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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 1).!

one-carbon homologation
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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,? 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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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).
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Scheme 3 — General scheme of sulfonamide preparation and their modification



Doctoral Thesis — IF. ZaleSak

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

OR?

& o O

220 °C

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).
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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" 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.*

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.%’ One of the biggest accomplishments achieved in those
days was the synthesis of Bi2 (Woodward — Harvard, Eschenmosher — ETH). This
achievement was not only the synthesis complex B2 structure, but also the discovery of
so-called Woodwards-Hoffmann rules that boosted the orbital-based theoretical approach
in organic chemistry.®® The highest peak of that era is considered the synthesis of

Palytoxin, described as “the Mount Everest of organic synthesis” (Kishi).”

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.!%"!?

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.

13
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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 (>100 FDA-approved compounds).
Their biological activity area is large and ranges from antibiotic and diuretic properties

to antiviral and anti-retroviral.'3

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 1939.'*

0, 0
\\S//
HN- NH, O\\SIP NH,
O " "
N —
NH.
NHZ 2 NH2
Prontosil Sulfanilamide
21 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

14
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inhibition of dihydropteroate synthase (DHPS), that catalyses the conversion of
para-amino benzoate to dihydropteroate.'> 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.'® It could also be used to decrease a risk of colorectal adenomas.!”
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.'®!” 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).%°

(o] O\\ Y

O\\S//O H N’S
cl N 0 NN
H |l g N=

furosemide celexoxib CF3

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.?!

15
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Sulfasalazine 2-7 as another example of primary sulfonamides is used to treat ulcerative
colitis? and Crohn’s disease.?? 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.?* 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).

0 Q.0

o o

N\ o] o] ~, S o]

Cd Ox 4 2!

HN-S \IS/ ﬁ\N o) o O /\/©/H‘N—<

~ QNHO\ —< N HN—<:>
\N,O NH, N N/,N H,N HN—\_\ H

OH . Cl " .
Sulfomethaxole Carbutamide Glibencamide

Sulfasalazine HO™ ~O

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).® Probenecid 2-11,
N,N-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.?” Unfortunately, it is sometimes
misused by athletes as a masking agent to prohibited substances during anti-doping tests

(Figure 4).%8

O
0
N g o
How: NH, N\ /©)(0H

NH N,
“
S
aXk %
O
(ﬁ Probenecid
© H
Darunavir
2-10 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 (pKa = 10 vs pKa = 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.”? When EWG
group onto sulfonamidic nitrogen is added (e.g. carbonyl), the acidity of N-H proton rises
considerably (from pKa = 10 to 4.5). The pKa value, which is now in the same range as
carboxylic acids can lead to an improvement in pharmacological properties in comparison

30,31

to carboxylic functionalities, as was reported on occasion. 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).%2

IC5 =-(Caki-.1)_ = 0.86 nM IC5, = (Caki-1) = 0.43 nM
oral bioavalibility = 9.9 % oral 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 IV+
0 o
fo - 1
Sulfur Vi+ O S O owna Sulfur Il+
o 215 "
ISI ~ \\S/6X+ \N/
(J@% O % Pathway Pathway Pathway 2_1?
\A\ c %
214
L o :
! \//
oY
: |
Sulfonamides
217

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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o T ON oy 0%

O Electrophilicity on X (I>>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 2-14¢ 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, LUMO maps of all four possible benzensulfonyl halides
are shown in Figure 8. The absolute energy values (e/au’) are used for the quantification
of the electrophilic areas (A?) 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 LUMO map surfaces and energy values were obtained
from Spartan Molecular Database (SMD — calculated for equilibrium geometry; DFT
®B97X-D, 6-31G¥*).
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A) B)
Benzensulfonyl fluoride Benzensulfonyl chloride
Value: 0.007273 e/au® Value: 0.029674 e/au®
Area: 0.09 A2 Area: 0.39 A2
C)

Benzensulfonyl bromide Benzensulfonyl iodide
Value: 0.03894 e/au® Value: 0.04108 e/au3
Area: 0.39 A2 Area: 1.80 A?

