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SYNOPSIS

The contents embodied in this thesis are divided into four chapters including one
introductory chapter based on experimental results obtained during the research period. The
introductory chapter represents an overview of Visible-light-mediated C-S bond formations.
This includes a brief discussion about the visible-light mediated C-S bond formation via
difunctionalization of alkynes, C—H functionalization, and radical cyclization reaction. Since
most of the chapters leading to the formation of C—S bonds under photocatalytic conditions

so C-S bond formations will be more focused.

Chapter Il demonstrates a metal-free route for the synthesis of (Z)--carboxy vinyl sulfones
via difunctionalization of alkynes. Sodium sulfinates were used as the S—centered radical

source under photocatalytic conditions.

Chapter 111 describes a visible-light-induced synthesis of thio-functionalized pyrroles using
S-ketodintriles and thiophenols. under metal-free conditions. The reaction proceeds via the
attack of thiyl radical to one of the nitriles followed by an imine amine tautomerization,

nucleophilic attack of the amino group to the carbonyl, and loss of water molecule.

Chapter 1V describes a visible-light/solar-light-driven synthesis of thio-funcionalized
pyridines using y-ketodintriles and thiophenols. The reaction proceeds via thiyl radical

intermediacy.
Each of these chapters comprises seven subsections which include an introduction, previous

work, present work, experimental section, references, spectral data, and a few representative

spectra.
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CHAPTER I. Visible-Light-Driven C—S Bond Formation

The past decades have witnessed rapid progress in radical-mediated carbon—heteroatom
bond formations which have been established as powerful tools to access various organic
frameworks. In spite of several existing methods in C—X bond formations, there is always a
need to develop newer methodologies in this direction. In this regard, visible-light-mediated
C—X bond formations have gained immense popularity due to their operational simplicity,
minimalization of by-product, easy handling, mild reaction condition, etc. Besides offering a
sustainable way to synthesize molecules, photochemistry has the potential to unlock reaction
manifolds that are unavailable to conventional thermal pathways. Since the pioneering work
from the group of MacMillan, Yoon, and others, photocatalysis has experienced renascence
over the past decades. This field is mainly categorized based on the catalytic systems
involved. (1) The use of photocatalyst (transition metal complexes or organic dyes) which in
its excited state activates the organic molecules via either single electron transfer (SET)
energy transfer (EnT), (Figure 1.1). (2) Synergistic combination of photocatalyst as well as
transition metal catalyst. (3) The use of only transition metal complexes in combination with
visible light which plays a dual role first by harnessing photon energy as a photocatalyst and
then by catalyzing the bond-breaking and making process. Mostly the use of visible-light
irradiation, in combination with photosensitizer (transition metal complexes or organic
dyes), has been well-established to be an ideal reaction promoter for many organic
transformations. In this direction, transition metal complexes have gained enough popularity
due to their outstanding reactivities and selectivity in various photochemical reactions. In
spite of their excellent photophysical properties, their high cost, and sometimes toxicity
issues have limited their use to some extent in modern organic synthesis. In this context, the
use of organic dyes has become an attractive alternative to transition metal complexes in
visible-light mediated C—X bond formations due to their low cost, less toxicity, and
operational simplicity. In particular, eosin Y has come into focus in many visible-light-
mediated transformations. Most of these photochemical reaction proceeds through a single-
electron transfer (SET) process from the excited photocatalyst to the organic substrate or
reagent which usually involves two pathway oxidative quenching and reductive quenching
(Figure 1.1).
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General Mechanism of Photocatalysis
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Figure 1.1. General mechanism of visible-light-induced transformations.
Among various C—heteroatom bond formations, the C-S bond formation reactions have
gained tremendous importance due to their widespread applications in pharmaceuticals as
well as industries. For instance, Cysteine (1) and Methionine (I1) are two sulfur-containing
amino acids, which help in promoting antioxidant activity and. body development (Figure
1.2). Garlic is not only a food flavoring but a kind of traditional medicine, enriched with
biologically active compounds that have been shown to decrease rates of cancer. Ajoene
(111) and Allicin (1) are two biological active compounds that were isolated from garlic and
were reported to have antibacterial activities. In the pharmaceutical field, organic sulfur
compounds are found to have widespread applications. For example, sulfamethoxazole (V)
and its derivatives are used to produce antibiotic or antiprotozoal drugs such as Bactrim.
Organosulfur compounds are also very popular in material science; one such important
example is the thiophene-based conjugated polymers, such as poly(1,3-
dithienylisothianaphthene) (PDTITN), (VI) that have promising applications in organic
electronics and photonics (Figure 1.2). Owing to the importance of organosulfur compounds
development of synthetic methods to form C-S bond is always deemed worthy of

investigations
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Figure 1.2. Biologically active sulfur compounds.
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To date, significant progress has been achieved in the construction of new C—S bonds, which
mainly involves addition and substitution strategies (Figure 1.3). The addition of various
sulfur nucleophiles to carbon—carbon double and triple bonds, thiolysis of epoxides,
aziridines, anhydride, cross-coupling reaction with aryl halides represent the most

convenient route for the formation of new C—S bonds (Figure 1.3).
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Figure 1.3. Traditional/Photochemical generation of C-S bond formations.
However, these traditional methods mostly involved an ionic pathway rather than a radical
pathway. In spite of these existing conventional methods the C—S bond formation via
photocatalysis has gained immense popularity which converts the S—nucleophiles to
S—radicals via single electron transfer and triggers the reaction. This mainly includes radical
addition to the alkenes and alkyne (mainly difunctionalization strategy), C—H bond
functionalization, and S-radical-triggered cyclization reactions, etc. Since all the chapters
deal with visible-light-mediated C-S bond formation under metal-free conditions so only

metal-free C—S bond-forming reactions are more focused.
I.1. C-S Bond Formaion via Difunctionalization

In recent years, C—S bond formation via difunctionalization of alkenes or alkynes has
gained much reputation, in which simultaneous introduction of two functional groups can be
possible in a single step. In this endeavor development of newer methodologies in the
direction of difunctionalization of alkene/alkynes remains an important topic of research in
organic synthesis. For instance, recently, the Maity group demonstrated a visible-light
organophotoredox-catalyzed sulfurization of alkenes and alkynes with aromatic and
heteroaromatic thiols using eco-friendly air (O2) as the sole oxidant. The established method
provides a metal-free route for the difunctionalization of alkenes and alkynes using Eosin Y

as the photosensitizer (Scheme 1.1.1).
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Scheme 1.1.1. Visible-light-mediated sulfurization of alkenes and alkynes.
In 2021, Singh et al. reported a difunctionalization of styrene for the C—S bond formation in
the presence of CS» and amines providing 3-keto dithiocarbamates (Scheme 1.1.2).
» o
©/\ _R" Rhodamine B (3 mol %) ©)k/ Y R
+ CS, + NH -
“RZ  TBHP (2 equiv) S

DMF, rt, 36 h

Scheme 1.1.2. Visible-light-mediated difunctionalization of alkenes.
Recently, another highly efficient visible-light-induced oxysulfonylation of alkynes has been
reported by the Zhang group using arylsulfonate phenol esters as the sulfur precursors. The
reaction proceeds smoothly in the absence of any photosensitizer and the mechanism

proceeds via an electron donor-acceptor complex-mediated radical process (Scheme 1.1.3).

// SOZAI'1
Cs,CO0; (1 equiv) N H

+ Ar's0,0Ar? -
DMA, violet LEDs OAr?

Ny, rt, 3 h
Scheme 1.1.3. EDA complex mediated difunctionalization of alkynes.

1.2.  C-S bond Formation via C—H Bond Functionalization

C—H bond functionalization has attracted much attention in the construction of various
organic frameworks leading to the formation of functionalized molecules. The field of
catalytic C—H functionalization has attracted much attention over the past four decades.
Mostly, the catalytic strategies involving transition metals, metal/metal-free photochemical,
and electrochemical have all been utilized for the selective functionalization of C—H bonds.
Among several approaches to C-S bond formation, the photocatalytic metal-free approach
has been well-established in constructing various sulfur-containing frameworks. In this
context, He et al. reported a visible-light-induced deoxygenative C2-sulfonylation of
quinoline N-oxides with sulfinic acids in the presence of eosin Y as the catalyst under mild

conditions (Scheme 1.2.1).
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Scheme 1.2.1. Sulfonylation of quinoline N-oxides.

The Sun group reported an efficient dehydrogenative sulfonylation of tertiary
amines with thiosulfonates under visible-light irradiation. This protocol allows for the
construction of a variety of cyclic and acyclic g-sulfonyl enamines under transition-metal-

free, external oxidant-free, and photosensitizer-free conditions (Scheme 1.2.2).

o8
) <S-Ar
Vg”  Na,COj; (2 equiv) (j
Ar—N > + P s Ar—N
n Ig’h 5 W Blue LEDs A

DMSO, rt, Ar

Scheme 1.2.2. Visible-light-mediated sulfonylation of cyclic amines.

1.3. C-S bond formation via Cyclization

The Visible-light-induced radical cyclization processes have been successfully used for the
construction of N-heterocycles because of their simplicity, efficiency, and unique activation.
In this context construction of C—C, C-S, and C—N bonds using photoredox catalysis has
grabbed significant attention giving prominence not only to nitrile functionality but also to
other functionality such as alkene, alkyne isonitrile etc. In 2022, a cyclization reaction
reported by Zhu et al. for the construction of quinolin-2(1H)-ones via Markovnikov-type
sulfonylation followed by 6-endo-trig cyclization and selective C(O)-CFz bond cleavage
starting from N-alkyl N-(2-ethynylphenyl)-2,2,2-trifluoroacetamides and sulfinic acids
(Scheme 1.3.1).

=0

o]
/ \\
Na,-Eosin Y (5 mol %) 0=S
K,CO; (1 equiv), N
N’R1 . a 2C03 (1 equiv), N, m

OJ\RZ Ar” "OH DMA, 7 W, blue LEDs Y
Scheme 1.3.1. Visible-light-mediated synthesis of quinolin-2(1H)-ones.

Further, Yu et al. demonstrated a photosensitizer-free synthesis of pyrrolo[1,2-

aJindolediones via persulfate promoted radical cyclization. In this method aryl sulfonyl

hydrazide, and ammonium thiocyanate were used as the S-cenetered radical source (Scheme

1.3.2).

Vi
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Scheme 1.3.2. Visible-light-mediated synthesis of pyrrolo[1,2-a]indolediones.

In summary, the use of visible light in metal-free C-S bond formation has bought a
tremendous progress in contemporary organic chemistry. In spite of existing traditional
methodologies in the direction of C—S bond formations, visible-light-induced synthesis of
sulfur-containing framework still attracts considerable attention of chemists. Further
improvement in this field may open up new avenues to straightforward and efficient
synthesis of various molecular frameworks that may find applications not only in

pharmaceuticals but also in other industries.

CHAPTER II: Visible-Light-Mediated Difunctionalization of
Alkynes: Synthesis of g-Substituted Vinylsulfones using O—, and
S—Centered Nucleophiles

This chapter demonstrates a green-light-induced, regioselective difunctionalization of
terminal alkyne using sodium p-tolylsulfinate, and carboxylic acids or NH4sSCN in presence
of eosin Y as a photocatalyst. In this protocol, Z-g-substituted vinylsulfones are obtained

exclusively covering a broad range of alkynes and nucleophiles which are often unaddressed.

Alkenes and alkynes are well-established building blocks in organic synthesis which
are useful due to their efficient transformation into other functionalities. In recent years,
direct difunctionalization of alkenes and alkynes has grabbed the attention of chemists, in
which simultaneous introduction of two functional groups is possible giving rise to
functionalized molecules. Alkenes having multiple substituents are prevalent in many
bioactive molecules, natural products, and pharmaceuticals viz. tamoxifen, doxepin, etc. In
this context, the development of a newer methodology for their synthesis is still in demand

and chemists always dreamed to develop efficient and suitable methods for their synthesis.

Vii
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Previous work
(a) Intermolecular carbosulfonylation of alkynes

Q—: + Ar—B(OH); + CISO,R Ni =
SO,R

(b) Intermolecular carbosulfonylation of alkynes

Cl
Photoredox catalysis ~_R
R—=—R + CISO;R Visible light, rt R
SO,R
Present work
(c) carboxysulfonylation of alkynes
SO,Na R?
N =z 2% EosinY (3 mol %) Nu Lo
1 =
R T > + Nu-H + K2C03, |2, EtOH o I AN \\o
2 x 10 W green LEDs O~
Nu-H = R? 48 h
id, SCN
% R3=H, -Me, Br

Scheme 11.1 Difunctionalization of alkyne.

Previously, in 2017, Nevado et al. reported an elegant method for the carbosulfonylation of
alkynes via a multi-component approach giving tri-substituted alkenes (Scheme 11.1a).
Further, Han et al reported a visible-light mediated halosulfonylation of alkynes in the
presence of Ir photocatalyst. Taking cues from the above-mentioned work, herein a visible-
light-mediated, metal-free, multi-component approach is articulated for the
difunctionalization of terminal alkynes (Scheme 11.1).

To reach the suitable conditions for the synthesis of Z-fS-substituted vinylsulfones,
various solvents, photocatalysts, light source, oxidants, were screened. The use of eosin Y,
green LEDs, I2, and ethanol as solvent was found to be optimal for the desired protocol.
With the optimized condition in hand, this protocol was subsequently applied for the
synthesis of various Z-f-substituted vinylsulfones. It was observed that the reaction
underwent smooth reaction in the variation of both electron-withdrawing as well as electron-
donating groups in either of the coupling partners. But carboxylic acids with EDGs showed
better reactivity than with EWGs this is due to the increased nucleophilicity. Besides this, a
variety of long-chain aliphatic carboxylic acids were also underwent very smooth reaction
giving the desired Z-f-substituted vinylsulfones. Next to ascertain the mechanistic path
various control experiments were performed and CV and SV measurements were taken. As
per the CV value radical anion of eosin Y can able to give an electron to the RSOzl species.
From the SV measurements, It was confirmed that sulfonyl radical generated from the

sulfonyl iodide not directly from the sodium sulfinate.

viii
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Scheme 11.2. Plausible mechanism for the synthesis of Z-1-phenyl-2-tosylvinyl benzoate

Based on this a tentative mechanism has been proposed. In the presence of green LEDs,
Eosin Y (EY) is first photo-excited, which is reductively quenched by iodine and sodium p-
tolylsulfinate to sulfonyl radical, iodine radical, and sodium iodide. This is followed by the
addition of sulfonyl radical to terminal alkyne (1) giving a vinyl sulfone radical intermediate
(A). Next, the radical addition of iodine to intermediate (A) generates B-iodo sulfone
intermediate (B). A base-promoted nucleophilic attack of the carboxylate ion provides an
intermediate (C). Subsequently, the corresponding Z-1-phenyl-2-tosylvinyl benzoate (1az) is
obtained from the intermediate (C) via an addition-elimination process (Scheme 11.2).

In summary, an elegant visible light-mediated method for the difunctionalization of
terminal alkynes is established using sodium p-toluenesufinate and O-, S—centered
nucleophiles as the reacting partners. This methodology allows the useful synthesis of many
valuable Z-g-substituted vinylsulfones via a multi-component approach, covering a wide
range of substrate scope. In this protocol, C—O, and C-S bonds are assembled at the same
time with the introduction of important functional groups viz. ester, thiocyanate, and sulfone.

CHAPTER IlI: Visible-Light-Mediated Synthesis of Thio-
Functionalized Pyrroles

This chapter demonstrates a green-light-induced synthesis of thio-functionalized pyrroles
using p-ketodinitriles and thiophenols as the reacting partners and eosin Y as the
photocatalyst. This photochemical strategy involves a photo-induced thiyl radical addition to
one of the nitriles of S-ketodinitriles leading to the formation of nitrogen centre radical
followed by imine amine tautomerization and intramolecular nucleophilic addition of the

ix
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amine to the ketone giving the thio-funcionalized pyrroles. Among various five-membered
heterocyclic compounds, pyrroles are abundant in many natural products and
pharmaceuticals, possessing biological activities such as antifungal, antiviral,
antihyperlipidemic, and anti-cancer. In particular, atorvastatin (1), the cholesterol-lowering
drug, tolmetin (11) the nonsteroidal anti-inflammatory drug (NSAIDs), sunitinib (I11) the
multitargeted antitumor, and pyrvinium (1V) used for the treatment of pinworm infestation

all possess pyrrole unit.

Earlier reports 1
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Scheme 111.1. Synthetic approach to substituted pyrroles and photochemical reactivity of
functionalized nitriles.
Owing to their diverse applications, the synthesis of substituted pyrroles has been an
impressive area of research for the scientific community. Previously, Natarajan et al.
developed a visible-light-induced synthesis of 2-substituted benzothiazoles using thiophenols
and nitriles. Previously, our group established a Pd-catalyzed nitrile-triggered protocol for
the synthesis of 3-cyano pyrrole using boronic acid as the reacting partner under visible light

(Scheme 111.1). Taking cues from this, we articulated that a photo-induced thiyl radical
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addition might be possible with g-ketodinitriles as the radical acceptors leading to a pyrrole
skeleton via the formation of nitrogen centre radical followed by imine amine
tautomerization and intramolecular nucleophilic addition of the amine to the ketone. Thus a
photochemical metal-free synthesis of thio-functionalized pyrroles has been reported taking
thiophenol as the reacting partner and eosin Y as the photocatalyst (Scheme I111.1).

