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SUMMARY

Organosulfur compounds are widely found in agrochemicals, pharmaceuticals, pesticides, medical
chemistry, andnaterialscience.Therefore, the research area on carkaffur bond formation
reactionis becoming an attractivesearch field in organic chemistin this context thecentral

focus of this thesiglescribesthe sustainable approaches towardsSond formation and
metathesis reactions in organic synthebkiewever, various sustaable tactics like(i) using

'BuOLi (tertbutoxide) in ethanol can act as radical initiaforshe thiols (i) cascaded oxidative
sulfonylation ofN-propargylamineria a threecomponent coupling reaction using DABCED,)2
(DABSO). 3Arylsulfonylquinolines were obtained by mixing diazonium tetrafluoroborste,
propargylamine, and DABSO under argon atmosphere in dichloroethane (DCE), f@ir) 1Tine
synthesis of diaryl sulfides and a diaryl selenide using orthorhombicBEspérovskite nano

crystal (NC) obtained from bromide precursor dibromoisocyanuric acid, can work efficiently as a
visible light photocatalyst (blue LED, 5 mol % and TON ~ 18.11) undeat@osphere and in
acetonitrile (di eand(iv)tcascaded chalcogenation of aryl alkyno&@es or5 )
N-arylpropynamides using -®esityl10-methylacridinium perchlorate as a visible light
photocatalyst to obtain selectively, either-si@fenylated/selenylated coumarins or
spiro[4,5]trienones, and (W-lodo>s ucci ni mi de (NI S) promoted Sul f

controlled a crossetathesis reaction of symmetrical disulfides to unsymmetrical disulfides.
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Chapter 1: Importance of OrganeSulfur Compounds and Their Synthesis

CHAPTER 1

An Overview of C-S Bond Formation Reactions and Visible-light Photocatalysis

1.1 ABSTRACT

The chapter is divided into three major sectigns ul f ur 6 s | mp o (i)tUaimgc e i n
various reagents and how they work @S bond formationgiii) Disulfide metathesis
reactions. Based on the sustainable strategies, the second part is similarly divided-into sub
categories(i) Some commoirgano-sulfur reagent mediated-€ bond formations (ii) iodine

reagent mediated-S bond formations (iii) € bond formation through electrochemiginy)
importance ovisible-light-driven photocatalytic to <5 bond formationsAn overview of the

present thas' research area is provided as a brief conclusion to the chapter.

1.2 INTRODUCTION

It has been known from the beginning of time that sulfur is theffiighest element on eatth

and the tenth most abundant element overall. It is found on earufiata mineral and also
exited in a pure native form. Hot springs, hydrothermal vents, salt domes, volcanic emissions,
and other places on Earth contain mainly elemental sulfae sulfurcontaining substance

that is produced in the greatest amounts worldwide is sulfuric acid, which has a wide range of
uses outside of the chemical industfySulfur was employed as a source of fire in religious
rituals in ancient India, Chin&reece, and Egypt. Also known as brimsfproe burn stone.
Antoine Lavoisier, an alchemist, discovered in 1777 that sulphur is an element but is not a

compound due to the combustibility principle. Subsequently, JoseptL@@aac and Louis
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Chapter 1: Importance of OrganeSulfur Compounds and Their Synthesis

Thenard, two Fnech chemists, imagined its elemental characteristics. Sulfur is an element
with the atomic number 16 and the letter "S" as its symbol. It mainly fit inbiogk, group

16 in the periodic table with electronic configuration [I8&f 3P*. As a result, theusual
oxidation state of sulphur ranges frethto +6. Nonetheless, with the exception of noble gas,
Sulphur can form a stable compound due to its electropositivity, size, and amphoteric
behaviour. The ability of sulphur to mix with Xenon to create atlesetastable molecules

has been also establistfe8ulfur can also combine with electronegative elements to generate
multivalent compounds containing oxydenitroger, pseudo halideor sulfut® as well as

form pseudohalides such as sulfonates ((&dsgl mesylates, triflates and flurosulfates
amongst others):** As an allotrope, sulphur produces octasulfur and Sulfur dioxide is
produced during its burning when a blue flame is present. In addition, application of

photoredoxorganocatalysis for <S bond synthesis will be discussed.

