a values of prepared sulfonamides, the potentiometric 

measurements in H2O and later on in EtOH (to solve the solubility issues) was performed. 

These measurements provided very interesting results, since the p K a values were lower 

than expected. Regarding the measurements in water solution, the pK a value for 

compound 4-6a was 3.34. The value is more than 1.5 lower than AcOH 

(pKa = 4.75). Due to a solubility issues, further p K a values determination were performed 

in EtOH. However, even in these cases, the sulfonamidic hydrogen atoms had pK a values 

similar to carboxylic acids. 1 4 9 Such expected acidity of BT-sulfonamides of course 

triggered interest in its exploration in organic synthetic method development (Figure 19). 

Figure 19 -pKa values of several BT-sulfonamides 

4 _ 6 q pKa = 9.31 (EtOH) 

pKa = 9.05 (EtOH) 
4.39 (H20) 
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4.3 Further modification of sulfonamides 

4.3.1 Alkylation of BT sulfonamides 

To explore the observed N-H acidity of sulfonamides 4-6, we focused own attention to 

simple alkylation and Fukuyama-Mitsunobu reactions. Eventhough, the development of 

both concepts proceeded simultaneously, I will first discuss Fukuyama-Mitsunobu 

alkylation (Scheme 70). 

Base promoted alkylation 

S — / N ' 
/ W H 

N 

4 - 6 m o n o 

~) -X X=Br, I 

Fukuyama-Mitsunobu 
a) s o 

/>-sr 
N — 

—OH 
4-6di 

Scheme 70 - BT sulfonamide alkylations 

4.3.1.1 Mitsunobu reaction 

After several screening experiments using classical Mitsunobu protocol (Table 10, 

Entries 1-8) A/,A/-dialkylated sulfonamides 4-6 were obtained only in traces. Variety of 

different, less common azocompounds and phosphines were evaluated under various 

conditions but still no products 4-6 were obtained (not shown). Finally, we switched to 

microwave conditions and we observed full conversion of sulfonamide 4-6a and isolated 

desired product 4-6aa in 84 % yield in 10 minutes (Table 10, Entry 9). Again, rather 

unexpected behaviour of sulfonamide 4-6 than expected was observed. After slight 

optimization it was observed that the full sulfonamide 4-6a conversion proceeded at 50 

°C in just 10 minutes in the presence of DIAD (1.5 equiv), PI13P (1.5. equiv) and alcohol 

(1 equiv) (Table 10, Entry 12). Interestingly, when the reaction was attempted using 

standard heating technique (oil bath) no reaction was observed (no product formation and 

no conversion of sulfonamides). Observed behaviour was well rationalized using the 

hot-spots paradigm.1 5 0 Our extensive literature research further revealed few literature 

reports that referred to the use of microwave irradiation in promoting the Mitsunobu 

alkylations. 1 5 1" 1 5 3 
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14 
4-6a (1 equiv), DIAD (1.5 equiv), Ph3P (1.5 equiv), BnOH 

(1 equiv), THF, 50 °C (oil bath), 5 h 
No 

reaction 

a) based on the *H NMR spectra of the crude reaction mixture; b) refers to pure isolated 

compound after the flash column chromatography. 

4.3.1.2 Optimization of base promoted alkylations 

Apart from Mitsunobu alkylations, we performed alkylations using alkylhalides. These 

reactions were carried out using standard procedure for base (K2CO3) promoted 

alkylations and provided dialkylated sulfonamides 4-6aa in very good to excellent yields. 

Regarding alkylations, both primary and secondary alkylhalides were utilized. Expected 

lower reactivity of secondary alkylhalides in nucleophilic substitution (steric hindrance) 

required higher temperature of the reaction (Scheme 71). 

K2C03(2equiv) <^r\ ZO 

• |l J />-s-
rt for primary alkyl halides ^ ^ ^ N N - S n 

50°C for secondary alkyl halides " 
4-6aa 

Scheme 71 - General scheme for base promoted alkylations 

4-6a 

4.3.1.3 Scope and limitation of Fukuyama-Mitsunobu and base-promoted 

alkylations of BT-sulfonamides 

Having optimized reaction conditions towards sulfonamides alkylations, the substrate 

scope and limitation were investigated. Both methods were suitable for primary 

halides/alcohols yielding A/,A/-dialkylated sulfonamides 4-6 in decent yields. When 

secondary alcohols were used, Fukuyama-Mitsunobu reaction proceeded in very good 

yields and with full stereoinversion 4-6ae, 4-6af. In all examples, the microwave 

conditions showed excellent functional group tolerance under Fukuyama-Mitsunbu 

alkylations. Using this approach, the reaction of chiral sulfonamides with ethyl lactate 

yielded the meso-compound 4-6da. It should be also noted, that in any case we did not 

observe the formation of the alcohol elimination side product, that is regularly present in 

the case of secondary alcohols (Table 11)." 
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Table 11- Scope and limitations of BT-sulfonamide N-alkylations 

A . Intermolecular 

Base promoted alkylation 

S — / N ' ' 
/ H 

N 

—X X = Br, I 

Fukuyama-Mitsunobu 

—OH 

\ ŕ ^ N N -

BTSO, 

/ k 
r - = BTSO2 i f ^ i 

BTSO2-N r= I / = \ .IN Ň̂X̂ŕJ BTS0 2 . 

4-6ab (90%, 97%) 4-6ad (94%, 72%, «>90%) 4 _ 6 g c { 4 Q % 8 ? % ) 

BTSO2-N 
/ — = BTS02_ 

BTSO2-N CO 
4-6aa (72%, 81%) 

B T S 0 2 , N , 

4-6ca (88%, 94%) 

O 

"•/0 mmol scale 

^ f— Ph / 
N ^ " \ - ^ C 6 H ^ ' BTSO2-N Q-* 

° 4-6bd (77%, 86%) <->t6

R

ae e r - • Á ^ í 
4-6cb (74%) 4 - 6 a e ( 9 í % , e . r . = 5 f : 4 9 ) ( . ) - M a ? 

(92%, e.r. = >98;í) 

V - f B T S ° - N " > 

B T S 0 2 - N ^ ° ^ [ ^ T ^ 1 ^ 
(-)-4-6cc °"̂ S^W 

(84%, e.r. = >98.f) i . O 

H 3 C 0 ' ^ j ' T > C H 3 
0CH3 

(-)-4-6ag (30%, d.r. = >20:1) 

'<Ao BTSO 

meso-4-6da (33%, 
d.r. = >20.f) 

Fukuyama-Mitsunobu alkylations proceed also in an intramolecular manner. Using this 

procedure, seven membered azepane ring was prepared. The whole procedure that was 

carried out in the two-pot protocol starting from sulfinic salt yielding BTSCh-azepane 

derivative 4-51 in 59 % yield (Scheme 72). 

O N a 

4-1 

1) NBS (2.0 equiv) 
THF/EtOH, rt, 10 min 

2) DIAD (1.5 equiv), PPh 3 (1.5 equiv) 
THF, uW, 100W, 50°C, 10 min, 

B T S 0 2 - N 

4-51 

(59% after two steps) 

Scheme 72 - Intramolecular Mitsunobu reaction 

Similarly, when hydroxy group-containing sulfonamide 4-61 were reacted under the F M A 

protocol, aziridine ring containing sulfonamide 4-52 were prepared. Unfortunately, such 

compounds were highly unstable during the attemps of their isolation (unstable on Si02). 
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Therefore, we attempted the direct transformation of obtained crude products. First, we 

used those compounds as precursors to azomethine ylides 4-53 that could undergo 

1,3-diploar cycloadditions with different dipolarophiles 4-57, 4-58, 4-59. Unfortunately, 

we failed to find suitable conditions and we did not observe any reaction occuring. Next, 

several efforts to open aziridine ring 4-52 with with external nucleophiles 4-55,4-56 gave 

only complex reaction mixtures (Scheme 73). 

unstable upon purification 
-i 1,3 dipolar cycloaddition 

complex mixture formation 

Scheme 73 - Attempts for aziridine isolation 

4.3.2 Transition metal promoted reactions 

Since we were able to prepare /V,/V-dialkylated sulfonamides 4-6, we turned our attention 

towards the preparation of sulfonamides with direct N-sp 2 carbon bond (/V,/V-arylalkyl 

sulfonamides). Based on literature research, two approaches to such compounds were 

selected. Firstly, Pd-promoted Buchwald-Hartwig 1 5 4 ' 1 5 5 amination and the second 

copper-catalyzed Chan-Lam coupling (Scheme 74) . 1 5 6 ' 1 5 7 

4-61 
4-6 

a) Y= CI, Br, I, OTf for Buchwald-Hartwig reaction 

b) Y= B(OR)2 for Chan-Lam reaction 

Scheme 74 - Selected General scheme of transition metal catalysed reaction of BT-sulfonamides 

4.3.2.1 Buchwald-Hartwig amination 

Buchwald-Hartwig amination is one of the most convenient ways how to forge 

N-C(sp2) bond. This reaction uses palladium species as the catalyst and 

aryl(pseudo)halides 4-61 as the electrophilic coupling partners. Unfortunately, after 

several screening experiments, we failed to observed formation of desired /V,/V-alkylaryl 
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sulfonamides 4-6. Interestingly, in most cases, only elimination of SChfrom sulfonamide 

4-6 was observed and BT-amine 4-62 was isolated as the only product of the reaction. 

Analogicly with SO2 extrusion from arylsulfones described by Hong et a l . 1 5 8 In that case, 

nickel(O) catalyst undergoes oxidative addition to S-C bond (B), where after the migration 

and reductive elimination is generated similar type of product (Scheme 75). To confirm 

this analogy with our observations we performed several control experiments that are 

disscussed below. 

Surprisingly, no product 4-62 formation was observed when Pd -mediated SO2 extrusion 

was attempted on the 4-6a without the presence of aryliodide (Scheme 76, Eq 1). 

Suggesting, phenyl iodide plays an important role, substoichiometric amount of Phi was 

used (Scheme 76, Eq 4). In this case SCh-free compound 4-62 was formed in 11 % yield. 

These results pointed towards the crucial role of Pd(II) species in reaction mechanism. 

To confirm the necessity of Pd(II) intermediate, the reaction was carried out in the 

absence of Ph-I and in the presence of catalytic amount of (PPh3)2PdCh (5 mol %). The 

BT-amine 4-62 was formed in 6% yield (Scheme 76, Eq 5). Next, we questioned the 

necessity of the base in the reaction mixture. Thus the reaction was performed in the 

presence of CS2CO3 and Pd(II). Thus, compounds 4-62 was isolated in significantly 

higher yield of 76 % (Scheme 76, Eq 6). 

B 

Scheme 75 - General reaction mechanisms of desulfurylation 
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Scheme 76 - Control experiments that allow us to evaluate the role of various reaction conditions 

The fact that Pd(II) is the real promoter of the 4-6 to 4-62 transformation, allowed us to 

propose the reasonable reaction mechanism. It si obvious that Pd(II) can not undergo the 

oxidative addition to C-S bond. On the other hand, it can behave as the Lewis acid and it 

might activates intramolecular rearrangement that leads to intermediate C. The extrusion 

of SO2 from D followed by the anion reprotonation/desulfuralytion (Scheme 77). 
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Scheme 77'— Proposed reaction mechanism of the transformation of 4-6 to4-62 

4.3.2.1.1 Chan-Lam coupling 

After unsuccessful attempts to form N-C(sp2) bond using Pd promoted coupling, our 

attention turned towards Chan-Lam coupling copper promoted reaction with boronic 

acids derivatives with N-nucleophiles. 1 5 9 ' 1 6 0 Based on the literature precedens it seems 

that the use of BT-sulfonamides 6-4 might be rather problematic.161 Indeed, the literature 

reports in general demonstrated only few different heteroarylsulfonamides that those 

substrates are rather unreactive in Chan-Lam coupling. The reason behind is in their lower 

nucleophilicity (generated anion is too stable and therefore less reactive) and in additional 

interaction of lone pairs of heteroatoms present in the heterocycle with the copper 

catalyst. Nevertheless, we started to explore BT-sulfonamide 4-6 reaction with 

phenylboronic acid 4-61b with the aim to find suitable reaction condition for Chan-Lam 

coupling. The starting point, and the direction of our optimization came from the excellent 

mechanistic study from Watson et a l . 1 5 7 They sum up their observations and hypothesis 

about the most important events that occurs within Chan-Lam coupling cycle. The general 

mechanism of this coupling is well established, and it is believed that it starts with copper 

intermediate in the oxidation state II B, that after ligand exchange undergoes 

transmetalation. Copper species is then oxidized from the oxidation state II to III (C to 

D). After the reductive elimination, Copper(I) E is reoxidized to copper(II) B . 1 6 1 The 

authors point out the importance oxidation turnover from copper(I) E to copper(II) B. 

This moment is very important, since it has important ramifications in amination reaction. 

Indeed, the protodeboronation, oxidation and homocoupling reaction are in general 

facilitated by Cu(I) E species rather than Cu(II). In addition, Chan-Lam coupling 

proceeds with rather high catalyst loading because under those conditions, the copper 
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species also act as the main oxidant.1 5 7 Also the organoboron compounds must be used 

in excess to maintain efficiency due to the competing side reactions. The oxidation of 

Cu(I) E to Cu(II) B is more effective when more electron-donating ligands 

(N-methylpiperidine > AcO") are used due to greater electron density on copper atom. 1 6 2 

Furthermore, the free boronic acids 4-61b are prefered to organoboron species based on 

Bpin, since pinacole can led to catalyst inhibition (Scheme 78). 

A 

[Cu 1] 

Oxidation Cu1 -> Cu" 

sideproduct formation 

Ar-H Ar-OH ^ r - B ( O R ) 2 

Ar-O-Ar or Ar-Ar 
L n C u ' 

ox. R . ,R 
N 
H 

L n C u " 

N H R 

B 

Transmetallation 

A r - B ( O R ) 2  

4-61 b 

L n C u - N H R 

A r 

Reductive elimination 

N H R 

L n C u ' " 

Ár 

D 

Oxidation Cu" -> Cu' .in 

Scheme 78 - General catalytic cycle for Chan-Lam coupling 

Being aware of all these facts, we started to look for the ideal reaction conditions 

screening various sources of copper together with various bases that at the same time act 

as ligands. The complete set of reaction conditions optimization can be found in table 

(Table 12). To sum up the findings: 1) We observed better reaction yields when O2 

(1 atm) was used. 2) the reaction was carried out in DCE. 3) The role of several copper 

sources was also investigated. Reactions using copper(II) precatalyst did not yield the 

desired poducts. In the case of copper(I) preacatylsts, the role of counter anion proved to 

be crucial. When we used copper with inner space ligand as chloride, bromide, iodide, 

nitrile or acetate, only a low conversion of the starting sulfonamide was observed. Such 

observations are in agreement with the literature,157 suggesting that substrates with low 

nucleophilicity are very slow in the ligand exchange. From that reasons, we decided to 

use cationic copper source with hexafluorophosphate counteranion where ligand 

exchange should be rapid. 4)The role of ligand proved to be also crucial. As described by 
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Watson, Cu(I) species can catalyze side reactions (protodeborylation). So rapid oxidation 

of Cu(II) is desirable. Such re-oxidation is accelerated by the presence of more 

electrondonating ligands. In our hands, the use of tetramethylendiamine (TMEDA) as 

electrondonating bidentate ligand gave the best results. It was observed, the optimal 

amount of T M E D A loading is 4 equivalents. When lower amount was used, the reaction 

yields dropped considerably.157 

Table 12 - Optimization of Chan-Lam coupling between sulfonamide 4-6a and phenylboronic acid 

a / > - S - N H 

N O k 
O H 

P h - B 

4-6a 
Ph O H 

Ph 
4-6ah 

Entry Reaction Conditions Yield (%)" 
Conversion of 

4-6aa) 

4-6a (1 equiv), iPrzNEt (1.5 equiv), CuCl (0.4 

equiv), PhB(OH)2(2 equiv), 1,4-dioxan, rt, 

overnight, open vessel 

4-6a (1 equiv), tBuOK (1.5 equiv), CuCl (0.4 

equiv), PhB(OH)2 (2 equiv), 1,4-dioxan, rt, 

overnight, open vessel 

4-6a (1 equiv), Cs2C0 3 (1.5 equiv), CuCl (0.4 

equiv), PhB(OH)2 (2 equiv), 1,4-dioxan, rt, 

overnight, open vessel 

4-6a (1 equiv), Et 3N (1.5 equiv), CuCl (0.4 

equiv), PhB(OH)2 (2 equiv), 1,4-dioxan, rt, 

overnight, open vessel 

4-6a (1 equiv), Et 3N (8 equiv), CuCl (0.4 equiv), 

PhB(OH)2(2 equiv), 1,4-dioxan, rt, overnight, 

open vessel 

4-6a (1 equiv), TMEDA (10 equiv), CuCl (0.4 

equiv), PhB(OH)2 (2 equiv), DCE, rt, overnight, 

open vessel 

4-6a (1 equiv), TMEDA (10 equiv), CuBr (0.4 

equiv), PhB(OH)2 (2 equiv), DCE, rt, overnight, 

open vessel 

n/d 

n/d 

<5 % conversion 

<5 % conversion 

<5 % conversion 

<5 % conversion 

<5 % conversion 

25 % conversion 

48 % conversion 
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4-6a (lequiv), TMEDA (lOequiv), Cul (0.4 

8 equiv), PhB(OH)2 (2 equiv), DCE, rt, overnight, 

open vessel 

12 52 % conversion 

4-6a (1 equiv), TMEDA (10 equiv), Cul (0.4 

9 equiv), PhB(OH)2 (2 equiv), toulen, rt, overnight, 

open vessel 

4-6a (1 equiv), TMEDA (10 equiv), CuCN (0.4 

<5 % conversion 

10 equiv), PhB(OH)2 (2 equiv), DCE, rt, overnight, 

open vessel 

~ 43 % conversion 

4-6a (1 equiv), TMEDA (10 equiv), CuCN (0.4 

11 equiv), PhB(OH)2 (2 equiv), DCE, rt, overnight, 

open vessel 

4-6a (1 equiv), TMEDA (10 equiv), CuBr (0.4 

<5 % conversion 

12 equiv), PhB(OH)2 (2 equiv), toulen, rt, overnight, 

open vessel 

4-6a (1 equiv), TMEDA (10 equiv), CuCl (0.4 

8 49 % conversion 

13 equiv), PhB(OH)2 (2 equiv), toulen, rt, overnight, 

open vessel 

n/d 51 % conversion 

4-6a (1 equiv), TMEDA (4 equiv), CuCl (0.4 

14 equiv), PhB(OH)2 (2 equiv), DCE, -60 °C, 

overnight 

4-6a (1 equiv), TMEDA (4 equiv), CuCl (0.4 

<5 % conversion 

15 equiv), PhB(OH)2(2 equiv), DCE, reflux, 

overnight, O2 balloon 

n/d 50 % conversion 

4-6a (1 equiv), Et3N (6 equiv), Cu(OAc)2 (0.4 

16 equiv), PhB(OH)2 (2 equiv), DCE, rt, 24 h, open 

vessel 

4-6a (1 equiv), TMEDA (6 equiv), Cu(OAc)2 

<5 % conversion 

17 (0.4 equiv), PhB(OH)2(2 equiv), DCE, rt, 24 h, O2 

balloon 

<5% conversion 

4-6a (1 equiv), TMEDA (4 equiv), CuCl (0.4 

18 equiv), PhB(OH)2 (2 equiv), DCE, rt, overnight, 

O2 balloon 

<5 % conversion 

4-6a (1 equiv), TMEDA (4 equiv), CuCl (0.4 

19 equiv), PhB(OH)2 (2 equiv), DCE, rt, 24 h, O2 

balloon 

n/d 68 % conversion 
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4-6a (1 equiv), TMEDA (4 equiv), CuCl (0.6 

equiv), PhB(OH)2 (2 equiv), DCE, rt, 2 h, 0 2 

balloon 

4-6a (1 equiv), TMEDA (8 equiv), CuCl (0.4 

equiv), PhB(OH)2(2 equiv), DCE, rt, 22 h, 0 2 

balloon 

4-6a (1 equiv), TMEDA (10 equiv), CuCl (0.4 

equiv), PhB(OH)2 (2 equiv), DCE, rt, 22 h, 0 2 

balloon 

4-6a (1 equiv), TMEDA (4 equiv), CuCl (0.4 

equiv), PhB(OH)2 (2 equiv), DCE, rt, overnight, 

0 2 balloon 

4-6a (1 equiv), TMEDA (8 equiv), CuCl (0.4 

equiv), PhB(OH)2 (2 equiv), DCE, rt, overnight, 

0 2 balloon 

4-6a (1 equiv), Et 3N (6 equiv), Cu(OAc)2 (0.4 

equiv), PhB(OH)2 (2 equiv), DCE, rt, 72 h, 0 2 

balloon 

4-6a (1 equiv), TMEDA (4 equiv), 

[Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), DCE, rt, 2 h, 0 2 balloon 

4-6a (1 equiv), TMEDA (6 equiv), 

[Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), DCE, rt, 18 h, 0 2 balloon 

4-6a (1 equiv), tBuOK (8 equiv), 

[Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), 1,4-dioxan, rt, overnight, 0 2 balloon 

4-6a (1 equiv), Cs 2 C0 3 (8 equiv), 

[Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), 1,4-dioxan, rt, overnight, 02 balloon 

4-6a (1 equiv), TMEDA (6 equiv), 

[Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2.5 

equiv), DCE, rt, 3 h, 02 balloon 

4-6a (1 equiv), TMEDA (6 equiv), 

[Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (1 

equiv), DCE, rt, 1,5 h, 0 2 balloon 

n/d 69 % conversion 

n/d 62 % conversion 

n/d 57 % conversion 

n/d 46 % conversion 

n/d 47 % conversion 

23 70 % conversion 

67 

48 

82 % 

conversion 

86 % 

conversion 

<5 % conversion 

<5 % conversion 

25 % 86 % conversion 

n/d 65 % conversion 
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4-6a (1 equiv), TMEDA (6equiv), 

32 [Cu(CH3CN)4]PF6 (1 equiv), PhB(OH)2 (2 equiv), 

DCE,rt, 1,5 h, 0 2 balloon 

n/d 80 % conversion 

4-6a (1 equiv), TMEDA (6 equiv), 

33 [Cu(CH3CN)4]PF6 (0.3 equiv), PhB(OH)2(2 

equiv), DCE, rt, 2 h, 0 2 balloon 

4-6a (1 equiv), TMEDA (6 equiv), 

n/d 74 % conversion 

34 [Cu(CH3CN)4]PF6l (0.3 equiv), PhB(OH)2 (2.5 

equiv), DCE, rt, 18 h, 0 2 balloon 

n/d 83 % conversion 

4-6a (1 equiv), TMEDA (6 equiv), 

35 [Cu(CH3CN)4]PF6 (0.2 equiv), PhB(OH)2 (2.5 

equiv), DCE, rt, 18 h, 0 2 balloon 

4-6a (1 equiv), iPr2NEt (8 equiv), 

n/d 66 % conversion 

36 [Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), 1,4-dioxan, rt, overnight, 0 2 balloon 

4-6a (1 equiv), Et 3N (8 equiv), 

n/d 26 % conversion 

37 [Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2(2 

equiv), 1,4-dioxan, rt, overnight, 0 2 balloon 

n/d 18 % conversion 

4-6a (1 equiv), Et 3N (4 equiv), 

38 [Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2(2 

equiv), 1,4-dioxan, rt, overnight, 0 2 balloon 

4-6a (1 equiv), Et 3N (1 equiv), 

n/d 20 % conversion 

39 [Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), 1,4-dioxan, rt, overnight, 0 2 balloon 

n/d 11 % conversion 

4-6a (1 equiv), TMEDA (4 equiv), 

40 [Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), 1,4-dioxan, rt, overnight, 0 2 balloon 

4-6a (1 equiv), TMEDA (4 equiv), 

n/d 34 % conversion 

41 [Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), DCE, rt, overnight, 0 2 balloon 

53% 69 % conversion 

4-6a (1 equiv), TMEDA (4 equiv), 

42 [Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), toluene, rt, overnight, 0 2 balloon 

n/d 57 % conversion 

4-6a (1 equiv), TMEDA (4 equiv), 

43 [Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), DMSO, rt, overnight, 0 2 balloon 

n/d 14 % conversion 
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44 

4-6a (lequiv), TMEDA (4equiv), 

[Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), CH3CN, rt, overnight, O2 balloon 

n/d 26 % conversion 

4-6a (1 equiv), TMEDA (1 equiv), 

45 [Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 n/d 38 % conversion 

equiv), DCE, rt, overnight, O2 balloon 

46 

4-6a (lequiv), TMEDA (2equiv), 

[Cu(CH3CN)4]PF6 (0.4 equiv), PhB(OH)2 (2 

equiv), DCE, rt, overnight, O2 balloon 

n/d 46 % conversion 

a) based on the ' H NMR spectra of the crude reaction mixture; b) refers to pure isolated compounds after 

the flash column chromatography. 