In pursuit to accomplish an appropriate reaction condition for this photochemical
transformation, other reaction parameters such as solvents light source, and catalyst were
screened. After screening of several parameters, the optimal condition for this transformation
was found to be the use of 1 (0.25 mmol), a (0.50 mmol, 2 equiv), K2COsz (0.25 mmol, 2
equiv), eosin Y (3 mol %), in DMSO (1 mL) under 2 x 10 W green LEDs. Encouraged by
this photochemical metal-free protocol scope of the thio-functionalized pyrroles were studied
using various S-ketodinitriles as well as thiophenols. It was observed that the presence of
electron-withdrawing as well as electron-donating gropus on either of the coupling partners
showed almost similar reactivity in giving the thio-functionalized pyrroles. Besides this,
heteroaromatic and aliphatic variation in either of the coupling partners were also underwent
smooth reaction giving the desired thio-functionalized pyrroles. Next, a couple of control
experiments, CV and SV measurements were done to decipher the mechanism. The CV, and
SV measurements confirm the generation thiyl radical obtained from the thiophenol not from

the thiolate anion.
(A) +
ey, »Ph—SH g5 gy

(B) (a")
Photoredox Ph—SH Li» Ph—S’

Catalysi . (@) N
By atalysis EY (a) y (_ID
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Ar CN
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Scheme 111.2. Mechanism for the formation of thio-functionalized pyrroles.
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Based on the control experiments a tentative mechanism has been proposed. In the
presence of green LEDs, eosin Y (EY) is photoexcited to EY " which is reductively quenched
by the thiophenol (a) to give (a’) and radical anion of eosin Y (EY ™). Next, the base
abstracts a proton from the radical cation intermediate (a’) and generates a thiyl radical (a'").
The thiyl radical (a’") adds to one of the nitrile groups of g-ketodinitrile (1) generating
intermediate (A). Subsequently, intermediate A is reduced by EY~ to an anionic
intermediate (B), thereby completing the catalytic cycle. On protonation, the intermediate
(B) generates an imine intermediate (C). The tautomerization of intermediate (C) to (D)
followed by the attack of the amine nucleophile to the carbonyl group gives intermediate (E).
Finally, the product (1a) is obtained via the loss of a water molecule from intermediate (E)
(Scheme 111.2).

In summary, a visible-light-mediated synthesis of thio-functionalized pyrroles is
established using thiols, fketodinitriles and eosin Y as the photocatalyst. In this protocol,
C-N, C-S, and C=C bonds are constructed simultaneously. The synthetic utility is

demonstrated by a few useful transformations and scale-up experiments.

CHAPTER IV: \Visible/Solar-Light-Driven  Thiyl-Radical-
Triggered Synthesis of Multi-Substituted Pyridines

This chapter focuses on the visible-light mediated synthesis of thio-functionalized
pyridines using thiophenols and j-ketodinitrile as the reacting partners. The reaction
proceeds via the selective attack at one of the cyano groups by an in situ generated thiyl
radical. The reaction also proceeds with near equal efficiency using direct sunlight. To show
the practical usefulness of the protocol a few useful synthetic transformations of the
substituted pyridines are also performed.

The photochemical transformations by harnessing visible light have grabbed significant
attention due to their sustainability, unique reactivity, and operational simplicity. Usually, a
photochemical reaction is triggered by visible light in combination with a suitable
photocatalyst which facilitates the SET process. Though the transition-metal complexes are
better for the excitation of organic molecules, the employment of organic dyes has also been
useful in many photochemical transformations. In particular, eosin Y has become a
competitor to metal catalysts in various reactions due to its cost-effectiveness. Owing to the
prevalence of pyridine frameworks in various natural products, and pharmaceuticals, they
have found applications in the fields of biology, medicinal sciences, and advanced materials

Xii

TH-3021_176122106



Synopsis

etc. Considering the multi-faceted applications of substituted pyridines, synthetic chemists
are vying for alternative methods to pyridine core. Previously, our group reported a nitrile-
triggered synthesis of thio-substituted pyrroles with g-ketodinitriles as an acceptor and
thiophenol as the radical donor (Scheme 1V.1d). Our interest in nitrile-based precursors we
hypothesized that a reaction is feasible with j-ketodinitriles as the radical acceptors. To
confirm our hypothesis, CV of j-ketodinitrile (1) and thiophenol (a) were measured. The
estimated E120xa OF benzene thiol (+0.25 V vs the SCE) is lower compared to E1/2oxa OF 7
ketodinitriles (+2.13 V, +0.38 V vs the SCE), enabling them as suitable radical donor and
acceptor pairs. Thus a visible-light mediated metal-free synthesis of thio-functionalized
pyridines has been reported using thiphenols and jy-ketodinitriles as the reacting partners in

the presence of eosin Y as the photocatalyst (Scheme 1V.1).

Earlier reports
Synthesis of pyridines and pyrroles
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Scheme 1V.1. Nitrile-Triggered Synthesis of Substituted Pyridines

R = aryl, cyclohexyl

To find out an appropriate reaction condition for this photochemical transformation, other
reaction parameters such as solvents light source, and catalyst were screened. After

screening of several parameters, the optimal condition for this transformation was found to
xiii
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be the use of S-ketodinitrile(1) (0.25 mmol), thiophenol (0.50 mmol, 2 equiv), K.COs (0.25
mmol, 2 equiv), eosin Y (3 mol %), in DMSO (1 mL) under 4 x 1 W green LED at N>
atmosphere. Inspired by this protocol, the scope of the thio-functionalized pyridines was
studied using a diverse range of y-ketodinitriles as well as thiophenols. It was observed that
the presence of electron-withdrawing as well as electron-donating gropus on either of the
coupling partners showed almost similar reactivity in giving the thio-functionalized
pyridines. Besides this, the use of aliphatic thiol such as cyclohexane thiol also worked well
in the present protocol. whereas the use of alkyl thiols failed to give the desired thio-
functionalized pyridines. Further a mechanistic path has been proposed based on control

experiments and literature reports.
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Scheme 1V.2. Mechanism for the Formation of Thio-Functionalized Pyridines

Initially, green LEDs, excited the eosin Y (EY) to EY*, which oxidizes the thiophenol (a)
to a radical cation (a’). Next, the thiyl radical (a”) is obtained via deprotonation from the
radical cation (a@’). The thiyl radical (a") undergoes addition to one of the nitrile groups of »-
ketodinitrile (1), generating intermediate A. Subsequently, intermediate (A) is converted to
an anionic intermediate (B) via a reductive quenching. The intermediate (B) upon
protonation generates an imine intermediate (C). The nucleophilic attack of imine (C) to the
carbonyl group provided the intermediate D. Finally, the loss of a water molecule from the
intermediate D gives intermediate E, which upon a base promoted tautomerization followed
by aromatization gives the desired pyridine 1a (Scheme 1V.2).

In summary, a thiyl radical-triggered synthesis of multi-substituted pyridines is
demonstrated using j-ketodinitriles, thiols, in the presence of eosin Y under metal-free
conditions. This protocol simultaneously constructs C-N, C-S, and C=C bonds. This

methodology can tolerate different substituents in both coupling partners. A few post-
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translational modifications and a scale-up reaction are illustrated to show the practical utility
of the present protocol. The reaction also underwent flawlessly employing sunlight as a

sustainable energy source.

XV

TH-3021_176122106



Contents

CONTENTS
Chapter I. Visible-Light-Driven C-S Bond Formation
I.1.  Introduction 3
I.2.  The Beginnings of Organic Photochemistry 4
1.3 Importance of Photoredox Catalysis 8
1.4 General Mechanistic Schemes for Photoredox Catalysis 9
1.4.1. Energy Transfer 9
1.4.2. Electron Transfer 10
1.4.2.1. Oxidative and Reductive Quenching 10
1.4.2.2. Proton-Coupled-Electron Transfer 10
1.4.2.3. Proton Transfer Followed by Electron Transfer (PT/ET) 11
1.4.2.4. Electron Donor-Acceptor Complexes 11
I.5.  Importance of C—S Bond Formation 12
1.6 Strategies for Visible-Light-Mediated C—S Bond Formation 14
1.6.1. Difunctionalization Strategy 14
1.6.1.1. Difunctionalization of Alkenes 15
1.6.1.2. Difunctionalization of Alkynes 18

1.6.2 C-H Bond Functionalization

1.6.2.1. C—H Functionalization Involving Sulfonylation/Sulfenylation
1.6.2.2. C—H Functionalization Involving Thiolation 22
1.6.3. Radical Cyclization Reactions
I.7.  References 31

Chapter Il Visible-Light-Mediated Difunctionalization of Alkynes: Synthesis
of p-Substituted Vinylsulfones Using O—and S—Centered Nucleophiles

. Abstract 39
I1.1.  Introduction 41
[1.2.  Ideas Toward the Synthesis of p-Substituted Vinylsulfones 43
[1.3.  Present Work 46

TH-3021 176122106




Contents

I1.4.  Experimental Section 61
[1.4.1. General Information 61
11.4.2. Crytallographic Description 62

11.4.3. General Procedure for the Synthesis of Z-f-Carboxy Vinylsulfone (1bb’) 63
I1.4.4. General Procedure for 10 mmol Scale Reaction of Z-1-Phenyl-2-tosylvinyl 4
methylbenzoate (1bb’) 63
11.4.5. General Procedure for the Synthesis of 1-Phenyl-2-tosylethan-1-one (X) 64
11.4.6. General Procedure for the Synthesis of N-Butyl-4-methylbenzamide (YY) 64

11.4.7. General Procedure for Radical Trapping Experiment 65
11.4.8. HRMS Study for the Detection of Reaction Intermediates 65
11.4.9. The UV-Visible Spectroscopy and Fluorescence Quenching Experiment (Stern-
Volmer Studies) 66
11.4.10. CV Experiments Performed to Determine the Redox Potentials 66
I1.5.  References 67
[1.6.  Spectral Data 71
[1.7.  Representative Spectra 91
Chapter 111. Pd(I1)-Catalyzed Synthesis of Furo[2,3-b]pyridine from
B—Ketodinitriles and Alkynes via Cyclization and N—H/C Annulation
1. Abstract 97
[11.1.  Introduction 99
I11.2. ldeas Toward Nitrile-Triggered Access of N-Heterocycles 102
[11.3.  Present Work 104
[11.4.  Experimental Section 117
[11.4.1. General Information 117
I11.4.2. Crytallographic Description 117
I11.4.3. General Procedure for the Synthesis of 2-(2-Oxo-2- arylethyl)malononitriles
(1-13) 118
I11.4.4. General Procedure for the Synthesis of 5-Phenyl-2-(phenylthio)-1H-pyrrole-3-
carbonitrile (1a—13a) 119
[11.4.5. Radical-trapping Experiments 119
111.4.6 Reaction Performed in Dark 120

TH-3021 176122106




Contents

[11.4.7. General Procedure for the Synthesis of 5,6-Diphenyl-3-(phenylthio)pyrrolo[2,1-
alisoquinoline-2-carbonitrile (P) 121

[11.4.8. General Procedure for the Synthesis of 5-Phenyl-2-(phenylsulfonyl)-1H-pyrrole-

3-carbonitrile (Q) 121
[11.4.9. UV—Visible Spectroscopy and Fluorescence Quenching Experiment
(Stern—Volmer Studies) 122
111.4.10. CV Experiments Performed to Determine the Redox Potentials 123
I11.5. References 123
[11.6. Spectral Data 126
[11.7. Representative Spectra 139

Chapter IV. Visible/Solar-Light-Driven Thiyl-Radical-Triggered Synthesis of
Multi-Substituted Pyridines

IV.  Abstract 145
IV.1. Introduction 147
IV.2. ldeas Toward Synthesis of Functionalized Pyridines 149
IV.3. Present Work 151
IV.4. Experimental Section 163
IV.4.1. General Information 163
IV.4.2. Crytallographic Description 163
IV.4.3. General Procedure for the Synthesis of 2-(3-0x0-1,3-
diphenylpropyl)malononitrile (1-16) 165
IV.4.4. General Procedure for the Synthesis of 4,6-diphenyl-2-(phenylthio)nicotinonitrile
(1a) 166
IV.4.5. General Procedure for 5 mmol Scale Reaction for the Synthesis of 4,6-Diphenyl-
2-(phenylthio)nicotinonitrile (1a) 166
IV.4.6. General  Procedure  for  the  Synthesis of  4,6-Diphenyl-2-
(phenylthio)nicotinonitrile (1a) in the Presence of Sunlight 167
IV.4.7. General Procedure for Post Synthetic Applications 168
IV.4.8. Mechanistic Investigations 170
IV.4.9. SV Experiments 179
IV.4.10. CV Experiments 180

TH-3021 176122106




Contents

IV.5. References
IV.6. Spectral Data
IV.7. Representative Spectra

List of Publications

TH-3021 176122106

180
185
197

202




Chapter |

CHAPTER I

Visible-Light-Driven C-S Bond Formation

Ar
SSICPeS

TH-3021_176122106



Chapter |

TH-3021_176122106



Chapter |

CHAPTER I
Visible-Light-Driven C-S Bond Formation

1.1. Introduction:

The development of radical mediated chemistry in organic synthesis over the past
decade has renewed interest in the field of photochemistry. The ongoing interest in radical
chemistry has come into focus owing to the reactivity and also the selectivity that can be
accessed via the radical intermediacy that is otherwise difficult to attain by other approaches.!
The past decades have witnessed rapid progress in radical-mediated carbon—heteroatom bond
formations which have been established as powerful tools to access various organic frameworks.
In spite of several existing methods in C—X bond formations, there is always a need to develop
newer methodologies in this direction. In this context, photoredox catalysis has become a rapidly
developing areas of radical chemistry.? This area of research has come into the limelight of many
scientists ranging from biomedical to materials science. Moreover, visible light-mediated C—X
bond formations have gained immense popularity due to their operational simplicity,
minimization of by-product, easy handling, mild reaction condition, etc.®* Photochemistry not
only provides a sustainable way to synthesize complex molecules, but it also has the ability to
overcome many challenges which are difficult to attain by conventional thermal pathways. Since
the pioneering work from the group of MacMillan, Yoon, and others, photocatalysis has
experienced renascence over the past decades.® Based on the catalytic systems involved this field
are mainly categorized into three types such as: (i) The use of photocatalyst (organic dyes or
transition metal complexes) which upon excited in the presence of LEDs activates the organic
molecules either via a single electron transfer (SET) or energy transfer (EnT), (Figure 1.1). (ii)
Synergistic combination of photocatalyst as well as transition metal catalyst. (iii) The use of only
transition metal complexes in combination with visible light which acts as a light-absorbing
species and initiates the reaction and thereby catalyzes the bond-breaking and making process.®
Mostly the use of photosensitizer (transition metal complexes or organic dyes), under visible-
light irradiation, has been well-established as a reaction promoter for many photocatalytic
transformations. In this direction, transition metal complexes have gained enough popularity due

to their outstanding reactivities, and selectivity in various photochemical reactions.”® In spite of
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their excellent photophysical properties, their high cost, and sometimes toxicity issues has
limited their use to some extent in modern organic synthesis. In this context, the use of organic
dyes has not lagged far behind as compared to that transition metal complexes. The frequent use
of organic dyes in many photochemical transformations is only due to their less toxicity, low

cost, and operational simplicity.®
1.2. The Beginnings of Organic Photochemistry

From the beginning of life in the universe light-induced reactions are there so it is not
much new on this planet or it can be said that they are significantly older than life itself. Long
back, sunlight-mediated photochemistry started as soon as living beings began to settle on the
earth.’° For instance, the generation of a protective ozone layer is the result of the photolysis of
oxygen which saves human and animal life from the harmful UV radiation of the solar
spectrum.!* All these photoreactions have been occurring for billions of years without human
interruption or, without being noticed. The idea, that the interaction of light with the materials
not only affects their physical properties but it could also change their chemical properties
encourages the chemists to take a deep insight into photochemical reactions. Being focused on
the chemical changes occurring due to the interaction of light with the matter three types of
changes can be emphasized to make a chemist more curious. The first one is color changes,
(photochromism), the second one is the development of gas bubbles in a liquid, and the third one
is the precipitation of the product upon photo reaction that is less soluble than its precursor. The
color changes induced in a photochromic dye should have been considered as the earliest
photochemical reactions.!? Almost several years back, people made an attempt to utilize the
energy of the sun in many directions. Based on the heat capacity of the materials (glass, cast iron
or marble) John French showed two setups “to rectify spirits” in which collection and
accumulation of solar radiation were possible.®® Libavius employed the use of lenses, and
mirrors, and tried to focus sunlight on a selected area by means of different methods which
provide the basic principles of optics.'*

Joseph Priestley: Photochemistry in the Eighteenth Century: Following Libavius’s
experiment, Joseph Priestley used a lens (12 inches) to focus the sunlight on a sample of
mercury present in a closed vessel.1® He observed the appearance of mercury to a red solid form
with a slight increase in its weight. Later, this pioneering experiment was corrected by Lavoisier
in which he used a combination of mercury with oxygen, i.e. as an oxidation and he concluded

4
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the conversion to be a result of a thermal reaction obtained from sunlight.*>® Being curious about
his experiment, Priestley was further successful in two different fields: inorganic chemistry and
photosynthesis in which light has the actual role. In the experiment, he exposed the spirit of nitre
(nitric acid) to sunlight and observed the appearance of reddish color in the liquid phase. Later,
in his follow-up experiments, he ruled out the possibility of a thermal reaction and confirmed
that the reddish product (nitrogen dioxide) was formed in the vapor phase and then dissolved in
the liquid.®° Finally, he concluded that the color change was due to the action of light upon the
vapour of the spirit of nitre. This has been considered the first photochemical reaction in the gas
phase.'>

J. W. Dobereiner and the Light-Induced Reduction of Metal lons: J. W. Dobereiner in 1831,
was the first who introduced the concept of metal ion reduction upon light exposure. In his
experiment, an aqueous solution of iron(l11) oxide and oxalic acid were exposed to sunlight in a
small glass tube. He observed the development of some gas bubbles and he identified these
bubbles as CO, and a basic iron(Il) oxide, humboldtite, precipitated.%® The modified version of
this reaction has become the basis for ferrioxalate actinometry.’®® Further, a similar type of
reductions for Ag, Pt, and Ir, salts were observed by him and he performed some control
experiments and ruled out the possible dark reactions. However, he skipped out on the first
photoreaction of a ruthenium compound, as a result of which so many photochemical studies
were not discovered until 1844. Dobereiner’s contribution to photoreduction of metal salts
provides new avenues for solid state photochemistry.