1.3SULFUR IN DAILY LIFE

All living thingscontainsulphur,oneof thefundamentatomponents. It is also the third most
prevalent mineral in the human body after calcium (Ca) and phosphorus (P). Organosulfur
compounds, Wich can be found inside the body, like prot&inamino acid®, etc. Cysteine

and methionine are two of the twenty amino acids that contain sulfur. Biotin and Thiamine are
two vitamins that include sulphur. According to the National Academics Foolatnidion

Board, an adult need between 0.2 and 1.5 g of sulfur daily. Our natural environment always
provides us with an abundant amount of sdffur the form of fruits and vegetables. (Figure

1.1).
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Sweetcorn Egg

Figure 1.1.Examples of natural orgarsulfur compound used in daily life.

Furthermore, organosulfur compounds are pervasive in a wide range of natural products
and are extensively utilized in the pharmaceutical sector, agrochemicals, nsateneés, and
medical science¥:!® Some of the commercial drug candidates, such as omeprazole, penicillin
V, amoxicillin, ATI2 (Ativan), and Nelfinavir, etc., are used to treat conditions including

bacterial infection, anxiety, HIV, and gastric illnes&;. (Figure 1.2).
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Figure 1.2.few examples of sulfubased medicines with pharmacological activity.

1.4 PRECURSORS OF SULPHUR AND THEIR APPLICATION IN C-S BOND
FORMATION REACTIONS

Precursors for the preparation ofganosulfur compounds are mainly classified into two
categories: a) orgargulfur reagents such as thiophenol, disulfide, and aryl sulfonyl hydrazide,
etc. b) salt of sulfur such as Ph@, NaS, and NHSCN etc. Herein, we've mostly talked
about the organseulfur precursors that are employed to creag&tionds under benign reaction
condition?® Figure 1.3 displays examples of orgaswfur reagents (diphenyl disulfide,
thiophenol, elemental sulfur, thiosuccinimide, DABSO, sulfonyl hydrazide, thiobenzoic acid,
sulfonyl chloride, dimethyl sulfoxide, sulfonic acid etc.) used-8 Bond formatiomeaction.
However, we chose at random a few samples of orgatior precursors that are readily

available commercially or that are very simple to make.
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Figure 1.3.Commonly used sulfur precursors forfSdbond formatiomeactions.

The usage of dangerous chemicals in the chemical industry is one kind of pollution that
constantly poses serious problems for our world. Finding new sustainable resources that can
reduce global pollution is therefore urgently needed. In dadereate greener techniques of
creating an organic molecule, the experimental chemist is making an unrelieved attempt to
imagine a novel reactivity archetypt?®> Therefore, we have herein considered methodologies

for C-S bond formation reaction in terragsustainable chemistry. The examples are classified
into four categoriedi) Some commormrganaesulfur reagent mediated-& bond formations

(i) iodine reagent mediated -& bond formations (iii) € bond formation through

electrochemistryiv) importance ofvisible-light-driven photocatalytic to <S bond formations
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1.4.1 Some common organsulfur reagent mediatedC-S bond formations

1.4.1.1Elemental Sulfur

The odourless, colourless solid form of elemental sufpfidissolves in carbon disulfide. In
general, it is employed to createSCbonds since it is readily available and affordable.
Typically, natural sources like crude petroleum, minerals, etc. contain the elemental sulphur.
The allotropic forms of elementallplur include rhombic, octahedral, monoclinic, prismatic,
andUor b-sulfur. According to several literature publications, a lot of organic reactions have
utilized elemental sulphur (S8). Many studies show that elemental sulphur (S8) has been widely
used i a variety of organic reactiofis.