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.>* As the main advantage, sulfonyl fluorides 2-14a
barely undergoes undesired competitive nucleophilic attack towards fluorine atom ot the
homolytic S-F cleavage.>* As mentioned previously, sulfonyl fluorides 2-14a are also
much stable towards hydrolysis, due to the thermodynamic stability of S-F bond, in
135

comparison to S-Cl bond (ca 40 kcal . mol What makes SuFEx approach unique is

the special fluoride-proton interaction. The strong interaction of F~ with H* or R3Si*
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makes this process controllable and brings various possibilities how to suppress undesired

reaction pathways.>¢

The sulfonyl fluoride 2-14a synthesis then can be achieved from various synthons in
different oxidation states of sulfur (SY%, S or S™). In the Scheme 6, several synthetic
approaches towards sulfonyl fluorides 2-14a are covered. Namely from sulfonic acids
2-22.3738 hydrazides 2-18,%° sulfinic acid salts 2-15* arylhalides 2-19,*'*> heteroaryl
thiols 2-20,* disulfides 2-21* and sulfonylchlorides 2-14b (Scheme 6).%47

O\\ 0
/S\N, NH2
H
s, 2 2-18 'OI
“oH ~S~oNa
222 \ / 215
O\\ ,/0 o\\ ,/O X
4 el e - = B
2-14b 2142 2-19
SH
/S\S/ 7
hetero
2-21
I 3 2-20
o\\s,/o :
7
, ‘,II,R
1 R
| 2-17

........................

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, DMAP or pyridine).
The choice of solvent is virtually limitless and ranges from DCM, DMSO and MeCN to
alcohols (fBuOH, 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 DMAP
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and pyridine is used when various sulfonylamides 2-25 are targeted as products (Scheme

7)‘48

2F cl
0=s o
DMAP (2 equiv) i
; F3C HN S=0
Py (1 equiv) /,,,,’ : 7
+ HzN/\R HN\R
cl MeCN, 18 h HO ©
HN
D 14-90 %
FsC™:~OH R = alkyl 30 examples
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).*°

Q o R/S/ 9 5 examples
“~0 S=0
R 0+ HN F7L 0 77-90 %
E §—O DCE, 50 °C, overnight FHN
FF
2-26 2-27 2-28

R = C¢H5SCF,CF,, CcH5SCF,, CgH5SO,CF,CF,, CgHsSO,CF,
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). 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), was observed (Scheme 9).%

LA R4R;NH 0. 0
- Ca(NTF,), (1 equiv) N\
Q.0 Q.0 N R-SN-R1
. S.__LA R°F t - amylOH R,
F R 60 °C, 24 °C
H. 2-29 2-30

Activation with LA |

Scheme 9 — The use of Ca(NTf)z as an activator in sulfonamides synthesis

R = aryl, heteroaryl, alkyl

30 examples
40-88 %
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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).!

agﬂoéﬁ\) ’éi\\/x/\v NH,

0 0g O
DBU, DMF.SO °C,6h FO.S SO,F DMF, BC[I,’ C.6h
Hy, PA{OH), 50% FO,S SO,F 80% Hz, Pd(OH),
AcOEt-MeOH 7 AcOE-MeOH, ag. HCI
rt., 3 h, 94% rt,8h,72%
&0 07
O 0g O
NHO =. { SO,HN NHO,S S0,HN
NHO,S  SO,HN / NHO,S SO.HN \\‘\‘HO
OH HO N
/%N / \ h
SH OH onn N
[o] HO"HO HOHO %DH OH HO” HO
HOHO HO™HO

Scheme 10 — SuFEx protocol in context of calixaren chemistry (The Scheme was adopted from
https://pubs.rsc.org/en/content/articlepdf/2017/0b/c60b02458k)
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

3233 4 sulfochloration of

chlorosulfonation of aromatic compounds and heterocycles,
aliphatic hydrocarbons,’* or by oxidation of thiols®® to sulfonic acids that are converted
to sulfonyl chlorides (Figure 9).%® As a drawback, all those methods proceed under harsh
conditions, in general. This fact disqualifies such procedures from late-stage

functionalization steps.