Trommsdorff, Sestini, Cannizzaro: The Photochemistry of Santonin: Trommsdorff was
always investigating whether the light-induced reactions depended upon the wavelength or not.
He proved the wavelength dependency of light with the help of a prism. He assumed that
santonin exists in two isomeric forms.1’® Based on the elemental analyses, Heldt argued that
yellow and white santonin are identical in their composition, but different in their structural
arrangements.*’® The early workers, of course, were unable to predict the structures of santonin
or its photoproduct. The credit for the wavelength dependence of an organic photoreaction
belongs to this study which brings a marginal shift in the development of photochemistry. Next,
Sestini started investigating the structure of santonin. He got the photosantonin upon irradiating
65% aqueous ethanol which he later identified as a diethyl ester that could be further converted

into a photosantonic acid (lactone/acid). However, the photosantonic acid was directly prepared
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by irradiating santonin in 80% acetic acid. When Sestini came to Rome, he introduced
Cannizzaro to the problems associated with the structure of santonin and its photoproducts. They
combinely published one paper and at a later stage, they pursued the problems independently.t’
Further, Cannizzaro et al. were successful in confirming the formation of photosantonic acid and
disclosed a new photo and stereochemical complexity of santonin. However, the structure of
photosantonic acid was elucidated only in 1958 but the intermediates were not confirmed until
1963 (Scheme 1.1).179 Being an investigator of santonin and its photoproduct for 20 years, Sestini
always got the credit for the discovery of photosantonic acid from Cannizzaro. Sestini’s
contribution to the history of photochemistry was really useful and he was the only one who
deserves the credit for being an introducer of Cannizzaro to light chemistry and, through him,

Ciamician, and Silber.182b

Photosantonic acid '
Santonin O

Scheme 1.1. Formation of photosantonic acid.

Early Photodimerization Contributions by Fritzsche: Among the various photoreactions, the
photodimerization product obtained by the precipitation and it was less soluble as compared to
their starting precursors. The photodimerization of anthracene, was observed by Fritzsche in
Petersburg in 1867 and that has been considered as the earliest laboratory photodimerization.®
Geometric Isomerization of Olefins: W H. Perkin as a Photochemist: Among various photo
reactions of olefins, geometric isomerization is one of the most common reactions that was first
observed by Perkin in 1881. He was investigating the conversion of several “o-isomers” into
their “f-isomers” of 2-alkoxycinnamic acids (obtained from coumarin) upon exposure to
sunlight.2%® Perkin not only described cis-trans isomerization upon light exposure but also studied
the effects of wavelength on various photochemical reactions. To confirm, which range of light
caused the actual chemical change he used different colored solutions as filters, such as
ammoniacal copper sulphate solution, and sulfate of quinine. Finally, he concluded that the color
change is mainly due to the action of the violet and ultraviolet rays.?%® This led to the frequent
use of UV lamp in photochemistry.
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Photoinduced Halogenation: With the development of halogen-induced geometric
isomerizations of olefins, the light-induced halogenation of aromatic hydrocarbons has come into
the limelight in the field of photochemistry. These reactions were between 1884 and 1888 by
Julian Schramm.?* Initially, as early as 1874, the isolated p-bromobenzyl bromide in the light-
induced bromination of toluene was not identified.?!® Later, Paul Jannasch, tried to improve the
poor yield of a dibromo derivative obtained from toluene and got the crystal, which Schramm

demonstrated as p-bromobenzyl bromide (Scheme 1.2).21

hv
Br—@CH3 A, Br—QCHZBr

Scheme 1.2. Formation of p-bromobenzyl bromide.
Photochemistry of Carbonyl Compounds: Among the pioneers of photochemistry, Klinger is
the only one who started working on the photoreactions of carbonyl compounds. After
conducting several experiments, he got the crystals of a molecular complex of two moles of
benzil upon exposure to sunlight and confirmed that benzil dissolved in wet ether undergo

reduction upon exposure to sunlight (Scheme 1.3).2%

O . Ol
(L & X
—
O o) ether O OH
Scheme 1.3. Photochemical reduction of benzil.

The modified version of the same reaction was extended to a series of aldehydes and
ketones and also with different quinones. The reaction of benzoquinone with benzaldehyde
provided 2-benzoylhydroquinone or 2,5-dihydroxybenzophenone (Scheme 1.4).2%* Klinger found

a correlation between these reactions with the photosynthesis of the living plants.?%

O (o) OH O
(o) h OCOR
\"
(X 2 1 e
o RCHO OH RCHO
o OH

Scheme 1.4. Photochemical reaction of quinones with benzaldehyde.
Photochemistry of Diazonium Compounds: Peter Griess in 1858, introduced the
photochemistry of diazonium compounds. At the very initial stage, when their sensitivity to

light was first observed, the chemistry was not very clear. Later, several attempts to utilize them

7
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for further purposes were documented as early as 1889. After the exposure of the film

containing diazonium sulfonate the unreacted part of it could be removed by repeated washing

(Scheme 1 5).%
Me
Me Br
o o G,
N h - N
,‘\l‘ v Photo product N~
~S0;Na

Scheme 1.5. Photochemical reaction of diazonium sulfonate with benzaldehyde.

At the end of the nineteenth-century, photochemistry was not much explored and has been
applied to a limited number of reactions. In those reactions, sun was the frequently used light source
which was not focused light. Only Liebermann started working with different light sources, a gas
burner with a metal oxide mantle, an arc lamp, and a magnesium flame etc.?* Trommsdorff studied
the wavelength dependence of a photoreaction with the help of a prism.?*® Perkin®° and Klinger?*
used a filter solution. The previous effort made by different scientists provides the source to modern

photocatalysis.
1.3. Importance of Photoredox Catalysis

Photocatalysis mainly deals with the interaction of light with the molecules or catalyst or
any additives present leading to their excitation that enables the chemical reaction to occur. In
this context, the use of LEDs of different wavelengths can excite the reacting component that
corresponds to the wavelength of that region. Hence different selectivity can be attained which
are not usual in most of the conventional approach.® In this direction, ruthenium and iridium,
photocatalysts have been established as a powerful tools for achieving different molecular
frameworks. In spite of their excellent photophysical properties and their high cost, and toxicity
issues have limited their scope in many directions. Though the transition metal complexes are
well-established in photocatalysis the organic dyes has also shown efficient reactivity in many
photochemical tansformation.® Besides the switching selective it offers an exciting mechanistic
approach that makes the field of photocatalysis more popular day by day. The choice of LEDs
has a very crucial role in attaining different selective which particularly deals with the
absorbance maximum for the lowest energy absorption (Amax). Based on the absorption maxima,

a light source is selected for a particular photoredox catalyst. The most important requirement is
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that at least there should be some overlap between absorption of the molecule and emission of
the lamp which enables the photochemical reaction to occur. In this regard, the use of LEDs of
different wavelengths has come into focus in the field of photoredox catalysis, owing to their
relatively narrow emission band which can do selective excitation of the chromophore.
Ultimately, the Amax vValue gives the preliminary idea regarding the energy required for a photo-

induced electron transfer.?®
1.4. General Mechanistic Schemes for Photoredox Catalysis

The mechanism of photocatalysis mainly involves two processes one is energy transfer
and the other is the electron transfer process (Figure 1.1).
1) Energy Transfer

2) Electron Transfer

General mechanism of photocatalysis

|
Y ¢

SET process EnT process

PC
PC
D A
ot
Photoredox 5 Catalysis D Sub
S . EnT
+ oxidative reductive Photoredox ¢ Catalysis

PC quenching $ quenching Sub

D PC PC

D"
Figure 1.1. General mechanism for energy and electron transfer.
1.4.1. Energy Transfer: In energy transfer reactions the photosensitizers (at their excited
states) transfer their energy to the substrate and initiate the reaction. Photosensitizers such as
benzophenone, rose bengal, and methylene blue, can be better used as triplet sensitizers owing to
their long lifetimes in their triplet state as compared to their singlet state. One of the most well-
known applications of triplet sensitization is the photo-sensitization of the ground state triplet

dioxygen (302) to generate their singlet dioxygen (*O2).
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Usually, intramolecular cyclization, [2+2] cycloaddition reactions involve the energy transfer
pathway.
1.4.2. Electron Transfer: Although the outcome of energy transfer processes is distinct and
recognizable in select cases (for instance, the Schenck-Ene reactivity of olefins and 1Oy),
electron transfer and energy transfer cannot be readily distinguishable in other systems. For
triplet sensitization, the organic molecules used as substrates must have high triplet energies
which usually exceed 60 kcal mol™ (2.6 eV). Hence in an electron transfer reaction, the catalysts
remain redox neutral in their ground state at the initial stage but at the excited state, they either
accept or lose one of its electrons to the substrate thereby acting either as an oxidizing or a
reducing agent. Most of the photochemical reaction mechanism involves the electron transfer
process which are of different types (a) Oxidative and Reductive Quenching (b) Proton Coupled
Electron Transfer (PCET) (c) Proton Transfer followed by Electron Transfer (PT/ET) (d)
Electron-Donor-Acceptor Complexes (EDA Complex), and Exciplex etc.?’
1.4.2.1. Oxidative and Reductive Quenching

In an oxidative quenching cycle, the quenching of excited state photocatalyst PC*
happens via the donation of an electron either to substrate or an oxidant [0x] present in the
reaction whereas in a reductive quenching cycle, an excited state of the photocatalyst PC*
accepts an electron from substrate or a reductant [red]. In the oxidative cycle, the catalytic
turnover is maintained via the reduction of the oxidized [PC]™* whereas in the reductive cycle
oxidation of the reduced [PC]™ happens to maintain the catalytic turnover. Any of the used
substrates, an intermediate, or the external redox-active reagent (light absorbing species) are
mainly responsible for catalyst turnover.?
1.4.2.2. Proton-Coupled-Electron Transfer

Proton-coupled electron transfer (PCET) involves the exchange of electrons and protons
in a concerted manner and found to have applications in recent inorganic technologies for small
molecular activation and numerous important biological redox processes. The activation of a
wide variety of organic functional groups (that are energetically unfavorable) using usual
molecular H atom transfer catalysts is the main application of this kind of mechanistic approach.
The basic requirement for PCET is the formation of hydrogen bond between the substrate and a
proton donor/acceptor prior to the charge transfer. Usually, PCET mechanisms are of two types

such as reductive PCET and oxidative PCET. The ketyl radical mainly involves the reductive
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PCET whereas the generation of amidyl radical involves the oxidative PCET pathway (Figure

|_2).29a
M" RH----B O:I(o;l:t-;-ve R----H-B Mn1
N
H+
H+
7SH-A H---A

n-1 i Reductive )E\/ n
M PCET R~ M

Figure 1.2. General mechanism for oxidative and reductive PCET.

1.4.2.3. Proton Transfer Followed by Electron Transfer (PT/ET)
The electron transfer process which involves the first deprotonation followed by a single-
electron process is known as PT/ET Process. In this case, both the proton transfer and electron

transfer do not happen in a concerted manner (Figure 1.3).2%°

@) - Proton transfer ©
R-H----B > R + BH
__/
© SET .
—_— R
process

Figure 1.3. General mechanism for PT/ET.
1.4.2.4. Electron Donor-Acceptor Complexes

In spite of the frequent use of transition metal complexes or organic dyes, in
photocatalysis, there are some photocatalytic transformations that can happen without using any
photocatalyst.2% In such cases, the reacting partners are unable to absorb the light independently
corresponding to the wavelength range of irradiation. However, the reacting components show a
color change upon mixing which indicates the formation of an electron donor—acceptor (EDA)
complex (charge-transfer complex).3® The mechanistic insight and the reactivity pattern of these
species were well explained by Kochi®® and has been clearly described by Melchiorre®® and
others to attain catalyst-free visible-light-mediated transformations. Moreover, the reacting
components combinely able to absorb the light and undergo a red shift than the individual
reactant which is an indication of the EDA complexation between them (Figure 1.4). The

exciplexes, which are excited-state complexes are different from that the ground state EDA
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complexes and cooperatively emit a photon. Usually, an exciplex operates when an excited state
electron-deficient photocatalyst, such as a cyanoarene, encounters an electron-rich substrate. The
red shifting of the fluorescence spectra relative to the maximum of the uncomplexed

fluorescence confirms the formation of an exciplex.3

EDACompIex_

D ] radical ion pair

Donor @ irreversible

one —products

Kepa hy =— ‘fragmentation “—

@ radical

A formation

: - o x|

Acceptor
charge transfer band

in visible region
Figure 1.4. General mechanism for EDA complex formation.

Owing to the switching selectivity and different mechanistic aspects photocatalysis has

been frequently used in various directions to synthesize different organic molecular frameworks

via the C—heteroatom bond formation. But owing to the biological importance of organosulfur

compounds C—S bond—forming reactions have become an important area of research.®!
1.5. Importance of C-S Bond Formation

Among different bond formations, the C-S bond formation reactions have gathered
immense popularity due to their frequent applications in pharmaceuticals as well as industries.
For instance, Cysteine (1) and Methionine (I1) are two sulfur-containing amino acids, which
help in promoting antioxidant activity and body development (Figure 1.5). Garlic which is
considered to be one of the home remedies, is associated with biologically active compounds
that have been reported to reduce rates of cancer. Ajoene (I11) and Allicin (IV) were isolated
from garlic and were found to act as antibacterial agent.*> Organic sulfur compounds are found
to have numerous applications in pharmaceuticals. For instance, antibiotic or antiprotozoal drugs
such as Bactrim were obtained from sulfamethoxazole (V) and its derivatives.33* Besides their
medicinal importance, organosulfur compounds are also very popular in material science. A
thiophene based conjugated polymer such as poly(1,3-dithienylisothianaphthene) (PDTITN)
(V1) has shown application in organic electronics and photonics (Figure 1.5).3%® Owing to the
importance of organosulfur compounds the development of synthetic methods to form C-S

bond is always deemed worthy of investigations.>!
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Figure 1.5. Biologically active sulfur compounds.

To date, tremendous progress has been achieved in the construction of new C—S bonds,
which mainly involves addition and substitution reactions (Scheme 1.6). The addition of various
sulfur nucleophiles to carbon—carbon double and triple bonds, thiolysis of epoxides, aziridines,
anhydride, cross-coupling reaction with aryl halides is the traditional way of C—S bond

formation (Scheme 1.6).34

R 2
S/ R1/\/R
R' R] addition
" RSSO;Na ¥
- il } u
s R—=— RSO,CI R—== Nu-H s
R& ~Ladition | RSO,NHNH, difunctionalization ~ Ry R
o P \
~ 2
R
T 1
R, < i S —R » ||[Het ™
R1)Y 2 ring opening — C—H functionalization = S—R
X ¢ S—R
Ar—X
- —R —-———¢ = HN
3 2 RSO,SR
R X’QR 2 “or Ar—on n=1

R ~g —R? RSO,0R
R1 substitution ©: >_®

Photochemical way for

Conventional way for —> ionic mechanism radical mechanism --— 4
C-S bond formation

C-S bond formations
Scheme 1.6. Traditional/Photochemical generation of C-S bond formations.