Retailleau and coworkers have synthesizele@zoylbenzothiophenes derivative from 2
nitrochalcones by using elemental sulfur and diisopropyl ethylamine (DIPEA) as activator
under heating at 8% (Scheme 1.1%*

Nitro as a leaving group

Q ! >
> o
Ar S g S DIPEA ! Et—N
SQMANVES SNosTd
NO, S S 80-100 °C, 16 h S Ar
+ DIPEA
SchemelRet ai |l |l eauds approach for substituted

1.4.1.2Thiophenol

Thiophenol is foul smelling colorless liquid, acidic in nature with, Pkue 6.62° The
oxidation state of sulfur in thiophenol is +2. It can possess nucleophilic as well as electrophilic
characte®® due to the presence of two sets of lone paielettronsand vacant 3d orbital.
Thiophenol could be easily prepared by the reductionlfidrstl chloride with metallic zinc in

acidic medium.
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1.4.1.3N-phenylthio-succinimide

N-Phenylthiesuccinimide is a colorless solid. It is used as sulfur precursor for the cleavage of
N-S bondvia single electron transfer (SET) in acidic condition. Ipispared by the reaction

of thiophenol and succinimide in presence of sulfuryl chloride and triethyl amine in anhydrous

DCM at 0°C (Scheme 1.2).

O

O S
SH S0,Cl, ©/ N
>
+
NH ©/ NEt;, DCM
0

)

Scheme 1.ZPreparation oN-phenylthiesuccinimide

Cossy and coworkers developed TFA (Trifluoro acetic acid) promoted regioselectiv-C(Sp
H sulfenylation of electron rich arene by ushkgarylthio}succinimides as sulfur surrogate at

room temperature (Scheme 183).
Q TFA (15 equiv) /@S\Q
>
/©/ DCM (0.5M), 1, 6h

Scheme 1. 0ssyo6s r edisdfengdtiomct i ve C

1.4.1.41,4-Diazabicyclo[2,2,2]octane bis(sulfur dioxide) adduct (DABSO)

DABSO is a white, crystalline solid that is bench stable and mostly soluble in organic
solvents®’ The oxidation state of sulfur in DABSO is +4. It is typically utilized as a substitute
source of gaseous 2 Synthesis. DABSO was prepared by the combination of DABCO and
gaseous Sf£Xo form a charge transfer white crystalline solid.

Wu and his group W and his team developed a thimemponent tandem technique for the

Synthesis of &ulfonated coumarins derivatives by combining aryldiazonium salt, DABSO,
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and aryl propiolates in a DCE solvent at 60 °C (Scheme?® &}cording to kinetics and
experimenth studies, the reaction was carried out by the treatment of aryldiazonium

tetrafluoroborates and DABSO via the production of chargesfer complexes.
N,BF, o, 0O

R I DABSO (2.0 equiv) R xS

oL o somn

DCE, 60 °C, 30 min

o0 o~ ~o

Scheme 1.ANu 6 s r e pufonatedfcaumarirg synthesis.

1.4.1.5Sulfonyl Hydrazide

Sulfonyl Hydrazide is a colorless crystalline solid and basic in nature with pKa o®Thé.
oxidation state of sulfur in sulfonyl hydrazide is +6. Sulfonyl hydrazides are readily accessible,
have been utilized as thiyl source smifonylating reactiortS by the breakingf S-N bond.It

can be easily prepared by the combination with sulfahybride and hydrazide hydrate
solution in THF at 0 °C (Scheme 1.5).

O o

0 'S” NH
Il NHzNHz Hzo \N/ 2
S-Cl 22 25, H
o THF, 0 °C

Scheme 1.%reparation of sulfonyl hydrazide.