During the reaction conditions optimization, we observed the formation of the desired 

product 4-6ah along with small amounts of biphenyl 4-63. The presence of biphenyl 

4-63 could be rationalized as a result of boronic acid 4-61b homocoupling side reaction. 

The biphenyl 4-63 formation takes place when additional boronic acid, 4-61b (present in 

excess compared to sulfonamide 4-6a) coordinates to copper atom and force 

BT-sulfonamide (Scheme 79) decoordination.163 The biphenyl 4-63 formation was 

observed in most Chan-Lam couplings experiments. Despite the presence of many signals 

in aromatic region, that makes the exact quantification difficult, we presume the ratio of 

product/biphenyl formation to be approximately 9:1 regardless the reaction conditions 

tested. 

starting material 
regeneration 

4-6a 

Scheme 79 - Proposed reaction mechanism for biphenyl formation 
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Having optimized the reaction conditions on phenyl boronic acid 4-61b and 

iV-benzylsulfonamide 4-6a, we explored the scope and limitations of our method. 

Disappotingly, the scope of our Chan-Lam coupling reaction conditions proved to be 

rather limited. The best yields were obtained when non-substituted aromatic boronic acids 

4-61b were used as a starting material. Only boronic acids with 4-biphenyl, 

3- methoxyphenyl and 3-fluoro and 4-halogen substitution provided the desired products 

4- 6al, 4-6bl, 4-6ai, 4-6aj, 4-6af, 4-6ak. On the other hand 4-carboxylic acid or 

ester-substituted phenyl boronic acids as well as 4-methoxyphenyl, or styryl derivatives 

did not provide any products. The only detected products in the reaction mixture were the 

products of bornoic acids homocoupling 4-63 (Table 13). 

Table 13- Scope and limitations of Chan-Lam coupling 

O H 
Ar - B 

° 2 O H 

/ y N H ( 2 - ° E Q U I V ) • O C ^ 0 2 

C~\-N [ C u ( C H 3 C N ) 4 ] P F 6 (0.4 ekviv) N - Ar 
T M E D A (4.0 equiv) 

4-6a D C E , rt, 0 2 , 12h 4-6aryl-alkyl 

CM , S 0 2 B T 

S 0 2 B T 

4-6ah (R = , 67%) 
4-6bh (R = , 63%) 
4-6chc (R = , 58%) 

4-6ai (42%) CI 

,Bn 

S 0 2 B T 

B n 

4-6aj (65%) 

N 

S 0 2 B T 
4-6ak (26%) 

N 

S 0 2 B T 

4-6al (R = 
4-6bl (R = 

, 65%) 
, 72%) 

F N 

S 0 2 B T 

4-6af (45%) 

6 
N - S 0 2 B T 

4-6am 
(<5%) 

S 0 2 B T V _ _ / 4-6ap(<5%) 

O R 

Bn 

S 0 2 B T 

—' o n . S 0 2 B T 
4-6at, Z = O, R = H, <5% 

4-6ar, R = N 0 2 , <5% 4 ' 6au , Z = S , R = H, <5% 
4-6as, R = F, <5% 4 " 6 a v . Z = S , R = C H O , <5% 

S 0 2 B T 

. N , 

4-6an, R = H, <5% \ , N - S 0 2 B T 
4-6ao, R = C H 3 , <5% 

4-6aq (<5%) 

N 

S 0 2 B T 

4-6ax, R = H, <5% 
4-6ay, R = F, <5% 

" O . 
i 

4-6az (<5%) 

, S 0 2 B T 
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4.3.3 Smiles rearrangement 

The Smiles rearragement is well-known intramolecular nucleophilic aromatic 

substitution type reaction (Scheme 80). 1 6 4 The rearragement takes an advantage of 

electron deficient nature of (hetero)aromatic rings, that are sufficiently activated for 

nucleophilic attack. It is also important that the resulting negative charge can be 

sufficiently stabilized.1 6 5 

EWG 

Y 
4-64 

EWG 

X 
4-65 

X = S02, -S-, -O-

Y = OH, NH2, -CH2EWG 

Scheme 80 - General mechanism of Smile rearrangement 

The Smiles rearragement in combination with electron-deficient heterocycles 

e.g benzothiazoles or phenyltetrazoles has been used in very important olefination method 

Julia-Kocienski reaction.1 6 6 This olefination as well as other use of it were in the center 

of interest of our group for quite some time (Scheme 81). 1 6 7 ' 2 

Smile rearragement 

o-

% ,P , R2CHO 

(^1 
H+ 

4-72a 

4-66 2 4 - 6 9 

R2 GLG 

GLG = Cr, CN-
4-70 

,0 
{' R1 R2 

reduction s r " 
— R ^ R 2 ° r 

) / 

4-71 4-72a 4-72b 

4-72b 

Smiles rearagement 
followed by anti-
elimination 

Scheme 81 - Modification of Julia-Kocienski explorination in our group 

The number of reports exploring the sulfonamidic derivatives in Smiles rearragement is 

very limited and majority originates from the group of M.F. Greaney. 1 6 8 - 1 7 1 Our previous 

experience in the Smiles rearragement area led us to propose the use of Smiles 

rearragements in the context benzothiazolsulfonamide derivatives. We wanted to take an 

advantage of our synthetic ways to optically pure 7Y,7Y-disubstituted BT-sulfonamides in 

context of stereoselective Smiles rearragement. Upon our analysis, using this approach, 

simple esters of various aminoacids should be stereoselectively transformed into the 

corresponding a-aminoacids derivatives 4-73 bearing the quarternaty center. The next 

question considered the stereoselectivity of this transformation. The unknown was the 
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configurational stability of the generated carbanion 4-74 under the reaction conditions. In 

other words, the question was if generated carbanion 4-74 would react faster 

(intramolecular transformation) with benzothiazole electrophilic center, or whether the 

enolate formation 4-76 would lead to complete racemization (Scheme 82). 

oe 
4-76 

Scheme 82 - Proposed Smiles rearragement based intermolecular transformation of a-amino acid derivatives 

To validate our hypothesis, the reaction of sulfonamide 4-af in the presence of K H M D S 

(non-nucleophilic base was used to avoid competitive addition to C2 at BT-heterocycle) 

was carried out. In the first attempt, the 4-6af was treated with 1.1 equiv of KHMDS in 

THF at -78 °C. In less than 10 minutes, the full conversion of 4-6af was observed and 

after the workup we were delighted to observe the formation of the desired product 4-73 

in 16:84 e.r. (Table 14, Entry 1). Since the transformation of the rearragement product 

4-73 to the corresponding Mosher amides failed (no traces of product observed), we 

decided to tackle the problem by co-crystalization. However, the absolute configuration 

of the major enantiomer yet to be determined. 

First, we varied reaction solvents (THF, Et20, DMF) and also the role of cation 

scavengers (18-crown-6). The best e.r. of obtained product 4-73 was 5:95 (Table 14, Entry 

7). These outstanding results did bring up the question, what is the real intermediate that 

undergoes the Smiles rearragement. During the hunt for improved stereoselectivity, the 

reaction of 4-6af in the presence of L H M D S was attempted. The reaction proceeded well 

and immediatelly the reaction produced the desired product 4-73. However, the opposite 

enantiomer was produced as the main product (e.r. 87:13) (Table 14, Entry 8). Our 
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attempts to reproduce this interesting transformation however started to resist (no product 

or only traces of product was formed) regardless the solvent or the lithiated base used 

(LDA). Finally, we observed that if freshly prepared L H M D S is generated prior the 

reaction, the formation of rearrangement product 4-6af in 90:10 e.r (Table 14, Entry 10). 

At this moment my colleagues are working on the abslute stereochemistry determination 

and also explores the scope and limitations of the this Smiles rearragement method. We 

believe this transformation can become possible a real powerful method heteroaryl-a-

quarternary center containing a-aminoacids constructions. Especially since starting 

material are homochiral, both possible enantiomers could be independetly prepared. 

Table 14- Optimization of Smiles rearrangement 

O 
4-6af 4-73 

intry Reaction Conditions era) Yield 

1 KHMDS (1.1 equiv), THF, -78 °C, 15 mins 16:84 n.d. 

3 
KHMDS (1.5 equiv), 18-crown-6 (3.5 equiv), THF, -78 

°C, 15 mins 
11:88 n.d. 

4 KHMDS (1.5 equiv), E t 2 0 , -78 °C, 30 mins 19:81 n.d. 

5 KHMDS (1.5 equiv), E t 2 0 , -95 °C, 30 mins 80:20 n.d. 

6 KHMDS (1.5 equiv), DMF, -50 °C, 30 mins 17:82 n.d. 

7 
KHMDS (1.5 equiv), 18-crown-6 (3.5 equiv), THF, -85 

°C, 15 mins 
5:95 n.d. 

8 LHMDS (1.5 equiv), THF, -78 °C, 15 min 87:13 n.d. 

9 LDA (6 equiv), THF, -78°C, 30min - traces 

10 LHMDS (1.5 equiv), THF, -85 °C, 15 min 90:10 75 % 

a) E.r. determined by chiral HPLC analysis of crude products 

b) Refers to pure isolated product 
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4.3.4 BT-sulfonamides as /V-protecting groups 

Having developed short and efficient BT-sulfonamide synthesis, we wished to explore 

the compounds for potential use as a nitrogen protecting group. Especially, we focused 

on the chemoselective modification of aminogroups in the presence of other 

functionalities, especially alcohols. Starting from aminoalcohols 4-74, 4-76, we prepared 

orthogonally protected aminoalcohols 4-75,4-77 in chemoselective manner (Scheme 83). 

Targeted compounds 4-75 and 4-77 were obtained in good overall yields. 

Eq1) 

4-74 

1) 2 (1.1 equiv), NBS (2.0 equiv) 
THF/EtOH =4:1, RT, 5 min  

í 

2) A c 2 0 (3.0 equiv), pyr, RT, 6h 

B T 0 2 S ^ 
N 
I 

Ac 

^OAc 

4-75 
(71% over two steps) 

Eq2) 

4-76 

1) 2(1.1 equiv), NBS (2.0 equiv) 
THF/EtOH = 3.5:1, RT, 5 min 

ä 
2) TBSCI (1.2 equiv), Im (2.0 equiv), DMF, RT 
3) A c 2 0 (3.0 equiv), pyr, RT, 6h 

4-77 
(66% over three steps) 

Scheme 83 - Chemoselective transformation of aminoalcohols to their orthogonaly protected equivalents 

Being able to selectively protect amino groups, selective removal of BT group was 

attempted. This step was accomplished by reaction of BT-sulfonamide 4-6aa with N a B H 4 

or EtSLi (Scheme 84). In both cases, the desired product 4-78 was obtained in excellent 

yield. This chemical properties could be used in selective nitrogen incoroporation in 

late-stage functionalization of natural products.147 The reaction is induced by the 

nucleophilic attack towards electrophilic centre on benzothiazole ring leading to SO2 

extrusion upon formation of secondary amines. 

S 0 2 B T 
(Eq.1) P h ^ N ^ P h 

4-6aa 

NaBH4 (4.0 equiv) 

EtOH, RT, 12h 

H 
P h ^ N ^ P h 

4-78 

(98%) 

S 0 2 B T 

(Eq.2) P h ^ N ^ P h 

4-6aa 

EtSLi (3.0 equiv) 

CH3CN, RT, 12h 

H 
P h ^ N ^ P h 

4-78 
(95%) 

Mechanism 

<X. 
4-Saa 

Y~< .Bn 
S N 1 

Bn 
Nu 

0 , , 0 
Bn 

Bn 

4-79 

H 

Bn" v B n 
4-78 

-so2 

I 
Bn Bn 

4-80 

byproducts 

[i / > - S E i 
N 4-82 

^ 4-3 

Scheme 84 - Benzothiazole group removal 
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4.4 Use of BT-sulfonamides as H-donors 

4.4.1 Introduction 

Hydrogen bond catalysis is a type of organocatalysis that take advantage of small 

molecule non-covalent interactions, in particular H-bond, in order to accelerate given 

transformation and to induce stereochemical outcome of the chemical process. 

Non-covalent interactions are considerably weaker, less distance dependent and less 

directional than covalent attractive interactions (HBD catalysis vs Bronsted acid catalysis 

- hydrogen bond complex formation vs ion pair formation) (Figure 20). However, an 

important stereocontrol can be achieved, if several non-covalent bonding interactions are 
1 7? 

present. 

Figure 20 - HBD and Bronsted acid catalysis 

HBD catalysis Bronsted acid catalysis 

-X-H • A . C A T -X-H----- A C A T _ x

&

 H _ A ® 

-hydrogen bond complex formation 
- ion pair formation 

The pioneering studies that showed the role of H-bond concept in catalytic reactions were 

first demonstrated by Hine and co-workers in early 80's. 1 7 3 The authors showed that 

substituted phenols 4-83 can be used as H-bond catalyst during the oxirane ring-opening. 

(Scheme 85). 

. . + * 9W catalyst kre, catalyst 15 mol% _ . _ 1 r — 
P + E t 2 N H PhO^K^NEt2 n o n e f . o 

PhO^J-^ x 12.5 
OH OH 4-84 

4-81 4 ' 8 2 

4-83 

Scheme 85 - Pioneering work of Hine et al. reported for the first time as H-bond catalysts 

In following years, many scientists turned their attention towards catalysis using 

non-covalent interactions. In 1994, Curran and his colleagues described for the first time 

the use of urea derivatives 4-87 as a very potent organic catalyst (Scheme 86). 1 7 4 
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o. catalyst (10 mol%) 

C 6 D 6 , 8 0 ° C 

OCH3 

4-85 

catalyst CF, CF, 
none 
X 

1.0 
2.7 

OCH3 

4-86 

C8H17O2C 

O 

H H 

4-87 

C02CgHi7 

Scheme 86- Urea catalyzed Claisen rearrangement 

Since then, various chiral small molecules were used as very useful H-bond donor (HBD) 

catalysts and their application is spread widely in various fields of organic synthesis.175 

Typical example are aldol reactions,176 Henry reaction,177 Friedel-Crafts acylation,1 7 8 or 

pericyclic reactions such as Diels-Alder reactions.179 The HBD catalysts also contains a 

wide range of structural and functional motives. Among those, diol derivatives and urea 

derivatives are the most popular and exploited one (Scheme 87). Despite various 

structural patterns, the common sign of HBD catalysts is the presence of single or dual 

H-bond donor site along with additional functionalities capable of secondary interactions 

with substrates. Not surprisingly, the p K a values of HBD catalysts used up to date vary in 

a wide range.175 One can argue that catalysts with lower p K a values than carboxylic acid 

derivatives behaves as Bronsted acid catalyst (Ion pair formation) and really, the mode of 

action can differ from case to case, and it is still part of ongoing discussion. 

Single hydrogen bond donors 

pKa= 28 (DMSO) 

4-88 

pKa= -3 (water) 

4-91 

tBu X 

n H H 

Ar 

X = O: pKa= 27 (DMSO) 
X=S:pKa= 21 (DMSO) 

4-92 

Dual hydrogen bond donors 

OTf 

O ) ( O 
0 = S - N H H N - S = 0 

C F 3 C F 3 

pKa=10 (DMSO) 

4-94 

H 

pKa=5.8 (DMSO) 

4-95 

4-93 

Scheme 87- Overview of some HBD catalysts 

93 



Results and discussion Doctoral thesis - F. Zálesák 

4.4.2 Sulfonamide based HBD catalysts -synthesis and evaluation 

Our "hunt" for efficinet HBD catalysts started with previously prepared sulfonamides 

CatA-C. In addition to those, we decided to prepare BT-sulfonamide-containing 

bifunctional catalyst that would also include urea moiety CatD (Scheme 88). 

Scheme 88 - Selected sulfonamides for HBD catalysis screening 

The development of this catalyst was inspired by the work of Seidel et a l . 1 8 0 We expected 

that our bifunctional catalyst could stabilize conjugate base of acidic sulfonamidic proton 

in intramolecular fashion {vide infra). This stabilization would increase the acidity and 

promoted Bronsted acid catalysed reactions. The synthesis of 4-100 was straigthforward 

and starts with BT-alanine derivative 4-6p (Scheme 89). 

Scheme 89 - Preparation of thiourea catalyst 

Having all designed HBD catalysts in hand, their evaluation began. Inspired by work of 

Mikami and co-workers,181 we investigated the availability of hydrogen bond donor by 

screening mixtures of potential HBD catalyst with hydrogen bond donor acceptor (lactone 

4-100). The authors measured a series of mixtures composed of different ratios of the 

lactone/HBD catalyst and compared their X H N M R chemical shift (Scheme 90). The main 
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interest was focused on the sulfonamidic hydrogens and a-hydrogens of lactone 4-100, 

because those in the mixture of such compounds, changed their chemical shift (formation 

of the H-bond). Comparing the chemical shift between each sample, they were able to 

prove a presence of hydrogen bonding together with its bonding pattern (single or double 

HBD). 

Mikami 

4-101 

NTf 
HS 5.86 

Ô 6.01 

O 

4-100 

2 equiv 

P r f ^ N T f 
i 

H 
05.03 CDCI 3 , rt 

8 6.05 

Ph 
1 equiv 

Ph 
H 

Tf 

S 6.02 

' N ' H 

Tf 

O 

1 equiv 

4-100 

CDCI,, rt 

4-102 

Ph Ph 

TfN NTf 
H H S 9.02 

S 6.36 

O 

4-100 

Scheme 90 - The influence of HBD donors as the chemical shift of a-hydrogen atoms 

Evaluated N M R samples were prepared using lactone (0.06 mol/1) in CDCI3 and 

evaluated in N M R tube. In case of BT-sulfonamides, analysis of lH N M R signals revealed 

significant increase in chemical shift of amidic donors. Using this approach, single or 

double bonding patternt could be determined. First, single benzylated BT-sulfonamide 

CatA was investigated using this protocol (Table 15). Despite the change in chemical 

shift (Aa = 0.46 for CatA) of amidic proton signal (Red, Table 15, Graph 2), the 

differenece is not that significant as was described by Mikami 1 8 1 et al. (Aa = 0.83 for 

4-101). The lower upfield shift of amidic hydrogen of CatA as well as lactone 

a-hydrogens 4-100 (Aa = 0.01 vs 0.04 ppm for Mikami 4-101) suggests much lower 

carbonyl activation (Blue, Table 15, Graph 1). 

Table 15 - The influence of sulfonamide CatA on the lactone 4-100 1H-NMR shift 

o 

0 
4-100 

CatA 

Entry lactone/CatbA(n/n ) ppm (NH) ppm (CH) 

1 0 5.46 6.0500 

2 0.54 5.92 6.0485 

3 1 6.08 6.0485 

4 2 6.39 6.0430 
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Graph 1- The change in chemical shifof a protons 
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Graph 2 - The change in chemiclal shift of sulfonamidic CatA protons 
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In the second case, where phenylglycinol derivative CatB was used as a potential dual 

HBD catalyst, the change in chemical shifts of both potential HBD donors (NH and OH) 

of CatB was comparable (Ao = 0.46 ppm for amide, Aa = 0.40 ppm, respectively) (Table 

16, Graph 3, Graph 4). Interestingly, the downfield shift of a protons of lactone 4-100 
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(Aa = 0.03 ppm) was observed (Table 16, Graph 5). The value reported by Mikami, 1 

was however considerably bigger (Aa = 0.34 ppm for 4-102). 

Table 16 - Change in chemical shift of sulfonamide and lactone protons 

Entry lactone/CatB(n/n ) ppm (NH) ppm (OH) ppm (CH) 

1 0 6,53 3,01 6.05 

2 0,5 6,69 3,21 6.09 

3 1 6,89 3,41 6.08 

4 2 7,2 3,7 6.0430 

5 3 7,41 3,88 6.05 

Graph 3 - The change in chemical shift of sulfonamide CatB protons 
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Graph 4 - The change in chemical shift of OH protons ofCatB 

Change in chemical shift of hydroxyl group protons 
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Graph 5 - The change in chemical shift of a protons 4-100 
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4.4.2.1 Preliminary screening of potential catalytic activity 

Eventhough, the !
H N M R experiments suggested weak interaction between sulfonamidic 

hydrogens and the lactone substrates, we anyway decided to test CatA-D as HBD 

catalysts under several reaction conditions. For our screening, four sulfonamides were 

chosen due to their possible HBD mono, di, multiple donation possibility (Figure 21). 1 7 5 
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Figure 21 - Selected HBD catalyst used in the HBD-catalysis screening 
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(Hetero)Diels-Alder reaction 

As a first evaluatied reaction were Diels-Alder reactions of Danishefski diene 4-103 with 

activated olefins 4-104 (Scheme 91) However, no reaction was observed under tested 

reaction conditions. 1 7 9 ' 1 7 7 

OMe OMe O 
CatA - CatD (0.2 equiv) 

DCM, 24 h 

4-104 
TMSO' ^ R R = OMe,Ph 

4-105 

Scheme 91 - Evaluation ofCatA-D in Diels-Alder reaction of Danishefski diene 4-103 with olefin 

Next, we focused on the hetero Diels-Alder reaction of Danishefski diene 4-103 with 

ketohemiacetal 4-106 (Scheme 92). This particular reaction was also described by 

Mikami. 1 8 1 In this original protocol, the 4-107 was obtained in 30 mins at -78 °C (84 % 

ee). However, in our case, the best yields when CatB was used and the reaction took 5 h 

at rt and unfortunately gave the desired product 4-107 in 51:49 e.r. Other catalyst proved 

to be inefficient. 

O M e 

T M S C 

4-103 

O O M e 
1. CatA - CatD (0.2 equiv), rt 

0 H 2. TFA, rt,1 h 

T M S O 
O H 
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O M e 

( I ^ V s v _ ° 
/ ^ S = 0 0 ' 

H 

CatB 

Mikami 

P h . , v N H T f 

P h i * N H T f 

Scheme 92 - Evaluation of HBD catalysis in Diels-Alder reaction 
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Mukuyama aldol reaction 

HBD catalysis is also often applied in the context of Mukuyama aldol reaction. We 

screened all four catalysts CatA-D in different solvents and conditions. Unfortunately, 

no reaction was observed in all attempted cases (Scheme 93Scheme 93). 

O T M S O O H 

R = Bu, pC6H4Br 

4-109 4-110 4-111 

Scheme 93 - Mukuyama-aldol reaction 

Aza-aldol reaction 

Similarly, aza aldol reaction is very often catalysed by HBD catalyst. In this case we 

decided to test only CatB. Only low conversion of the imine 4-112 were observed during 

the reaction. These results showed significantly lower conversions when compared to 

original reports. Own catalyst CatB provided the product 4-113 in significantly lower 

yiled and syn/anti selectivity (Table 17). 

Table 17 - The role of catalyst on Aza-aldol reaction 

4-109 4-112 4-113 

Entry Cat Solvent NMR yielda) (syn/anti)b) 

1 CatB DCM 17% (2:1.syn/anti) 

2 CatB MeCN 27 % (2:1 syn/anti) 

3 - MeCN 50% (10:1, syn/anti) 

a) 

b) 
Yield based on 1 H NMR spectra with Me2SCh as the standard 

based on the ' H NMR spectra of the crude reaction mixture 

Acetal formation 

Next we focused on the use of HBD catalysts as specific acetal 4-116 formation 

activators. Our approach was based on the work of Papai et a l . 1 8 2 who developed thiourea 

catalysts 4-117 for acetal formation. Interestingly, with help of DFT calculations they 

proposed that in this particular case, thiourea catalyst 4-117 is presumably active as a 

100 



Results and discussion Doctoral thesis - F. Zálesák 

Bronsted acic catalyst. In addition, it was shown that B A mechanism does not require 

parallel orientation of N - H bond. Observations that should allows our sulfonamides act 

as mono HB donors (Scheme 94). 

L- -I 4-117 

Scheme 94 - The mode of action of thiourea on hydroxyl group protection 

Unfortunately, our screeining of CatA-D catylyst showed no reactivity progress towards 

the aceal 4-116 formation. On the other hand, PPTS as a catalyst proved to be active 

(Table 19, Table 18). 