However, these traditional methods mostly involved an ionic pathway rather than a
radical pathway. In spite of these existing conventional methods, the C-S bond formation via
photocatalysis has gained immense popularity which converts the S—nucleophiles to S—radicals
via single electron transfer and triggers the reaction.3* This mainly includes radical addition to
the alkenes and alkyne following difunctionalization strategy, C—H bond functionalization, S-

radical-triggered cyclization reactions, etc. Since all the chapters deal with visible-light-
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mediated C-S bond formation under metal-free conditions so only metal-free C—S bond-

forming reactions are focused.
1.6. Strategies for Visible-Light-Mediated C—S Bond Formation

There are several strategies involved in the C—S bond formation under visible-light irradiation
which involves the following.
1)  Difunctionalization Strategy
a) Difunctionalization of Alkenes
b) Difunctionalization of Alkynes
2)  C—H Bond Functionalization
a) C—H Functionalization Involving Sulfonylation/Sulfenylation
b) C—H Functionalization Involving thiolation

3) Radical Cyclization Reactions

1.6.1. Difunctionalization Strategy
The difunctionalization approach has gained much importance in modern organic
synthesis due to its excellent regioselectivity thereby providing complex molecules in a simple
manner. Two functional groups can be installed simultaneously onto a carbon—carbon double or
carbon-carbon triple bond which offers an excellent way for achieving complex molecular

framework.%®

Atom transfer radical
addition (ATRA)

X-Y Y

- or Y
Thermal Condition |:> o)
Visible Light L x
X +Y Multi-component Approach

R-X R-Y Oxidative Difunctionalization

Figure 1.6. Different difunctionalization strategies.

Usually, difunctionalization can be done by different approaches viz. atom transfer
radical addition, and multi-component approach. In the atom transfer radical addition approach
both the coupling partner comes from a single radical precursor whereas in the multi-component
approach both the coupling partners come from different radical precursors. However, in multi-
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component approach, if one of the radicals is trapped by the Oz or moisture then this type
difucntionalization is called oxidative difunctionalization. In this regard, tremendous progress
has been achieved in difucntionalization of alkenes and alkynes under thermal and
photochemical approach to construct diverse frameworks (Figure 1.6). Mainly the
difunctionalization reaction via photochemical approaches has gained much reputation in recent
days for the construction of C—S bonds.?® The mechanism of the difunctionalization mainly
involves the initial attack of one of the radical precursors to the alkenes or alkynes generating a
vinyl radical intermediate. This radical is either directly trapped by another radical partner or
undergo a SET process to give a carbocation intermediate and is further trapped by a

nucleophilic partner and provides the desired difunctionlized product (Figure 1.7).

r./—X
Z A X t X
LEDs
I a
Y Y
©)\\/X ©)\\/X
Figure 1.7. General mechanism for the difunctionalization of alkenes and alkynes.

1.6.1.1. Difunctionalization of Alkenes
The difunctionalization of alkene has come into the focus of chemists as a complex
molecular framework can be attained via the simultaneous installation of two functional groups
onto a carbon—carbon double bond.®" In particular, styrenes have been frequently used as an
important and commercially available building block of many pharmaceuticals, natural
products, and materials. In this context, styrene difunctionalization via visible light irradiation
has gained importance in modern organic synthesis. In 2021, Singh et al. reported a
difunctionalization of styrene using CS2 and amines as the reacting partners and provided a
diverse range of S-keto dithiocarbamates (Scheme 1.7). This protocol demonstrated an excellent
way for the oxidative difucntionalization of styrene under metal-free conditions.®"
» Rs i
©/\+ cs, + NH:RRL Rhc;d;:;neBB.mol %) O)J\/ \g/ R
(2 equiv)

DMF, rt, 36 h

Scheme 1.7. Visible-light-mediated difunctionalization of alkenes.
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Recently, the Maity group demonstrated a visible-light-promoted sulfurization of alkenes
and alkynes with thiols using air as the oxidant. The present method provided a route for the
difunctionalization of alkenes and alkynes using eosin Y as the photosensitizer under metal-free

conditions (Scheme 1.8).37

o)

1]

w8
CH;CN R

@ N oy EOSin Y (2 mol %)
+ R

Blue LEDs OH O

w8
MeOH R

Scheme 1.8. Visible-light-mediated sulfurization of alkenes and alkynes.

In 2022 Li et al. accomplished a pyridylthioesterification of styrenes under blue LEDs
irradiation via the unusual cleavage of C(nonacyl)-S bond rather than the C (acyl)-S bond
(Scheme 1.9).3"

R HNEt; (1 equiv), N, SR
(5 * Q\l/ DMSO, rt, 6 h \g/
Scheme 1.9. Visible-light-mediated pyridylthioesterification of styrenes.

In 2016, Wang et al. demonstrated a visible light-driven oxysulfonylation of alkenes with
aryl sulfinic acids as the sulfonyl precursors. The developed protocol occurs at room temperature
under transition-metal-free conditions. In this oxysulfonylation, the moisture is the source of

oxygen rather than the atmospheric Oz (Scheme 1.10).%7¢

SO,;H Eosin Y (1 mol %) |o 9
‘/ _TBHP, rt, 24h S\‘o

EtOHIH o

Scheme 1.10. Visible-light-mediated oxysulfonylation of styrenes.
In 2018, trifluoromethylthiolation of styrenes has been reported by the Singh group in
which they employed CF3SO2Na as the CFz source and CSz as a sulfur source. A terminal, as
well as internal alkenes were well tolerated in this protocol. Cyclic alkenes also worked well and

provided the desired trifluoromethylthiolated product (Scheme 1.11).38
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CS, (3 equiv)
o

Eosin Y (2 mol %) )
CR.SON green LEDs, rt, 12 h SCF;
+ a >
e EtOH/H,0 @

Scheme 1.11. Green-light-induced trifluoromethylthiolation of styrenes.
In 2019, Zhu et al. disclosed the synthesis of g-keto/hydroxyl sulfones under blue light

irradiation using alkene and sulfonyl hydrazides as the reacting partners. In this protocol,

sulfonyl radicals are generated via the visible-light-induced oxidation of sulfonyl hydrazides
which undergo oxidative addition with the alkenes. Notably, the present protocol employed O as
the oxidant without requiring any additional oxidants (Scheme 1.12).3
i
Methylene blue (2 mol %) N)\/SOzAr
or R=H

R
)% 0.0 blue LEDs, rt, air
+ > OH
Ar Ar” “NHNH,  DABCO, EtOH R
S\ _s0Ar

Scheme 1.12. Blue-light-induced synthesis of -keto/hydroxyl sulfones.

Recently, Akondi et al. reported a trifluoromethyl-thiocyanation of alkenes using
Umemoto reagent as the CF3 source and ammonium thiocyanate as the thiocyanating agent under
visible light irradiation. The protocol avoids the use of transition metals, photosensitizers, and
additives. This protocol is compatible with different alkene systems such as styrenes, unactivated

alkenes, and acrylates and produces a variety of trifluoromethyl-thiocyanates in good to excellent

yields (Scheme 1.13).38¢
F. F

1
CF3

R Umemoto reagent NCSe/NCS R3

R® NH,SCN blue LEDs
>=/ + or L R1H
R2 CF

R? KseCN  CHZCN,rt, N,

3

Scheme 1.13. Visible-light-induced trifluoromethyl-thiocyanation of alkenes.
In 2022, the Liu group accomplished the hydroxysulfenylation of styrenes using air as the
oxygen source and thiols as the thioaryl source. The reaction proceeds through the formation
electron donor—acceptor (EDA) complex between the reacting species. The protocol tolerates a

wide range of functional groups on either of the reacting partners (Scheme 1.14).38¢
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Scheme 1.14. Visible-light-induced hydroxysulfenylation of alkenes.

1.6.1.2. Difunctionalization of Alkynes

Alkynes are important building blocks in organic synthesis that can be efficiently
transformed into other functionalities. In this regard, poly-substituted alkenes can be obtained
via difunctionalization of alkynes which enables the simultaneous introduction of two functional
groups into the same molecule.®® Muti-functionalized alkenes are ubiquitous in many natural
products, bioactive molecules, and pharmaceuticals viz., doxepin, tamoxifen, etc.*®*" In this
context, chemists are always in search for the development of suitable methods for their
synthesis. Although there are well-established transition metal-catalyzed methodologies
available for the difunctionalization of alkynes the metal-free process is always demanding.*% In
this regard, visible-light mediated difucntionalization has come into the limelight due to the
operational simplicity and switching selectivity. Owing to the importance of sulfur-containing
compounds, this strategy has been found to have widespread applications in the synthesis of
organosulfur compounds.3!

Recently, in 2022 a visible-light-induced oxysulfonylation of alkynes has been reported by
the Zhang group using arylsulfonate phenol esters as the S—centered radical source. The reaction
proceeds smoothly in the absence of any photosensitizer and the mechanism proceeds via an

electron donor-acceptor complex-mediated radical process (Scheme 1.15).4%

_ SO,Ar"
Z Cs,CO0; (1 equiv) H

+ Ar'S0O,0Ar? >
DMA, violet LEDs OAr?

N,, rt,3 h
Scheme 1.15. Visible-light-induced oxysulfonylation of alkynes.

Recently, in 2022, the patel group reported a visible-light-induced oxidative difunctionalization
of alkynes using g-CsN4 as the recyclable photocatalyst. Both terminals, as well as internal
alkynes underwent smooth reactions in this protocol (Scheme 1.16).** The present protocol
demonstrated green chemistry metrics calculation which shows the greener aspects of the present

methodology.
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@ + KI (1 equiv), EtOH_ @ R
M
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e

Scheme 1.16. Blue-light-induced oxidative difunctionalization of alkynes.

In 2021, Li, and co-workers reported a visible-light-induced iodosulfonylation of alkynes
using sulfonyl chlorides as the aryl sulfonyl radical source. In this protocol, both terminal and
internal alkynes well reacted with sulfonyl chlorides in the presence of Nal in micellar media in
water, giving their difunctionalized product good to excellent yields (Scheme 1.17).41¢

R2
RI-=—R? + TsCl N:::’OH'_T?;‘::?LB= Ts)\( :

1
blue LEDs "

Scheme 1.17. Blue-light-induced iodosulfonylation of alkynes.

Niu et al. in 2020 reported a hydrosulfonylation of alkynes with the simultaneous
incorporation of sulfur dioxide under aerobic conditions leading to S-keto sulfones. In this
protocol p-g-CaN4 has been used as the photocatalyst. The source of oxygen comes from H>0,
not from the Oz. They also performed the recyclability of the metal-free heterogeneous
semiconductor up to 6 consecutive cycles which showed no significant reduction in its catalytic

activity. The present protocol is also efficient in the presence of sunlight (Scheme 1.18).4¢

P-g-C3Ny4 o o
DABCO-(SO,), |
— + AerBF4 > R S0
0,, CH,CN/H,0
blue LEDs H

Scheme 1.18. Oxysulfonylation of alkynes using DABSO as SO surrogate.
Ananikov et al. in 2016, accomplished a metal-free thiol-yne click reaction using eosin
Y as the photocatalyst. In this protocol, C-S coupling products were obtained in high yields, and

excellent selectivity (Scheme 1.19).41¢

Eosin Y (0.3 mol %) /\/SAr

> Ar
Py, hexane, 40 °C
530 nm

Ar—— + ArSH

Scheme 1.19. Eosin Y catalyzed hydrosulfenylation of alkynes.
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1.6.2. C—H Bond Functionalization

C—H bond functionalization has gained enormous importance in the construction of
various organic frameworks leading to the formation of functionalized molecules. The field of
catalytic C—H functionalization has gathered tremendous progress over the past four decades.
Mostly, the catalytic strategies involving transition metals, photochemical, and electrochemical
have all been employed for the functionalization of C—H bonds.*> These strategies have been
widely applied in the selective functionalization of natural products, petroleum feedstock’s,
functionalization of heterocycles, functionalization of pharmaceutical derivatives, and
polymers.*® Particularly, photocatalysis has become a trending area of research and covers vast
areas of organic synthesis. This includes applications for renewable energy and natural product
synthesis, new reaction development, chemical feedstocks, materials, and biological
applications. Moreover, photocatalysis has been frequently employed in many synthetic
transformations which involve C—H functionalization leading to the construction of C—C, C—N,
C-0, C-S, and C—P bond formations.** Usually, organic photocatalysts operate via their excited
singlet states(S1) rather than their triplet (T1) states. In spite of their shorter lifetimes (10—50 ns),
this provides a larger redox window available to these catalysts. The organic photoredox
catalysts are more efficient for carrying out single electron transfer reactions. Overall, organic
photoredox catalysts have become an impressive area of research in C—H functionalization.
Particularly, the C-S bond formation via C—H functionalization has gained much importance
owing to the easy introduction of sulfur-containing group to any heterocycles or others. Usually,

the C-S bond formation can be frequently achieved either via sulfonylation or sulfenylation.*®
1.6.2.1. C—-H Functionalization Involving Sulfonylation/Sulfenylation

The introduction of a sulfonyl group into any molecular frameworks (heterocycles and
others) can tremendously increase their biological importance for which the sulfonylation
reaction is on demand.*® Being a good leaving group sulfones are found to show unique
chemical reactivity enabling many organic transformations. Owing to their leaving tendency it
has been described as a chemical chameleon by Trost.4”? In this context, the development of
efficient methods for the synthesis of molecules with sulfone backbone is always the need of the

hour. In this context, He et al. reported a deoxygenated C2-sulfonylation of quinoline N-oxides
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with sulfinic acids in the presence of eosin Y as the photocatalyst under visible light irradiation
(Scheme 1.20).47°

»

\ ,0 Nay.Eosin Y (2 mol %) A

*2 4 Ar—S’ -

N \ . Acetone/H,0 (1.5:1) NP SOLAr
2

-
(o) OH 5 W blue LEDs, rt, 12 h

Scheme 1.20. Sulfonylation of quinoline N-oxides.

The Sun group reported an efficient method for the sulfonylation of tertiary amines with
thiosulfonates under visible-light irradiation. This protocol provided a wide variety of cyclic and
acyclic p-sulfonyl enamines under metal, oxidant, and photosensitizer-free conditions (Scheme
1.21).47¢

o\ /o H
Vg7  NayCOj3 (2 equiv) —
Ar—N + PSS —— » Ar—N
o I|3h 5 W blue LEDs

DMSO, rt, Ar

Scheme 1.21. Visible-light-promoted sulfonylation of cyclic amines.

Xuan et al. in 2019 accomplished a visible-light-promoted decarboxylative sulfonylation
of cinnamic acids with aryl sulfonate phenol esters as the sulfonyl precursors. The
decarboxylative sulfonylation involved an electron donor—acceptor complex formation between
the DMA and the sulfonate phenol ester. The method provided a mild route for the synthesis of

vinyl sulfones without requiring any photosensitizer, oxidant, etc (Scheme 1.22).47

O\\S//O Cs,CO; (2 equiv) Q ar

~
ArTACOOH 25 AT A5

i 40 W blue LEDs |
" DMA,rt, Ar

Scheme 1.22. Visible-light-driven decarboxylative sulfonylation of cinnamic acids.

In 2017, Wu and co-workers disclosed a photosensitizer-free sulfonylative coupling of
aryl/alkyl halides, using DABSO (1,4-diazabicyclo[2.2.2]octane-sulfur dioxide), as the sulfonyl
surrogate, and silyl enolates as the reacting partners. This transformation provided a broad range
of p-ketosulfones at room temperature along with good functional group tolerance. Both aryl

iodides and aryl bromides worked well in this protocol (Scheme 1.23).47
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Scheme 1.23. Synthesis of g-ketosulfone using DABSO as SO- surrogate.

In 2017, Manolikakes et al. demonstrated a photochemical synthesis of sulfonamide using
diaryldiazonium salt as the aryl precursors, sodium metabisulfite as the SO, surrogate, and
hydrazines as the aminating source. In this reaction, perylene dye (PDI) was used as the
photocatalyst. Both aromatic, as well as aliphatic hydrazines, worked well in the present

protocol (Scheme 1.24).47f

S,05% ITFA o Pl
l R PDI Qs R
Arl*X- + , — s
H,N—-N hv, it o 2 S Neps
‘R2 N

Scheme 1.24. Synthesis of sulfonamide using PDI as photoredox catalysts.

Konig et al. reported a persulfate-mediated synthesis of heteroaromatic sulfoxides under
visible light irradiation. Electron-rich heteroarenes, such as pyrroles and indoles were efficiently
sulfenylated in the present protocol. The mechanism involves an electrophilic sulfinamide
intermediacy and provided the sulfenyated product (Scheme 1.25).479

D Az [\ (NHS:05(1 equiv) 0\\3,@
P " > X
hv, rt !