Tian and coworkers created a method for selectively sulfenylating indoles utilising molecular
iodine and sulfonyl hydrazide as the sulphur precursor. (Schem&' S6lfonyl hydrazide
decided to break down into a sulfenium ion intermediate when catalytic amounts of iodine were
present, and this intermediate was then trapped by indole at thei8nsogia an electrophilic
aromatic substitution reaction to create a variety of structurally different indole thioether

derivatives.
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S
Q.0
A S\N _NH, 15 (10 mol %) ©j§
—
N H EtOH, 70 °C N
H H

Schemeld i an6és approach for regioselective sulf

1.4.1.6 Trimethylsilyl)isothiocyanate (TMSNCS)

(Trimethylsilyl)isothiocyanate (TMSNCS) is a lighellow liquid that decomposes when it
comes into contact with water. It has an offensive strong SMMBNCS is used as a versatile
reagent in organic Syngkis. TheNCS being an ambidentate chelating ligand, generally used
for the introduction of thiocyanate or isothiocyanate groups in Synthesis. Also, it can be utilized
to make nitrogestontaining heterocycles by-@mordinating with both the chelating ¢en(N,

S). It can be prepared by the treatment of trimethylchlorosilane (TMSCI) with excess of silver
isothiocyanate in inert solvents at &D.

Fu and coworkers developed isothiocyanatoalkylthiation of olefins ulhpipenylthic
succinimide and trimethsilyl isothiocyanate in DMF under inert condition heating aP@0
(Scheme 1.13¥ The transformation starts with the formation classical sulfenium ion
intermediate by the treatmenth{phenylthiesuccinimide with styrene, which was trapped by
TMSNCS through the hard nucleophilic centeNCS) to afford isothiocyanatoalkylthiation

product.

TMSCN
©/\ (1.5 equw ©)\/ \‘
N— S
DMF, Ar, 90 °C

Scheme 1.Fu 6 s a p psotbiayarmatodlkglthiation of styrene.
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1.4.2. GS bond formation processes under thafluence of iodine reagents.

Since 196®, the synthetic toolbox for organic research has greatly increased due to the
development of transition metaatalyzed carboesulfur (GS) bond forming reactionslere,

the main emphasis has been on th8 €ouping reaction's usage of several iodine reagents.
Also, we have listed some of the iodine reagents that are frequently employed in oxidative C

S coupling. (Figure 1.4).

I Nal
. sodium
lodine iodide o}

Cl—I—ClI Cl CN

Iodine
Reagents

(PhICI,)

AcO—|—O0OAc

Tetrabutylammonium
iodide (TBAI)

Figure 1.4.lodine reagents used for& coupling reetions.

1.4.2.1. PhICh mediated Synthesis of sulfenylated isocoumarins.

A regioselective synthesis of sulfenylated isocumarins using disulfides as sulfenylating agents
and PhIC} as an oxidant was recently demonstrated by the Du group (Scheritelfh.ihe
presence of the iodine reagent, aryl sulfenyl chloride generated a cyclic intermediate as
explained below. After then, the creation of the finished product could resultraimotecular

cyclization by a nearby oxygen.
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(0]
PhICI,
@ OMe S\S (0.7 equiv) @ 0
%
CHLCN, 1t
X ©/ sV,
R R 30 min : S

Schemel1l8 ei 6 s appr oa c dulfefylated isBogoumarme si s o f

1.4.2.2 NIS mediated Synthesis of vinyl sulfone

Mal and coworkers developed extremely regind stereodective C(sp2)H sulfonylation of
styrenes utilising sulfonyl hydrazide as a sulphur substitute. NIS performs two functions in this
reaction. By the cleavage of the\Sbond, it was used to produce sulfonyl radical from sulfonyl
hydrazides, and in the lastep, it serves as the iodine source to créaiedosulfone

intermediate which would decomposed to formed vinyl sulfone in presenc&€ ek ke

0 o\ 0
o)

K,CO3 (1.5 eqU|v

EtOH, 70 °C, 2 h )- selective
vmyl sulfone

SchemelMal 6s appr oach f o4Hsufdnydatioa of stgdnesct i v e

1.4.2.3 TBAI mediated thioesterification of a methyl ketone.

A direct GpzH thioesterification of methyl ketones was demonstrated by Yan andider
using TBAI/ KxS;0s as reaction controller (Scheme £%5)They have demonsited that the
addition of TBAI and kS;0s to the SET process could aid in producing the target product,

keto thioesterification, which then underwent oxidation and produce8 &r®ed product
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(0] TBAI (1.2 equiv)
S\S K2S,0g3 (1.4 equiv) ‘)‘\”, \‘
@ * DMSO, 100 OC

Scheme 1.10Y u 6 s oreoydative thidesterification of methyl ketones.