Table 19 - Conversion of reactions catalyzed Table 18- Conversion of reaction catalyzed by BT 
by BT sulfonamides (THP) sulfonamides(Ethyl vinyl ether) 

z \ r ^ J i cat 5 mol% ^ . / x . u . ^ ^ cat 5 mol% Q R 

O OR ^ 
4-11* 4-115 4.116 4-114 4-117 4-118 

Entry Cat Conversion"* Entry Cat Conversion"* 

1 CatA < 5 % 1 CatA <5 % 

2 CatB < 5 % 2 CatB <5 % 

3 CatC < 5 % 3 CatC <5 % 

4 CatD < 5 % 4 CatD <5 % 

5 PPTS 46% 5 PPTS 65 % 

a) based on the 1H NMR spectra of the crude reaction mixture 

After all those rather unsucsesfull application, we finally attempted to use our 

BT-sulfonamides as a co-catalysts. We expect that the addition of the CatB-F could 

increase the reaction rate and hopefully also the the enantioselecivity of the targeted 

transformation. As a starting point we selected the addition of aldehyde 4-119 to 

succinimide 4-120 that is catalysed by Hayashi-Jorgensen catalyst183. Eventhough, this 

reaction was reported to give 99 % yield (dr =8:1 and >95 ee). The reaction time was 

rather long (7 days). Our hyphothesis was that if CatB-F is added into the reaction 

mixture, the reaction rate will increase, and the desired product will be formed in shorter 
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reaction time. The important feature of the additive CatB-F should be its selective 

activation of succinimide 4-120 while the Hayashi-Jorgensen catalysts will remain 

untouched (no deactivation via protonation). Gladly, our concept proved to be correct and 

it was observed that expected product 4-121 was observed in the reaction mixture already 

after 90 minutes (reactions were perfored in N M R tube). In this particular case, it was 

shown that CatB was the most efficient co-catalyst for this reaction, causing 51% 

conversion already after 90 minutes. A l l remaining BT-sulfonamides also increase the 

rate of the reaction, however in lower magnitude. Finally, it should be pointed out, that 

the use of BT-sulfonamides as (co)catalysts in HBD catalysis seems to be very promising 

concept and this Thesis is just a first "shot" of this approach. I believe that my preliminary 

results gathered in this subchapter will serve as the starting point for the HBD catalysis 

development (Table 20). 

Table 20 - Use of BT-sulfonamides as HBD co-catalysts in the Michael-type reactions 

Hayashi-Jorgensen 
catalyst (10 mol %) 

Additive (10 mol %) 

C D C I 3 , rt, 
4-119 

4-121 

Additive (10 mo/%) Conversion (90 minutes"^) 

O 

CatB 

a s ft 
/Vs=oo 

CatD 

C 
HN 

/ ) - S = 0 0 

O M e 

CatC 

5 2 % 

16% 

11 % 

Additive (10 mol%) Conversion (90 minutes")) 

18% 

OŕBu 
H N 

/ ) - S - N 7 n v 

CatF 

NO ADDITIVE 

15% 

<10% 

a) based on the ' H NMR spectra of the crude reaction mixture 

b) reaction carried out in the NMR tube 
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4.5 Boehmenans - Neolignans of benzofurane family 

4.5.1 Boehmenans - an introduction 

Our long-time interest in plant secondary metabolites (neolignans) is driven by Boehmenans 

synthesis 4-122. These neolignan compounds that are structurally similar to dehydrodiconiferyl 

alcohol glucoside (DCG) 4-123 posses interesting biological activity (Figure 22). 1 8 4 

Boehmenans are natural compounds used in the traditional Chinese medicine that can be isolated 

from the core of Kenaf, 1 8 5 ' 1 8 6 as well as from Durio carinatus a oxleyanus,m Durio zibenthinus, 

Helicteres hursuta, Sambucus adnata, Hibiscus ficulneus.188 

Figure 22- A) Structure of Boehmenans isolated from higher plants B) DCG structure 

A) _ B) 

M e O 

O M e 

R O H 

4-122 

HO 

4-123 

R = H, R = OMe, 
R = H, R = OMe, 
R = H, R = OMe, 
R, R = OMe, 

boehmenan 
Z-boehmenan B 
Z-boehmenan C 

boehmenan D 
R = H, des-feruloyl boehmenan H 
R, R = H boehmenan X 

4.5.2 Biological activity 

In recent years, the biological activity of Boehmenans were studied for their impact on 

regulation of Wnt/p-catenin signaling pathway. 1 8 8 ' 1 8 9 Recently, it was also reported that 

anti-cancer properties of Boehmenans is caused by modulation of mitochondrial and epidermal 

EGFR signaling pathways.190 It is important to note that all biological assesment was done on 

the compounds that came from the plan extracts. The only reported synthesis of Boehmenan (8 

steps, 8% overall yield) reffered to rac-boehmenan 4-122, that was not used in biological 

studies. 

4.5.3 Retrosynthesis 

Our goal was to developed general applicable synthesis of Boehmenan-like structures, that 

would allow us to prepare not only Boehmenans, but also their derivatives. From retro synthetic 

point of view, the sequence can be divided into three parts. Two easily accessible 

phenylpropanoid derivatives (acids) 4-125, and a benzofurane core 4-124. The synthesis of the 
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"core" fragment is the key part of the whole synthesis. The main aim of the project is to develop 

novel synthetic approach towards neolignane core of Boehmenan 4-122 that would allow us to 

modify each aromatic ring of the skelet prior the benzofurane formation. This approach thus 

eliminates the use of homodimeric approach, so common for the synthesis of neolignan-like 

compounds (Scheme 95). 

HO 

RO 

4-122 
RO 

4-125 

Scheme 95 - Retrosynthesis ofBoehmenans 

4.5.3.1 Neolignan core formation 

As the benzofurane heterocycle 4-124 is the key building block of Boehmenan neolignan 

family, our goal was to investigate and develop general route towards such skeleton 4-128. As 

was described in the theoretical part, the common preparations of neolignane-like derivates with 

benzofuran core is based on biomimetic homocoupling (radical) approach. As it is obvious from 

its name, this method allows only the synthesis of benzofuranes with the same structural motive 

in aromatic rings 4-128. Our aim was to design modular approach for the Boehmennan family 

(Scheme 96) in order to synthesize "non-symmetrical" benzofuran cores 4-129. 

o + 

Product of homocoupling 

H 3 C O 

4-125 

OH 

4-128 

Advanced intermediate we 
searched the synthesis for 

O M e 

OH 

4-129 

Scheme 96-(A) General scheme for homocoupling reaction and (B) targeted modulable skeleton 

4,5.4 Homocoupling approach 

First, the literature report-based metal-catalysed and enzymatic homocoupling was attempted. 

Using this approach, we wished to evaluate the literature reports and also to prepare racemic 

substrates that would serve as the standards for the synthesis development. Attempted reaction 
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conditions yielded dihydrobenzofurans 4-132 in good selectivity, albeit in poor yields (Table 

Table 21- Screening of homocoupling conditions 

o o O 
- O M e 

M „ n - J i ^ \ ^ ^ O C H 3 conditions > H , C O " ^ ^ ^ 

OCH3 
OCH3 

4-131 4-132 

Entry Conditions Yielda) Trans/cis 

1 K3[Fe(CN)6] (2.1 equiv), DCM/CHC13 1:9, it 22 82:18 

2 Ag 2 0 (2.1 equiv), acetone/benzene 3:1, rt 28 91:9 

3 Ag 2 0 (2.1 equiv), DCM, rt 7 89:11 

4 Ag 2 0 (2.1 equiv), DCM/H2O, 1:1, rt 13 92:8 

5 HRP, 1 M aq. H 2 0 2 (10 equiv), phosphate buffer pH = 7.3 7 81:19 

6 HRP, 1 M aq. H 2 0 2 (10 equiv), phosphate buffer pH = 4.5 11 71:29 

7 HRP, 1 M aq. H 2 0 2 (10 equiv), phosphate buffer pH = 7.3 10 89:11 
a) refers to isolated yield after the flash column chromatography 

4.5.5 Cross dehydrogenative coupling (CDC) 

Along with the biomimetic approach, CDC coupling that is suitable for divergent synthesis of 

benzofurane 4-135 was attempted. As a starting point, we used the work of Guo et al. who 

combined the use of Fe I I I+/oxidant to promote reactions of substituted phenols 4-133 and 

1,3 ketoesters 4-134.191 The authors describes the double role of iron catalyst. Firstly, it 

catalyses the one-electron CDC coupling followed by its Lewis acid activity in condensation 

step (Scheme 97). 

4-137 4-138 

Scheme 97-Reaction mechanism of CDC coupling 
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In our approach we explored several reaction conditions developed by Guo and Parnes 

and applied them to the CDC coupling of methyl ferulate 4-139 and ketoesters 4-140. 

Unfortunately, the desired product 4-141 was obtained only in low yields. The best result 

(36 %) was obtained when the combination of Fe 3 + /DTBP was used (Table 22, Entry 3). 1 9 3 

Table 22- Optimization of CDC reaction using methyl ferulate and ketoester 

Entry Conditions Yield(%) 

1 FeCl 3 (10 mol%), 2,2'-dipyridine (5 mol%) DTBP (2.5 equiv), DCE, 70 °C 23 

2 FeCl 3 (10 mol%), 2,2'-dipyridine (10 mol%) DTBP (2.5 equiv), DCE, 70 °C 11 

3 FeCl 3 (10 mol%), NHPI (5 mol%) DTBP (2.5 equiv), DCE, 70 °C 36 

4 FeCl 3 (10 mol%), NHPI (10 mol%) DTBP (2.5 equiv), DCE, 70 °C 12 

5 FeCl 3 (10 mol%), DTBP (2.5 equiv), DCE, 70 °C 5 

6 FeCl 3 (10 mol%), atmospheric air DCE, 70 °C 14 

a) refers to pure isolated compound after the flash column chromatography 

Since the only difference between the literature reports ' and our substrate was in the 

presence of methoxy group in ortho position with respect to phenolic group 4-142, we were 

wondering if the CDC coupling step proceeds in concerted or stepwise manner. Since radical 

reactions usually proceeds in stepwise manner, we can presume that the formation of radical in 

ortho position with respect with to the starting phenol group 4-142a is favoured due to the 

presence of unsaturated chain. The presence of methoxy group on the other hand might too 

much stabilize generated radical that further undergoes slow degradation instead of the desired 

coupling reaction (Scheme 98). 

4-142a 4-142b 4-142c 4-142d 

Scheme 98 - Free radical stabilization 

106 



Results and discussion Doctoral thesis - F. Zálesák 

Further extension of developed conditions to other ferulic acid derivatives showed that 

unsubstituted and para substituted phenols gives the desired products in acceptable yields 

(Table 23, Entry 1, 2, 3). Additionaly, substitution on the phenol ring 4-144 led to the 

degradation of starting material and yielded no products (Table 23, Entry 4 - 10). The same 

results were observed if additional substituent was introduced to the ketoester aromatic ring 

4-143 (Table 23, Entry 6 - 10) 

o o 

O C H - , 

Table 23- Scope of CDC coupling 

° H ,2 F e C I 3 (10 mol%) 
NHPI (5 mol%) R 
D T B H P (2.5 equiv) 

D C E , reflux, 24h 

R1 

4-144 

O M e p3 

Conversion 

OPG 

Conversion 

Entry Ketoester Phenol Entry Ketoester Phenol 

o o 

- ^ r X - X 0 E t 

MeO 

OH 

O O 

MeO 

MeO 

MeO 

OEt 

O O 

OEt 

CF 

MeO 

OH 

OH 

O O 

TBSojC^OMe 

O o 

MeO 

OEt 
OH 

OMe 

96 % 6 

30% 7 

40% 8 

<5% 9 

<5% 10 

0 0 OMe 

OEt 

MeO 

O 0 

OH 

MeO 

TBSO Xf^0B -
OMe 

OH 

O O 
OMe 

MeO. 

TBSO 

MeO 

TBSO 

OEt 

O T B S 

MeO 
O O 

OH 

OH 

OH 

OH 

OMe 

OMe 

<5% 

< 5% 

<5% 

<5% 

<5% 

Unfortunately, Boehmenan neolignans possess several electron-donating substituents on both 

aromatic rings. Thus, CDC coupling-based approach to Boehmenan family of neolignans 

proved to be unsuitable. Different type of the (retro)synthesis thus has to be found if targeted 

molecules should be successfully prepared. 
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5 Summary and perspective 
In the presented Thesis, I have shown the detailed investigation of BT-sulfonamide preparation. 

Three main synthetic approaches were successfully investigated, and scope and limitations of 

each method were evaluated. Obtained results established unique place of benzothiazole 

sulfonamide derivatives in the sulfonamidic family from the synthetic point of view together 

with their unique reactivity (Scheme 99). Unfortunately, the conditions we optimized for 

benzothiazolesulfonamidic moiety proved to be hardly transferable to other electron-poor 

heterocycles (pyrimidine, phenyltetrazole). The unique reactivity of these compounds are best 

reflected in very specific reaction conditions that had to be developed on well established 

reactions. The mild conditions required for its introduction along with chemoselective cleavage 

of benzothiazole sulfonyl moiety, open the door for its use as amino group protecting group 

that is suitable for late-stage modification. Unfortunately, we failed to find a robust reaction 

conditions for transition metal catalyzed reaction, since Buchwald-Hartwig coupling failed to 

give products at all and the scope of Chan-Lam coupling is very limited. Finally, preliminary 

data showed that Smiles rearrangement of BT-sulfonamides of aminoacids yield interesting 

a-quarternary center bearing heteroaryl aminoacids. 

Oxidative coupling 

O 
n 

© © 
BT O Na 

NBS 

H 
. N . NBS 

R 2 - X 
K 2 C 0 3 

°w° 
s 

BT'^F 

SuFEx 

BT Y 
H 

BT Y 
R 

Fukuyama-
Mitsunobu 
(iW, -OH 

Chan-Lam 
coupling 
cat. "Cu 1 " 

Ar-B{OH)2 

BT v1 

Scheme 99 - Overview of general routes to BT-sulfonamides 

Next, we were interested in the use of BT-sulfonamides as HBD donors in organic synthesis. 

So far, only limited data were obtained, however, we failed to predict the use of these 

components as (thio)urea equivalents for organic catalysis. In this context, more work, has to 

be done, but it is believed, that a unique and readily available access to these HBD (co)catalysts 

is a good starting point for their further development and application. In addition, the pK a values 
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of such HBD donor will be readily tunable by the changes both in BT-heteroaryl ring as well 

as by the changes in attached chains. 

Despite the great potential of CDC coupling in the benzofurane synthesis, it was demonstrated 

that such approach fails in the case of Boehmenan-like compounds. Currently in our group we 

shifted our attention to transition metal-catalyzed transformations that might bring the solution 

to the desired modular synthesis approach, that will allow us to prepare huge chemical library 

of benzofurane derivatives suitable fot further biological properties. 
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7 Experimental part 
A l l reactions were performed in round-bottom flasks fitted with rubber septa using the standard 

laboratory techniques. Reactions sensitive to air and/or moisture were performed under a 

positive pressure of argon. Reactions run at elevated temperatures were carried out using the 

oil bath and indicated temperatures refers to the oil bath temperature. A l l starting materials were 

purchased from commercial suppliers and used without further purification, unless otherwise 

stated. Progress of reactions was monitored by thin-layer chromatography (TLC) - aluminum 

plates pre-coated with silica gel (silica gel 60 F254). Column chromatography was performed 

on silica gel 60 (40-63 um). Determination of melting points were done on a Buchi melting 

point apparatus and were uncorrected. lH NMR, 1 9 F {lH} N M R and 1 3 C {lH} N M R spectra 

were measured on Jeol ECA400II (400 MHz, 376 MHz and 100 MHz, respectively) or Jeol 500 

E C A (500 and 126 MHz) in CDCb or DMSO. Chemical shifts are reported in ppm and their 

calibration was performed (a) in case of X H N M R experiments on residual peak of non-

deuterated solvent 5 (CHCI3) = 7.26 ppm; 5 (DMSO) = 2.50 ppm, and (b) in case of 1 3 C N M R 

experiments on the middle peak of the 1 3 C signal in deuterated solvent 8 (CDCI3) = 77.2 ppm; 

5 (DMSO-J6) = 39.5 ppm. Proton coupling patterns are represented as singlet (s), doublet (d), 

doublet of doublet (dd), triplet (t), triplet of triplet (tt) and multiplet (m). HRMS analyses were 

performed on Thermo Exactive Plus high-resolution mass spectrometer with electrospray 

ionization (ESI) and Orbitrap analyzer operating at positive or negative full scan mode in the 

range of 60-800 m/z or on Agilent 6230 high resolution mass spectrometer with electrospray 

ionization (ESI) and time-of-flight analyzer operating at positive or negative full scan mode in 

the range of 100-1700 m/z. SFC chiral analyses were performed using an Acquity UPC2 system 

(Waters) consisting of a binary solvent manager, sample manager, column manager, column 

heater, convergence manager, PDA detector 2998, QDa mass detector and chiral analytical 

columns Chiralpak IA3 (4.6 mm x 100 mm, 3 um particle size) and Chiralpak IE3 (4.6 mm x 

100 mm, 3 um particle size). The chromatographic runs were performed at a flow rate of 2.2 

mL/min, column temperature of 38 °C, and ABPR2000psi. Microwave irradiation experiments 

were carried out in a dedicated CEM-Discover mono-mode microwave apparatus. The reactor 

was used in the standard configuration as delivered, including proprietary software. The 

reactions were carried out in 10 mL glass vials sealed with a Silicone/PTFE Vial caps top, 

which can be exposed to a maximum of 250 °C and 20 bar internal pressure. The temperature 

was measured with an IR sensor on the outer surface of the process vial. After the irradiation 

period, the reaction vessel was cooled to ambient temperature by gas jet cooling. Purification 
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using semiprep HPLC was carried out on Agilent 1200 series using the CI8 reverse-phase 

column (YMC Pack ODS-A, 20x100 mm, 5 mm particles). Gradient was formed from 10 mM 

aqueous ammonium acetate (buffer) and CH3CN of flow rate of 15 mL/min. Potentiometric 

titration for the determination of dissociation constant was carried out using benchtop meter pH 

50+ DHS (Instruments X S , Italy) equipped with A T C glass electrode. Before each 

measurement, pH meter was calibrated with pH 4.01 and 7.00 buffer solutions. The titration 

was performed using Titronic® basic piston burette (Schott Instruments, Germany). A 0.01 M 

basic solution was prepared by a dissolving of appropriate amount of 50% (w/v) aqueous 

sodium hydroxide solution purchased from Sigma-Aldrich in deionized water (Merck 

Millipore, USA). The titrant was added in 0.02 mL increments. Dissociation constants were 

calculated from obtained titration curve. 

Sodium benzo[d]thiazole-2-sulfinate (4-1) synthesis 

Disulfide (2.0 g, 6.0 mmol, 1 equiv) was dissolved in dry CH2CI2 (25 mL) and MeOH (25 mL). 

NBS (5.36 g, 30 mmol, 5 equiv) was added portionwise within 5 min and the reaction progress 

was followed by TLC. After disulfide consumption, the reaction was quenched with sat. aq. 

NaHCCb (25 mL) and the whole mixture was extracted with CH2CI2 (3 x 30 mL). Combined 

organic layers were washed with brine (25 mL), dried over MgSCM, and the solvents were 

evaporated under reduced pressure. The residue was purified by flash column chromatography 

(Si02, EtOAc/petroleum ether = 1:3) and the concentration of relevant fractions yielded the 

desired product as yellowish amorphous solid (0.83 g, 65%). *H N M R (400 MHz, Chloroform-

d): 5 7.54 (ddd, J = 8.0, 7.2, 1.3 Hz, 1H), 7.60 (ddd, J = 8.3, 7.2, 1.4 Hz, 1H), 8.01 (ddd, J = 7.9, 

1.4, 0.7 Hz, 1H), 8.18 (ddd, J = 8.2, 1.4, 0.7 Hz, 1H), 3.74 (s, 3H); 1 3 C ^H} N M R (101 MHz, 

Chloroform-J): 5 175.0, 153.8, 136.2, 127.3, 127.3, 125.1, 122.5, 51.5; MS (ESI) m/z (%) 214: 

[M+H]+ (78); HRMS (ESI) m/z: [M+H]+ calcd. for C8H8NO2S2, 213.9991; found 213.9994. 

Methyl sulfinate (1.3 g, 6 mmol, 1 equiv) was dissolved in THE (3 mL), and H2O (3 mL) was 

added. Sodium hydroxide (0.243 g, 6 mmol, 1 equiv; powder) was added to the suspension at 

RT. The whole mixture became clear within 1 min and the conversion of starting methyl ester 

was monitored by TLC. After the reaction completion, the organic solvents were evaporated 

under reduced pressure and the remaining water was removed with the help of freeze-dry 

ONa 
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technique to yield compound 4-1 as a white powder (1.02 g, 93 % ) . ( A T T E N T I O N : all water 

content must be carefully removed to avoid lousy reactivity of 2 in subsequent reactions). lH 

N M R (400 MHz, D M S O - J 6 ) : 5 7.39 (ddd, J = 8.1, 7.3, 1.3 Hz, 2H), 7.46 (ddd, J = 8.2, 7.3, 1.3 

Hz, 2H), 7.92 (ddd, J = 8.1, 1.1, 0.6 Hz, 2H), 8.05 (ddd, J = 7.9, 1.2, 0.6 Hz, 2H); 1 3 C ^H} 

N M R (101 MHz, D M S O - J Ö ) : 5 194.8, 153.9, 134.9, 125.6, 124.9, 122.9, 122.6. 

Preparation of benzo[d]thiazole-2-sulfonyl fluoride (4-2) 

Sulfinic salt (0.5 g, 2.26 mmol, 1 equiv) was suspended in CH2CI2 (23 mL) and the resulting 

suspension was cooled to 0°C (ice/water). After 5 min at 0°C, a Selecfluor® (1.60 g, 4.52 mmol, 

2 equiv) was added in ten portions. After 5 min at 0°C, the mixture was allowed to warm to RT 

(cooling bath removed), and the resulting mixture was stirred for an additional 30 min at RT. 

Water (25 mL) was added, and the resulting mixture was extracted with CH2CI2 (3 x 50 mL). 

Combined organic layers were washed with brine (50 mL), dried over MgS04, filtered, and the 

solvents were removed under reduced pressure to yield a white crystalline product (0.383 g, 78 

%). mp = 94-96°C (lit. mp = 95-96°C); ! H N M R (400 MHz, Chloroform-J): 5 8.36 - 8.31 (m, 

1H), 8.09 - 8.04 (m, 1H), 7.75 - 7.68 (m, 2H); 1 3 C{ 1 H} N M R (101 MHz, Chloroform-J): 5 

156.3 (d, 7 = 38.2 Hz), 152.1, 137.2, 129.5, 128.6, 126.5, 122.4; l9F{lU] N M R (376 MHz, 

Chloroform-d): 5 64.2; MS (ESI) m/z (%) 218: [M+H]+(100); HRMS (ESI) m/z: [M+H]+ calcd. 

for C7H5FNO2S2, 217.9746; found, 217.9755. 

Preparation of BT sulfonamides: 

Method A - Oxidative coupling method: Sulfinic salt (0.5 g, 2.22 mmol, 1 equiv) and amine 

(2.71 mmol, 1.2 equiv) were added to the solvent mixture of THF/EtOH = 4:1 (V/V) (25 mL) 

at RT. The resulting mixture was stirred at RT for 5 min and NBS (0.800 g, 4.52 mmol, 2 equiv) 

was added portion wise over a period of 5 min. The reaction mixture turned color to orange 

upon the NBS addition. After an additional 10 min at RT, the reaction mixture was partitioned 

between CH2CI2 (25 mL) and water (25 mL). Resulting layers were separated and the aqueous 

layer was extracted with CH2CI2 (3 x 25 mL). Combined organic layers were washed with brine 

(25 mL), dried over MgS04, and filtered, and the solvents were evaporated under reduced 

pressure to provide the crude product. 
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Method B - (S-N coupling followed by oxidation): Benzo[d]thiazole-2-thiol (0.167 g, 1 

mmol, 1.0 equiv) and amine (3 mmol, 3.0 equiv) were dissolved in CH2CI2 (5 ml) at RT, and 

NCS (0.133 g, lmmol, 1.0 equiv) was added portionwise over the period of 5 min. The resulting 

mixture was stirred at RT for 30 minutes, before the solvent was removed under reduced 

pressure. The residue was suspended in EtOH (5 mL) and (NH4)6Mo?024. 4 H 2 O (0.37 g, 0.3 

equiv) was added at once. The resulting mixture was cooled to 0°C (ice/water bath) and a 

solution of H2O2 in water (2 mL, 20 equiv; 30% in water) was added dropwise (AVOID metallic 

needle). After 30 min at 0°C, the cooling bath was removed, and the reaction mixture was 

allowed to warm to RT. The progress was monitored by TLC. Resulting mixture was 

repartitioned between CH2CI2 (25 mL) and H 2 O (25 mL). Resulting layers were separated and 

the aqueous layer was extracted with CH2CI2 (3 x 25 mL). Combined organic layers were 

washed with brine (25 mL), dried over MgS04, filtered, and the solvents were removed under 

reduced pressure to yield the crude product. 