17N
Ar N X Al

X=N
Scheme 1.25. Visible-light- mediated sulfenylation of heteroaromatics.
1.6.2.2 C-H Functionalization Involving Thiolation

Sulfur-containing organic scaffolds, particularly thioarylated compounds are found to
have widespread applications in pharmaceuticals as well as in biologically relevant molecules
including thymitag, nelfinavir, and axitinib 48 The diaryl sulfides serves as the backbones of
many natural products and also found to have applications in material sciences.*®%¢ Owing to the
biological importance of thioarylated organic framework development of newer methodology
for the thiolation of various heterocycles, aromatic compounds is always the need of the hour. In
this context, an efficient tris(pentafluorophenyl)borane B(CeFs)3-catalyzed oxidative C—S cross-
coupling reaction of thiophenol with indoles was established by Tang et al. providing a diverse
range of diaryl sulfides in good yields. The proposed mechanism suggests an EDA complex

formation between B(CsFs)3 and indoles thereby facilitating the single electron transfer (SET)
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from indole to the B(C¢Fs)3 catalyst. The protocol used the B(CsFs)3 catalyst as a single-electron

oxidant (Scheme 1.26).4%

s-Ar R3
R3 Ar
W B(CgF5); (5 mol %)
‘) + Ar—SH ———— > N—rs Mg
N DCE, rt, 7-12 h N or N
kz blue LEDs R2 R2

Scheme 1.26. Visible-light-mediated sulfenylation of indoles.

In 2019, Liao and co-workers developed a visible-light-promoted deaminating
thioesterification of amino acid-derived Katritzky salts with thiobenzoic acid as the
thioaroylating agent. This protocol provides a new route for the synthesis of a-mercapto acid
derivatives under photochemical conditions. The proposed mechanism suggests an EDA

complex formation between the thiobenzoic acid anion and the Katritzky salt (Scheme 1.27).4°°

Ph
Ph—7 o o)
N= DIPEA (2 equiv) )J\ CO,Me
MeO,C + > ph” s
Ph™ “SH DCM,rt,24 h
Ph Ph
blue LEDs

Ph
Scheme 1.27. Deaminative thioesterification of amino acid-derived Katritzky salts.

In 2018, Hajra and co-workers reported an elegant method for the oxidative coupling
between thiophenols and arylhydrazines to afford diaryl sulfides under blue LEDs irradiation. A
wide variety of unsymmetrical diarylsulfides were synthesized in good yields at room
temperature. The present methodology worked well with benzo[d]thiazole-2-thiols, 1H-

benzo[d]imidazole-2-thiols, benzo[d]oxazole-2-thiol, and 1H-imidazole-2-thiol (Scheme

1.28).49¢
SH HyNHN Rose bengal (2 mol %J S
. Na,COs, rt,8h @ @

blue LEDs

Scheme 1.28. Visible-light-mediated synthesis of unsymmetrical diaryl sulphides.

Similarly, Miyake et al. disclosed a visible-light-driven cross-coupling reaction between
thiols and aryl halides in the absence of any photosensitizer. The mechanism involves the
formation of an EDA complex between thiolate anion, and aryl halide which is confirmed from
the UV—vis spectroscopy. A wide range of aryl halides and thiophenols were well reacted in this

protocol proving a diverse range of diaryl sulfides (Scheme 1.29).4%
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X  HS Cs,CO; (1.5 equiv) S
* DMSO, rt, 1 h @ @

X = Cl Br. | visible light
Scheme 1.29. Visible-light-mediated C—S cross-coupling of thiophenol with aryl halides.

Akiyama et al. in 2021 reported a photochemical synthesis of aryl sulfides using alkanes
and thiols as the reacting partners. This reaction proceeds via the excitation of an EDA complex
between a thiolate and an aryl halide, followed by the hydrogen atom transfer from an alkane to

the generated aryl radical (Scheme 1.30).4%

SAr
ArBr, Cs,CO
A Es2C0s
+ ArSH
R" R blue LEDs, rt,24h R' R’

Scheme 1.30. Visible-light-promoted thio-arylation of alkanes.

In 2019, Wu and co-workers demonstrated an efficient method for the synthesis of S-aryl
thiosulfonates via a three-component reaction of aryldiazonium tetrafluoroborates sodium
metabisulfite, and thiourea under photochemical conditions. A diverse range of aryldiazonium
tetrafluoroborates worked well in this transformation. However, the present protocol was
unsuccessful for S-alkyl thiosulfonates due to the lesser stability of alkyl diazonium salts
(Scheme 1.31).%%f

S Q0
ArN,BF J Rhodamine 66 ¢/
L HNTONH, RN T A Mg AT
2 2 CHi CN,hv  Ar” 7s”

Scheme 1.31. Photochemical synthesis of S-aryl thiosulfonates.
A similar kind of photochemical synthesis of thiosulfonates was reported by He et al.
using aryldiazonium salts thiols, and sodium metabisulfite under metal-free conditions. The
present protocol used Rhodamine 6G as the photocatalyst to provide a diverse range of

unsymmetrical thiosulfonates (Scheme 1.32).4%9

o ,0
ArN;BF, Rhodamine 6G \\S//
+ PhSH ——> 2o\ __Ar
Na,S,05 white LEDs Ar S
CH4CN, rt

Scheme 1.32. Visible-light-driven synthsesis of S-aryl thiosulfonates.
Yang et al. disclosed an elegant method for the synthesis of S—aryl dithiocarbamates

under visible light irradiation. The protocol avoids the use of transition metal catalysts, ligands,
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or photocatalysts, and provided the easiest way to synthesize S—aryl dithiocarbamates (Scheme
1.33).4%

R1
|
N\R2

X =1, Br Cs,CO;
Scheme 1.33. Visible-light driven synthesis of S—aryl thiocarbamates.

1.6.3. Radical Cyclization Reactions

Radical cyclization has proven to be an efficient method for the construction of carbo-
and heterocycles due to its high atom- and step-economy.> Heterocyclic synthesis is mainly
based on the design of the starting precursors in combination with matching reacting partners. A
suitable radical acceptor can undergo cyclization to give any carbo and heterocycles upon
reacting with a suitable radical donor. Porter and coauthors reported an unsaturated peroxy
radical cyclization to construct prostaglandin analogs which have been considered to be a
pioneering reaction in radical cascade cyclization.®'®® Despite the significant advances, in the
field of radical chemistry the construction of carbo and heterocycles with existing radical
acceptors is still challenging for chemists. In this regard, alkenes, alkynes, nitriles, and
isonitriles, have been well-established as radical acceptors for many radical cyclization
reactions.>1d Therefore, the development of newer methodologies for accessing functionalized
carbo and heterocycles via radical cyclization is always the need of the hour. Usually, cascade
radical cyclization mainly involves four phases: (i) generation of radical: radical species is
formed via a single-electron transfer (SET) process; (ii) radical addition: radical addition to an
unsaturated bond generates a carbon radical intermediate; (iii) radical cyclization: carbon radical
undergo cyclization and a carbon-carbon/heteroatom bond is formed,; (iv) radical quenching: the
quenching of carbon radical intermediate occurs via the hydrogen abstraction or another radical
donor coupling to construct a carbo- and heterocyclic molecule (Schemel.34).

radical donors

l.u)

—— . (= , v !

g o NS (T x| L"'J:\;{’i., R'/H

D — i\ ‘__'\\ LA N
radical acceptors R R R

Scheme 1.34. General pathway for the cascade radical cyclization.
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Recently, visible light-induced radical cyclization has brought a paradigm shift in radial
chemistry for the synthesis of the different molecular frameworks. In particular, the S—centered
radical triggered cyclization reactions have gained much reputation in modern organic chemistry
owing to the biological importance of sulfur-containing compounds.! In this direction, visible
light-induced radical cyclization has come into the limelight of many photochemists. In this
context, Chen et al. in 2021, reported a photochemical synthesis of thioarylated dibenzofurans
via a radical cascade reaction of 2-vinyloxy arylalkynes with thiosulfonates. The present
protocol utilized diaryl disulfide as an additive which plays the role of hydrogen abstraction in
the aromatization process to provide the desired product. This protocol provides a new route for

the construction of polycyclic oxygen heterocycles (Scheme 1.35).5%

= (ArS), (50 mol %)

S\ /@ @
@ + Ar” ,,S\\ Na,-Eosin Y (5 mol %) O@
X/\ O o X

CH;CN, N,, 90 °C
X=0,S white LEDs X=0,S

Scheme 1.35. Visible-light-mediated synthesis of dibenzofuran derivatives.

Li et al. disclosed a photocatalytic synthesis of 2-aryl benzothiazoles via radical
cyclization of ortho-halothiobenzanilides under metal-free conditions. Visible light enables the
substrates to undergo dehalogenative cyclization to provide a diverse array of 2-aryl
benzothiazoles (Scheme 1.36).5%°

X .
(BL A, vepatimet L~
H

Scheme 1.36. Photochemical synthesis of 2-aryl benzothiazole.

Similarly, kind of metal-free synthesis of 2—aryl benzothiazoles has been reported by the
Zhou et al. using g-CsN4 as the photocatalyst. This protocol provided a wide variety of 2-
substituted benzothiazoles at room temperature without the addition of a strong base or organic

oxidizing reagents. The reusability of the catalyst is one of the salient features of this protocol

(Scheme 1.37).5%
B st L)

H DMSO, rt

Scheme 1.37. Graphitic carbon nitride catalyzed synthesis of 2-aryl benzothiazole.
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Zhang et al. reported a photochemical synthesis of pyrido[1,2-a]indoles and indolizines
using sulfonyl chloride as the aryl sulfonyl precursors. The present protocol avoids the use of
any photocatalysts and oxidants. The mechanistic investigation showed the role of pyrrole and
indole as the pre-photocatalysts to facilitate the sulfonylation followed by cyclization (Scheme

1.38).5%
Ts
@ Na,HPO,, CH;CN D
N TsCl ——————————™™> N
)\/J * 0 T lue LEDs
Ar, rt

o (o)

Scheme 1.38. Photochemical synthesis of pyrido indoles.

An efficient multi-component iodosulfonylative cyclization of enynes has been reported
by Zhu et al. in which the sulfonyl radical is generated via visible-light irradiation of iodoform
with sulfinates. The sulfonyl radical triggers the radical addition, followed by cyclization, and
provided a variety of vinyl iodide-containing sulfone groups (Scheme 1.39).5%

Ar
blue LEDs

r——Ar CHI3 (2 equiv) I N\ e

X + RSO,Na — >
H3CN, N2, Ts

X
X= CNO

Scheme 1.39. lodosulfonylative cyclization of enynes.

Recently, in 2022 Yu et al. demonstrated a persulfate-promoted synthesis of
pyrrolo[1,2-a]indolediones via radical cyclization in the absence of any photosensitizer. In this
protocol, aryl sulfonyl hydrazide and ammonium thiocyanate were used as the S—centered

radical source (Scheme 1.40).%%

R ‘ R
NH4SCN \ =y ArSONHNH, ArSO,NHNH,
o
1 ,4- dloxane N (NH)28208, rt
SCN K,8,04, rt
292Vs; CH3CNIH20 (3:1) d

O I\

Scheme 1.40. Visible-light-mediated synthesis of pyrrolo[1,2- a]indolediones.
In 2022, Zhu and co-workers reported a photochemical synthesis of quinolin-2(1H)-ones

via Markovnikov-type sulfonylation followed by 6-endo-trig cyclization and selective C(O)—
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CF3 bond cleavage starting from N-alkyl N—(2-ethynylphenyl)-2,2,2-trifluoroacetamides and

sulfinic acids (Scheme I. 41).5%

o\\ Ar

= -
o Na,-Eosin Y (5 mol %) 0=S
1 K,CO;3 (1 equiv), N
N’R1 . 8 2C0;3 (1 equiv), N; SN
)\ Ar” "OH pmMA, 7 W, blue LEDs
07 "R? N= 0

R1

Scheme 1.41. Photochemical synthesis of quinolin-2(1H)-ones.

Recently, Wei and co-workers reported a blue-light or sunlight-mediated synthesis of
sulfonylfunctionalized dihydro benzofurans via tandem radical addition/1,5-hydrogen atom
transfer/cyclization cascade of 2-alkynylarylethers with sulfonyl chlorides in 2-methyl
tetrahydrofuran. This protocol experienced a unique energy transfer pathway to generate
sulfonyl radicals for the synthesis of a wide variety of sulfonylated benzofuran derivatives
(Scheme 1. 42).%%¢

z
/
<0

o
\
(%2

blue LEDs R!
+ ArSO,CI —> R?
2-MeTHF air, rt o

Scheme 1.42. Synthesis of sulfonyl functionalized dihydro benzofurans.
Singh et al. in 2022 demonstrated a visible-light-promoted cascade radical cyclization for
the synthesis of sulfonylated benzimidazo/indolo[2,1-a]iso-quinolin-6(5H)-ones under metal-free
conditions. The present protocol has utilized the sodium metabisulfite as the SO surrogate

(Scheme 1. 43).5%
X Eosin Y ‘:
\
N ArN BF4 Na,S,05 ;:g
SO,Ar

0o} blue LEDs, DCE, 4 h
X=CH, N

Scheme 1.43. Synthesis of sulfonylated benzimidazo/indolo[2,1-a]iso-quinolin-6(5H)-
ones.
Li and coworkers disclosed an efficient method for the photocatalytic synthesis of
sulfonated chromanes and sulfonated 1,2,3,4-tetrahydroquinolines via a radical cascade

cyclization of 1-(arylethynyl)-2-(vinyloxy)benzenes and N-allyl-2—(aryl ethynyl) anilines with
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sulfinic acids as the sulfonyl source, eosin Y as the photocatalyst, and TBHP as an oxidant
(Scheme 1. 44).5%

/ g
z Eosin Y (3 mol %)
@ t Ao RR T mol %)
XX (7.5 mol %)
DCE, N, 12 h
X =0, NTs green LEDs

Scheme 1.44. Synthesis of sulfonated chromanes and sulfonated 1,2,3,4-
tetrahydroquinolines.

A visible-light-initiated oxidative cyclization of phenyl propiolates with sulfinic acids has
been developed by Wang and co-workers. The present protocol provides a wide range of
coumarin derivatives with good functional group tolerance and high regioselectivity. The
mechanism involves an oxidative quenching pathway for the formation of coumarin derivatives
(Scheme 1. 45).5%f

Ar Ar

| | Eosin Y (1 mol %) S SO,Ar
0 X0 TBHP (1 equiv) o

visible light
CH3;CN/H,0

Scheme 1.45. Visible-light mediated synthesis of coumarin derivatives.

In 2017, Pan and coworkers developed an efficient photocatalytic oxidative/reductive
cyclization reaction of N—cyanamide alkenes with aryl sulfinic acids or arylsulfonyl chlorides,
which proceeds through C—S, C—C, and C—N bond formations. This photocatalytic strategy
provided a wide variety of sulfonated quinazolinones (Scheme I. 46).%%¢

o (o)
Na,-Eosin Y (4 mol %) N
N TBHP (1 equiv) p SO.Ar
(':N + ArSO,H > N 2
green LEDs, Ar, 8 h

Acetone

Scheme 1.46. Visible-light mediated synthesis of sulfonated quinazolinones.

Fan et al. in 2018, disclosed a photochemical synthesis of 2—imino thiazolidine—4—ones
via a multi-component tandem annulation of amines, o-bromoesters, and aryl/alkyl
isothiocyanates, in the absence of any photosensitizer. This cyclization strategy involves the

formation of an EDA complex between the in-situ generated thiourea and the a-bromoesters.

29
TH-3021_176122106



Chapter |

Broad substrate scope, mild reaction conditions, good functional group tolerance, and operational
simplicity, are some of the outstanding features of this protocol (Scheme 1. 47).54

N-R?

o R! !
B 5 W blue LEDs ‘N’(
R'NH, + R?NCS 4+ B°r 4 — > NS

, OR™ NaOH, CH5CN, rt o
R 12 h R3

Scheme 1.47. Visible-light mediated synthesis of 2—imino thiazolidin—4—ones.

The same group in 2019, reported a three-component coupling annulation strategy for the
synthesis of 2—iminothiazolidin—4—ones from amines, isothiocyanates, and alkyl acetylene
dicarboxylates under visible-light irradiation. The in situ formed electron donor—acceptor (EDA)
complexes act as the light absorber and facilitate the reaction and provided the corresponding 2-

imino thiazolidin—4—ones (Scheme I. 48).54

3 N-R?
COOR ) R! ’«
. ) 3 W white LEDs N S
D
RINH, + ||| + R2Ncs EoR, 12
3

Scheme 1.48. EDA complex enabled synthesis of 2—iminothiazolidin—4—ones.

In 2020, Sharma, and co-workers reported an EDA complex-mediated synthesis of
benzothiazoles via decarboxylative cross-coupling between 2-aminothiophenols and a-keto acids
under blue LED irradiation. The protocol experienced a photosensitizer-free photochemical
reaction and provided a diverse array of 2—aryl benzothiazoles in good yields. The formation of
benzothiazole is driven by the EDA (electron donor-acceptor) complex formed between a-keto
acid and 2-amino thiophenols (Scheme 1. 49).54

HOH ( blue LEDs ‘: >_.
SH |-|202 (3 equiv), rt
1,4-dioxane/H,0
Scheme 1.49. EDA complex enabled synthesis of benzothiazole.