1.4.2.4 lodine catalyzed Synthesis of thioethers.

lodine mediated C(SpH bond functionalization of naphthols is developed by Huang and
coworkers, for the Synthesis of thioether by using sulfonyl tzydeaas sulfur precursor in
THF at 100°C (Scheme 1.1 This reaction was started with tiresitu generation of thiyl
cationic intermediate from sulfonyl hydrazide cleavage of $ and SN bond, and followed

by nucleophilic attack of naphthol ds to obt a

O\\s’ NH

OH ~n- VP2 1, (50 mol%)

POECE R “ <ot (Y
THF, 100 ‘C DMSO 80 °C

Scheme 1.11lodine catalyzed thioether synthesis

AN
= O

Later, Peddinti group have expanded the scope, for the Sytbkeshioether by using
thiophenol as sulfur precursaia umpolung strategy form readily available thiophenol

derivative and electron rich scaffold.

1.4.2.5 PIDA mediated Synthesis of arylthioer and aryl sulfoxide.

Mal and coworkers have demonstrated that the production of the intermediate sulfenium ion
allows for the Synthesis of either thioethers or diaryl sulfoxides from elegtiomrenes and
thiophenols.(Scheme 1.12% However when thiols and the iodine(lliagent Phl(OAe)
(PIDA) were combined in HFIP, sulfenium ions were produced. Diaryl sulphide was produced
as a result of aromatic electrophilic substitution (EArS) between the sulfenium ion and an

electronrich arene. The subsequent addition of too nRIEMA aided in the oxidation of the
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sulphur core, resulting in the production of diaryl sulfoxides as a bypradslsot.they believed
that HFIP maintained the sulfenium ion intermediate by hydrogen bantegact that HFIP
could ionise PIDA in additioto possessing an excellent hydrogen bonding capability aided in

the acceleration of the EArS reaction with elecirich arenes.

PIDA o

PIDA
S\
SR o (30equiv) (10 equ'v) @ R
HFIP 4h

HFIP, 30 min

via Umpolun
|via Umpolung Ph\*
H PhI(OAc); | H  (l—oac S
i PriOAok_ /S _Oh s “pp Phi(OAc), ©
Ph™>  -AcOH Ph = o et
[0] Ph Ph

sulfenium ion -Phl; -AcO”

Scheme 1.12Ma | 6 s a p gehydragenativé & aoupling of arene and thiol.

1.4.2.6 Nal mediated Sulfenylation of arenes or heteroarene
demonstrated an apased oxidantatalyzed Nal catalysed technique for the sulfenylation of
arenes and heteroarenes. Controlled investigations proved that the transition requires both Nal

and ai. A wide variety of aryl thiols were produced in excellent yields throughout te6

reaction in DMSO at 120°C.

S
@ ‘ Nal (20 mol %) ©j\g
S
air, DMSO, N

120 9C, 16 h |

©¢\ oo

Schemel.l3Wangdés approach Nal medi ated Sul fenyl
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1.4.2.7 DDQ medated cross coupling reactions.
R

R SH
‘ DDQ (2.0 equiv) S
+ @ y
(l) (l) toluene, rt, 2 h o) 0

Schemel.14L ei 6s approach DDQ mediated cross

The Lei group revealed in 2016 that -2li@hloro-5,6-dicyanel,4-benzoquinone (DDQ)
mediated aadical radical crossoupling reaction between electrdnh arenes and thiols via
cationradical intermediates for the Synthesis of diaryl thioetffers.wide variety of aryl
thiols were produced in excellent yields throughout the 2 h reaction in ¢olaienoom

temperature.

1.4.3 Electrochemical oxidative €S bond formation reaction.

Since that more people are becoming conscious of the need to conserve renewable energy due
to global warming, it is crucial to cut down on chemical wasterganic synthetic methods.
Electrochemical synthesis is a viable approach to reduce the use of chemicals, especially
dangerous ones. Here is a discussion of a few recent electrochemical oxidative reactions that

create GS bonds.