Method C - SuFEx: Sulfonyl fluoride (0.050 g, 0.23 mmol, 1 equiv) was dissolved in CH3CN 
(2.3 mL) and amine (0.69 mmol, 3 equiv) was added at RT. The reaction mixture was stirred 

overnight at RT. Aq. sat. N H 4 C I (10 mL) was added, and the resulting layers were separated. 

Aqueous layer was extracted with CH2CI2 (3x15 mL) and the organic layers were combined, 

washed with brine (10 mL), dried over MgS04, filtered, and the solvents were removed under 

reduced pressure to yield the crude product. 

N-benzylbenzo[d]thiazole-2-sulfonamide (4-6a). 

The crude product was purified using flash column chromatography (SÍO2; EtOAc/hexane = 

1:4) and obtained as a white solid. Method A: starting from 0.050 g (0.22 mmol) of sulfinic 

salt, yielded 0.061 g (91%); starting from 2.13 g (10.0 mmol) of sulfinic salt, yielded 2.72 g 

(90%); Method B: starting from 0.167 g (1.0 mmol) of 2-mercaptobenzothiazole, yielded 0.279 

g (92% over two steps); starting from 1.67 g (10.0 mmol) of 1, yielded 2.86 g (94% over two 

steps); Method C: starting from 0.050 g (0.23 mmol) of 8, yielded 0.032 g (65 %). mp = 108 -

112 °C; ' H N M R (400 MHz, Chloroform-J): 5 8.17 - 8.14 (m, 1H), 7.99 - 7.96 (m, 1H), 7.62 

(ddd, 7 = 8.1, 7.2, 1.5 Hz, 1H), 7.57 (ddd, 7 = 7.8, 7.2, 1.4 Hz, 1H), 5.46 (t, J = 5.4 Hz, 1H), 

4.44 (d, J = 6.1 Hz, 2H); 1 3 C{ 1 H} N M R (101 MHz, Chloroform-d): 5 166.0,152.4,136.5,135.7, 
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128.9, 128.3, 128.2, 127.8, 127.6, 125.2, 122.3, 48.2; MS (ESI) m/z (%) 305: [M+H]+(100); 

HRMS (ESI) m/z: [M+H] + calcd. for C14H13N2O2S2, 305.0413; found, 305.0412. 

N-allylbenzo[d]thiazole-2-sulfonamide (4-6b). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:1) and obtained as a slightly yellow solid. Method A: starting from 0.044 g (0.20 mmol) of 

sulfinic salt, yielded 0.033 g (65%); Method B: starting from 0.167 g (1.0 mmol) of 

2-mercaptobenzothiazole, yielded 0.129 g (51% over two steps); Method C: starting from 0.050 

g (0.23 mmol) of sulfonyl fluoride, yielded 0.0292 g (72%). mp = 106 - 110 °C; ! H N M R (400 

MHz, Chloroform-J): 5 8.16 (ddd, J = 8.2, 1.3, 0.7 Hz, 1H), 7.96 (ddd, 7 = 7.8, 1.5, 0.7 Hz, 

1H), 7.60 (ddd, 7 =8.0, 7.2, 1.4 Hz, 1H), 7.55 (ddd, 7 = 8.1, 7.3, 1.5, 1H), 5.79 (ddt, J= 17.1, 

10.2, 5.9 Hz, 1H), 5.46 (t, J = 6.2 Hz, 1H), 5.24 (dq, J = 17.1, 1.5 Hz, 1H), 5.11 (dq, J = 10.2, 

1.3 Hz, 1H), 3.88 (tt, J = 6.0, 1.5 Hz, 2H); l3C{lH] N M R (101 MHz, Chloroform-J): 5 166.1, 

152.4, 136.5, 132.5, 127.8, 127.6, 125.2, 122.3, 118.5, 46.5; MS (ESI) m/z (%) 255: [M+H] + 

(100); HRMS (ESI) m/z: [M+H]+calcd. for C10H11N2O2S2, 255.0256; found, 255.0257. 

N-butyl benzo[d]thiazole-2-sulfonamide (4-6c). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:3) and obtained as colorless oil. Method A: starting from 0.044 g (0.20 mmol) of sulfinic salt, 

yielded 0.036 g (67%); Method B: starting from 0.167 g (1.0 mmol) of 

2-mercaptobenzothiazole, yielded 0.178 g (66% over two steps); Method C: starting from 0.050 

g (0.23 mmol) of sulfonyl fluoride, yielded 0.035 g (56%). X H N M R (400 MHz, Chloroform-

d): 5 8.18 - 8.16 (m, 1H), 7.99 - 7.96 (m, 1H), 7.56 (ddd, J = 8.1, 7.2, 1.4 Hz, 1H), 7.61 (ddd, 

J = 8.2, 7.2, 1.4 Hz, 1H), 5.18 (t, 7= 6.0 Hz, 1H), 3.25 (td, 7 = 7.1, 6.1 Hz, 2H), 1.58-1.51 (m, 

2H), 1.40 - 1.30 (m, 2H), 0.88 (t, 7 = 7.4 Hz, 3H); l3C{lH] N M R (101 MHz, Chloroform-J): 5 

166.2, 152.5, 136.6, 127.7, 127.6, 125.2, 122.3, 43.9, 31.9, 19.7, 13.6; MS (ESI) m/z (%) 271: 

[M+H]+(100); HRMS (ESI) m/z: [M+H]+calcd. for C11H15N2O2S2,271.0569; found, 271.0569. 
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N-(fiiran-2-ylmethyl)benzo[cl]thiazole-2-sulfonamide (4-6d). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:1) and obtained as colorless oil. Method B: starting from 0.167 g (1.0 mmol) of 

2-mercaptobenzothiazole, yielded 0.114 g (39% over two steps); Method C: starting from 0.050 

g (0.23 mmol) of sulfonyl fluoride, yielded 0.031 g (45%). X H N M R (400 MHz, Chloroform-

d): 5 8.14 - 8.13 (m, 1H), 7.97 - 7.96 (m, 1H), 7.56 (ddd, J = 8.3, 7.3, 1.3 Hz, 1H), 7.61 (ddd, 

J = 8.3, 7.2, 1.3 Hz, lH),7.17(m, 1H), 6.16 (dd, 7= 3.1, 0.7 Hz, 1H), 6.13 (dd, 7= 3.2, 1.9 Hz, 

1H), 5.56 - 5.54 (m, 1H), 4.46 (d, 7 = 6.0 Hz, 2H); 1 3 C{ 1 H} N M R (126 MHz, Chloroform-J): 

5 165.9, 152.5, 148.9, 143.0, 136.5, 127.8, 127.6, 125.2, 122.3, 110.5, 108.9, 40.9; MS (ESI) 

m/z (%) 295: [M+H]+(100); HRMS (ESI) m/z: [M+K] +calcd. for C12H10KN2O3S2, 332.9764; 

found, 332.9767. 

N-( 1 -(4-chlorophenyl)ethyl)benzo[d]thiazole-2-sulfonamide (4-6e). 

The crude product was purified using flash column chromatography (SÍO2; EtOAc/hexane = 

1:10) and obtained as a colorless oil. Method A: starting from 0.044 g (1.0 mmol) of sulfinic 

salt, yielded 0.052 g (74%); Method C: starting from 0.050 g (0.23 mmol) of sulfonyl fluoride, 

yielded 0.0196 g (24%). X H N M R (400 MHz, Chloroform-J): 5 8.07 (ddd, 7 = 8.2, 1.3, 0.6 Hz, 

1H), 7.92 (ddd, 7 = 7.8, 1.3, 0.6 Hz, 1H), 7.60 (ddd, 7 = 8.2, 7.2, 1.4 Hz, 1H), 7.55 (ddd, 7 = 

8.4, 7.3, 1.3 Hz, 2H), 7.12 (dt, 7= 8.8, 2.0 Hz, 2H), 7.05 (dt, 7= 8.9, 2.4 Hz, 2H), 5.74 (d, 7 = 

7.4 Hz, 1H), 4.77 (p, J = 7.0 Hz, 1H), 1.53 (d, 7 = 6.9 Hz, 3H); l3C{lU] N M R (101 MHz, 

Chloroform-d): 5 166.5, 152.2, 139.8, 136.5, 133.7, 128.7, 127.8, 127.7, 127.5, 125.0, 122.1, 

54.2, 23.2; MS (ESI) m/z (%) 351: [M+H]+ (100); HRMS (ESI) m/z: [M+H]+ calcd. for 

C15H14CIN2O2S2, 353.0180; found, 353.0178. 

133 



2-(piperidin-l-ylsulfonyl)benzo[d]thiazole (4-6f). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/CHCb = 1:1 

-> 0:1) and obtained as a white solid. Method A: starting from 0.044 g (0.20 mmol) of sulfinic 

salt, yielded 0.031 g (55%). Method C: starting from 0.050 g (0.23 mmol) of sulfonyl fluoride, 

yielded 0.0156 g (24%). mp = 109 - 113 °C; lH N M R (400 MHz, Chloroform-J): Ö 8.20 (ddd, 

7 = 8.2, 1.3, 0.7 Hz, 1H), 7.98 (ddd, 7 = 7.9, 1.4, 0.7 Hz, 1H), 7.61 (ddd, 7 = 8.2, 7.2, 1.4 Hz, 

1H),7.56 (ddd, 7 = 7.9, 7.2, 1.4 Hz, 1H), 3.40 - 3.37 (m, 4H), 1.71-1.66 (m, 4H), 1.56-1.50 

(m, 2H); l3C{lH] N M R (101 MHz, Chloroform-J): Ö 164.6, 152.8, 136.4, 127.6, 127.4, 125.3, 

122.2,47.6, 25.4,23.6; MS (ESI) m/z (%) 283: [M+H]+(100); HRMS (ESI) m/z: [M+H]+ calcd. 

forCuHisNiOiSi , 283.0569; found, 283.0570. 

N-cyclohexyl-N-methylbenzo[d]thiazole-2-sulfonamide (4-6g). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:3) and obtained as a white solid. Method B: starting from 0.167 g (1.0 mmol) of 

2-mercaptobenzothiazole, yielded 0.107 g (34%); Method C: starting from 0.050 g (0.23 mmol) 

of sulfonyl fluoride, yielded 0.011 g (22%). mp = 80 - 82 °C; ! H N M R (400 MHz, Chloroform-

d):S 8.18- 8.16 (m, 1H), 7.97 - 7.95 (m, 1H), 7.59 (ddd, 7= 8.3, 7.2, 1.4 Hz, 1H), 7.56 - 7.52 

(m, 1H), 3.98 (tt, 7= 11.6, 3.8 Hz, 1H), 2.98 (s, 3H), 1.77 - 1.59 (m, 5H), 1.43 - 1.29 (m, 4H), 

1.07 - 0.98 (m, 1H); l3C{lH] N M R (101 MHz, Chloroform-J): S 166.4, 152.8, 136.4, 127.5, 

127.4, 125.3, 122.2, 58.1, 30.6, 29.5, 25.8, 25.4; MS (ESI) m/z (%) 311: [M+H]+(100); HRMS 

(ESI) m/z: [M+K]+calcd. for C14H19N2O2S2, 311.0882; found, 311.0886. 
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(+)-N-( (lR,2R)-2-(benzo[d]thiazole-2-sulfonamido)cyclohexyl)benzo[d]thiaz 

sulfonamide ((4-6h). 

B T S 0 2 - N H 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:5->1:3) and obtained as a viscose syrup. Method A: starting from 0.100 g (0.452 mmol, 2.2 

equiv) of sulfinic salt, and (lR,2R)-cyclohexane-l,2-diamine (0.0235 g, 0.205 mmol, 1.0 

equiv); yielded 0.031 g (30%). [a] D

2 1 = -5.63° (c 0.16, CH2CI2); X H N M R (400 MHz, 

Chloroform-J): 6 9A3 (d, 7 = 3.2 Hz, 2H), 8.31 (dt, 7 = 8.3, 1.0 Hz, 2H), 7.95 - 7.89 (m, 2H), 

7.61 (ddd, 7 = 8.4, 7.2, 1.3 Hz, 2H), 7.54 (ddd, 7 = 8.4, 7.2, 1.3 Hz, 2H), 3.58 - 3.49 (m, 2H), 

2.49 (dt, 7 = 14.0, 2.7 Hz, 2H), 1.79 - 1.67 (m, 2H), 1.64 - 1.45 (m, 4H); l3C{lH] N M R (101 

MHz, Chloroform-J): 8 168.6, 149.8, 136.1, 128.2, 128.13, 125.2, 122.3, 57.8, 35.9, 24.4; MS 

(ESI) m/z (%) 510: [M+H]+ (100); HRMS (ESI) m/z: [M+K] + calcd. for C20H21N4O4S4, 

509.0440; found, 509.0442. 

tert-butyl (2-(benzo[d]thiazole-2-sulfonamido)ethyl)carbamate (4-6i). 

H 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

2:3) and obtained as a white solid. Method A: starting from 0.221 g (1.0 mmol) of sulfinic salt, 

yielded 0.172 g (67%). mp = 142 - 146 °C; lH N M R (400 MHz, Chloroform-J): 5 8.17 (ddd, 7 

= 8.3, 1.5,0.7 Hz, 1H),7.97 (ddd, 7 = 7.6, 1.3,0.6 Hz, 1H),7.61 (ddd, 7 = 7.9, 7.2, 1.4 Hz, 1H), 

7.56 (ddd, 7 = 7.9, 7.2, 1.5 Hz, 1H), 6.01 (bs, 1H), 5.05 (t,7=5.2 Hz, 1H), 3.44 - 3.41 (m, 2H), 

3.44 - 3.30 (m, 2H), 1.39 (s, 9H); l3C{lH] N M R (101 MHz, Chloroform-J): 5 166.3, 156.7, 

152.3, 136.5, 127.7, 127.5, 125.2, 122.3, 80.2, 44.8, 40.4, 28.4; MS (ESI) m/z (%) 356: [M+H]+ 

(100); HRMS (ESI) m/z [M+K] +calcd. for C14H19N3O4S2K, 396.0449; found, 396.0452. 
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N-(benzo[d][ 1,3]dioxol-5-ylmethyl)benzo[d]thiazole-2-sulfonamide (4-6r). 

•o 

o 
> 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

3:4) and obtained as a white solid. Method B: starting from 0.167 g (1.0 mmol) of 

2-mercaptobenzothiazole, yielded 0.150 g (43% over two steps), mp = 140 - 141 °C; lH N M R 

(400 MHz, Chloroform-J): 5 8.14 (d, 7 = 8.1 Hz, 1H), 7.97 (d, 7 = 8.3 Hz, 1H), 7.61 (dt, 7 = 

7.2, 1.1 Hz), 7.56 (dt, 7= 8.1, 1.4 Hz, 1H), 7.59 - 7.54 (m, 1H), 6.76 (s, 1H), 6.72 (d, 7= 8.6 

Hz, 1H), 6.65 (d, 7 = 8.6 Hz, 1H), 5.84 (s, 2H), 5.76 - 5.60 (bs, 1H), 4.32 (d, 7 = 5.5 Hz, 1H); 
l3C{lU] N M R (101 MHz, Chloroform-J): 5 166.3, 152.4, 148.1, 147.6, 136.5, 129.5, 127.7, 

127.6, 125.2, 122.3, 121.9, 108.8, 108.4, 101.3, 48.0; MS (ESI) m/z (%) 349: [M+H]+(100); 

HRMS (ESI) m/z: [M+H] + calcd. for C15H13N2O4S2, 349.0311; found, 349.0307. 

N-(l-(naphthalen-l-yl)ethyl)benzo[d]thiazole-2-sulfonamide (4-6j). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:3) and obtained as a colorless oil. Method A: starting from 0.050 g (0.226 mmol) of sulfinic 

salt, yielded 0.029 g (36%). ! H N M R (400 MHz, Chloroform-J): 6 8.02 - 7.98 (m, 2H), 7.84 -

7.82 (m, 1H), 7.75 - 7.71 (m, 1H), 7.61 (d, 7 = 8.2 Hz, 1H), 7.56 - 7.48 (m, 2H), 7.44 (dd, 7 = 

7.2, 1.1 Hz, 1H), 7.42 -7.36 (m, 2H), 7.24 (dd, 7 = 8.2, 7.3 Hz, 1H), 5.65 - 5.63 (m, 1H), 1.72 

(d, 7= 6.5 Hz, 1H); l3C{lU] N M R (101 MHz, Chloroform-J): S 166.5, 152.3, 137.1, 136.6, 

133.9, 130.2, 128.9, 128.6, 127.6, 127.4, 126.6, 125.9, 125.2, 125.1, 123.6, 122.7, 122.1, 50.9, 

23.2; MS (ESI) m/z (%) 370: [M+H]+ (100); HRMS (ESI) m/z: [M+H]+ calcd. for 

C19H17N2O4S2, 369.0726; found, 369.0734. 
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(-)-(S)-N-(l-hydroxy-3-methylbutan-2-yl)benzo[d]thiazole-2-sulfonamide (4-6k). 

a 
O H 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:1) and obtained as colorless oil. Method A: starting from 0.044 g (0.20 mmol) of sulfinic salt, 

yielded 0.038 g (64%); Method B: starting from 0.167 g (1.0 mmol) of 

2-mercaptobenzothiazole, yielded 0.135 g (45% over two steps). [a] D

2 1 = -335° (c 0.2, MeOH); 
lH N M R (400 MHz, Chloroform-J): S 8.11 (ddd, 7 = 7.4, 1.6, 0.5 Hz, 1H), 7.98 - 7.96 (m, 1H), 

7.62 - 7.54 (m, 2H), 5.25 (d, 7 = 8.3 Hz, 1H), 3.74 - 3.65 (m, 2H), 3.58 - 3.52 (m, 1H), 3.10 (t, 

7 = 5.9 Hz, 1H), 1.94 (oct, 7 = 6.8 Hz, 1H), 0.99 (d, 7 = 6.8 Hz, 6H); 1 3C{ lU} N M R (101 MHz, 

Chloroform-J): 6 167.9, 151.5, 136.3, 127.8, 127.7, 124.9, 122.3, 62.9, 30.4, 19.3, 18.6; MS 

(ESI) m/z (%) 301: [M+H]+ (100); HRMS (ESI) m/z: [M+H]+ calcd. for C12H17N2O3S2, 

301.0675; found, 301.0677. 

(-)-N-(2-hydroxy-l-phenylethyl)benzo[d]thiazole-2-sulfonamide (4-61). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

4:5) and obtained as a white solid. Method A: starting from 0.044 g (0.20 mmol) of sulfinic 

salt, yielded 0.024 g (37%); Method B: starting from 0.167 g (1.0 mmol) of 

2-mercaptobenzothiazole, yielded 0.160 g (47% over two steps), mp = 118-120 °C); [a]D 2 3 = -

144° (c 0.25, CH2CI2); *H N M R (400 MHz, Chloroform-J): S 8.07 (ddd, 7 = 7.9, 1.5, 0.5 Hz, 

1H), 7.90 (ddd, 7 = 7.5, 1.5, 0.6 Hz, 1H), 7.60 - 7.51 (m, 2H), 7.27 - 7.25 (m, 2H), 7.22 - 7.13 

(m, 3H), 4.84 (dd, 7 = 6.3, 4.3 Hz, 1H), 3.94 (dd,7= 11.7, 4.3 Hz, 1H), 3.86 (dd,7= 11.7, 6.4 

Hz, 1H); l3C{lH] N M R (101 MHz, Chloroform-J): S 167.0, 151.8, 137.6, 136.5, 128.8, 128.3, 

127.8, 127.6, 127.0, 125.0, 122.2, 66.1, 60.5; MS (ESI) m/z (%) 335: [M+H]+(100); HRMS 

(ESI) m/z: [M+H]+ calcd. for C15H15N2O3S2, 335.0519; found, 335.0516. 
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1 -(benzo[d]thiazol-2-ylsulfonyl)piperidin-4-ol (4-6m). 

O H 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:1 -> 4:3 -> 8:3) and obtained as a colorless oil. Method A: starting from 0.044 g (0.20 mmol) 

of sulfinic salt, yielded 0.045 g (76%). lH N M R (400 MHz, Chloroform-J): 8 8.20 - 8.17 (m, 

1H), 7.99 - 7.96 (m, 1H), 7.63 - 7.54 (m, 2 H), 3.91 - 3.86 (m, 1H), 3.71 - 3.64 (m, 2H), 3.34 

- 3.28 (m, 2H), 2.00 - 1.94 (m, 2H), 1.72 - 1.68 (m, 2H); ^ C ^ H } N M R (101 MHz, 

Chloroform-J): 8 164.1, 152.8, 136.4, 127.7, 127.5, 125.4, 122.2, 65.8, 43.7, 33.4; MS (ESI) 

m/z (%) 290: [M+H]+(100); HRMS (ESI) m/z, [M+H]+ calcd. for C12H15N2O3S2, 299.0519; 

found, 299.0521. 

(S)-diethyl (benzo[d]thiazol-2-ylsulfonyl)glutamate (4-6n). 

Method B (method was slightly modified since hydrochloride salt was used): L-glutamate 

hydrochloride (0.215 g, 0.9 mmol) was suspended in CH2CI2 (3 mL) at RT, and E t 3 N (0.125 

mL, 0.9 mmol, 9 equiv) followed with 2-mercaptobenzothiazole (0.050 g, 0.3 mmol, 3 equiv) 

were added. After 5 min at RT, 7Y-chlorosuccinimide (0.040 g, 0.3 mmol, 3.0 equiv) was added, 

and the resulting mixture was stirred at RT for 2 hours. CH2CI2 (20 mL) and H2O (20 mL) were 

added, and the resulting layers were separated. Aqueous layer was extracted with CH2CI2 (3 x 

15 mL) and the combined organic layers were washed with brine (10 mL), dried over MgSCM, 

filtered, and the solvents were removed under reduced pressure. The residue was suspended in 

EtOH (2 mL) and (NH 4)6M 704 x 4 H 2 0 (0.123 g, 0.1 mmol, 0.1 equiv) was added. The resulting 

slurry was cooled to 0 °C (ice/water) and H2O2 in water (0.610 mL, 20 equiv; 30% in water) 

was added dropwise. The resulting mixture was stirred at 0 °C for 5 min before the cooling bath 

was removed. After 12h at RT, the whole mixture was diluted with CH2CI2 (20 mL) and H2O 

(20 mL) and the resulting layers were separated. The aqueous layer was extracted with CH2CI2 

OEt 

O 
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(3 x 15 niL), and combined organic layers were washed with brine (15 mL), dried over MgSCU, 

filtered, and the solvents were removed under reduced pressure. The purification of the crude 

product using flash column chromatography (SiCh; EtOAc/petroleum ether = 1:3) yielded 0.114 

g (66 % over two steps) of viscose syrup. [a]D

2 0= -112° (c 0.44, CH2CI2); X H N M R (400 MHz, 

Chloroform-J): 6 8.11 (ddd, 7= 8.2, 1.6, 0.6 Hz, 1H), 7.97 (ddd, 7 = 7.7, 1.6, 0.7 Hz, 1H), 7.62 

- 7.53 (m, 2H), 5.80 (bs, 1H), 4.47 (dd, 7 = 8.8, 4.6 Hz, 1H), 4.13 (q, 7 = 7.1 Hz, 2H), 4.04 -

3.98 (m, 2H), 2.60 - 2.46 (m, 2H), 2.25 (dtd, 7 = 14.2, 7.5, 4.7 Hz, 1H), 2.00 (dddd, 7 = 14.3, 

8.8, 7.8, 6.4 Hz, 1H), 1.25 (t, 7 = 7.2 Hz, 3H), 1.12 (t, 7 = 7.1 Hz, 3H); nC{lU} N M R (101 

MHz, Chloroform-J): 6 172.7, 171.0, 165.7, 152.4, 136.5, 127.8, 127.6, 125.1, 122.3, 62.3, 

60.9, 56.3, 30.0, 28.5, 14.3, 14.1; MS (ESI) m/z (%) 401: [M+H]+(100); HRMS (ESI) m/z: 

[M+K] + calcd. for CieHioKNiOeSi, 439.0394; found, 439.0396. 

(-)-Methyl (benzo[d]thiazol-2-ylsulfonyl)-L-phenylalaninate (4-6o). 