In summary, the above-mentioned literature gives the idea that how S-centered radicals
can be generated under visible-light irradiation and can trigger the radical cascade reaction
leading to heterocycles, and other functionalized molecular frameworks. Taking cues from the
above literatures the difunctionalization strategy, and the thiyl-radical triggered synthesis of

heterocycles have been designed.
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CHAPTER-II

Visible-Light-Mediated Difunctionalization of
Alkynes: Synthesis of #-Substituted Vinylsulfones
Using O—and S—Centered Nucleophiles
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Abstract: An inimitable illustration of a green-light-induced,
regioselective difunctionalization of terminal alkyne has been disclosed
using sodium arylsulfinates and carboxylic acids in the presence of
eosin Y as the photocatalyst. The present methodology is further
demonstrated by employing NH4sSCN as S—centered nucleophile instead

of carboxylic acid.
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CHAPTER II

Visible-Light-Mediated Difunctionalization of
Alkynes: Synthesis of g-Substituted Vinylsulfones

Using O— and S—Centered Nucleophiles
I1.1. Introduction:

Alkynes are well-established building blocks in organic synthesis which are useful
due to their efficient transformation into other functionalities.® In recent years, direct di-
functionalization of alkynes has grabbed the attention of chemists, in which simultaneous
introduction of two functional groups provides either a tri- or a tetra-substituted alkene
depending on whether the alkyne is terminal or internal.? Alkenes having multiple
substituents are prevalent in many bioactive molecules, natural products, and
pharmaceuticals, viz. tamoxifen, doxepin, etc. Hence, the development of a newer
methodology for their synthesis is still in demand and chemists always dreamed of
developing efficient and suitable methods for their synthesis.> Multi-component reactions
(MCRs) are popular because they allow the construction of multifaceted structures starting
from simple substrates. In this context, MCR has been recognized as a transformative tool,
which not only increases efficiency and productivity but also reduces the cost and
environmental impact.* Unlike alkenes, the application of MCRs to the difunctionalization of
alkynes is not well explored. Moreover, alternative approaches require the use of
organometallic species and multistep transformations. Therefore, it is desirable to develop a
general, efficient and practical method for the difunctionalization of terminal alkynes.®
Mechanistically, a general reaction pathway is suggested, in which the reaction proceeds via
the radical addition to an alkyne to form a vinylic radical, which is then coupled with another
radical partner to form a substituted alkene. Generally, the vinyl radical is much more
reactive, so it is prone to hydrofunctionalization via a H-atom abstraction, causing serious
problems in developing radical-based alkyne difunctionalization.®  However,
difunctionalization can be achieved under a condition that suppresses the H-abstraction
capturing the other radical partners.” Due to the high reactivity of radicals they are not always

as selective as initially designed.®®® Due to the importance of Z-alkenes there are well-
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established methods for their synthesis viz. Wittig reaction,® catalytic alkynes
hydrogenation,® and Negishi coupling.t¢ Normally, a transition metal is essential to attain
selectivity in difunctionlization protocol. Hence, the synthetic approach to Z-alkenes via a
radical addition under a transition metal-free condition is very intriguing.® Nowadays,
sulfonylation has gained a unique reputation as the sulfur-containing compounds have
remarkable biological activity, pharmaceutical importance, and synthetic utility. For instance,
K11777 (1) is a well-known cysteine protease inhibitor, and sulfone (I1) is a Nrf activator,
which has the potential for curing Parkinson’s disease. There is a class of anti-HIV reverse

transcriptase inhibitors (111) having both indole moiety and sulfonyl group (Figure 11.1).1°

e
Cl
~
\n/ = N N I
= H 0” Yo s
(o) \@ o’ o
K11777 (1) Nrf2 activator (Il)

Cysteine protease inhibitor therapeutic for Parkinson's Disease

Me
o IV g
O=g Br H
\ NH, Ho\©\oiNH
N o
Cl H SN
Cl anti HIV-1 (1) OH
Reverse transcriptase Psammaplin B (IV)
inhibitors

Figure 11.1. Bioactive compounds containing vinyl sulfones and thiocyanate group.

Vinyl sulfones are utilized as expedient synthons in many reactions. Besides this, sulfones
are good leaving groups that often show unique chemical reactivity.!! Thus, a variety of
organic transformations are possible using the sulfonyl group, so aptly described as a
chemical chameleon by Trost.1!¢ In this context, the development of a newer methodology for
the synthesis of such molecules is deemed worthy of investigation.*? Recently, visible-light-
mediated functionalizations have emerged as a significant tool in contemporary organic
chemistry. Much of the potential of visible-light photoredox catalysis focuses on its ability to
accomplish exotic bond formations that are not possible using conventional approaches.
However, most organic compounds do not absorb visible light efficiently, which has limited

the application of photochemical synthesis. Therefore, photocatalysts, usually transition-
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metal complexes of Ir, Ru and organic dyes, are often utilized to sensitize organic
molecules.’3* The employment of organic dyes such as Rose Bengal, eosin Y, and eosin B
as photo-catalysts has proven to be a practical, greener, and better alternative due to their low
cost, less toxicity and at times superior reactivity compared to transition metal-based
photoredox catalysts. In particular, eosin Y is used as a photoredox catalyst in several radical-

based organic transformations.*
11.2. Ideas Toward the Synthesis of g-Substituted Vinylsulfones

Owing to the omnipresence of sulfones in both biological and pharmaceuticals, several
methods have been implemented for the difunctionalization of alkynes. Some of the strategies
are demonstrated below. In this context, Nakamura et al. in 2011 established an elegant
method in which terminal alkynes react with aromatic sulfonyl chlorides in the presence of an
iron(I1) catalyst and a phosphine ligand to give (E)-f-chlorovinylsulfones with 100% regio-
and stereoselectivity. Various functional groups, such as chloride, bromide, iodide, nitro,

ketone, and aldehyde, were well tolerated under these reaction conditions (Scheme 11.1).%%

Fe(acac), (10 mol %)
ArSO,CI (p-Tol)3P (10 mol %) R — SOzAr

. i~
R——H toluene, 110 °C  j H

Scheme 11.1. Iron-catalyzed synthesis of (E)-/-chlorovinylsulfones.

Jiang et al. in 2014 developed an efficient NBS-promoted method for the synthesis of
(E)-p-halo vinyl sulfones via a multi-component approach. The present metal-free protocol
achieved the halosulfonylation of terminal alkynes with high selectivity in an
environmentally friendly manner which makes it noteworthy over other difunctionalization

strategies (Scheme 11.2).5°

Me

SO,N
2 ?‘Q
NXS Ph S
Ph—— + —_— —,°=0
toluene, 80 °C )
X X=Cl, |
Me

Scheme 11.2. NXS-promoted synthesis of (E)-A-halovinylsulfones.
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Bi et al. in 2017 reported a silver-catalyzed intermolecular aminosulfonylation of terminal
alkynes with sodium sulfinates and TMSNs through a sequential hydroazidation of the
terminal alkynes, and the addition of a sulfonyl radical to the resultant vinyl azide. A wide
range of arylacetylene-bearing electron-donating, as well as electron-withdrawing groups,

were well tolerated in this protocol (Scheme 11.3).1%¢

SO,Na
Ag;PO, (20 mol %) MH2
R— (]
R—== + TMSN, + 2o 4 > sTs
H,0 (2 equiv) R
DMSO, 70 °C
Me

Scheme 11.3. Silver-catalyzed aminosulfonylation of terminal alkynes.

Recently, Kumar et al. demonstrated an elegant method for the stereoselective sulfur-
nitrogen difunctionalization (aminosulfonylation) across the alkynes framework in a multi-
component fashion using sodium sulfinates and azoles, in the presence of I./base. This
strategy is applicable to a variety of terminal alkynes, sodium sulfinates, and azoles as the

reaction partners, affording the (Z)-$-amino vinyl sulfones in good yields (Scheme 11.4).5

SO
,Na X@
X . M
N DMF, 70°C,5h
Ts
H R)\/

X&Y=Cc,N Me
Scheme 11.4. Metal-free aminosulfonylation of terminal alkynes.

Cai et al. reported an efficient method for the synthesis of f-ketosulfone using
phenylacetylene and sulfonyl hydrazide as the reacting partners in the presence of
Ru(bpy)sCl> as the photocatalyst. The protocol has tolerated a broad range of functional

groups and provided a wide range of S-ketosulfones in good yields (Scheme 11.5).1%¢

Qs

0 . o o
34 Ru(bpy);Cl, (0.02 equiv) | g,/o
+ NH KI (1 equiv)
NH2 NaOAc (2 equiv), O:
DMF/H,0 (5:1)
Visible light

Scheme I1.5. Visible-light-mediated synthesis of -keto sulfones.
Cho et al. in 2013 demonstrated an elegant method for the controlled trifluoromethylation
of terminal alkynes using iodotrifluoromethane as the reacting partner. Notably, excellent E/Z
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stereoselectivity was obtained with the selective formation of the E-isomers, especially in
reactions of phenylacetylene derivatives. Moreover, phenylacetylenes bearing electron-
donating as well as electron-withdrawing groups were well tolerated in this protocol. The
choice of the base was vital for this process, as the base acts not only as a reductive quencher
of the activated photocatalyst but also as a hydrogen donor (Scheme 11.6).%5f

I
fac-[Ir(bpy);] = [Ru(phen),]Cl,
N DBU (10 equiv) .| TMEDA A
CF, MeCN/THF (1:1) 3l "MeCN, blue LEDs CF,

blue LEDs, rt rt,3 h
Scheme 11.6. Visible-light-mediated controlled trifluoromethylation of terminal
alkynes.

In 2017, Nevado et al. reported a method for the carbosulfonylation of alkynes via a
multi-component approach giving tri-substituted alkenes. The present difunctionalization
protocol used aryl boronic acid, and aryl sulfonyl chlorides as the reacting partners. The
protocol has tolerated a broad range of functional groups (Scheme 11.7).1

NiCl,(Py), (10 mol %) Ar

_ L (10 mol %
@—_ + Ar—B(OH), + CISO,R ( °)_ > N
K3PO,4 (2 equiv) SO,R

110 °C, 16 h

Scheme 11.7. Carbosulfonylation of terminal alkynes.
In 2018, Han et al. demonstrated an elegant visible light-mediated chlorosulfonylation
of alkynes in the presence of fac-Ir(bpy)s photoredox catalyst under blue light irradiation. A
variety of commercially available aryl sulfonyl chlorides were well-tolerated in this protocol.

Both terminal, as well as internal alkynes, underwent a smooth reaction (Scheme 11.8).*’

fac-Ir(ppy); (2 mol %) s
R—=——R + CISO,R = 0 2
blue LEDs
DCM, rt SOR

Scheme 11.8. Visible-light-mediated halo sulfonylation of alkynes.
The existing literature revealed that sulfonyl radical can be generated both in thermal
as well as under photochemical conditions which adds to the alkyne and generates a vinyl

sulfone intermediate that could be functionalized to achieve the difunctionalization.
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Taking cues from the above-mentioned literature, we anticipated that f-iodo sulfonyl
intermediate can be generated in situ using l> under metal-free conditions, and that could be
replaced by an appropriate nucleophile to make the difunctionalization strategy successful
(Scheme 11.9).18

Present work

[
&= SO2Na  Eosin Y (3 mol %) Nu Q.0
K,CO;, I,, EtOH S
+ Nu-H +
2x10 W green LEDs
Nu-H = 48 h
acid, SCN Metal-free

Scheme 11.9. Visible-light-mediated difunctionalization of terminal alkynes.
11.3. Present Work

To synchronize our assumption, we initiated a reaction between phenylacetylene (1, 1
equiv), sodium p-tolylsulfinate (b’, 1 equiv), and p-toluic acid (b, 1.5 equiv) in the presence
of K2COs3 (2 equiv), 12 (1 equiv), eosin Y (3 mol %), in methanol (2 mL) under the irradiation
of 20 W (2 x 10) green LEDs at room temperature. To our delight, a new product containing
an ester and a tosyl moiety was isolated in a 30% yield. The spectroscopic analysis (*H and
13C{*H} NMR) revealed the structure of the product to be Z-p-carboxy vinylsulfone (1bb’).
Further, the X-ray crystallography of one of its derivatives (1db’) re-confirmed its structure

and the Z-geometry (Figure 11.2).

Figure 11.2. ORTEP diagram of (1db’) with 40% ellipsoid probability (CCDC 2057146).
Although phenylacetylene (1) got fully consumed, the formation of f-keto sulfone, S-iodo
alkenyl sulfone, and a minor amount of phenylacetylene dimer as the side products reduced

the yield of the desired product (1bb’). This method has certain merits over existing reports
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such as the use of inexpensive organic dye as a photocatalyst, one-pot strategy, and broad
substrate scope due to in situ replacement of the halo group with appropriate nucleophiles.
Usually, transition metal catalysts are required for the difunctionalization of alkynes but
herein visible light-mediated, metal-free, the multi-component approach is articulated for the
difunctionalization of terminal alkynes. To the best of our knowledge, this is the unique
report on the visible light-mediated difunctionalization of alkynes using sodium sulfinate
salts as the aryl sulfonyl source, carboxylic acids, and ammonium thiocyanate as the O—and

S—centered nucleophiles (Scheme 11.9). 18

Optimization of Reaction Conditions

Inspired by this metal-free protocol, further operational parameters were screened to
maximize the product yield. For this, phenylacetylene (1), sodium p-tolylsulfinate (b’), and p-
toluic acid (b) were chosen as the reacting components. Initially, various inorganic bases
were screened and K>.COs was found to be optimal compared to other bases such as Na,CO3
(25%), Cs2CO3 (20%), KOH (15%), and NaOH (18%) (Table I1.1, entries 2-5). The reaction
was extremely sluggish in the absence of base and the product (1bb’) was isolated in a
suppressed yield (< 10%) (Table 11.1, entry 6). This suggests that the base is indispensable for
the present difunctionalization protocol. The use of fewer than 2 equiv of base resulted in
poor conversion, but an excess amount of base led to the formation of S-keto sulfone as the
side product via a hydrolytic path. Next, different solvents were tested to enhance the product
yield. The use of CH3CN instead of MeOH gave a 25% vyield (Table 1.1, entry 7), whereas,
DMSO (12%), and DMF (15%), gave a comparatively lesser yield of the product (1bb’)
(Table 11.1, entries 8 and 9). Interestingly, an improved yield of 40% was obtained when
protic solvent such as EtOH was used (Table 11.1, entry 10). Switching the catalytic system
from eosin Y to Rose Bengal and transition metal complex [Ru(bpy)s]PFs, failed to improve
the product yield beyond 25% (Table II.1, entries 11 and 12). Therefore, further
optimizations were carried out using eosin Y. Other iodine-based reagents were also tested in
the hope to get a satisfactory yield. The use of KI (20%) and TBAI (35%) as oxidants gave a
lower yield of the product (Table I1.1, entries 13 and 14). “When K2S;0s was used no product
formation was observed which confirms the role of iodine as an iodinating agent.” (Table

I1.1, entry 15).
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Table I11.1. Optimization of the reaction conditions®-*

entry

© 00 N o o B~ W DN e
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[ )

1
13
14
15
16
17
18
19
20
21
22

N

TH-3021_176122106

SO,Na

se

Me

M

%)

Eosin Y (2)
Eosin Y (2)
Eosin Y (2)
EosinY (2)
Eosin Y (2)
Eosin Y (2)
EosinY (2)
Eosin Y (2)
Eosin Y (2)
Eosin Y (2)

Eosin Y (2)
Eosin Y (2)
EosinY (2)
Eosin Y (3)
EosinY (4)
Eosin Y (3)
Eosin Y (3)
Eosin Y (3)
Eosin Y (3)

(b%)

photocatalyst(mol

Rose Bengal (2)
[Ru(bpy)s]PFs (2)

+

COOH

Me

organic dye
oxidant, solvent, base

visible light, 48 h,rt O

Me
(b)

base (equiv)

K2COs (2)
Na.COzs (2)
Cs2C03(2)
KOH (2)
NaOH (2)
K2CO:s (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)
K2COs (2)

48

oxidant

(equiv)

> (1)
I2 (1)
I> (1)
1> (1)
> (1)
> (1)
12 (1)
12 (1)
I2 (1)
12 (1)
12 (1)
12 (1)
KI (1)
TBAI (1)
K2S20s (1)
12 (1)
12 (1)
I (0.5)
> (1.5)
12 (1)
12 (1)
12 (1)

o o

o)

\\S/,
C (1bb") C “Me

solvent

MeOH
MeOH
MeOH
MeOH
MeOH
MeOH
CHsCN
DMSO
DMF
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH

yield® (%)

30
25
20
15
18
<10
25
12
15
40
25
20
20
35
n.d.c
70
72
45
69
35¢
30°
n.d.
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23 Eosin Y (3) K2COs (2) - EtOH n.d.