saturated

hydrocarbons
Sulfochlorination
" jon i
Hetero(aryls) l t-on-chl°"“a"° Thiols
/¢ jdatl!
% """""""""""" \ V
o) 0] H
\Y4 :
"~ \CI
: 2-14b

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).>’-%* The 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 Q2
N\ P Base: Pyridine, Et;N, DIPEA, DMAP, K,CO5, NaHCO;... A\
S/ ; /S\N/R
4 \c[ Solvent: THF, DCM, CHCI3, 1,4 dioxane, DMF, acetone... ,'?1
2-14b 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'l and O 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 11).9

Proposed mechanism

N\
N—SO,Ar
2-33
, Cu,0 (5 mol. %) o. o L Cu 0O,
O\\S/’O . R 0, (1 atm) N7 R m
7Ny o
AI’/ \CI R14N\R3 DCE Ar ’\Il Ar802CI
, .32 50 °C, 4h R? .31
2-3 -3 2.33 -3
R1= arg/l, heteroaryl N—CuL,, L,Cu™!
R3 » R®=alkyl 15 examples —/
R® = alkyl, aryl 53-90 % N/
CH3CHO N
-\ 2-32
N+J
0, —/ l
CulLp,
Scheme 11 — Cu' promoted oxidative coupling of RSO2Cl

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.%
HsC.
3 '\D O\\slp cl
\f}l/\/\/
0 2-35a  Cuy0 (5 mol. %) CH, 2-36a
O\\ /7 0O, (1 atm) 66 %
S\CI + or —_—
DCE HsC or
"@ 50 °C, 4h 0s
N N
2-35b ~"¢r
2-34
HsC 2-36b
88 %

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 (I, Br2 or
their sources) and oxidizing agents (peroxides or oxygen). This protocol generates in situ

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

0 "X*" or electrochemical I’ 0 0
sV oxidation n_ n_-R
() “ona O—5x O
(6] OR
2-15 2-17

Figure 11 - S-N oxidative coupling based on the use of RSO2Na

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 I> or Bry) 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 substoichiometric
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 N-haloamine (B). The radical pathway (C) then refers to the

homolytic cleavage of labile sulfur-halogen bond (Scheme 13).%
(oS
(OO H ionic pathway 7 RS
A) RN T g2” "R®*  "N" . nucleophile R 22
2-14d 2-37 2-17
o I O P
B) 4. SN ionic pathway 1’S\N’ 3
R'"" "ONa gz °R® "S" - nucleophile R R2
2-15 2-38 2-17
C) ? H radical pathway SNPS R3
° + 7 ~ e ~ -
1’8\\0 R2 R3 e -H* R1 r\llz
' R
2-39 2-37 217

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.%” In this approach, sulfinate salt 2-40 was oxidized by I, 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! = ArCF3) the yield decreased considerably (Scheme 14).

TBAI (20 mol%)

0, TBHP (3.0 equiv) (1):\8/:?\1’ R3 R' = aryl, CF,
R1/S\0Na R? °R? MeCN:H;0 (3:1) R e R?, R®= alkyl
2-40 241 50 °C, &h 18 examples
2-42 96 - 83 %

Scheme 14 — Sulfonamide synthesis based on S(+1V) oxidation
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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).%8

I, (20 mol %)

0 H Na,COj; . 1.5 Hy0, (2 equiv) O:\S’:O R® 21 =RMe o;'karlyl(CH CHy,0
-S * paN<p3 . R N 2 R3 =alkyl, (CH,CH)),
1 . . )
R % ona R? "R®  MeCN:DCM (1:1), 40 °C pe 30 examples
243 2-44 245 50-78 %

Scheme 15 — Sulfonamide synthesis — radical pathway

This method proved to be suitable for the N-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).%°

R? _ R?
R2 N 0 I20(0.21 ec:uw) R2 N
N+ S 2 (Tatm) N R, R? = H, Me, CI
N R® ONa EtOAc:H,0 (10:1) '?‘,o R® = aryl or Me
H rt, 3h R3-S
2-46 13 examples
) 2-47 248 58 - 99%