Method B (method was slightly modified since hydrochloride salt was used): Methyl 

L-phenylalaninate hydrochloride (0.193 g, 0.9 mmol) was suspended in CH2CI2 (3 mL) at RT, 

and Et3N (0.125 mL, 0.9 mmol, 9 equiv) followed with 2-mercaptobenzothiazole (0.050 g, 0.3 

mmol, 3 equiv) were added. After 5 min at RT, A/-chlorosuccinimide (0.040 g, 0.3 mmol, 3.0 

equiv) was added, and the resulting mixture was stirred at RT for 2 hours. CH2CI2 (20 mL) and 

H2O (20 mL) were added, and the resulting layers were separated. Aqueous layer was extracted 

with CH2CI2 (3 x 15 mL) and the combined organic layers were washed with brine (10 mL), 

dried over MgSCM, filtered, and the solvents were removed under reduced pressure. The residue 

was suspended in EtOH (2 mL) and (NH4)6M7C>4 x 4 H 2 0 (0.123 g, 0.1 mmol, 0.1 equiv) was 

added. The resulting slurry was cooled to 0 °C (ice/water) and H2O2 in water (0.610 mL, 20 

equiv; 30% in water) was added dropwise. The resulting mixture was stirred at 0 °C for 5 min 

before the cooling bath was removed. After 12h at RT, the whole mixture was diluted with 

CH2CI2 (20 mL) and H2O (20 mL) and the resulting layers were separated. The aqueous layer 

was extracted with CH2CI2 (3x15 mL), and combined organic layers were washed with brine 

(15 mL), dried over MgSCU, filtered, and the solvents were removed under reduced pressure. 

The purification of the crude product using flash column chromatography (S1O2; 

EtO Ac/petroleum ether = 1:3) yielded 0.27 g (80 % over two steps) of viscose syrup. [OI]D23 = 
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-129° (c 0.51, CH2CI2 ) ; lH N M R (400 MHz, Chloroform-J): 6 8.12 (ddd, 7 = 7.9, 1.7, 0.6 Hz, 

1H), 7.95 (ddd, 7 = 7.7, 1.5, 0.6 Hz, 1H), 7.60 (ddd, 7 = 8.2, 7.2, 1.5 Hz, 1H), 7.55 (ddd, 7 = 

7.9, 7.2, 1.4 Hz, 1H), 7.26 - 7.14 (m, 3H), 7.11 - 7.09 (m, 2H), 5.58 (bs, 1H), 4.72 (t, 7 = 5.8 

Hz, 1H), 3.55 (s, 3H), 3.19 (dd, 7= 13.9, 5.7 Hz, 1H), 3.13 (dd, 7= 13.9, 5.9 Hz, 1H); nC{lYi} 

N M R (101 MHz, Chloroform-J): Ö 170.9, 165.6, 152.4, 136.5, 134.7, 129.5, 128.7, 127.8, 

127.5,127.4,125.2,122.3, 57.6,52.7, 39.5; MS (ESI) m/z (%) 377: [M+H]+(100); HRMS (ESI) 

m/z: [M+H]+ calcd. for C17H17N2O4S2, 377.0624; found, 377.0627. 

(-)-Methyl (benzo[d]thiazol-2-ylsulfonyl)alaninate (4-6p). 

Method B (method was slightly modified since hydrochloride salt was used): Methyl alaninate 

hydrochloride (0.125 g, 0.9 mmol) was suspended in C H 2 C I 2 (3 mL) at RT, and E t 3 N (0.125 

mL, 0.9 mmol, 9 equiv) followed with 2-mercaptobenzothiazole (0.050 g, 0.3 mmol, 3 equiv) 

were added. After 5 min at RT, Af-chlorosuccinimide (0.040 g, 0.3 mmol, 3.0 equiv) was added, 

and the resulting mixture was stirred at RT for 2 hours. C H 2 C I 2 (20 mL) and H 2 O (20 mL) were 

added, and the resulting layers were separated. Aqueous layer was extracted with C H 2 C I 2 (3 x 

15 mL) and the combined organic layers were washed with brine (10 mL), dried over MgSCU, 

filtered, and the solvents were removed under reduced pressure. The residue was suspended in 

EtOH (2 mL) and (NH 4)6M 704 x 4 H 2 0 (0.123 g, 0.1 mmol, 0.1 equiv) was added. The resulting 

slurry was cooled to 0 °C (ice/water) and H2O2 in water (0.610 mL, 20 equiv; 30% in water) 

was added dropwise. The resulting mixture was stirred at 0 °C for 5 min before the cooling bath 

was removed. After 12h at RT, the whole mixture was diluted with C H 2 C I 2 (20 mL) and H 2 O 

(20 mL) and the resulting layers were separated. The aqueous layer was extracted with C H 2 C I 2 

(3 x 15 mL), and combined organic layers were washed with brine (15 mL), dried over MgSCU, 

filtered, and the solvents were removed under reduced pressure. The purification of the crude 

product using flash column chromatography (SiCh; EtOAc/petroleum ether = 1:3) yielded 0.059 

g (66 % over two steps) of viscose syrup. [a] D

2 0= -18.2° (c 0.45, CHCI3); lH N M R (400 MHz, 

Chloroform-J): 6 8.14 (ddd, 7= 8.3, 1.3, 0.6 Hz, 1H), 7.97 (ddd, 7 = 7.7, 1.4, 0.6 Hz, 1H), 7.58 

-7.65 (m, 1H), 7.50-7.60 (m, 1H), 5.84 (bs, lH),4.48(bs, 1H), 3.61 (s, 3H), 1.51 (d,7=7.2 

Hz, 3H); ^ C ^ H } N M R (101 MHz, Chloroform-J): S 172.4, 165.9, 152.4, 136.5, 127.8, 127.6, 
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125.2,122.4,53.0,52.6,20.1; MS (ESI) m/z (%) 301: [M+H]+(100); HRMS (ESI) m/z: [M+K] + 

calc. for C11H12KN2O4S2, 338.9870; found, 338.9873. 

Synthesis of fully protected amino alcohols 

3-(N-(benzo[d]thiazol-2-ylsulfonyl)acetamido)pwpyl acetate (4-75) 

OAc 

Prepared using the Method A from 2 (0.100 g, 0.45 mmol). The crude product obtained using 

the Method A was dissolved in pyridine (2 mL) and A C 2 O (0.128 mL, 1.35 mmol, 3.0 equiv) 

was added at RT. The resulting mixture was stirred for 12h at RT before sat. aq. N H 4 C I (5 mL) 

was added. The resulting mixture was extracted with EtOAc (3 x 15 mL) and the resulting 

organic layers were combined and washed with brine (10 mL), dried over MgS04, filtered, and 

the solvents were removed under reduced pressure. The crude product was purified by flash 

column chromatography (SiCh; EtOAc:hexane = 1:2) to yield 0.113 g (71 % over two steps) of 

colorless oil. ! H N M R (400 MHz, Chloroform-J): S 8.18 - 8.16 (m, 1H), 8.00 - 7.98 (m, 1H), 

7.66 - 7.58 (m, 2H), 4.13 (t, 7= 6.1 Hz, 2H), 4.00 - 3.96 (m, 2H), 2.58 (s, 3H), 2.11 - 2.08 (m, 

2H), 2.04 (s, 3H); l3C{lU] N M R (101 MHz, Chloroform-J): S 171.2, 170.5, 164.1, 152.1, 

136.6, 128.5, 128.0, 125.7, 122.3, 61.9, 45.1, 28.8, 25.6, 21.1; MS (ESI) m/z (%) 357: [M+H]+ 

(100); HRMS (ESI) m/z [M+H]+ calcd. for C14H17N2O5S2, 357.0573; found, 357.0576. 

N-(benzo[d]thiazol-2-ylsulfonyl)-N-(6-((tert-butyldimethyte^ (4-77) 

Prepared using the Method A from sulfinic salt (0.100 g, 0.45 mmol). The crude product 

obtained using the Method A was dissolved in D M F (9 mL) at RT, and imidazole (0.183 g, 2.7 

mmol, 6 equiv) was added. After 5 min at RT, TBSC1 (0.202 g, 1.35 mmol, 3.0 equiv) was 

added and the resulting mixture was stirred at RT for 12h. The solvent was removed from the 

reaction mixture by freeze-drying technique. The crude product was suspended in pyridine (4 

Si— 

o 
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mL) and AC2O (0.127 ml, 1.35 mmol, 3.0 equiv) was added at RT. The resulting mixture was 

stirred for an additional 12h before sat. aq. NH4CI (10 mL) was added. The resulting mixture 

was extracted with CH2CI2 (3 x 15 mL), and the resulting organic layers were combined, 

washed with brine (10 mL), dried over MgSCU, filtered, and the solvents were removed under 

reduced pressure. The crude product was purified by flash column chromatography (SiCh; 

EtOAc:hexane = 1:3) to yield 0.279 g (66 % over 3 steps) of a colorless oil. lH N M R (400 

MHz, Chloroform-J): 6 8.17 (dd, 7 = 7.6, 1.6 Hz, 1H), 7.99 (dd, 7 = 7.5, 1.7 Hz, 1H), 7.65 -

7.57 (m, 2H), 3.87 - 3.84 (m, 2H), 3.58 (t, 7 = 6.5 Hz, 1H), 2.58 (s, 3H), 1.78 - 1.70 (m, 2H), 

1.53 - 1.46 (m, 2H), 1.36 - 1.32 (m, 4H), 0.89 - 0.88 (m, 9H), 0.04 - 0.03 (m, 6H); ^ C ^ H } 

N M R (101 MHz, Chloroform-d): Ö 170.5, 164.5, 152.1, 136.7, 128.3, 127.9, 125.6, 122.3, 63.2, 

47.9, 32.8, 29.7, 26.6, 26.1,25.6, 25.5, 18.5, -5.2; MS (ESI) m/z(%)472: [M+H]+(100); HRMS 

(ESI) m/z: [M+H]+ calcd. for C2iH 35N20 4S2Si, 471.1802; found, 417.1805. 

N-alkylation of N-monosubstituted sulfonamides: 

General procedure for Fukuyama-Mitsunobu alkylation (FM alkylation): A sulfonamide 

(0.18 mmol, 1.0 equiv) was dissolved in dry THF (4.5 mL) at RT in the 10 mL microwave vial, 

and alcohol (0.36 mmol, 2 equiv), PPh 3 (0.070 g, 0.27 mmol, 1.5 equiv) and DIAD (0.052 mL, 

0.27 mmol, 1.5 equiv) were successfully added. The microwave vial was placed in the 

microwave reactor and heated for 10 min at 50 °C (100 W power). The resulting reaction 

mixture was placed to a 25 mL flask and the solvents were removed under reduced pressure to 

yield the crude product. 

General procedure for base-promoted alkylation using alkyl halides (base-promoted 

alkylation): A sulfonamide (0.098 mmol, 1.0 equiv) was added to D M F (2 mL) at RT. The 

whole mixture was cooled to 0 °C and alkyl halide (0.196 mmol, 2.0 equiv) followed by the 

addition of K2CO3 (0.196 mmol, 2.0 equiv) were added. The resulting mixture was stirred at 0 

°C for 5 min. The cooling bath was removed and the whole mixture was stirred at for 12h at rt 

(for primary alkyl halides) or at 50 °C (for secondary alkyl halides; external temperature, oil 

bath). Sat. aq. NH4CI (10 mL) was added and the resulting mixture was extracted with CH2CI2 

(3 x 15 mL). Combined organic layers were washed with brine (10 mL), dried over MgSCM, 

filtered, and the solvents were removed under reduced pressure to give the crude product. 
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N,N-dibenzylbenzo[d]thiazole-2-sulfonamide (4-6aa). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:3) and obtained as a colorless oil. F M alkylation: starting from 0.070 g (0.23 mmol) of 4-6a, 

yielded 0.065 g (72%); Base-promoted alkylation: starting from 0.030 g (0.09 mmol) 4-6a, 

carried out at RT, yielded 0.031 g (81%). X H N M R (400 MHz, Chloroform-J): 6 8.17 (ddd, J 

= 8.3, 1.2, 0.5 Hz, 1H), 7.97 (ddd, J = 7.9, 1.3, 0.5 Hz, 1H), 7.62 (ddd, J = 8.2, 7.3, 1.4 Hz, 1H), 

7.57 (ddd, J = 7.9, 7.2, 1.3 Hz, 1H), 7.21 - 7.15 (m, 10H), 4.55 (s, 4H); nC{lYi} N M R (101 

MHz, Chloroform-J): S 166.4, 152.5, 136.3, 134.9, 128.9, 128.6, 128.0, 127.6, 127.4, 125.2, 

122.2, 51.5; MS (ESI) m/z (%) 395: [M+H]+ (100); HRMS (ESI) m/z: [M+H]+ calcd. for 

C21H19N2O2S2, 395.0882; found, 395.0885. 

N-benzyl-N-isopropylbenzo[d]thiazole-2-sulfonamide (4-6ab). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:3) and obtained as a colorless oil. F M alkylation: starting from 0.030 g (0.09 mmol) of 4-6a, 

yielded 0.030 g (90%); Base-promoted alkylation: starting from 0.030 g (0.09 mmol) of 4-6a, 

carried out at 50 °C, yielded 0.032 g (97%). X H N M R (400 MHz, Chloroform-J): 6 8.18 - 8.17 

(m, 1H), 7.97 -7.95 (m, 1H), 7.62 - 7.58 (m, 1H), 7.56 - 7. 52 (m, 1H), 7.46 - 7.44 (m, 2H), 

7.34-7.24 (m, 3H),4.61 (s,2H),4.39 (hept, 7= 6.8 Hz, 1H), 1.06 (d, 7= 6.8 Hz, 6H); nC{xYi} 

N M R (101 MHz, Chloroform-J): 8 166.9, 152.7, 138.1, 136.5, 128.6, 128.0, 127.7, 127.6, 

127.4, 125.3, 122.2, 51.8, 48.0, 21.5; MS (ESI) m/z (%) 347: [M+H]+(100); HRMS (ESI) m/z: 

[M+H]+ calcd. for C17H19N2O2S2, 347.0882; found, 347.0884. 
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N-benzyl-N-(2-methylallyl)benzo[d]thiazole-2-sulfonamide (4-6ac). 

a 
The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:6->1:3) and obtained as a colorless oil. F M alkylation: starting from 0.055 g (0.18 mmol) of 

4-6a, yielded 0.026 g (40%); Base-promoted alkylation: starting from 0.055 g (0.18 mmol) of 

4-6a, carried out at RT, yielded 0.056 g (87%). X H N M R (400 MHz, Chloroform-J): S 8.17 

(ddd, 7 = 8.5, 1.3, 0.7 Hz, 2H), 7.96 (ddd, 7 = 7.9, 1.3, 0.6 Hz, 1H), 7.63 - 7.59 (m, 1H), 7.58 -

7.53 (m, 1H), 7.27 - 7.22 (m, 5H), 4.87 - 4.86 (m, 1H), 4.79 - 4.78 (m, 1H), 4.59 (s, 2H), 3.94 

(s, 2H); l3C{lU] N M R (101 MHz, Chloroform-J): S 166.3, 152.5, 139.5, 136.3, 135.2, 129.0, 

128.5, 128.0, 127.6, 127.4, 125.2, 122.2, 115.5, 54.2, 51.6, 19.9; MS (ESI) m/z (%) 359: 

[M+H]+ (100); HRMS (ESI) m/z: [M+H]+ calcd. for for C21H19N2O2S2, 359.0882; found, 

359.0880. 

N-benzyl-N-(prop-2-yn-l-yl)benzo[d]thiazole-2-sulfonamide (4-6ad). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:4) and obtained as a colorless oil. F M alkylation: starting from 0.030 g (0.09 mmol) of 4-6a, 

yielded 0.031 g (94%); Base-promoted alkylation: starting from 0.030 g (0.09 mmol) of 4-6a, 

carried out at RT, yielded 0.024 g (72%). X H N M R (400 MHz, Chloroform-J): 6 8.23 (ddd, 7 = 

8.2, 1.3, 0.6 Hz, 2H), 8.00 (ddd, 7 = 7.9, 1.4, 0.6 Hz, 2H), 7.67 - 7.60 (m, 1H), 7.60 - 7.54 (m, 

1H), 7.42 - 7.32 (m, 5H), 4.74 (s, 2H), 4.06 (s, 2H), 1.87 - 1.86 (m, 1H); nC{lYi} N M R (101 

MHz, Chloroform-d): S 164.8, 152.8, 136.5, 134.4, 129.0, 128.9, 128.5, 127.6, 127.5, 125.4, 

122.2, 75.7, 74.3, 51.1, 36.4; MS (ESI) m/z (%) 343: [M+H]+(100); HRMS (ESI) m/z: [M+H]+ 

calcd. for C18HK5N2O2S2, 343.0569; found, 343.0571. 
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(S)-N-benzyl-N-(octan-2-yl)benzo[d]thiazole-2-sulfonamide (4-6ae). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:8) and obtained as a colorless oil. F M alkylation: starting from 0.060 g (0.18 mmol) of 4-6a 

and (J?)-octan-2-ol (0.057 mL, 0.36 mmol, e.r. = >99:1), yielded 0.051 g (62%), e.r. = >98:2; 

Base-promoted alkylation: starting from 0.060 g (0.18 mmol) of 4-6a and (±)-2-bromooctane 

(0.063 mL, 036 mmol), carried out at 50 °C, yielded 0.068 g (91%), e.r. = 51:49. [a]D

2 2= -183° 

(c 0.3, CH2CI2) ; X H N M R (400 MHz, Chloroform-J): S 8.18 - 8.16 (m, 1H), 7.96 (ddd, J = 7.9, 

1.3, 0.6 Hz, 1H),7.60 (ddd, 7 = 8.2, 7.3, 1.4 Hz, 1H), 7.54 (ddd, 7= 8.4, 7.3, 1.3 Hz, 1H), 7.46 

- 7.45 (m, 2H), 7.33 - 7.24 (m, 3H), 4.64 (d, J = 15.9 Hz, 1H), 4.51 (d, J = 15.9 Hz, 1H), 4.12 

(hept, 7= 6.8 Hz, 1H), 1.39 - 1.30 (m, 1H), 1.26 - 1.18 (m, 1H), 1.12-1.05 (m, 4H), 1.03 (d, 

J = 6.8 Hz, 3H), 1.02 - 0.93 (m, 4H), 0.76 (t, 7 = 7.2 Hz, 3H); l3C{lH] N M R (101 MHz, 

Chloroform-J): 6 166.9, 152.7, 137.8, 136.5, 128.6, 128.5, 127.8, 127.5, 127.4, 125.2, 122.2, 

56.2,48.3,35.6,31.7,29.0,26.5,22.6,19.6,14.2; MS (ESI) m/z (%) 417: [M+H]+(100); HRMS 

(ESI) m/z: [M+H]+ calcd. for C19H21N2O4S2, 417.1665; found, 417.1667; HPLC (Chiralpak 

IA3, C 0 2 / M e O H = 93/7, flow rate = 2.2 mL/min, I = 272 nm) tR = 4.21 min (minor), 4.51 min 

(major). 

Ethyl N-(benzo[d]thiazol-2-ylsulfonyl)-N-benzylalaninate (4-6af). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:4) and obtained as a slightly yellow oil. F M alkylation: starting from 0.054 g (0.17 mmol) of 

4-6a, yielded 0.066 g (92%). [a] D

2 3 = - 440° (c 0.25, CH2CI2); X H N M R (400 MHz, 

Chloroform-d):<$ 8 .19-8 .17 (m, 1H), 7.99 - 7.96 (m, 1H),7.61 (ddd, J = 8.3, 7.2, 1.4 Hz, 1H), 

7.56 (ddd, J = 8.5, 7.2, 1.4 Hz, 1H), 7.44 - 7.42 (m, 2H), 7.34 - 7.24 (m, 3H), 4.93 (d, 7= 16.4 
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Hz, 1H), 4.86 (q, 7 = 7.3 Hz, 1H), 4.54 (d, 7 = 16.4 Hz, 1H), 3.70 - 3.88 (m, 2H), 1.34 (d, 7 = 

7.4 Hz, 1H), 0.96 (t, 7 = 7.1 Hz, 1H); 1 3 C{ lH] N M R (101 MHz, Chloroform-d): Ö 170.7, 165.6, 

152.7,137.0,136.5,128.6,128.2,127.9,127.7,127.5,125.2,122.2,61.6,56.4,50.3,16.9,13.8; 

MS (ESI) m/z (%) 405: [M+H] + (100); HRMS (ESI) m/z: [M+H] + calcd. for C19H21N2O4S2, 

405.0937; found, 405.0938. 

(5R,5aR,8aS,9S)-9-(benzo[d]thiazol-2-yl(benzyl)amino)-5-(3,4,5-trime 

tetrahydrofurol3',4':6,7]naphtho[2,3-d][l,3]dioxol-6(5aH)-one (4-6ag). 

The crude product was purified using flash column chromatography (SÍO2; EtOAc/hexane = 

1:8) and obtained as a colorless solid. F M alkylation: starting from 0.096 g (0.32 mmol) of 4-

6a, yielded 0.067 g (30%, d.r. = >20:1) as a white solid, mp = 139-141 °C; [a] D

2 1 = -64.6° (c 

3.51, CH2CI2); X H N M R (500 MHz, Chloroform-J): 6 8.35 - 8.33 (m, 1H), 8.09 - 8.06 (m, 1H), 

7.75 - 7.65 (m, 2H), 7.35 - 7.33 (m, 3H), 7.05 - 7.03 (m, 2H), 6.78 (s, 1H), 6.50 (s, 1H), 6.11 

(s, 2H), 5.98 - 5.97 (m, 2H), 5.78 (d, 7 = 5.1 Hz, 1H), 4.87 (d, 7 = 15.5 Hz, 1H), 4.47 (dd, 7 = 

9.2,7.5 Hz, 1H), 4.26 (dd,7= 11.0, 9.2 Hz, 1H),4.06 (d, 7 = 5.5 Hz, 1H), 3.77 (s,3H),3.71 (s, 

3H), 3.60 (d, 7 = 15.4 Hz, 1H), ), 2.82 (dddd, 7 = 14.7, 10.9, 7.6, 5.0 Hz, 1H), 1.51 (dd, 7 = 

14.7, 5.5 Hz, 1H); ^ C ^ H } N M R (126 MHz, Chloroform-J): Ö 174.1, 165.5, 152.7, 152.6, 

149.1, 147.7, 137.3, 137.2, 136.6, 134.8, 134.8, 129.4, 129.3, 129.2, 128.3, 128.2, 125.3, 124.2, 

122.5, 110.7, 109.8, 108.2, 101.9, 69.8, 60.9, 58.9, 56.4, 49.5, 43.7, 40.6, 37.6; MS (ESI) m/z 

(%) 701: [M+H]+(100); HRMS (ESI) m/z: [M+H] + calcd. for C36H33N2O9S2, 701.1622; found, 

701.1625. 

N-allyl-N-(prop-2-yn-l-yl)benzo[d]thiazole-2-sulfonamide (4-6bd). 

146 



The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

1:3) and obtained as a colorless oil. F M alkylation: starting from 0.025 g (0.098 mmol) of 4-6b, 

yielded 0.022 g (77%); Base-promoted alkylation: starting from 0.023 g (0.09 mmol) of 4-6b, 

carried out at RT, yielded 0.024 g (86%). lH N M R (400 MHz, Chloroform-J): S 8.20 (ddd, J = 

8.2, 1.4, 0.7 Hz, 1H), 7.98 (ddd, J = 7.9, 1.5, 0.7 Hz, 1H), 7.61 (ddd, J = 8.2, 7.2, 1.4 Hz, 1H), 

7.56 (ddd, J = 7.9, 7.2, 1.4 Hz, 1H), 5.78 (ddt, J = 17.1, 10.0, 6.5 Hz, 1H), 5.36 (dq, J = 17.1, 

1.4 Hz, 1H), 5.28 (dq, J = 10.1, 1.2 Hz, 1H), 4.22 (d, J = 2.5 Hz, 2H), 4.18 (d, J = 6.5, 2H), 1.90 

(t, J = 2.5 Hz, 1H); ^ C ^ H } N M R (101 MHz, Chloroform-J): 8 164.9, 152.7, 136.5, 131.4, 

127.6, 127.4, 125.3, 122.2, 120.7, 76.0, 73.9, 50.2, 36.6; MS (ESI) m/z (%) 293: [M+H]+(100); 

HRMS (ESI) m/z: [M+H] + calcd. for C13H13N2O2S2, 293.0413; found, 293.0416. 

N-butyl-N-isopropylbenzo[d]thiazole-2-sulfonamide (4-6ca). 

The crude product was purified using flash column chromatography (SiCh; EtOAc/hexane = 

2:5) and obtained as a colorless oil. F M alkylation: starting from 0.045 g (0.17 mmol) of 4-6c, 

yielded 0.049 g (88%); Base-promoted alkylation: starting from 0.024 g (0.09 mmol) of 4-6c, 

carried out at 50 °C, yielded 0.028 g (94%). 1H N M R (400 MHz, Chloroform-d): 5 8.16 (ddd, 

J = 8.4, 1.3, 0.6 Hz, 1H), 7.96 (ddd, J = 7.8, 1.4, 0.6 Hz, 1H), 7.61 - 7.55 (m, 1H), 7.53 (ddd, J 

= 8.0, 7.3, 1.4 Hz, 3H), 4.35 (hept, 1H), 3.31 - 3.27 (m, 2H), 1.76 - 1.68 (m, 2H), 1.35 (sext, 

2H), 1.17 (d, 6H), 0.94 (t, 3H); 13Q1H} N M R (101 MHz, Chloroform-d): 5 167.00, 152.7, 

136.4, 127.4, 127.3, 125.2, 122.1, 51.1, 44.0, 34.0, 21.5, 20.3, 13.8; MS (ESI) m/z (%) 313: 

[M+H]+ (100); HRMS (ESI) m/z: [M+H]+ calcd. for C14H21N2O2S2, 313.1039; found, 

313.1041. 