#Reaction conditions: 1 (0.15 mmol), b (1.5 equiv), b’ (1 equiv), catalyst (mol %), base
(equiv), and oxidant (equiv) in 2 mL solvent with a 2 x 10 W green LEDs irradiation at room
temperature. ®Yield of isolated product. °n.d. = Not detected. 9Reaction performed using 10 W
(430 nm) blue LEDs light. *Reaction performed using 10 W white LEDs light.

To further improve the yield, the loadings of eosin Y and iodine were varied. At 3 mol %
eosin Y loading, 70% yield of the desired product was obtained (Table 11.1, entry 16).
Whereas, further increment (4 mol %) led to no significant change in the yield of the product
(Table 11.1, entry 17). A satisfactory yield was obtained using 1 equivalent of iodine (Table
I1.1, entries 18, and 19). Since the iodine is serving as an iodinating agent, so the use of less
than one equivalent of iodine led to poor conversion. However, a higher loading of iodine
(1.5 equiv) was also not beneficial. The wavelength and intensity of the visible light can
affect the rate of photochemical reactions. Thus, the reaction was carried out using (2 x 10
W) blue LEDs (430 nm) and (2 x 10 W) white LEDs (Table 11.1, entries 20, and 21). As can
be seen, previously used (2 x 10 W) green LEDs (513 nm) provided superior result (Table
1.1, entry 16). The intensity of the blue light is indeed higher than the green light. The
excitation maxima of eosin Y in a basic ethanolic solution was measured and found to be 542
nm, which perfectly overlaps in the green region (490-570 nm), and the green LED used had
a wavelength of 513 nm. Thus, the green light is a better choice for the excitation of eosin Y
which also minimalizes the formation of side products by avoiding the decomposition of
iodine compared to LEDs of lower wavelength (higher energy). Control experiments suggest
that both the catalyst and iodine are essential for this reaction (Table 11.1, entry 22 and 23).
The eosin Y is indispensable for this reaction as it suppresses the other competing paths such
as hydrofunctionalization and reaction with molecular oxygen to produce p-keto sulfone
product. The surrounding reaction temperature was maintained at room temperature (~28 °C),
by using a fan near the reaction flask thereby confirming the photochemical nature of this

protocol (Figure 11.3).
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Figure 11.3. Photochemical reaction Set-up (a) Front view (b) Top view

Substrate Scope for B-Substituted Vinyl Sulfone

With the optimized condition in hand, this protocol was subsequently applied for the
difunctionalization of various substituted phenyl acetylenes using substituted benzoic acids
and sodium p-tolylsulfinate as the reacting partners. At first, the scope of different benzoic
acids (a-u) was tested with phenylacetylene (1) and sodium p-tolyl sulfinate (b’) (Scheme
11.10). As can be seen from Scheme 11.10, a range of substituted benzoic acids bearing
electron-donating as well as electron-withdrawing groups reacted smoothly with (1) and (b")
to afford the desired difunctionalized products (1ab’-1ub’) in moderate yields (Scheme
11.10). Benzoic acid (a) and its derivatives bearing electron-donating substituents such as p-
Me (b), p-OMe (c), reacted smoothly and afforded their corresponding products (1ab’, 68%),
(1bb’, 70%), and (1cb’, 74%). The reaction also worked effectively with benzoic acids
bearing electron-withdrawing substituents, such as p-Cl (d), p-Br (e), and afforded their
desired products (1db’, 62%), and (1leb’, 64%) but in inferior yields compared to substrates
having electron-donating substituents. This may be due to the enhanced nucleophilicity of
substituted benzoic acids which is driven by the +I and +R effect of the electron-donating

groups.
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Scheme 11.10. Scope of (Z)-f-carboxy vinylsulfones with different acids®®
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aReaction conditions: 1 (0.5 mmol), a-u (0.75 mmol), b* (0.5 mmol), I> (0.5 mmol),
K2COs (1 mmol), eosin Y (3 mol %) in 2 mL ethanol, 2 x 10 W green LEDs. "Isolated yield.
€10 mmol scale.

The use of o-substituted benzoic acids, viz., o-Br (f), and o-l1 (g) afforded their

corresponding Z-f-carboxy vinylsulfones (1fb’, 65%) and (1gb’, 63%) (Scheme 11.10). Apart
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from the mono-substituted carboxylic acids, di- and tri-substituted benzoic acids (h-j) were
also employed and the desired products (1hb’, 62%), (1ib’, 64%), and (1jb’, 52%) were
isolated in moderate yields. The aliphatic carboxylic acids such as acetic acid (k), pivalic acid
(1, hexanoic acid (m) and saturated fatty acids such as octanoic acid (n), capric acid (0) and
stearic acid (p) all reacted efficiently giving their Z-5-carboxy vinylsulfones (1kb’), (1lb’),
(Imb"), (1nb’), (1ob") and (1pb’) in 65%, 70%, 68%, 72%, 75% and 65% yields, respectively
(Scheme 11.10). Similarly, cyclopropylacetic acid (q) and 1l-admantanecarboxylic acid (r)
gave their expected Z-p-carboxy vinylsulfones 1qb’ (64%) and 1rb’ (58%). Moderate yields
of the products 1sb’ (60%), 1tb’, 62%), and lub’ (55%) were obtained when polyaromatic
carboxylic acids viz. piperonylic acid (s), 2-napthanoic acid (t), and heteroaromatic acid such
as thiopene 2-carboxylic acid (u) were reacted under the optimized conditions.

Scheme 11.11. Scope of (Z)-s-carboxy vinyl sulfones with different alkynes®®¢

R2 SO;,Na COOH Me
Pz
i RS Z Eosin Y (3 mol%)
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#Reaction conditions: 2-12 (0.5 mmol), b (0.75 mmol), b’ (0.5 mmol), I> (0.5 mmol),
K2COs (1 mmol), eosin Y (3 mol %), ethanol (2 mL) in 2 x 10 W green LEDs. "lsolated

yield. “Under unoptimized condition.

Next, the scope of this methodology was extended by reacting a variety of terminal
alkynes (2-11) with p-toluic acid (b) and sodium p-tolylsulfinate (b’) and the results are
summarized in Scheme I1.11. Phenyl acetylenes bearing electron-donating and electron-
withdrawing substituent in the phenyl ring (2-11) underwent efficient reaction with p-toluic
acid (b) and sodium p-tolylsulfinate (b’) giving their respective Z-f-carboxy vinylsulfones
(2bb’-11bb") in good to moderate yields (61-78%). Phenyl acetylenes bearing electron-
donating substituents such as p-Me (2), p-OMe (3), and p-'Bu (4), m-Me (5) afforded their
corresponding products 2bb’ (74%), 3bb’ (78%), 4bb’ (75%) and 5bb’ (70%) in moderate
yields. Next, a series of phenyl acetylenes bearing electron-withdrawing substituents such as
p-Cl (6), p-Br (7), p-F (8), m-F (9), and m-CI (10) were reacted and all gave their anticipated
products 6bb’ (68%), 7bb’ (70%), 8bb’ (64%), 9bb’ (61%) and 10bb’ (65%) in acceptable
yields. Moderate yield of the product 11bb’ (71%) was obtained when cyclohexyl acetylene
was reacted under the optimized condition (Scheme 11.11). After successfully synthesizing a
library of Z-S-carboxy vinylsulfones using terminal alkynes, we were curious to know the
fate of reaction with internal alkyne (12). Unlike terminal alkynes, the internal alkyne

provided S-iodo sulfone (12b’, 80%) under the present photochemical condition.

The generality of this method was further extended to various sodium arylsulfinates (a’,
¢'-i") with terminal alkynes (1, 2, 4, 7) and carboxylic acids {p-Me (b), p-OMe (c), p-Cl (d)}
having different electronic effects. The electronically neutral sodium benzenesulfinate (a’)
gave the anticipated Z-p-carboxy vinylsulfones 2ba’ (70%), 4ba’ (72%), and 7ba’ (68%) in
good yields. The reaction also worked effectively with sodium 4-(tert-butyl)benzenesulfinate
(¢") and provided the anticipated product (1bc’) in 74% yield. Similarly, sodium
arylsulfinates having moderately electron-withdrawing substituents {p-Cl (d’), p-Br (e)}
underwent efficient reactions with phenylacetylene (1) and carboxylic acids {p-Me (b), p-
OMe (c), p-CI (d)} resulting in the corresponding products 1bd’ (66%), 1be’ (67%), 1ce’
(73%) and 1de’ (62%) in good yields (Scheme 11.12). Next, sodium arylsulfinates bearing

strong electron-withdrawing substituents such as p-NO: (') and 2-Br-4-CFs (g’) were tested
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and the corresponding Z-p-carboxy vinylsulfones 1bf’ (58%) and 1bg’ (50%) were obtained

in acceptable yields (Scheme 11.12).
Scheme 11.12. Scope of (Z2)-p-carboxy vinylsulfones with different sodium aryl

sulfinates®®
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aReaction conditions: 1-7 (0.5 mmol), b-d, v (0.75 mmol), a’, ¢’-i’ (0.5 mmol), 1> (0.5

mmol), K2CO3z (1 mmol), eosin Y (3 mol %), ethanol (2 mL) in 2 x 10 W green LEDs.

bisolated yield. ‘Under unoptimized condition.

Apart from aryl substituents, both heteroaryl (h') and sodium alkylsulfinate (i')
successfully yielded their anticipated products 1bh’ (52%) and 1bi’ (70%) under present
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condition. Organic thiocyanates (RSCN) are potential synthetic intermediates, as the sulfur-
containing compounds have remarkable bioactivity and synthetic utility.'% Thus, under the
established reaction condition for carboxylic acid, NH4SCN (v) was tested as a S-centered
nucleophile to further expand the utility of the present protocol. Gratifyingly, —-SCN was
successfully employed and its difunctionalized products 2vb’, 4vb’, and 5va’ were obtained
in 55%, 58%, and 54% yields, respectively (Scheme 11.12).

Mechanistic Investigation

To study the electronic effect of the substituents, present on the phenylacetylene and
benzoic acid, a few intermolecular competitive reactions were carried out. In our first
experiment, an equimolar mixture of p-toluic acid (b), and p-chlorobenzoic acid (d) were
reacted with phenylacetylene (1) and sodium p-tolylsulfinate (b’). The yield of the p-Me (b)
substituted product (1bb’, 30%) was higher than p-Cl (d) product (1db’, 22%) which is
evident from the yield pattern obtained in scheme 11.13. The higher electron density at the
carboxylate anion for substrate (b) having an electron-donating group (due to +I effect)
makes it a better nucleophile thus, giving a higher yield of the product {Scheme 11.13. (i)}. In
the second experiment, an equimolar mixture of 4-ethynyltoluene (2), and 1-chloro-4-
ethynylbenzene (6) were reacted with the p-toluic acid (b) and sodium p-tolylsulfinate (b’)

under the standard conditions.

Standard
+ + condltlons
D) 0smmol XX T RS @
(1) Me (b) CI (d)
(0.5 mmol) (0.75 mmol) (0.75 mmol) R = 4-MePh R = 4-CIPh
(1bb’, 30%) (1db’, 22%)
| If R R
CO,H
Standard
condltlons
...... ii
+ + (b ) 0.5 mmol /@/&/ m (ii)
M
Me (2) Ci (8) ¢ (b) R = 4-MePh R = 4-MePh
(0.5 mmol) (0.5 mmol) (0.75 mmol) (2bb', 28%) (6bb’, 20%)

Scheme 11.13. Intermolecular competition experiments.
It was observed that phenylacetylene having EDG shows better reactivity {Scheme 11.13.

(i)}, which is also in agreement with the yield pattern found in Scheme 3. 4-ethynltoluene (2)
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provided higher yields of the product which is due to the better stabilization of the
intermediate vinyl radical formed.

To understand the mechanism of this transformation, systematic investigations were
carried out based on some literature precedents.!’ To validate the radical nature of the
reaction, two independent reactions were performed, one in the presence of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO, 2 equiv) and the other with 2,6-di-tertbutyl-4-methyl
phenol (BHT, 2 equiv). In the case of TEMPO, no product was observed while BHT provided
a < 10% yield of the product (1bb’), thereby suggesting the radical nature of the reaction
{Scheme I1. 14. (i)}. The BHT adduct (M) with sodium p-tolylsulfinate (b’) was obtained in
65% yield which was further characterized by NMR and HRMS analysis. The iodo
intermediate (B) was identified by the HRMS analysis of the reaction mixture. In a control
experiment, the reaction of 1-((2-iodo-2-phenylvinyl)sulfonyl)-4-methylbenzene (B) with p-
toluic acid (b)/K>CO3 {Scheme 11.14 (ii)} both in the presence and absence of light yielded
the identical product 1bb’. However, a slight reduction (12%) in the yield was observed in
the absence of light, thereby suggesting a positive influence of light for this addition-
elimination step, which is possibly due to the facile cleavage of the C—I bond in the presence
of light.*®

R
| | CO,H SO,Na J\
Standard reaction o o

(i) + + conditions Ts + O\\
Radical Scavanger S\\
(2 equiv) /©/ o

Me Me

(1) b () R = 4-MePh Me (M, 65%)
TEMPO: (1bb’, 00%) (detected by
BHT: (1bb’, <109

(1bb’, <10%) HRMS and NMR)
R
Me CO,H J\ Me
K,CO3, EtOH 0”0 o
(ii) ! 0\\SQ + chid > R
Ph)§/ \\O \\O
Intermediate Me R = 4-MePh
(B) (b) (a) 2 x 10 W green light (1bb’, 80%)

(b) in absence of light (1bb’, 68%)

Scheme 11.14. Control experiments.
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Figure 11.4. HRMS spectra of BHT adduct (M).
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Figure 11.5. *H NMR spectra of BHT adduct (M).
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Figure 11.6. 3C{*H} HRMS spectra of BHT adduct (M).

To further confirm the radical nature of this protocol, the Stern-Volmer fluorescence
quenching experiment of eosin Y was performed using sodium p-toluene sulfinate (b’) as the
quencher. Initially, the excitation and emission spectra of eosin Y was examined and
fluorescence maximum was obtained at 534 nm when excited at 515 nm (excitation
maximum of eosin Y). The peak at 534 nm gradually decreases on increasing the quencher
concentration (5-35 mM) (Figure 11.7). Similarly, a Stern-Volmer fluorescence quenching
experiment was carried out using in situ generated RSOzl obtained by mixing and stirring
RSO2Na and I, for 2 h. A better quenching pattern of the eosin Y was observed in the later
case which suggests more facile electron transfer between the catalyst and the quencher
RSOzl as compared to that RSO.Na {Figure 11.7. (a, and b)}. With these data, the Stern-
Volmer graph for both experiments was plotted using the equation lo/l; = 1+Ksv [Q] where 1o
and Iy are integrated emission intensity in the absence and presence of quencher and Ksv are

quenching constant. A linear quenching was observed in both the cases {Figure 11.7. (c and

d)}.
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These observations were further supported by redox potential values of the eosin Y and a
mixture of sodium p-toluene sulfinate and iodine. The observed Ew req Value of RSOl species
(RSO2Na+l,) was found to be -0.376 V vs SCE (-0.42 V vs Ag/AgCI sat. KCI) which is
greater than the Es, oxd Value of EY™" (-1.06 V vs SCE).2% A closer look at the CV graph of
RSOzl shows a small anodic peak at 0.357 V and a cathodic peak at 0.457 V which closely
resembles the literature value of Nal (Figure 11.8).2% This confirms that the formation of
sulfonyl iodide was completed before the electric input started. For better understanding, the
CV experiment of RSO2Na was also recorded {Figure 11.8 (b)}. The observed Ew req Value of
RSO2Na species was found to be -1.006 V vs SCE (-1.05 V vs Ag/AgCl sat. KCI) whereas,
for RSOzl species (RSO2Na+l2) Ev, red Value was found at -0.376 V vs SCE (-0.42 V vs
Ag/AgCI sat. KCI).Therefore, the species RSO:I have a higher tendency to gain an electron
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Figure 11.7. Stern-Volmer quenching experiments.

from the EY radical anion compared to the RSO2Na.
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Figure 11.8. Cyclic voltammetry experiments.