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 p-toluenesulfinate 2-54 with tertiary amines 2-49. Treatment of
those with I in the presence of TBHP in H>O and rtBuOH, N, N-disubstituted sulfonamides
2-55 were obtained. Interestingly, when the reaction was carried out in DMSO,
pf-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 I/l 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),
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generated enamine 2-56 then undergoes the addition of sulfonyl radical

2-54 and yields g-arylsulfonyl enamines 2-59 (Scheme 17, Path B).”°

H . . )
re_L_ " _fBUOO or BBUO RS_A. R RI_AL R -©
N N -
Il""" tBuOOH or tBuOH Il"’z R?
2-49 250 5 rreeeeeeeseeeees .
I , 1 .
Path A -5 | R ;
R3 + R H,0 R R—! P E N ,N\Rz E
MSNT = Rt N N Yy :
2 ¢} 2 'R '
2-51 R R 2'54 ' = 1
2-52 2-53 e 255 !
Path B . . 7 examples
DMSO | {BuOO or tBuO 78 - 95%
H 2 :
R? R? : R
N I_N : Nogt
R R : o JI R .
3 1 2 1 '
Py MR TR T L N
R? L% I -Hi el ko) :
R+ P o R— P ' % 1
2-56 2.57 2-58 L 259 ;
R = Me, MeO, F 7 examples
R', R? = alkyl 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).

o mCPBA (1 equiv) (0]

I BuyNBr (1.2 equiv) ” R? = H, Me
< > —R3 .
ONa , RZ’N‘R3 THF:MeOH (30:1) ©/ ’\i R™  R?=Et, Bn, (2-pyridyl)CH,, etc.
R rt, 12h R’ R R® = H, Et, etc.
16 examples
39-89%

I

2-60 2-61 2-62

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 Cs4 halogenation (I, Br) along with the sulfonamide

2-68 formation (Scheme 19).”?
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o}
I
. H o 0=S-R®
Eq 1 R N g NBS (1 equiv) R? N R, R?=H, Me or aryl
2 ~
at) J@:N)_R *RIONa gioxane D: )—R? R® = alkyl
R 25°C, 12 h R N 12 examples
2-63 2-64 2-65 61-93 %
R3 RrR? O 0
0 NXS (3 equiv) S, R =aryl
— S /N R R2 = H, Me, Ph
Ba2) | NH + p1SoNa EtOAc XN , Me,
rRZ N rt, 12 h R3=H, Me
R? X=Br, |
2-66 2-67 2-68 25 examples
52-98 %

Scheme 19— Reactivity of benzoimidazoles in oxidative coupling reactions
Tang et al. developed another interesting CuBr2-mediated procedure for sulfonylation of
amines 2-69.” The proposed mechanism is based on the Cu(Il) insertion to
sulfur-bromine bond that undergoes the homolytical cleavage, resulting into free radical
species C. In parallel, Cu(Il) induces “ligand exchange” and formed R>N-Cu-Br
intermediate B, that upon the reaction with sulfinate radical C yields the desired

sulfonamide 2-71 (Scheme 20).

Qo 1
(l? H CuBr; (20 mol %) s” R" = alkyl, aryl.
> \ 2 -
Sona  R™M'R2 DMSO, 100 °C N-R"  R*=alkyl aryl
HsC R?
H.C 34 examples
: 67-92%
2-69 2-70 2-71

Proposed mechanism
% o}
I (0] il
Siona B o me—_H3-

/©/ ONa — — HsC T?', CuBr | cupr 3 i
H,;C A B c
e,
1 H3C °
H CuBr, R -‘ o \\S//O
,N\ 2 IN_CU_BF \N—R1
R R° -HBr R2 J -CuBr /)
F