N-butyl-N-(oxiran-2-ylmethyl)benzo[d]thiazole-2-sulfonamide (4-6cb). 
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The crude product was purified using flash column chromatography (SÍO2; EtOAc/hexane = 

1:35) and obtained as a colorless oil. F M alkylation: starting from 0.048 g (0.18 mmol) of 4-6c, 

yielded 0.043 g (74%). X H N M R (400 MHz, Chloroform-J): 6 8.16 (ddd, 7 = 8.5, 1.3, 0.6 Hz, 

1H), 7.98 (ddd, J = 8.0, 1.5, 0.8 Hz, 1H), 7.63 - 7.59 (m, 1H), 7.58 - 7.53 (m, 1H), 4.00 (dd, 7 

= 15.1, 3.0 Hz, 1H), 3.56 - 3.45 (m, 1H), 3.34 - 3.36 (m, 1H), 3.24 - 3.22 (m, 1H), 3.16 (dd, J 

= 15.0, 6.6 Hz, 1H), 2.81 (t, 7 = 4.3 Hz, 1H), 2.59 (ddd, 7 = 4.6, 2.5, 1.0 Hz, 1H), 1.71-1.61 

(m, 2H), 1.41 - 1.29 (m, 2H), 0.92 (t, 7 = 7.4 Hz, 3H); l3C{lH] N M R (101 MHz, Chloroform-

d): 6 165.7, 152.6, 136.3, 127.6, 127.5, 125.2, 122.2, 51.8, 50.9, 50.0, 45.2, 30.6, 19.8, 13.7; 

MS (ESI) m/z (%) 327: [M+H] + (100); HRMS (ESI) m/z: [M+H] + calcd. for C14H19N2O3S2, 

327.0832; found, 327.0838. 

Methyl N-(benzo[d]thiazol-2-ylsulfonyl)-N-butyl-L-alaninate (4-6cc). 

The crude product was purified using flash column chromatography (SÍO2; EtOAc/hexane = 

1:3) and obtained as a colorless solid. F M alkylation: starting from 0.048 g (0.17 mmol) of 

4-6c and methyl (7?)-2-hydroxypropanoate (0.032 mL, 0.34 mmol, e.r. = >99:1), yielded 0.053 

g (84%, e.r. = >98:1). mp = 53 - 55 °C; [a] D

2 3 = -101° (c 0.25, CH2CI2); X H N M R (400 MHz, 

Chloroform-J): 6 8.17 - 8.15 (m, 1H), 7.98 -7.95 (m, 1H), 7.61 - 7.57 (m, 1H), 7.56 - 7.52 (m, 

1H), 4.85 (q, 7 = 7.3 Hz, 2H), 3.57 (ddd, 7= 15.6, 10.9, 5.2 Hz, 1H), 3.45 (s, 3H), 3.22 (ddd, J 

= 15.2, 10.9, 5.5 Hz, 1H), 1.84 - 1.73 (m, 1H), 1.68 - 1.58 (m, 1H), 1.51 (d, 7 = 7.3 Hz, 3H), 

1.40- 1.27 (m, 2H), 0.93 (t, 7 = 7.4 Hz, 2H); l3C{lH] N M R (101 MHz, Chloroform-J): S 171.6, 

165.6, 152.6, 136.4, 127.6, 127.4, 125.2, 122.2, 56.2, 52.5, 46.9, 33.3, 20.2, 16.7, 13.8; MS 

(ESI) m/z (%) 358: [M+H] + (100); HRMS (ESI) m/z: [M+H] + calcd. for C15H21N2O4S2, 

357.0937; found, 357.0936; HPLC (Chiralpak IE3, C 0 2 / M e O H = 95/5, flow rate = 2.2 mL/min, 

I = 272 nm) tR = 5.50 min (minor), 5.89 min (major). 
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Methyl N-(benzo[d]thiazol-2-ylsulfonyl)-N-((R)-l-methoxy-l-oxopropan-2-yl)-L-alaninate 

(meso-4-6da). 

Q 
oo=s=oo 

v M v V 

The crude product was purified using flash column chromatography (SÍO2; acetone/petroleum 

ether = 1:2) and obtained as a colorless oil. F M alkylation: starting from 0.023 g (0.08 mmol) 

of 4-6d and methyl (/?)-2-hydroxypropanoate (0.016 mL, 0.16 mmol, e.r. = >99:1), yielded 

0.010 g (33%, d.r. = >20:1). [a]D

2 3= 0° (c 0.1, CH2CI2); X H N M R (400 MHz, Chloroform-J): 6 

8.13 (ddd, 7 = 8.2, 1.4, 0.6 Hz, 1H), 7.97 (ddd, 7 = 7.8, 1.5, 0.6 Hz, 1H), 7.62 - 7.58 (m, 1H), 

7.57 - 7.53 (m, 1H), 4.82 (q, 7 = 7.3 Hz, 1H), 3.67 (s, 6H), 1.56 (d, 7 = 7.3 Hz, 6H); ^ C ^ H } 

N M R (101 MHz, Chloroform-J): S 171.4, 167.2, 152.4, 136.4, 127.7, 127.5, 125.1, 122.3,55.3, 

52.7, 17.0; MS (ESI) m/z (%) 387: [M+H]+ (100); HRMS (ESI) m/z: [M+H] + calcd. for 

C15H19N2O4S2, 387.0679; found, 387.0684. 

Intramolecular cyclization of aminoalcohol based on N-BT-sulfonylation/intramolecular 

Fukuyama-Mitsunobu alkylation: 2-(azepan-l-ylsulfonyl)benzo[d]thiazole (4-51). 

Sulfinic salt (0.200 g, 0.9 mmol, 1.0 equiv) was added to a mixture of THF (8 mL) and H2O (2 

mL) at RT and the resulting mixture was stirred for 5 min. 6-aminohexan-l-ol (0.107 g, 1 mmol, 

1.1 equiv) followed by NBS (0.318 g, 1.8 mmol, 2.0 equiv) were added. After 10 min at RT, 

the whole mixture was diluted with CH2CI2 (10 mL) and H2O (10 mL) and the resulting layers 

were separated. Aqueous layer was extracted with CH2CI2 (3 x 15 mL) and the combined 

organic layers were washed with brine (10 mL), dried over MgSCU, filtered, and the solvents 

were removed under reduced pressure. The crude product was placed into a microwave reaction 

vessel and dissolved in THF (8 mL). DIAD (0.264 ml, 1.35 mmol, 1.5 equiv) and PPh 3 (0.262 

g, 1.35 mmol, 1.5 mmol) were added and the reaction mixture was heated in a microwave 

reactor for 10 min at 50 °C (100 W). Reaction mixture was transferred to a flask and the solvents 

were removed under reduced pressure. The resulting crude product was purified by flash 
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column chromatography (SÍO2; EtOAc/hexane = 3:8) to yield the desired cyclized sulfonamide 

4-51 (0.139 g, 59 % over two steps) in the form of colorless oil. X H N M R (400 MHz, 

Chloroform-J): 6 8.17 (ddd, 7= 8.2, 1.2, 0.6 Hz, 2H), 7.97 (ddd, 7 = 7.8, 1.3, 0.6 Hz, 2H), 7.62 

- 7.58 (m, 1H), 7.56 - 7.52 (m, 1H), 3.55 - 3.52 (m, 4H), 1.83 - 1.76 (m, 4H), 1.64 - 1.61 (m, 

4H); l3C{lH] N M R (101 MHz, Chloroform-J): Ö 165.6, 152.7, 136.3, 127.4, 127.3, 125.2, 

122.2,49.1, 29.2, 27.0; MS (ESI) m/z (%) 297: [M+H]+(100); HRMS (ESI) m/z: [M+H]+ calcd. 

for C13H17N2O2S2, 297.0726; found, 297.0728. 

N-benzylbenzo[d]thiazol-2-amine (4-62) synthesis: 

A solution of sulfonamide 4-6 (0.127 g, 0.42 mmol, 1.0 equiv) and C s 2 C 0 3 (0.274 g, 0.84 mmol, 

2.0 equiv) were added to 1,4-dioxane (5 mL) and the resulting mixture was degassed using 

freeze-pump-thaw technique (three times). (PPh3)2PdCi2 (0.059 g, 0.084 mmol, 0.2 equiv) was 

added and the resulting mixture was heated at 100 °C (external temperature, oil bath) for 24h. 

The resulting mixture was cooled to RT, diluted with CH2CI2 (25 mL), and filtered through a 

pad of Celite®. Filter cake was washed with additional CH2CI2 (3 x 25 mL) and the combined 

filtrates were evaporated under reduced pressure. Residue was purified by flash column 

chromatography (SiCh; EtOAc/petroleum ether = 1:5-> 1:2-> 1:1) to yield the desired product 

4-62 (0.077 g, 76%) as a colorless oil. mp = 163-165 °C (164-168 °C lit 5 8 ); X H N M R (500 

MHz, Chloroform-J): 6 7.58 (d, 7 = 7.9 Hz, 1H), 7.33 - 7.20 (m, 7H), 7.06 (t, 7 = 7.8 Hz, 1H), 

6.84 (broad s, 1H), 4.64 (s, 2H); l3C{lU] N M R (126 MHz, Chloroform-J): 8 165.9, 153.3, 

136.6, 129.3, 128.8, 128.0, 127.9, 123.9, 121. 9, 121.1, 119.8, 50.5; MS (ESI) m/z (%) 241: 

[M+H]+ (100); HRMS (ESI) m/z: [M+H]+ calcd. for C14H13N2S, 241.0794; found, 241.0796. 

General procedure for Chan-Lam coupling 

Sulfonamide 3 (0.1 mmol, 1 equiv) was dissolved in dry DCE (2.0 mL, 0.05 M), and boronic 

acid (0.2 mmol, 2 equiv), T M E D A (0.06 mL, 0.4 mmol, 4 equiv) and [Cu(CH 3CN) 4]PF 6 (0.015 

g, 0.04 mmol, 0.4 equiv) were added. The resulting mixture was placed under an atmosphere 

of O2 (1 atm) and stirred for 4h at RT. The whole mixture was filtered over a pad of Celite®, 
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and the filter cake was washed with CH2CI2 (3 x 25 mL). Resulting filtrates were combined and 

the solvents were removed under reduced pressure. 

N-benzyl-N-phenylbenzo[d]thiazole-2-sulfonamide (4-6ah). 

Prepared starting from sulfonamide 4-6a (0.030 g, 0.09 mmol) and phenylboronic acid (0.022 

g, 0.18 mmol). The crude product was purified using flash column chromatography (SiCh; 

EtOAc/hexane = 1:3) to yield 0.025 g (67%) of 4-6ah obtained as a colorless oil. lH N M R (400 

MHz, Chloroform-J): 8 8.31 (ddd, 7 = 8.2, 1.3, 0.7 Hz, 1H), 7.99 (ddd, 7 = 8.1, 1.3, 0.7 Hz, 

1H), 7.68 (ddd, 7 = 8.4, 7.2, 1.3 Hz, 1H), 7.61 (ddd, 7 = 8.3, 7.2, 1.2 Hz, 1H), 7.33 - 7.23 (m, 

8H), 7.17 - 7.12 (m, 2H), 5.13 (s, 1H); l3C{lU] N M R (101 MHz, Chloroform-J): Ö 165.7, 

152.6, 138.2, 136.7, 135.6, 129.3, 128.9, 128.7, 128.6, 128.1, 127.7, 127.5, 125.4, 122.3, 56.9; 

MS (ESI) m/z (%) 381: [M+H]+(100); HRMS (ESI) m/z: [M+H]+ calcd. for C20H17N2O2S2, 

381.0726; found, 381.0728 

N-benzyl-N-(3-methoxyphenyl)benzo[d]thiazole-2-sulfonamide (4-6ai). 

Prepared starting from sulfonamide 4-6a (0.030 g, 0.09 mmol) and 3-methoxyphenylboronic 

acid (0.027 g, 0.18 mmol). The crude product was purified using flash column chromatography 

(SiCte; EtOAc/hexane = 1:5-> 1:3) and the collected fractions containing the product were 

concentrated under reduced pressure. The resulting crude product was purified by semiprep 

HPLC (MeCN/buffer, gradient 9:1 to 3:2 over 6 min) to yield 0.0155 g (42%) of 6d obtained 

as a colorless oil. lH N M R (400 MHz, Chloroform-J): S 8.28-8.25 (m, 1H), 7.98-7.95 (m, 1H), 

7.67-7.63 (m, 1H), 7.60 - 7.55 (m, 1H), 7.30 - 7.23 (m, 5H), 7.11 (ddd, 7 = 8.3, 7.9, 0.8 Hz, 

1H), 6.77 (ddd, 7= 8.4, 2.3,1.1 Hz, 1H), 6.69 - 6.66 (m, 2H), 5.07 (s, 2H), 3.62 (s, 3H); 1 3C{ lU} 

N M R (101 MHz, Chloroform-J): S 165.8, 160.1, 152.6, 139.3, 136.7, 135.7, 129.8, 128.9, 

128.6, 128.1, 127.7, 127.5, 125.4, 122.3, 121.3, 115.2, 114.7, 56.9, 55.4; MS (ESI) m/z (%) 

411: [M+H]+(100); HRMS (ESI) m/z: [M+H]+ calcd. for C21H19 N2O3S2, 411.0832; found, 

411.0833. 
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N-benzyl-N-(4-chlorophenyl)benzo[d]thiazole-2-sulfonamide (4-6aj). 

Prepared starting from sulfonamide 4-6a (0.030 g, 0.09 mmol) and 4-chlorophenylboronic acid 

(0.028 g, 0.18 mmol). The crude product was purified using flash column chromatography 

(SÍO2; EtOAc/petroleum ether = 1:6) to yield 0.026 g (65%) of 6e obtained as a colorless oil. 
lH N M R (400 MHz, Chloroform-J): Ö 8.27 (d, 7 = 8.1 Hz, 1H), 7.97 (d, 7 = 8.2 Hz, 1H), 7.66 

(ddd, 7 = 8.3, 7.3, 1.3 Hz, 1H), 7.59 (ddd, 7 = 8.2, 7.3, 1.2 Hz, 1H), 7.30-7.19 (m, 7H), 7.15 

(t, 7 = 7.9 Hz, 1H), 7.03 (ddd, 7 = 7.9, 2.0, 1.2 Hz, 1H), 5.05 (s, 2H); 1 3 C{ lU) N M R (101 MHz, 

Chloroform-J): 6 165.2, 152.6, 139.4, 136.6, 135.1, 134.7, 130.2, 129.6, 129.0, 128.9, 128.7, 

128.3, 127.9, 127.7, 127.6, 125.5, 122.3, 56.7; MS (ESI) m/z (%) 415: [M+H]+(100); HRMS 

(ESI) m/z: [M+H]+ calcd. for C 2 0 H i 6 C l N 2 O 2 S 2 , 415.0336; found, 415.0341. 

N-benzyl-N-(4-bromophenyl)benzo[d]thiazole-2-sulfonamide (4-6ak). 

Br 

Prepared starting from sulfonamide 4-6a (0.030 g, 0.09 mmol) and 4-bromophenylboronic acid 

(0.036 g, 0.18 mmol). The crude product was purified using flash column chromatography 

(Si0 2 ; EtOAc/hexan = 1:3) and the collected fractions containing the product were concentrated 

under reduced pressure. The resulting crude product was purified by semiprep HPLC 

(MeCN/buffer, gradient 9:1 to 3:2 over 6 min) to yield 0.0107 g (26%) of 6g obtained as a 

colorless oil. ! H N M R (400 MHz, Chloroform-J): 8 8.26 (ddd, 7 = 8.3, 1.2, 0.7 Hz, 1H), 7.97 

(ddd, 7 = 8.0, 1.3, 0.7 Hz, 1H), 7.66 (ddd, 7 = 8.3, 7.2, 1.3 Hz, 1H), 7.59 (ddd, 7 = 8.4, 7.2, 1.3 

Hz, 1H), 7.36 - 7.33 (m, 2H), 7.27 - 7.25 (m, 9H), 7.02 - 6.98 (m, 2H), 5.05 (s, 2H); nC{xYi} 

N M R (101 MHz, Chloroform-J): S 165.3, 152.6, 137.2, 135.2, 132.6, 130.9, 128.9, 128.8, 

128.3, 127.9, 127.7, 125.5, 122.8, 122.3, 56.8; MS (ESI) m/z (%) 459: [M+H]+(100); HRMS 

(ESI) m/z: [M+H]+ calcd. for C 2 oHi 6 B r N 2 0 2 S 2 , 458. 9831; found 458.9833. 
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N-([1,1 '-biphenyl]-4-yl)-N-benzylbenzo[d]thiazole-2-sulfonamide (4-6al). 

Prepared starting from sulfonamide 4-6a (0.030 g, 0.09 mmol) and l,l'-biphenyl]-4-ylboronic 

acid (0.036 g, 0.18 mmol). The crude product was purified using flash column chromatography 

(SiCh; EtOAc/petroleum ether = 1:3) to yield 0.026 g (65%) of 4-6al obtained as a colorless oil. 
lH N M R (400 MHz, Chloroform-J): Ö 8.27 (d, 7 = 8.2 Hz, 1H), 7.95 (d, 7 = 8.6 Hz, 1H), 7.66 

- 7.62 (m, 1H), 7.59 - 7.55 (m, 1H), 7.49 - 7.35 (m, 6H), 7.32 - 7.24 (m, 6H), 7.17 - 7.15 (m, 

2H), 5.12 (s, 2H); l3C{lU] N M R (101 MHz, Chloroform-J): Ö 165.6, 152.6, 141.4, 139.9, 

137.2, 136.6, 135.6, 129.5, 128.9, 128.6, 128.0, 127.9, 127.8, 127.6, 127.5, 127.1, 125.4, 122.2, 

56.8; MS (ESI) m/z (%) 457: [M+H]+ (100); HRMS (ESI) m/z: [M+H]+ calcd. for 

C26H21N2O2S2, 457.1039; found 457.1040. 

N-allyl-N-phenylbenzo[d[thiazole-2-sulfonamide (4-6bh). 

Prepared starting from sulfonamide 3b (0.024 g, 0.09 mmol) and phenylboronic acid (0.022 g, 

0.18 mmol). The crude product was purified using flash column chromatography (SiCh; 

EtOAc/hexane = 1:3) to yield 0.020 g (63%) of 4-6bh obtained as a colorless oil. X H N M R (400 

MHz, Chloroform-J): 6 8.25 - 8.23 (m, 1H), 7.95 - 7.93 (m, 1H), 7.63 (ddd, 7= 8.4, 7.2, 1.3 

Hz, 1H), 7.56 (ddd, 7 = 8.3, 7.1, 1.2 Hz, 1H), 7.34 - 7.30 (m, 3H), 7.23 - 7.21 (m, 2H), 5.87 

(ddt,7=16.6, 10.2, 6.4Hz, 1H), 5.15 (dd, 7= 17.0, 1.5 Hz, 1H),5.11 (dd, 7 = 9.7, 1.4Hz, 1H), 

4.54 (dt, 7= 6.5, 1.3 Hz, 2H); l3C{lU] N M R (101 MHz, Chloroform-J): 8 165.6, 152.6, 138.3, 

136.7, 132.6, 129.4, 129.2, 128.7, 127.7, 127.5, 125.4, 122.3, 119.6, 55.6; MS (ESI) m/z (%) 

331: [M+H]+(100); HRMS (ESI) m/z: [M+H]+ calcd. for C16H15N2O2S2, 331.0569; found, 

331.0573. 
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N-([1,1 '-biphenyl]-4-yl)-N-allylbenzo[d]thiazole-2-sulfonamide (4-6bl). 

a 
Prepared starting from sulfonamide 4-6b (0.030 g, 0.09 mmol) and l,l'-biphenyl]-4-ylboronic 

acid (0.036 g, 0.18 mmol). The crude product was purified using flash column chromatography 

(Si02; EtOAc/petroleum ether = 1:3) and the collected fractions containing the product were 

concentrated under reduced pressure. The resulting crude product was purified by semiprep 

HPLC (MeCN/buffer, gradient 9:1 to 3:2 over 6 min) to yield 0.026 g (72%) of 4-6bl obtained 

as a colorless oil. 

lH N M R (400 MHz, Chloroform-J): 6 8.26 (ddd, 7 = 8.3, 1.3, 0.7 Hz, 1H), 7.96 (ddd, 7 = 8.0, 

1.3,0.7 Hz, 1H),7.65 (ddd, 7 = 8.3, 7.2, 1.3 Hz, 1H), 7.58 (ddd, 7= 8.1, 7.2, 1.3 Hz, 1H), 7.52 

(ddd, 7 = 7.8, 1.8, 1.1 Hz, 1H), 7.43 (td, 7= 2.0, 0.4 Hz, 2H), 7.41 - 7.30 (m, 6H), 7.20 (ddd, 7 

= 7.9, 2.1, 1.1 Hz, 1H), 5.90 (ddt,7= 16.5, 10.2, 6.4 Hz, 1H), 5.17 (ddd, 7= 16.9, 2.6, 1.3 Hz, 

1H), 5.13 (ddd, 7= 10.1, 2.3, 1.1 Hz, 1H), 4.56 (dt, 7 = 6.4, 1.3 Hz, 2H); nC{lYi} N M R (101 

MHz, Chloroform-J): 6 165.6, 152.7, 142.6, 140.0, 138.8, 136.7, 132.6, 129.7, 129.0, 128.0, 

127.9, 127.9, 127.7, 127.6, 127.4, 127.2, 125.4, 122.3, 119.7, 55.7; MS (ESI) m/z (%) 407: 

[M+H]+ (100); HRMS (ESI) m/z: [M+H]+ calcd. for C22H19N2O2S2,407.0882; found, 407.0886. 

N-butyl-N-phenylbenzo[d[thiazole-2-sulfonamide (4-6ch). 

Prepared starting from sulfonamide 4-6c (0.062 g, 0.22 mmol) and phenylboronic acid (0.054 

g, 0.44 mmol). The crude product was purified using flash column chromatography (SÍO2; 

EtOAc/hexane = 1:4) to yield 0.044 g (58%) of 4-6ch obtained as a colorless oil. ! H N M R (400 

MHz, Chloroform-J): 6 8.24 - 8.22 (m, 1H), 7.95 - 7.92 (m, 1H), 7.62 (ddd, 7 = 8.3, 7.2, 1.3 

Hz, 1H), 7.55 (ddd, 7 = 8.3, 7.3, 1.3 Hz, 1H), 7.34 - 7.30 (m, 3H), 7.23 - 7.20 (m, 2H), 3.92 (t, 

7 = 7.1 Hz, 2H), 1.53 - 1.47 (m, 2H), 1.43 - 1.34 (m, 2H), 0.89 (t, 7 = 7.3 Hz, 2H); ̂ C ^ H } 

N M R (101 MHz, Chloroform-J): Ö 165.5, 152.7, 138.4, 136.6, 129.4, 129.2, 128.7, 127.6, 
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127.4, 125.4, 122.2, 52.5, 30.7, 19.7, 13.7; MS (ESI) m/z (%) 347: [M+H]+(100); HRMS (ESI) 

m/z: calcd. for C17H19N2O2S2, 347.0882; found, 347.0885. 

N-benzyl-N-(3-fluorophenyl)benzo[d]thiazole-2-sulfonamide (4-6fa). 

Prepared starting from sulfonamide 3a (0.030 g, 0.09 mmol) and 3-fluorophenylboronic acid 

(0.025 g, 0.18 mmol). The crude product was purified using flash column chromatography 

(SiCh; EtOAc/petroleum ether = 1:3) to yield 0.017 g (45%) of 6f obtained as a colorless oil. 
lH N M R (400 MHz, Chloroform-J): 8 8.27 (dd, 7 = 9.2, 0.9 Hz, 1H), 7.97 (dd, 7 = 8.4, 1.5 Hz, 

1H), 7.66 (ddd, 7 = 8.4, 7.2, 1.3 Hz, 1H), 7.59 (ddd, 7 = 8.3, 7.2, 1.2 Hz, 1H), 7.28 - 7.23 (m, 

5H), 7.19 (td, 7= 8.2, 6.3 Hz, 1H), 6.97 - 6.90 (m, 3H), 5.07 (s, 2H); ^ C ^ H } N M R (101 MHz, 

Chloroform-J): 8 165.3, 162.66 (d, 7 = 248.6 Hz), 152.6, 139.6 (d, 7 = 9.7 Hz), 136.6, 135.2, 

130.3 (d, 7 = 9.0 Hz), 128.9, 128.7, 128.3, 127.9, 127.7, 125.5, 125.0 (d, 7 = 3.3 Hz), 122.3, 

116.7 (d, 7= 22.8 Hz), 115.9 (d, J = 20.8 Hz), 56.8; l9F{lU] N M R (376 MHz, Chloroform-J): 

8 -110.8; MS (ESI) m/z (%) 399: [M+H]+ (100); HRMS (ESI) m/z: [M+H]+ calcd for 

C2iH 35N20 4S2Si, 399.0632; found, 399.0635. 