1.4.3.1 Vicinal difunctionalization of olefin.

| n 2018, Lei 6s group demonstrated an el ect
aminosulfenylation of olefins using thiophenol as-& Coupling partner under 12 mA current

in an undivided cell (Scheme 1.29) This oxidative striegy could be applied for
hydroxysulfenylation and acyloxysulfenylation of alkenes, as shown in the scheme. Authors

have suggested that oxidation of thiophenol at carbon anode helped to generated thiyl radical.

Subsequently, the addition of thiyl radicaldlefin produces a radical intermediate, which was
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oxidized to generate a cationic benzyl intermediate. Finally, the nucleophilic attack by a
nucleophile on carbocationic intermediate helped to get the desired product. On the other hand,

concomitant cathdic reduction at platinum electrodes led tpedaluation.

R.
X
SH
C#)|Pt(), 1=12mA S
N + R-XH >
"BuyNBF,, CH3CN, 40 °C,
X= 0, NH N>, 4 h, undivided cell
patha Gl Pte) anodic
©/SH f |_| ©/ ©/\/ \© oxidation ©/\/ \©
anodic .
oxidation +H

R-XH | ~H"

cathodic

. reduction
2H'———» H,

Ph R
path b ©/\ S+ X
S__Ph -& + R-XH S
Ph" 8" = 3 [ PhS(PhSSPh)| — —

Scheme 1.15Electrochemical difunctionalization of olefins.

1.4.3.2 Benzothi aketodcid. synt hesis from U
Benzothiazoles are recognized as an importategory of scaffold which is found in many
biologically active molecules. Therefore, synthesis of benzothiazole using mild reaction
conditions i s al ways desirabl e. I n 2016
decarboxylative synthesis of substituted bz ot h i a z <dtoeasids fwhea fAmind
thiophenol was used as another coupling partner (Schemé!1183his work, the authors

have used PRt combination as cathode and anode in 0.2 M ammonium perchlorate as an

electrolyte in the presence of 5 ncArrent for this oxidative cyclization reaction.
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Pt-Pt undivided

Q NH; cell, 5 mA N\
)]\ + > >_R
R COOH SH 0.2 M NH4CIO,4 S

DIPEA / TFA
DMSO / H,0
15 h, rt

Scheme 1.16Electrochemical decarboxylative benzothiazole synthesis.

1.4.4 Visible lightdriven photocatalytic C-S bond formation reaction.

Visible-light-driven photocatalysis has been regarded as one of the key techniques in organic
Synthesis because photons' energy may be easily transformed into chemical*&ergy.
Moreover, the photocatalyst participates in the single electron transfer (SET) process, a
promising alternative approach for green chemistry. Many of the photocatalysts such as eosin
Y, rose bengal, benzophenone, riboflavin, etc. has been employed ifiie sawge of elegant

C-S bond formation reaction (Figure 1.5). The majority of the photocatalyst displayed below
possesses substantial visual absorption, a lengthy lifetime in the excited state, and stability in

photolytic conditions.
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Figure 1.5.Common photocatalyst used irSbond formation reaction.

A photocatalyst's typical function is to either transfer energy to a substrate or assist in a single
electron transfer process. (Figure 1.6). However, it needs to beckkdiially by irradiation

of visible light, which can therefore participate in the oxidateguctive or energy transfer
process. During an oxidative cycle, the excited state photocatalyst (PC*) can be oxidized by an
acceptor, which can take one elentfoom the photocatalyst. Following this, oxidized PC can
acquire one electron from the substrate and returns to its ground state. Notably, the substrate,
now short of one electron, can quickly react through a single electron transfer process.
Similarly, a photocatalyst also involves in a reductive cycle. In this case, the excited
photocatalyst (PC*) can take up one electron from a donor and itself reduced. Reduced PC can

give one electron to the substrate, making one extra electron available for reaction.

39