Scheme 20 — Plausible mechanism for CuBr2 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 NaHSO3 played a role of a reductant. Proposed reaction mechanism of the

transformation is shown in Scheme 21.74
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NaHSO;
o FeCl, (10 mol %) o0 0
4 . _.NO, DMDACHR0 mol %) ~ s7 1 R',RE=aryl
N -
RZ" ONa ™ R! R? H 30 examples
2.72 2.73 274 51-93%
Proposed mechanism
Fe* /F6+ H ‘_\/F?Jr
O. //O Fez+ (l N\ /O (0] 0 HSO3. - |) 0] (0]
S S (0] + N"‘ ! - 4
T2 pX l 0=$-N-0~ ——= 7~ "8-0—N-$=0
R R2 R R?R! O R' R?
HO O H o) o. .0
—_— \N—gzo HSO3- > o\). o /\S// R
_Fe2+ so 2- /1 T 5 /S\O/'}l'—'sl—o 5 R2 \N/
v RUR HO'L.Y rT RZ -SO” H

Scheme 21 — Reactivity of nitro 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).”

K5S,05 (2 equiv) 4
Cu(MeCN),PF (20 mol %) R =aryl
R? = (hetero)ary!

1 0, N7
Z/B(OH)Z . 1/N02 1,10 phenantroline (10 mol %) 2/3\ R
R R H 30 examples
- - 45-92 %
2-75 2-76 2.77 (
Proposed simplified mechanism
B(OH), z
[CU] K28205 ,802303 8032-
=, Q [Cu] —— [Cu] o2, SO,[Cu]
[cu]
© O\ //O o, 0O
- » O—N-S=0 ——= S_ R!
1 [ 2 N, -
R R? R H

Scheme 22 — Reactivity of boronic acids in K2S205/[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¢
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NH, NH o ]
OEt e H* OEt R@—s” O\\S,N OEt
- o, L
EtO Ep=040 FE1O R EtO N
N Vvs Ag/AgCI [Nj _o
[ j R = CH; (57 %), H (62 %)
o 0
2-78 2-79 2-80

Scheme 23 — Electrochemistry-based oxidative coupling of anilines and sulfinic salts

Using this method, a wide range of sulfonamides 2-83 can be prepared.”” The coupling
proceeds in an undivided cell with methanol and in the presence of NHal that plays a role
of supporting electrolyte and redox catalyst. Such protocol is using current density of
5 mA/cm? 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).

NH4! (0.5 equiv)

graphite anode

9 H nickel cathode O\\ //o R3 R1 = Me, Ph, 4-MeO-C6H4, 4-CI-C6H4
R1/S\ * geNepgs R N’ R?=H, alkyl, aryl
ONa MeOH R? R® = 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 al. ’®
NH4Br 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 DCDMH in the presence of amines

(Scheme 25).7°
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Br Rongalite ® O\\S,/O (IS? DIPEA (2 equiv) O\\ .0
. ~ DCDMH (2 equiv \
HO___SO,Na, (2 equiv) \—oH ONa amine (2(equ?v) ) N-R?
H3PO, (2 equiv) - - R?
DMSO, rt - =
2-84
— 2-85 2-86 - 2-87
4 examples
29-50%

Scheme 25 — Oxidative coupling using Rongalite®

Finally, enzymatic oxidative coupling promoted by Laccase was reported by Rahimi and
co-workes.® These copper-based polyphenol oxidases promote oxidative coupling of

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

(o]
I
_ Laccase 2 O284<i>—R2
HN—NH air, 25 °C R OSOZNa HN=N
—_—

N=N
O%\N)%o — 04[\ /EO
. PBS (0.1, pH = 5) N R' = alkyl, aryl O7™N"T0
e R RZ=H M’ L 8 examples
=H, Me R 85-95%
2-88 2-89 290

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 NH4I3! in DCE®? or without solvent.??
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 N-aliphatic as well as N-aromatic sulfonamides 2-93 (Scheme

27).

o, 0 . H I2 cat. or NH,l /TBHP O\\S//O g2 R=aryl, heteroaryl
/S\ /NH 7 AI'/ \N/ 1 2 -
RN 2 R SR2 25°C, DCE or neat L R", R* = alkyl
H R
18 examples
2-91 2-92 2.93 36-84%

Scheme 27 — lodine-base