Benzorrflthiazol-2-ylsulfonyl group cleavage: 

Ethanthiolysis: A^dibenzylsulfonamide 6-4aa (0.050 g, 0.12 mmol) was dissolved in 

C H 3 C N (1.2 mL) at RT, and EtSLi (0.024 g, 0.36 mmol, 3.0 equiv) was added. The resulting 

mixture was stirred at RT for 12h. Solvents were removed under reduced pressure and the 

resulting crude product was purified with flash column chromatography (SiCh; EtOAc/hexane 

= 1:1) to yield compound 11 (0.022g, 95%) as a yellowish oil. 

NaBELt reduction: A^A^dibenzylsulfonamide 6-4aa (0.129 g, 0.33 mmol) was dissolved in 

EtOH (2 mL) at RT, and N a B H 4 (0.049 g, 1.3 mmol, 4.0 equiv) was added. The resulting 

mixture was stirred at RT for 12h. The whole mixture was diluted with CH2CI2 (10 mL) and 

H2O (10 mL), and the layers were separated. Aqueous layer was extracted with CH2CI2 (2x15 

mL), and the organic layers were combined, washed with brine (10 mL), dried over Na2S04, 

F 
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filtered, and the solvents were removed under reduced pressure. The crude product was purified 

by flash column chromatography (Si02; EtOAc/hexane = 1:1) to give the desired compound 11 

(0.063 g, 98%) as yellowish oil. 

Dibenzylamine (4-78): 

lHNMR (400 MHz, Chloroform-J): 61.31 - 7.32 (10 H), 3.82 (4 H); l3C{lH] N M R (101 MHz, 

Chloroform-J): 6 140.3, 128.6, 128.3, 127.1, 53.2; MS (ESI) m/z (%) 198: [M+H]+(100); 

HRMS (ESI) m/z: [M+H] + calcd. for C i 4 H i 6 N , 198.1277; found 198.1277. 

Smiles rearrangement: 

ethyl 2-(benzo[d]thiazol-2-yl)-2-(benzylamino)propanoate (4-73) 

Sulfonamid (0.018 g, 0.048 mmol) was dissolved in THF (0.5 mL) and the mixture was cooled 

to - 85 °C. Pre-cooled I M K H D M S in THF (0.072 mL ,0.072 mmol) was added over period of 

5 minutes. After 15 minutes after the addition, the reaction mixture was quenched with water 

and the resulting mixture was extracted into EtOAc (3 x 4.5 mL) and the organic layers were 

combined, dried over Na2S04, filtered, and the solvents were removed under reduced pressure. 

The crude product was purified with flash column chromatography (SiCh; EtOAc/hexane = 1:3) 

to yield compound 4-73 (0.012 g, 75%) as a yellowish oil. X H N M R (400 MHz, Chloroform-

d): 6 8.01 - 8.05 (m, 1H), 7.89 (d, J = 7.6 Hz, 1H), 7.49 - 7.33 (m, 6H), 7.29 - 7.27 (m, 1H), 

4.26 (q, 7 = 7.1 Hz, 2H), 3.84 3.77 (m, 2H), 1.96 (s, 3H), 2.12 - 1.92 (bs, 1H), 1.26 (t, 7= 7.1 

Hz, 3H). l3C{lH] N M R (101 MHz, Chloroform-J): S 172.12, 153.37, 135.60, 128.58, 128.42, 

127.40, 126.00, 125.23, 123.46, 121.78, 66.45, 62.25, 48.12, 31.66, 23.40, 22.73, 14.18. MS 

(ESI) m/z (%) 341: [M+H] + (100); HRMS (ESI) m/z: [M+H] + calcd. for C19H21N2O2S1, 

341.1381; found, 341.1376; HPLC (Lux® 5 urn, i-Amylose-1, Hex/IPA = 80/20, flow rate = 

0.6 mL/min, I = 255 nm) tR = 8.80 min (minor), 11.88 min (major). 
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Preparation of (S)-2-(benzo[d]thiazole-2-sulfonamido)-N-((lR,2R)-2-(3-

phenylthioureido)cyclohexyl)propenamide: 

(benzo[d]thiazol-2-ylsulfonyl)-L-alanine (4-98): 

methyl (benzo[d]thiazol-2-ylsulfonyl)-L-alaninate (1 g, 3.3 mmol) was dissolved in THF (16 

mL) at rt and a solution of L i O H (0.392 g, 16 mmol) in H2O (16 mL) was added dropwise. The 

reaction mixture was stirred at rt for 2 hours. After the reaction completion, the reaction was 

acidified with 10% H C l to pH = 3. The resulting mixture was extracted into EtOAc (3 x 20 mL) 

and the organic layers were combined, dried over NaiSCu, filtered, and the solvents were 

removed under reduced pressure. The crude product was purified by flash column 

chromatography (SiCh; EtOAc/hexane = 2.5:1) to give the desired compound (0.83 g, 88 %) as 

colorless oil. lH N M R (400 MHz, Chloroform-J): 5 8.11 - 8.09 (m, 1H), 7.97 - 7.95 (m, 1H), 

7.60 - 7.53 (m, 2H), 6.04 (d, 7 = 7.3 Hz, 1H), 4.46 (p, 7 = 7.2 Hz, 1H); 1 3 C N M R (101 MHz, 

Chloroform-^) 5 175.3, 166.2, 151.9, 136.2, 127.9, 127.7, 125.0, 122.3, 52.3, 19.8; MS (ESI) 

m/z (%) 285: [M-H]"(100); HRMS (ESI) m/z: [M+H]+ calcd. for C10H11N2O4S2, 281.0155; 

found 281.0151. 

l-((lR,2R)-2-aminocyclohexyl)-3-phenylthiourea(4-99): 

H H 

aNiNo 
To a solution of (lR,2R)-cyclohexane-l,2-diamine (0.57 g, 5 mmol) in D C M (10 mL) was 

added a solution of phenyl isothiocyanate (0.658 mL, 5 mmol) in D C M (10 mL). The reactiojn 

mixture was stirred at RT for 3 hours. After the reaction completion (monitored by TLC), the 

solvent was removed in vacuo and the crude product was purified by flash column 

chromatography (SiCh; Et20 /MeOH = 1:1 -> 1:6) to give the desired compound (0.62 g, 51 %) 

as yellowish solid. The obtained lH N M R data matched with literature.194 *H N M R (400 MHz, 

Chloroform-J): 6 8.30 (bs, 1H), 7.45 - 7.22 (4 H), 7.25-7.17 (m, 1H), 6.23 (d, 7= 7.1 Hz, 1H), 

4.05 (bs, 1H), 2.48 (bs, 1H), 2.16 - 2.13 (m, 1H), 1.94 - 1.88 (m, 1H), 1.78 - 1.61 (m, 3H), 

1 .37-1 .01 (m, 5H). 
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(S)-2-(benzo[d]thiazole-2-sulfonamido)-N-((lR,2R)-2-(3-phenylthioureido)cyclohexyl)propenamide 

(4-146): 

To a solution of carboxylic acid (0.04 g, 0.139 mmol) in D M F (0.7 mL) was added DIPEA 

(0.029 mL, 0.167 mmol) and the resulting mixture was cooled to 0 °C (ice water bath). Followed 

by an addition of H A T U (0.063 g, 0.167 mmol) and after stirring for 15 mins at 0 °C, Amine 

(0.034 g, 0.139 mmol) was added. The reaction mixture was stirred for 2 hours at the same 

temperature and then let to warm to RT. After the reaction completion (monitored by TLC), the 

mixture was quenched by 10 % HCl . The resulting mixture was extracted into EtOAc ( 3 x 5 

mL) and the organic layers were combined, dried over Na2S04, filtered, and the solvents were 

removed under reduced pressure. The crude product was purified by flash column 

chromatography (SiCh; EtOAc/hexane = 2.5:1.5) to give the desired compound (0.032 g, 45 %) 

as colorless oil. lH N M R (400 MHz, Chloroform-J): S 8.12 (ddd, 7= 8.2, 1.4, 0.6 Hz, 1H), 7.95 

(ddd, 7 = 7.7, 1.5, 0.7 Hz, 1H), 7.62 (bs, 1H), 7.57 (ddd, 7 = 8.1, 7.2, 1.5 Hz, 1H), 7.55 - 7.51 

(m, 1H), 7.36 - 7.43 (m, 2H), 7.27 - 7.33 (m, 1H), 7.10 (d, 7 = 7.7 Hz, 1H), 6.95 (d, 7 = 8.0 Hz, 

1H), 6.19 (d, 7 = 7.6 Hz, 1H), 5.94 (d, 7 = 8.9 Hz, 1H), 4.35 - 4.46 (m, 1H), 4.26 (p, 7 = 7.0 Hz, 

1H), 3.39 - 3.50 (m, 1H), 1.95 - 2.05 (m, 1H), 1.61 - 1.75 (m, 1H), 1.49 (d, 7 = 7.0 Hz, 3H), 

1.25 - 1.35 (m, 1H), 0.99 - 1.18 (m, 3H), 0.76 - 0.90 (m, 1H). 1 3 C N M R (101 MHz, Chloroform 

-d) 5 180.7, 171.0, 166.1, 152.4, 136.5, 135.3, 130.4, 127.8, 127.6, 127.3, 125.3, 125.2, 122.3, 

57.7, 55.3, 53.5, 32.1, 31.9, 24.6, 24.3, 20.6.. MS (ESI) m/z (%) 518: [M+H]+(100); HRMS 

(ESI) m/z: [M+H]+ calcd. for C23H28N5O3S3, 518.1349; found 518.1347. 

Preparation of benzofuranes: 

Methyl (E)-7-methoxy-5-(3-methoxy-3-oxoprop-l-en-l-yl)- 2-[3-methoxy-4-

(methoxymethoxy)phenyl]benzofuran-3- carboxylate (4-141): 
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/?-ketoester (0.236 g ,1 mmol) and phenol (0.229 g, 1.1 mol) were dissolved in dry DCE (2 mL) 

followed by the addition of NHPI (0.09 g, 0.05 mmol) and FeCl 3 (0.16 mmol, 0.1 mmol). To a 

resulting mixture was added dropwise a solution of DTBP (0.366 g, 2.5 mmol) in DCE (1 mL). 

The reaction mixture was stirred for 20 hours at 80 °C. After cooling, the reaction mixture was 

filtrated through pad of Celite® and washed with aq. Solution of Na2C0 3 (10 mL). The filtrate 

was extracted into D C M (3x10 mL). Combined organic layers were dried over MgSCU and the 

solvent was removed in vacuo and the crude product was purified by flash column 

chromatography (SiCh; Et20/EtOAc = 4:1 -> 2:1) to give the desired compound (0.164 g, 36 

%). M.p: 168-169 °C, ! H N M R (400 MHz, CDC1 3): d = 3.50 (s, 3H), 3.94 (s, 3 H), 3.96 (s, 3 

H), 4.02 (s, 3 H), 4.04 (s, 3H), 5.06 (s, 2 H), 6.41 (d, J = 15.9 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 

7.23 (d, J = 2.1 Hz, 1H), 7.44 (dd, J = 8.4, 1.6 Hz, 1H), 7.56 (d, J = 1.7 Hz, 1H), 7.76 (d, J = 

15.8 Hz, 1H), 7.80 (s, 1 H) ppm; 13C N M R (100.1 MHz, CDC13): d = 51.2, 52.4, 54.2, 56.4, 

58.9, 92.7, 110.0, 111.5, 111.6, 114.5, 115.6, 116.2, 121.2, 122.9, 128.1, 131.2, 143.3, 146.4, 

146.6, 148.9, 149.9, 160.4, 167.5, 167.9; MS (ESI): m/z = 457 ([M+H]+; HRMS (ESI): m/z 

calcd. for C24H25O9, 457.1493, found 457.1490. 

ethyl 2-(4-methoxyphenyl)benzofuran-3-carboxylate (4-145) 

/?-ketoester ( l g , 4.5 mmol) and phenol (0.460 g, 4.9 mmol) were dissolved in dry DCE (40 

mL) followed by the addition of NHPI (0.036 g, 0.225 mmol) and FeCl 3 (0.072 g, 0.45 mmol). 

To a resulting mixture was added dropwise a solution of DTBP (1.64 g, 11.24 mmol) in DCE 

(5 mL). The reaction mixture was stirred for 20 hours at 80 °C. After cooling, the reaction 

mixture was filtrated through pad of Celite® and washed with aq. Solution of Na2C0 3 (10 mL). 

The filtrate was extracted into D C M (3 x 10 mL). Combined organic layers were dried over 

MgSCM and the solvent was removed in vacuo and the crude product was purified by flash 

column chromatography (SiCh; Et20/EtOAc = 4:1 -> 2:1) to give the desired compound (1.37 

g, 95 %). lH N M R (400 MHz, Chloroform-d) 8 (ppm): 8.07 - 8.02 (m, 3H), 7.54 - 7.48 (m, 

1H), 7.36 - 7.30 (m, 2H), 7.05 - 6.98 (m, 2H), 4.42 (q, J = 7.1 Hz, 2H), 3.89 (s, 3H), 1.43 (t, J 

= 7.1 Hz, 3H). 13CNMR(101 MHz, Chloroform-d) 5 (ppm) 164.4, 161.4, 161.2, 153.7, 131.3, 

127.5, 125.0, 124.0, 122.7, 122.2, 113.7, 111.1, 107.9, 60.7, 55.5, 14.5. MS (ES+), m/z (%): 

297 [M+H] + , 335 [M+K]+ . HRMS (ESI+) calcd. for C i 8 H i 7 0 4 : 297.1121, found 297.1124. 

O M e 
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(cyclohex-1 -en-1 -yloxy)trimethylsilane (4-109) 

OTMS 

A solution of sodium iodide (9.4 g, 60 mmol) in MeCN (80 mL) was added to neat 

cyclohexanone (5.0 g, 50 mmol), Me3SiCl (6.8 g, 60 mmol) and Et3N (6.4 g, 60 mmol). The 

reaction mixture was stirred at rt for 18 hr. The reaction mixture was extracted into pentante (3 

x 40 mL) and the combined pentante layers were dried over MgSCU and the solvent was 

removed in vacuo. The resulting crude product (6.6 g, 85 %) was used in the next reactions 

without further purification. The obtained *H N M R data matched with literature.195 *H N M R 

(400 MHz, Chloroform-d) 5 5.08 - 5.05 (m, 1H), 2.18 - 2.14 (m, 2H), 2.11 - 2.05 (m, 2H), 

1.66 -.1.61 (m, 2H), 1.54 - 1.49 (m, 2H), 0.28 (s, 9H). 

(E)-N,l -diphenylmethanimine (4-112) 

To benzaldehyde (1 mL, 9.8 mmol) was rapidly added aniline (0.89 mL, 9.8 mmol) and the 

mixture was stirred without solvent. After 1 hr, the reaction mixture was poured into cold (0°C) 

95 % EtOH (1.5 mL). The yellowish solid crashed out of the solution and it was filtered out. 

The compound was used in the next reactions without further purification (1,543 g, 87 %). The 

obtained *H N M R data matched with literature.196 X H N M R (400 MHz, Chloroform-d) 5 8.47 

(s, 1H), 7.89 - 7.93 (m, 2H), 7.49 - 7.48 (m, 3H), 7.42 - 7.38 (m, 2H), 7.19 - 7.25 (m, 3H). 

(E)-((4-methoxybuta-l,3-dien-2-yl)oxy)trimethylsilane (4-103) 

OTMS 

To a mixture of Et3N (10.05 mL, 86.3 mmol) and ZnCh (0.150 g, 1.1 mmol) was added 4-

methoxy-3-buten-2-one in toluene (15 mL). After 5 minutes, Me3SiCl (10.05 mL, 78.5 mmol) 

was added rapidly. The reaction mixture is kept below 45 °C by cooling in an ice bath. After 

30 min, the stirred solution is heated to 40 °C and the temperature was maintained for 12 hr. 

The reaction mixture is then cooled to room temperature and poured into Et20 (30 mL). The 
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resulting suspension is filtred through Celite. The solvent from ether washings was removed on 

RVO. The resulting brown oil was used in the next reaction without further purification (6.5 g, 

97 %). The obtained ' H N M R data matched with literature.197 ' H N M R (400 MHz, Chloroform-

d) 5 7.09 - 7.06 (m, 1H), 5.44 (d, 7 = 12.4 Hz, 1H), 4.26 (d, 7 = 5.5 Hz, 2H), 3.16 (s, 3H), 0.23 

(s, 9H). 
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1 Introduction 
Modern medicinal chemistry focusses on the use of small molecules, which upon interaction 

with bio-macromolecules may lead to the modification of the biological outcome of cells or 

organisms. Small chemical entities (molecular probes) are essential in the task to understand 

the basic interactions of biological systems (chemical biology) and processes. Among others, 

compounds with sulfonamidic functionality occupy very important positions among such 

substances, as can be exemplified by their antibacterial,1 antiretroviral,2 diuretical3 and 

anticonvulsant4 properties. 

furosemide celexoxib 

2-4 2-5 

Figure 1 - Examples of sulfonamides used in medicine 

Sulfonamides can be formed using several synthetic approaches. The most common is the 

reaction of amines and sulfonyl halides.5'6 However, this method possesses several drawbacks 

that include low thermal stability of sulfonyl chlorides and low compatibility with other 

functional groups. Such limitations forced organic chemists to develop novel methodologies in 

hope to overcome the present limitations and to develop new safe and convenient procedures. 

The alternative to standard sulfonamide approaches could be considered the oxidative coupling 

method that uses the reaction of sulfinic salts (thermally and moisture-insensitive solids) with 

amines in the presence of oxidizing agent.7'8 Oxidation is achieved by different dihalogen 

sources (e.g., NBS or I2) that in situ generates sulfonyl halides; highly reactive intermediates 

that can be readily condensed with amines to provide sulfonamides.9 Independent approach, 

that is however rarely used, is the sulfonamide synthesis that explores sulfenamide 

intermediates.10'11 The reason for the low exploration of this approach is its narrow scope caused 

by the oxidation step. Step that has a very low tolerance towards many functional groups. 

Despite the importance of sulfonamides and its vast application in medicine, the preparation of 

sulfonamides substituted with electron-poor heterocycles on the sulfur atom remains an 

underdeveloped approach and most up-to-date methods struggle with low reaction scope. 
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2 Aim of the thesis 
Our research group has a longstanding interest in the chemistry of benzothiazole (BT) sulfones 

and their derivatives. The goal of this Theses is to extend the field of our interest towards the 

chemistry of benzothiazole sulfonamides. The literature search of this topic and class of 

compounds will quickly reveal that the synthesis of BT-sulfonamides was seldomly reported. 

We decided to challenge this problem and the aim was to investigate the synthetic routes 

towards BT-sulfonamides, look closer on the properties of the prepared compounds, to 

understand their unique reactivity, and finally propose or preliminary determine the possible 

use of such skeletons in the context of organic synthesis (Scheme 1). 

TM-mediated reactions 

S O 

/^s=o 
N N 

Alkylations 

\ » 

a X 3 

Other modifications 

Scheme 1 - General scheme of sulfonamide preparation and their modifications 

Part II: Plant secondary metabolites (Lignans and neolignans) 

The second part of this Theses was focused on the further development of another field of our 

research group, plant secondary metabolites. To be more specific, our main interest is focused 

on the preparation and evaluation of biological properties of neolignan compounds against 

Leishmania parasites and nematodes (Caenorhabditis elegans). My goal was to develop a 

general and versatile synthetic route to neolignane derivatives that would provide 

"nonsymmetrical" dihydrobenzofurans (Scheme 2). 
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Known Unknown R \ 

OH 

OH 

non-symmetric 8,5 neolignans 

8,5'- neolignan - homodimer 

Scheme 2 - General approach towards symmetric and nonsymmetric neolignans 
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3 Overview of achieved results 

3.1 Benzothiazolesulfonamide synthesis 

3.1.1 Preparation of sulfonamides from sulfonyl halides 

The "classic" retrosynthetic approach that uses a reaction of sulfonyl halides and amines was 

targeted as a first approach. Thus, the preparation of BT-sulfonyl halides and their applications 

in sulfonamide preparations, together with the evaluation of the scope and limitation of such 

methods, were investigated. 

Sulfur VI+ 
o o 
ii ~ V ? 

Qfe^o o 

X = F, CI, Br, I 

Figure 2 - Sulfonyl halide to sulfonamide transformation 

3.1.1.1 Preparation starting from B T S O 2 F 

Based on the literature reports, we were aware of benzothiazole fluoride 4-2 outstanding 

stability under standard reaction conditions.1 2'1 3 Thus, BT-sulfonyl fluoride 4-2 synthesis based 

on the use of sulfinic salt 4-1 and Selectfluor® was developed. Under these reaction conditions, 

no trace of competitive desulfurylation was observed (Scheme 3). 

Selectfluor® 

aS O (2equiv) r f ^ T ^ J? n f ^ V A 

M M . W f * W 
15 mins 

4-1 85 % 4 - 2 4 ' 3 

99:1 
Scheme 3 - BT-sulfonyl fluoride preparation 

Having an easy access to BTSO2F (4-2), the feasibility of so-called SuFEx protocol on this 

substrate was evaluated. After the optimization, the conditions based on the use of MeCN as a 

solvent in combination with at least 3 equivalents of amine provided the best reaction yields of 

sulfonamides. We speculated if one equivalent of benzylamine 4-5 can be replaced with Et3N 

or D A B C O . Unfortunately, the use of tertiary amines proved to hammer the reaction and, in 

such cases, only traces of products 4-6 were obtained. 

Next, the scope and limitations of the transformation were evaluated. The optimized reaction 

conditions yielded the desired BT-sulfonamides 4-6a-d when primary a-unbranched aliphatic 

amines were used as substrates. However, when sterically more demanding amines (a-branched 
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primary and secondary amines) were used, the reaction yields dropped significantly. In the case 

of anilines, the reaction did not provide the desired products, presumably due to a low 

nucleophilicity of the nitrogen atom. Another reason behind the low reaction yields is the 

formation of BT-amines 4-7. Amines 4-7 are the products of competitive attack of amines to 

electrophilic center of benzothiazole ring. In such case, after the C-addition, the intermediate 

4-9 undergoes desulfurylation to give the BT-amine 4-7. When cyclohexyl diamine is used as 

a substrate, a complex mixture of mono/di-BT-sulfonamides and mono/di-BT-amines are 

formed (4-6h, 4-8, 4-9) (Scheme 4). 

R2 

O. .0 

BT N Ph 
H H 

O. .0 

BT N 
H 

°* 'P 
BT N 

H 

4-6a(65%) 4-6t>(72%) 4-6c (56 %) 4-6d(45%) BT 
4-6a:4:7a = >99:1a ) 4-6b:4:7b = >99:1a ) 4-6c:4-7c = 68:32 a ) 4-6d:4-7d = >99:1 a ) 4-6e (24 %) 

4-6e:4-7e = 70:30 a 

CI 

BT N 
I 

O B T N „ y N . . . 

4-6f (24 %) 4-6g (22 %) 
4-6f:4-7f = 92:8 a ) 4-6g;4-6:7g = 71:29 a ) 

0=S 

BT 
I 

V NH 

; 0 
' N ' - B T 4-8 

N BT 
H 

vNH 2 

BT 

4-6/) 4-6h:4-8:4-9 = f:3:5 

mixture of products 

H H 

traces 

4 - « 

O C H , 
traces 
4-12 

Scheme 4 - Scope and limitation ofSuFEx protocol 

3.1.2 Oxidative coupling method 

Next, we turned our attention to oxidative coupling-based synthesis of sulfonamides. Such 

approach exploits the stable sulfur(IV+) derivatives as a starting material and via their in-situ 

oxidation to sulfonyl halides (sulfur(VI+)) in the presence of amines generates the desired BT-

sulfonamides 4-6. Since the sulfonyl halide is generated in situ, it was expected that this reaction 



with amine might provide the desired sulfonamides 4-6 quickly, and that the undesired 

desulfonylation of the sulfonylation intermediate might be negligible (Figure 3). 

Sulfur (IV+) 

o 

Sulfur (VI+) ^ 

as^x 
in situ 

Figure 3 - Oxidative coupling approach to sulfonamides 

3.1.2.1 Sulfuric salt synthesis 

First, the starting material for this approach (BT-sulfinate salt 4-1) had to be prepared. For its 

preparation, the synthetic route starting from bis-sulfone 4-15, that can be readily transformed 

to 4-1 in two steps via the sulfinate intermediate 4-16, was envisaged. 

N ^ s S ^ - " ^
 N B S ( 5 e c l u i v ) | / ^ r ^ N ° N a O H (1 equiv) r T ^ r ' S \ _ ° 

~ S J — " U U ^ O M e T H F : H 2 0 l ^ L / ^ O N a 

4-15 

D C M / M e O H ^ v ŕ ^ S 
(1:1) 
6 5 % 

4.Í6 9 5 % 4-1 

Scheme 5 - BT-sulfinic salt preparation from benzothiazole disulfide 

Indeed, the synthesis of sulfinic salt 4-1 was achieved starting from the disulfide 4-15 that was 

transformed to methyl sulfinate 4-16 using the Brownbridge protocol.1 4 The best results were 

obtained using 5 equivalents of NBS (65 %). Next, the basic hydrolysis of methyl sulfinate 4-

16 was performed using standard reaction conditions and the sodium sulfinate 4-1 was obtained 

in good yields. 

3.1.2.2 Sulfonamide synthesis 

The oxidative coupling approach was inspired by the work reported by Yan et a l . 1 5 and the 

recent report by Xian . 1 6 Those synthetic protocols describe the use of mCPBA/TBAB as Br2 

source to achieve sulfonamide 4-29 synthesis. The reaction proceeds the same reaction pathway 

as shown in the theoretical part of the Thesis (Scheme 6). 
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cm: 
o Br2 

in situ Br2 generation 

m C P B A 
TBAB J Br2 

O N a 

4-27 4-28 4-29 

Scheme 6 - General scheme of sulfonamide synthesis based on the oxidative coupling protocol 

We optimized/simplified the reaction conditions and we figured out that the role of bromine 

source and the presence of m-chlorobenzoic acid (from mCPBA) are the crucial agents that have 

impact on the reaction progress. It was shown that the presence of m-chlorobenzoic acid is also 

the cause for the sulfinic salt 4-1 decomposition. Molecular bromine provided the products with 

a minimum amount of impurities; however, the disadvantage of this approach was the 

problematic quantification of the Br2 amount when the reactions were carried out in a small 

scale. Thus, we searched for Br2 alternatives and identify the NBS as the most suitable one. The 

use of NBS did solve the important issues - the Br + source and in the same time, it introduced 

the H + scavenger. Using NBS in THF/EtOH (4:1) mixture, the desired sulfonamide 4-6a was 

isolated in 91 % yield. 

Having established suitable reaction conditions for the oxidative coupling of sulfinic salt 4-1 

with amines, the scope and limitations of the method were evaluated. Primary and secondary 

aliphatic amines were suitable substrates for targeted transformations and yielded the 

sulfonamides 4-6a, 4-6c in good to excellent yields. It was observed that the reaction conditions 

tolerate carbonyl group 4-6i, unsaturated bonds 4-6b, and aromatic rings 4-6e, 4-6j. 

Furthermore, when amino alcohols were used as the starting material, the method proved to be 

chemo selective toward amines in the presence of alcohols and yielded N-substituted 

sulfonamides 4-6k, 4-61. The method is also readily scalable (5 mmol) without any drop in the 

reaction yield. On the other hand, the reaction conditions were not applicable to anilines. 

Observed nonreactivity can be attributed to low aniline nitrogen lone pair nucleophilicity. In 

addition, when anilines several anilines and furan-based amines (electron-rich aromatic rings 

present) were used as the starting material, the only observable products of the reaction were 

those attributed to the aromatic ring bromination. When NH4CI, amino acid derivatives, or 

N H 2 C N were used as the starting material, the reactions failed to provide the desired products 

(Table 1). 
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Table 1 - Scope and limitations of oxidative coupling approach 

P 
/ > - S + HN 

N ONa 
\ o 

N B S ( 1 . 5 equiv) 

THF/E tOH (4:1) 

S O 

/>-s=o 
N ^ 

H 
^ P h 

B T 0 2 S ' 

4-6a (92%, 90%*) 
B T 0 2 S - N H 

4-6b (65%) 

J/ S 0 2 B T 

H N , 

4-6c (67%) 

B T 0 2 S - N H H N — ^ / H 
4-6/ (67%) 

CI 
Ti S 0 2 B T B T 0 2 S ff 

4-6e (74%) 4-6j (36%) 

S 0 2 B T 
S 0 2 B T 

H N . 
S 0 2 B T 

™ — O H „ „ ™ X ) 
Ph H 

4-6k (64%) 4-61 (37%) 

V / r ^ * O H B T O 2 S , 

4-6h (30%) 

S 0 2 B T 
, lV B T 0 2 S 

4-6f(55%) 
-O BT0!>O 

4-6g C<5%, 34%; 5 m m o / s c a / e 

OH 

4-6/n (76%; 

No reaction Ph O OEt OEt 

V _ 7 2 2 N H 2 N H 2 N H 2 

4-31 
N H , 

H2NHQ> ( 

4-32 

H,N 

N H 2 

4-33 
N H , 

N H , 

4-34 

^ 0 h / n ~ 0 
H 2 N ' N — ' 

4-36 4-37 4-38 4-39 4-40 

N H 2 

4-35 

NH2C/V, NH4CI 

3.1.3 BT-sulfonamide synthesis via S -N coupling followed by oxidation 

Having developed the first two, although limited approaches to sulfonamides 4-6, the third 

possible way based on the S-N bond forming/oxidation approach was investigated (Scheme 7). 

N ° Oxidation r ^ r - N S-N bond formation 
\S—c-r> I vs—Q 

N 

s

 dAd2 N - R 2 

4-6 4-42 4-43 

Scheme 7 - Two step approach to BT sulfonamides starting from benzothiazole 
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3.1.3.1 S-N bond formation 

The BT-sulfenamide 4-42 synthesis was first described by Brownbridge et al . . 1 7 who reported 

the reaction of 2-mercaptobenzothiazole 4-43 with amines in the presence of NCS. The depicted 

reaction proceeded smoothly and provided sulfenamides 4-42 in good yield and purity. 

Interestingly, in this transformation, a minimum of 3 equivalents of amine were required to 

bring the reaction to its completion (Scheme 8). The next step, oxidation, however, was 

problematic. Our search of ideal oxidative conditions led us to identify the combination of 

hydrogen peroxide and molybdenum salt as the oxidative mixture of our choice (Scheme 8). 

R1R2NH2 (3.0 equiv) 1 H 2 0 2 (60 equiv), a S \ C H N C S (1.0 equiv)_ / = /V N ( N H ^ M c ^ • 4 H 2 Q (0.3 equiv), ft 

N C H 2 C , 2 , R T QJ R> kXtHT° 
4 - 4 3 4-42 4 . 6 

Scheme 8 - Sulfenamide preparation starting from 2-mercaptobenzothiazole and benzylamine 

Having optimized reaction conditions, the scope and limitations of the BT-sulfonamides 4-6 

synthesis starting from BT-SH 4-43 were evaluated. Using our two-step protocol, various 

sulfonamides 4-6 were prepared in good to very good yields (Table 2). The first step provides 

sulfenamides 4-42 in sufficient yield and purity to be used without any additional purification 

in the next step. The second step is sometimes the troublemaker since the oxidation conditions 

are not always compatible with the generated sulfenamide 4-42 and/or with sulfonamide 4-6. 

In short, primary alkyl amines, a-branched alkylamines, and secondary Af,-/V-diaikylamines 

proved to be suitable substrates for the two-step transformation and yielded the desired BT-

sulfonamides in good yields. On the other hand, a-branched benzylamines 4-6j and 4-6e, 

anilines, and NH4CI or N H 2 C N were found to be incompatible with the reaction conditions. 

The real importance of this method is in its compatibility with amino acids in both stereo and 

chemo selectivity viewpoint. Even HCl-salts of amino acid esters could be used as starting 

materials (4-6n, 4-6o, 4-6p). The protocol is also readily scalable (up to 10 mmol) without any 

significant drop in reaction yields. 

13 



Table 2 - Scope and limitations of the 4-43 to 4-6 synthesis 

O h - N 

4-43 

+ N 

4-5 

NCS (1 equiv) 

D C M , rt 

4-42 

M o v 

0 - 0 

H202 (20 equiv), 
(NH4)6Mo04 (0.3 equiv) 

EtOH, 0°Ctort 

l 
4-6 

H r-
N Ph ' 

B T O 2 S ^ B T 0 2 S - N H 

S O , B T i 

4-6a (92%, 94%**) 4-60(51%) 4-6c (66%) 

S 0 2 B T 1 
H N . 

O H 

4 - 6 * (45%) 

S 0 2 B T 

H N . ^ 

Ph 

4-6/ (47%) 

B T 0 2 S N 

/ 
4-6g (34%) 

* yieds after two steps 

"10 mmol scale 

-TO _JuCO B T O 2 S - N H 

4-6q (39%) 

B T 0 2 S 

4-6n (67%) 

B T 0 2 S ' 

Ub t u t t 

_ - N H 

4 - 6 r ( 4 3 % ) 

Ph O 

B T 0 2 S ' N H 

4-60 (80%) 
0 

^ N H 
B T 0 2 S 

4-6p (66%) 

4-6/ (<5%) 

c l V = ^ j i S 0 2 B T 
1 1 , N H 

4-6e (<5%) 

No reaction 

S 0 2 B T 

H N , 

B T 0 2 S . ID 
4-6h (complex mixture) 

H 2 N - < Q > - N 0 2 H 2 N ~<(~~)> 

4-32 

N H , 

4-36 

H 2 N - Q - O M e 

4 -37 4-48 

aJ a// reported reaction yields refer to pure isolated compounds over two steps 

b) reactions carried out in 10 mmol scale 

NH4CI 

4-50 

NH2CN 

4-49 

14 



3.2 Further modification of sulfonamides 

3.2.1 Alkylation of BT sulfonamides 

To explore the observed N - H acidity of sulfonamides 4-6, we focused our attention on base-

promoted alkylation and Fukuyama-Mitsunobu reaction (Scheme 9). 

Base promoted alkylation 

S — / N 
/ H 

N 

4 - 6 m o n o 

- X X = Br, I 

Fukuyama-Mitsunobu 
a s o 

N N -

o - OH 
4-6di 

Scheme 9 - BT sulfonamide alkylation 

3.2.1.1 Scope and limitations of Fukuyama-Mitsunobu and base-promoted alkylation of 

BT-sulfonamides 

Fukuyama-Mitsunobu alkylation of BT-sulfonamide was achieved by applying the microwave-

promoted reaction conditions (100W, 50 °C, 10 min) in THF when sulfonamides were reacted 

with alcohol (1.0 equiv), DIAD (1.5 equiv) and PPh? (1.5 equiv). Interestingly, the 

transformation was not promoted when the standard heating technique (oil bath) was applied 

(no product formation and no conversion of sulfonamides). The base-promoted alkylation was 

compatible with BT-sulfonamides and the best reaction yields were obtained in the presence of 

excess of alkylating agent and K2CO3. Having optimized reaction conditions, the substrate 

scope and limitation were investigated (Table 3). Both methods were applicable to primary 

halides/alcohols and yielded the desired /V,/V-dialkylated sulfonamides 4-6 in decent yields. 

When secondary alcohols were used, Fukuyama-Mitsunobu reaction proceeded in very good 

yields and with full stereo inversion. In all tested cases, the microwave conditions showed 

excellent functional group tolerance under Fukuyama-Mitsunobu alkylation conditions. Using 

this approach, the reaction of chiral sulfonamides with ethyl lactate yielded the mew-compound 

4-6da. It should be also noted that in no case we observed the formation of the alcohol 

elimination side product(s).18 
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Table 3 1- Scope and limitations of BT-sulfonamide N-alkylation 

A. Intermolecular 

Base promoted alkylation 

S—( 
l \ i H 

N 

-X X = Br, / 

Fukuyama-Mitsunobu 

—OH 

e O 

N N -

B T S 0 2 . ^ ^ ~ r ~ = B T S 0 2 

4-6ab(90%,97%) (94%, 72%,">90%) 4 _ 6 a c ( 4 0 % , 8 7 % ) (^JJ 

4-6aa (72%, 87%) 

, / B T S 0 2 - N N J| ^ 1 

B T S 0 2 - N ^ _ ^ ^ ^ C 6 H V ^ B T S 0 2 - N ' 
° 4-6bd (77%, 86%) ( - ) t 6

R

a e S
 = V?Ü2 

4-6cb (74%) 4-6ae (9J%, e.r. =57:49) ^ . g ^ 0 

(92%, e.r. = >98:f) 

B T S 0 2 , N , 

4-6ca (88%, 94%) 

0 

B T S O 

B T S 0 2 - N O -

(-)-4-6cc 
(84%, e.r. = >98:1) 

*10 mmol scale 

H 3 C O y 0CH3 
0CH3 

(-)-4-6ag (30%, d.r. = >20:1) 

B T S O 

meso-4-6da (33%, 
d.r. = >20.f) 

3.2.2 Transition metal promoted reactions 

Since we were able to prepare A^Af-dialkylated sulfonamides 4-6, we turned our attention 

towards the preparation of sulfonamides with N-Csp 2 carbon bond (7V,./V-alkyl aryl 

sulfonamides). Based on the literature, two approaches to such compounds were identified. Pd-

promoted Buchwald-Hartwig 1 9' 2 0 amination, and copper-catalyzed Chan-Lam coupling 

(Scheme 10).21<22 

y-B=o * 
@ 

4-6 
4-61 

N 0 
V s = o 

c 1  

S R 

4-6 

a) Y = CI, Br, I, OTf for Buchwald-Hartwig reaction 
b) Y = B(OR)2 for Chan-Lam reaction 

Scheme 10- Selected General scheme of transition metal catalyzed reaction of BT-sulfonamides 
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3.2.2.1 Buchwald-Hartwig animation 

Buchwald-Hartwig amination is one of the most convenient ways how to forge 

N-C(sp2) bond. Unfortunately, even after many experiments, we failed to observe formation of 

the desired /V,/V-alkyl aryl sulfonamide 4-6. Interestingly, in most cases, only elimination of 

S02from sulfonamide 4-6 was observed and BT-amine 4-62 was isolated as the only product 

of the reaction. We found out that Pd(II) is the real promoter of the 4-6 to 4-62 transformation. 

Detailed investigation of such observations allowed us to propose a plausible reaction 

mechanism that rationalizes the observed amine 4-62 formation. It was found out that Pd(II) 

plays under the reaction conditions the role of Lewis acid and presumably activates the 

intramolecular rearrangement that leads to intermediate C. The extrusion of SO2 from D 

followed by the anion reprotonation/desulfuralytion, then yields the desired amine 4-62 

(Scheme 11). 

)r- S - N h 
N O ^ 
4-6 

( P P h 3 ) 2 P d C I 2 (20 mol%) ( ^ > r ' s 

N H • [| I />— N H 
f - \ C s 2 C 0 3 (2.0 equiv) \ ^ ^ N > ^ 

1,4-dioxan, 100°C, 24h 4-62 

[Pd" 

S O , B / / / \ O 

© N \ / ° O [Pd " ! 
[Pd] A 

[PI] c [ P d ] ® 0 

Scheme 11 - Proposed reaction mechanism of the transformation of 4-6 to4-62 

3.2.2.1.1 Chan-Lam coupling 

After unsuccessful attempts to form N-C(sp2) bond using Pd promoted coupling, our attention 

turned towards copper-promoted Chan-Lam coupling reaction with boronic acids 

derivatives.23'24 After optimization, we were able to summarize our findings about such 

transformations: 1) We observed better reaction yields when O2 (1 atm) was used; 2) the best 

yields were obtained when the reaction was carried out in DCE; 3) The role of several copper 

sources was investigated to identify a crucial role of counter anion in copper(I) precatalyst. 

When copper(I) salts with inner space ligand as chloride, bromide, iodide, nitrile, or acetate, 

were used, only a low conversion of the starting sulfonamide was observed. Such observation 

is in agreement with the literature,22 suggesting that substrates with low nucleophilicity are very 

slow in the ligand exchange. Thus, we decided to use a cationic copper source to increase the 
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rate of exchange (hexafluorophosphate counter anion); 4) The role of the ligand proved to be 

crucial since only T M E D A ligands (bidentate) in the optimized amount (4 equiv) provided the 

desired products in good yields (Scheme 12).22 

OH 

V2 OH 

/ S Y y h ( 2 0 e q u i v ) ^ f T / ^ s p 2 

V - N [Cu(CH 3 CN) 4 ]PF 6 (0.4 ekviv) \ ^ ^ N N - Ar 
T M E D A (4.0 equiv) 

4-6a D C E , r t , 0 2 , 1 2 h 4-6aryl-alkyl 

Scheme 12 - Chan-Lam coupling of BT-sulfonamides with phenyl boronic acid 

Having optimized the reaction conditions for the coupling of phenyl boronic acid 4-61b and 

iV-benzyl sulfonamide 4-6a, we extended the optimized conditions to other substrates to 

evaluate their scope and limitations (Table 4). Unfortunately, scope of the Chan-Lam coupling 

reaction proved to be rather narrow and the desired products were obtained only when 

unsubstituted aromatic boronic acids 4-61b were used as a starting material. Only boronic acid 

with 

4-biphenyl, 3-methoxyphenyl, and 3-fluoro and 4-halogen substitution provided the desired 

products. 4-carboxylic acid or ester-substituted phenyl boronic acid, 4-methoxyphenyl, or styryl 

derivatives did not yield the desired products. The only detected products of the reaction in such 

cases were the products of boronic acid homocoupling (Table 4). 

Table 4- Scope and limitations of Chan-Lam coupling 

r . — R 1 1 * 1 S 0 2 B T 

( H - 0 ^ V S O 2 B T ^ 
S 0 2 B T *Bn f |J || 

4-6ah (R = Bn, 67%) 4-6ai (42%) C l ^ * * ^ % N ' 
4-6bh (R = , 63%) 4-6aj (65%) S 0 2 B T S 0 2 B T 
4-6chc(R= ,58%) 4-6al(R= 65%) 4-6af (45%) 

S 0 2 B T 
4-6ak (26%) 

4-6bl (R = , 72%) 

Bn 
N - S 0 2 B T 

4-6am 
(<5%) 

S 0 2 B T 
i 

4-6ar, R = N 0 2 , <5% 
4-6as, R = F, <5% 

OR 

" S 0 2 B T 

4-6an, R = 
4-6ao, R = 

H, <5% \ 
C H 3 , <5% 

Bn 

S 0 2 B T 
4-6at, Z = O, R = H, <5% 
4-6au, Z = S, R = H,<5% 
4-6av, Z = S, R = CHO, <5% 

4-6ap (<5%) 

N - S O , B T 

N 
S 0 2 B T 

4-6ax, R = H, <5% 
4-6ay, R = F, <5% 

4-6aq (<5%) 

.S0 2 BT 

4-6az (<5%) 
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3.2.3 Smiles rearrangement 

Our previous experience in the Smiles rearrangement area led us to propose the use of Smiles 

rearrangements in the context of benzothiazole sulfonamide derivatives. We proved that the 

generated carbanion is configurational stable under the reaction conditions (KHMDS (1.5 

equiv), 18-crown-6 (3.5 equiv), THF, -85 °C, 15 min) and that it undergo to intramolecular 

transformation (attack to benzothiazole electrophilic center) prior to its epimerization 

(formation of enolate). Interestingly, when freshly in situ prepared L H M D S was generated prior 

the reaction, the formation of the rearrangement product 4-6af proceed as well, however, the 

rearranged product was isolated as the opposite enantiomer (90:10 e.r., the opposite 

configuration in the case of KHMDS). Unfortunately, all attempts for absolute stereochemistry 

identification failed so far (Scheme Is). 

configurational stable? 

oe 
4-76 

Scheme 13 - Proposed Smiles rearrangement based intermolecular transformation of a-amino acid derivatives 

3.3 Boehmenans - Neolignans of benzofuran family 

3.3.1.1 Neolignan core formation 

As the benzofuran heterocycle 4-124 is the key building block of Boehmenan neolignan family, 

our goal was to investigate and develop a general route towards skeleton 4-128 (Scheme 14). 
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H 3 C O ' 

H 3 C O 

Product of homocoupling 

OH 

H 3 C O 
OH 

4-125 4-128 

Advanced intermediate we 
searched the synthesis for 

OH 

4-129 

Scheme 14-(A) General scheme for homocoupling reaction and (B) targeted modulable skeleton 

First, the literature report-based metal-catalyzed and enzymatic homocoupling was attempted. 

Unfortunately, such homocoupling approach proved to be very problematic (scale up) and 

yielded dihydrobenzofurans in low reaction yields (7 - 22 %). 

MeO 
OCH3 

OH 

conditions H3CO 

4-131 

Scheme 15 - Biomimetic approach towards dihydrobenzofuran motive 

3.3.2 Cross dehydrogenative coupling (CDC) 

We turned our attention towards CDC coupling that should be suitable for divergent synthesis 

of benzofuran 4-135. In our approach, we explored several reaction conditions developed by 

Guo 2 5 and Parnes26 and applied them to the CDC coupling of methyl ferulate 

4-139 and ketoester 4-140. Unfortunately, the desired product 4-141 was obtained only in low 

yield. The best result (36 %) was obtained when the combination of Fe 3 + /DTBP was used (FeCl3 

(10 mol%), NHPI (5 mol%) DTBP (2.5 equiv), DCE, 70 °C) (Scheme 16).27 

Scheme 16- Cross dehydrogenative coupling 

To understand the poor reaction yields, we performed several control experiments that 

suggested that the formation of radicals in the ortho position with respect to the starting phenol 

group in 4-142a is favored due to the presence of an unsaturated chain. The presence of methoxy 
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group however presumably stabilize "too much" generated radical that slowly undergoes to 

degradation (Scheme 17). 

4-142a 4-142b 4-142c 4-142d 

Scheme 17-Free radical stabilization 

Unfortunately, Boehmenan neolignans possess several electron-donating substituents on both 

aromatic rings. Thus, CDC coupling-based approach to Boehmenan family of neolignans 

proved to be unsuitable. Different types of (retro)synthetic approach to such class of compounds 

thus must be designed to successfully achieve the synthesis of targeted molecules. 
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4 Summary and perspective 
In the presented Thesis, I have shown the detailed investigation of BT-sulfonamide preparation. 

Three main synthetic approaches were successfully investigated, and the scope and limitations 

of each method were evaluated. Obtained results suggested and highlighted a unique place of 

benzothiazole sulfonamide derivatives in the sulfonamidic family from the synthetic point of 

view together with their unique reactivity (Scheme 18). Unfortunately, the conditions we 

optimized for the benzothiazolesulfonamidic moiety proved to be difficult to transpose to other 

electron-poor heterocycles (pyrimidine, phenyltetrazole). The unique reactivity of these 

compounds is best reflected in very specific reaction conditions that had to be developed for 

well-established reactions as, e.g., Fukuyama-Mitsunobu alkylation. The mild conditions 

required for its introduction along with chemo selective cleavage of the benzothiazole sulfonyl 

moiety, however, opens the door for its use as an amino group protecting group that is suitable 

for late-stage modification. Unfortunately, we failed to find a robust reaction transformation for 

transition metal catalyzed reactions, since Buchwald-Hartwig coupling failed to give products 

and the scope of Chan-Lam coupling is very limited. Finally, preliminary data showed that 

Smiles rearrangement of BT-sulfonamides of amino acids yields an interesting homochiral 

a-quaternary centers bearing heteroaryl amino acids. 

Oxidative coupling 

O 

0 © 
BT " O N a 

NBS 

H NBS 

-X 

K 2 C 0 3 

s' 
BT'^F 

SuFEx 

BT 1 
H 

BT' V 
R 

Fukuyama-
Mitsunobu 
uW, R -OH 

V*. ( W 

Chan-Lam 
coupling 
cat. "Cu 1 " 

11 Ar-B(OH)2 

BT Y 
Ar 

Scheme 18- Overview of general routes to BT-sulfonamides 

Next, we were interested in the use of BT-sulfonamides as HBD donors in organic synthesis. 

So far, only limited data were obtained. In this context, more work must be done, but it is 

believed that a unique and readily available access to these HBD catalysts is a good starting 
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point for their further development and application. The p K a value of such HBD donors is 

presumed to be readily modifiable and predictable. 

Despite the great potential of CDC coupling in the benzofuran synthesis, it was demonstrated 

that such an approach fails in the case of Boehmenan-like compounds. Currently, in our group 

we shifted our attention to transition metal-catalyzed transformations that might bring the 

solution to the desired modular synthesis approach that will allow us to prepare a chemical 

library of benzofuran derivatives suitable for further biological properties evaluation. 
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