Based on the above experiments and previous reports, a plausible mechanism has
been proposed in Scheme 11.15.% In the presence of green LEDs, eosin Y (EY) is first photo-
excited, which is reductively quenched by iodide ion.?'# The reaction of sodium sulfinate
and iodine generates sulfonyl iodide which is reduced by EY anion radical to give sulfonyl
radical.?!®¢ Next, the addition of sulfony! radical to terminal alkyne (1) gives a vinyl sulfone
radical intermediate (A). The formation of a vinyl carbocation via SET process and the
subsequent attack of carboxylate is completely ruled out, as this reaction does not proceed in
the absence of iodine. The radical addition of iodine to intermediate (A) generates a f-iodo

sulfone intermediate (B) (detected by HRMS analysis).

b
= = \I
OCOPh
| ~ Phco2 I
0=8=0 I 0=S=0 o= S
—_—
Addition ©
PhCO,H + K,CO
(A) (B) 2 2 3
Me Me Me
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Ph—— [M+H]* = 384.9751
1
A . Ph
RSO,
. [oxgliN o]
! Ts
Photoredox | Catalysis
H
RSO, (1ab’)

RSO,Na + I, — = RSO,l + NaI
(b')
R = 4-MeCgH,

Scheme 11.15. Plausible mechanism for the synthesis of Z--carboxy vinylsulfones.
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Subsequently, a base-promoted nucleophilic attack of the carboxylate ion provides an
intermediate (C) which is followed by an addition-elimination process to give the
corresponding Z-1-phenyl-2-tosylvinyl benzoate (1ab’) (Scheme 11.15). Next, (Z2)-1-phenyl-2-
tosylvinyl 4-methylbenzoate (1bb’) was subjected to few useful organic transformations as
shown in Scheme I1.16. Acid hydrolysis of (Z)-1-phenyl-2-tosylvinyl 4-methylbenzoate
(1bb') furnished 1-phenyl-2-tosylethan-1-one (X) in 80% isolated yield. Treatment of (Z)-1-
phenyl-2-tosylvinyl 4-methylbenzoate (1bb') with butylamine resulted in the formation of 1-
phenyl-2-tosylethan-1-one (X) and N-acylated product (YY) {Scheme 11.16}.

Me
o)
| O\\S/(j
R
A Me 5|(\)IIHCI ©)\/\\o
o o /©/ 120°C, 3.5 h .50
S
) BuNH,

(o) Me
i |
(1bb’) (-2 equiv)_ -y 709%) + R)\N/\/I
DCM, rt, 12 h H

(Y, 65 %)
R = 4-MePh

Scheme 11.16. Post-synthetic modification.

Thus, (Z2)-1-phenyl-2-tosylvinyl 4-methylbenzoate (1bb’) is serving as an efficient acyl-
transfer reagent (Scheme 11.16). Though a-sulfonylated ketones can be accessed via the
method reported by Lan et al using substituted aryl ketones and sodium p-tolylsulfinate, this
is yet another path to a-sulfonylated ketones with the benefit of concurrent N-acylation at
ambient temperature.??

In summary, an elegant visible light-mediated method for the difunctionalization of
terminal alkynes is established using sodium p-toluenesufinate and O— and S—centered
nucleophiles as the reacting partners. This methodology allows the useful synthesis of many
valuable Z-g-substituted vinylsulfones via a multi-component approach, covering a wide
range of substrate scope. In this protocol, C-O and C-S bonds are constructed
simultaneously with the introduction of important functional groups such as ester,

thiocyanate, and sulfone.

11.4. Experimental Section

11.4.1. General Information: Starting materials (acetylenes and carboxylic acids) were

commercially available (Sigma-Aldrich or Alfa-Aesar or TCl chemicals) and used as
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received. Some aryl and alkyl sodium sulfinates were commercially available (a’-d’) while
other (e’-i") were prepared following the literature procedure.® The sodium sulfinates
obtained were used as such without further purification. Organic extracts were dried over
anhydrous sodium sulfate. Solvents were removed in a rotary evaporator under reduced
pressure. Silica gel (60-120 mesh size) was used for the column chromatography. Reactions
were monitored by TLC on silica gel 60 Fzs4 (0.25 mm). NMR spectra were recorded in
CDCl; as the internal standard for *H NMR (400, 500 MHz, and 600 MHz) and BC{‘H}
NMR (100, 125, and 150 MHz). MS spectra were recorded using ESI mode. IR spectra were

recorded in KBr or neat.

Light Information:

Philips 10 W green LEDs (513 nm) were used as a light source for tlight-promotedoted
reaction without any filter. Borosilicate glass was used as the reaction vessel. Distance from
the light source to the irradiation vessel was approximately ~6—8 cm. Regular fan was used

for proper aeration to maintain the temperature 28—30 °C (Figure 11.3).

11.4.2. Crytallographic Description

Sample preparation: The compound (1db’, 15 mg) was dissolved in 1 mL of
DCM:MeOH (5:1) and kept at room temperature for slow evaporation.

Diffraction data were collected at 292 K with MoKa radiation (4 = 0.71073 A) using a
Bruker Nonius SMART APEX CCD diffractometer equipped with graphite monochromator
and Apex CD camera. The SMART software was used for data collection and for indexing
the reflections and determining the unit cell parameters. Data reduction and cell refinement
were performed using SAINT?#P software and the space groups of these crystals were
determined from systematic absences by XPREP and further justified by the refinement
results. The structures were solved by direct methods and refined by full-matrix least-squares
calculations using SHELXTL-97%4¢ software. All the non-H atoms were refined in the

anisotropic approximation against F? of all reflections.

Crystallographic description of (Z)-1-phenyl-2-tosylvinyl 4-chlorobenzoate (1db’):
M.F. = C22H17CIO4S, crystal dimensions 0.22 x 0.17 x 0.15 mm, M, = 412.87, monoclinic
space, group P 21/n, a = 10.4280 (13), b = 10.2098 (12), ¢ = 18.854 (2) A, a = 90° (3), S =
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97.004° (4) , y = 90°, V = 1992.4(4) A%, Z = 4, peaica = 1.376 g/lcm?®, x = 0.322 mm't, F(000) =
856.0, refinement method = full-matrix least-squares on F?, final R indices [l > 26 (I)]: R1 =
0.0534( 3362), wR> = 0.1820( 4971), goodness of fit = 1.000. CCDC No = 2057146 for (2)-
1-phenyl-2-tosylvinyl 4-chlorobenzoate (1db’) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

11.4.3. General Procedure for the Synthesis of Z-g-Carboxy Vinylsulfone (1bb’):

To an oven-dried 10 mL borosilicate vial, phenylacetylene (1) (0.5 mmol, 51.06 mg)
sodium p-tolylsulfinate (b’) (0.5 mmol, 89.09 mg), and p-toluic acid (b) (0.75 mmol, 102
mg), eosin Y (3 mol %, 9.7 mg), I, (1 equiv, 126 mg) and K>COz3 (2 equiv, 138 mg) were
taken. After that 2 mL EtOH was added and the reaction mixture was stirred at room
temperature for 48 h, tentatively at a distance of ~6-8 cm from two 10 W green LED bulbs.
After completion of the reaction (monitored by TLC analysis), the solvent was removed in
vacuo and the mixture was admixed with 25 mL of ethyl acetate followed by washing with a
saturated solution of aqueous Na>S203 (1 x 10 mL) and aqueous NaHCOs (1 x 10 mL). The
organic layer was dried over anhydrous Na>SOs, and the solvent was evaporated under
reduced pressure. The crude residue thus obtained was purified by column chromatography
over silica gel (60-120 mesh) using hexane and ethyl acetate (9:1) as eluent to afford the Z-1-
phenyl-2-tosylvinyl 4-methylbenzoate (1bb’) in 70% yield. The identity and purity of the
product were confirmed by spectroscopic analysis.

11.4.4. General Procedure for 10 mmol Scale Reaction of Z-1-Phenyl-2-tosylvinyl 4
methylbenzoate (1bb’):

To an oven-dried 50 mL borosilicate round bottom flask, phenylacetylene (1) (10 mmol,
1.021 g) sodium p-tolylsulfinate (b") (10 mmol, 1.782 g), and p-toluic acid (b) (15 mmol,
2.040 g), eosin Y (3 mol %, 0.194 g), I, (10 mmol, 2.520 g) and K2COs (20 mmol, 2.760 g)
were taken. After that 30 mL EtOH was added and the reaction mixture was stirred at room
temperature for 48 h, tentatively at a distance of ~6-8 cm from two 10 W green LED bulbs.
After completion of the reaction (monitored by TLC analysis), the solvent was removed in
vacuo and the mixture was admixed with 100 mL of ethyl acetate followed by washing with a
saturated solution of aqueous Na»S>0z (1 x 30 mL) and aqueous NaHCOs (1 x 30 ml). The

organic layer was dried over anhydrous Na.SOs4, and the solvent was evaporated under
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reduced pressure. The crude residue thus obtained was purified by column chromatography
over silica gel (60-120 mesh) using hexane and ethyl acetate (9:1) as eluent to afford the Z-1-
phenyl-2-tosylvinyl 4-methylbenzoate (1bb’) in 52% (2.04 g) yield. The identity and purity
of the product were confirmed by spectroscopic analysis.

11.4.5. General Procedure for the Synthesis of 1-Phenyl-2-tosylethan-1-one (X)

To an oven-dried 5 mL round bottom flask, Z-1-phenyl-2-tosylvinyl 4-methylbenzoate
(1bb") (137 mg, 0.5 mmol) and 1 mL of 5M HCI were taken. The flask was fitted with a
condenser and the reaction mixture was stirred in a preheated oil bath at 120 °C for 4 h. Next,
the reaction mixture was cooled to room temperature and admixed with ethyl acetate (20
mL). The organic layer was washed with saturated sodium bicarbonate solution (2 x 5 mL)
and dried over Na,SO4 and the solvent was removed under reduced pressure. The crude
product so obtained was purified over a column of silica gel (hexane:ethyl acetate, 17:3) to
afford the 1-phenyl-2-tosylethan-1-one (110 mg, yield 80%) (X). The identity and purity of
the product were confirmed by spectroscopic analysis.

11.4.6. General Procedure for the Synthesis of N-Butyl-4-methylbenzamide (Y)

To an oven-dried 5 mL round bottom flask, Z-1-phenyl-2-tosylvinyl 4-methylbenzoate
(1bb') (137 mg, 0.5 mmol) and BuNH> (1.2 equiv) were taken. Next, 2 mL of DCM was
added and the reaction mixture was stirred at room temperature for 24 h. After completion of
the reaction, the solvent was evaporated and the reaction mixture was admixed with ethyl
acetate (20 mL). The organic layer was washed with brine solution (2 x 5 mL) and dried over
Na>SO4 and the solvent was removed under reduced pressure. The crude product so obtained
was purified over a column of silica gel to afford the 1-phenyl-2-tosylethan-1-one (X, 55%)
and N-butyl-4-methylbenzamide (Y, 55%). The identity and purity of the product were

confirmed by spectroscopic analysis.
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11.4.7. General Procedure for Radical Trapping Experiment

OH

t f
Il COLH SO,Na j\ B"\@/Bu
Standard reaction o~ "o
+ + conditions Ts + o
<5 © © Radical Scavanger w \\S
Me
(1)

Ve (2 equiv) Yo
R = 4-MePh
(b) (b') Me’ (M, 65%)
TEMPO: (1bb’, 00%) (dotected by
R Hasiiv
BHT: (1bb', <10%) HRMS and NMR)

To prove the photocatalytic radical pathway, a standard experiment between (1), (b), and
(b") was carried out in the presence of TEMPO (2 equiv) and BHT (2 equiv) under otherwise
identical conditions. While in the former no formation of the desired product (1bb’, 0%) was
observed but the later radical scavenger provided <10% yield of (1bb’). In the case of BHT as
a scavenger, tosyl radical was trapped and adduct (M) was obtained in 65% vyield thereby
confirming the radical nature of the present protocol (Scheme 6 and S1). The adduct (M) was
purified by column chromatography over silica gel (60-120 mesh) using hexane and ethyl
acetate (49:1) as eluent to afford the 2,6-di-tert-butyl-4-(tosylmethyl)phenol (M) in 65% yield.

The identity and purity of the product was confirmed by spectroscopic analysis.

11.4.8. HRMS Study for the Detection of Reaction Intermediates:

Me CO,H

R
)\ Me
[o1gli o]
| o\\s/©/ + K,CO;, EtOH o\\s/@
PP "0 ©/l*’ %

Intermediate Me R = 4-MePh

®) ® (a) 2 x 10 W green light (1bb", 80%)
(b) in absence of light (1bb, 68%)

In this study (1bb") was taken as a representative example and a standard experiment
between (1), (b), and (b’) was carried out. After 2 h of reaction, a small aliquot was
withdrawn from the reaction mixture and subjected to HRMS analysis after diluting it with
CH3CN:H20 (60:40). The formation of 2-iodo-2-phenylvinyl)sulfonyl)-4-methylbenzene (B)
intermediate was judged from the appearance of a peak at [M+H]" = 384.9751. To further
confirm the intermediacy of (B), a standard experiment was carried out between pre-
synthesized (B), p-toluic acid (b) in presence of K.CO3z (2 equiv) and ethanol (2 mL) in dark
at room temperature. The desired product 1bb’ was obtained in 68% yield thereby suggesting

the involvement of this intermediate in the present protocol.
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11.4.9. The UV-Visible Spectroscopy and Fluorescence Quenching Experiment (Stern-
Volmer Studies)

A 1 mM solution was prepared by mixing eosin Y in water by appropriate dilution of 0.01
M stock solution and taken in quartz UV cuvette of 1 cm path length. The UV-visible
spectroscopy showed Amax Of 515 nm. For the fluorescence measurement, the sample was
excited at 515 nm, and the emission was observed at 534 nm. For each fluorescence
quenching experiment, a 10 uL (1 M) solution of sodium p-toluene sulfinate was added to
eosin Y solution (1 mM) taken in a fluorescence cuvette and fluorescence emission spectra
were recorded after each addition (Figure 11.7). As evident from Figure 11.7, a decrease in
emission intensity was observed after each addition of sodium p-toluene sulfinate (5 — 35
mM). This confirms the electron transfer between eosin Y and quencher sodium p-toluene
sulfinate (b’). A true fluorescence quenching phenomenon of eosin Y under various
concentrations of sodium p-toluene sulfinate was demonstrated from Stern-Volmer graph
using the equation lo/l: = 1+Ksyv [Q] where lo and It are integrated emission intensity in the
absence and presence of quencher and Ksv is quenching constant. As evident from Figure
I1.7, a linear quenching was observed which confirmed the electron transfer between eosin Y

and quencher sodium p-toluene sulfinate (b").

11.4.10. CV Experiments Performed to Determine the Redox Potentials

Cyclic voltammetry (CV) was performed using three-electrode cell configuration
comprised a platinum sphere, a platinum plate and Ag(s)/AgNO3 (0.01 M) as the working,
auxiliary, and reference electrodes respectively. [Cyclic voltammetry experiment of RSOl
(RSO2Na+l,) taken at a scan rate 100mv/s. Experiment conditions: Init E = 2.0 V, High E =
2.0V, Low E =-2.0V, Init P/N = N, Scan Rate = 0.1 V/s, Sample Interval = 0.001 V, Quiet
Time = 2s, Sensitivity = 2e™* A/V]. The supporting electrolyte used was tetraethylammonium
hexafluorophosphate (TEAHFP) (C2Hs)sN(PFs). Samples were prepared with a substrate
concentration of 0.01 M in a 0.1 M TEAHFP in an acetonitrile electrolyte solution. From the
result, it was found that, Ereq = -1.06 V vs SCE whereas E*oxq (RSO21) = -0.37 V vs SHE
(experimental value -0.42V vs Ag/AgCl) (Figure 11.8).which clearly indicated that the
catalyst eosin Y (EY °) can easily donate an electron to the RSO2I species which provides

strong evidence to the catalytic cycle suggested in mechanism (Scheme 11.15).
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11.6. Spectral Data
(2)-1-Phenyl-2-tosylvinyl benzoate (1ab’):

As a white solid (130 mg, 68% vyield); mp 120-122 °C;

? purified over a column of silica gel (8% EtOAc in hexane); *H
oo o/@“"e NMR (CDCls, 400 MHz): § 8.13 (d, 2H, J = 7.2 Hz), 7.81 (d, 2H, J
Ej)\ﬁw = 8.4 Hz), 7.68 (t, 1H, J = 7.2 Hz), 7.54 (t, 2H, J= 7.8 Hz), 7.50

(d, 2H, J = 7.8 Hz), 7.43 (t, 1H, J = 7.2 Hz), 7.36 (t, 2H, J = 7.8
Hz), 7.24 (d, 2H, J = 7.8 Hz), 6.81 (s, 1H), 2.39 (s, 3H); BC{*H}
NMR (CDCls, 100 MHz): ¢ 163.4, 156.7, 144.7, 138.6, 134.4,
132.4, 131.8, 130.7, 129.9, 129.2, 128.9, 128.4, 128.1, 126.2,
118.7, 21.8; IR (KBr, cm™): 3061, 2925, 2857, 1744, 1616, 1453,
1234, 1061; HRMS (ESI/Q-TOF) (m/z): calcd for C22H1804SNa,
[M + Na]*: 401.0818, found 401.0835.

(2)-1-Phenyl-2-tosylvinyl 4-methylbenzoate (1bb’):
- e N As a brown solid (138 mg, 70% yield); mp 102-104 °C;
purified over a column of silica gel (8% EtOAc in hexane); *H
/@,Me NMR (CDCls, 400 MHz): ¢ 7.87 (d, 2H, J = 8.0 Hz), 7.66 (d, 2H,
©/&,§\\o J=8.0 Hz), 7.35 (t, 2H, J = 7.2 Hz), 7.27 (d, 1H, J = 7.2 Hz),
- J7.17-7.23 (m, 4H), 7.10 (t, 2H, J = 8.4 Hz), 6.66 (s, 1H), 2.33 (s,
3H), 2.25 (s, 3H); *C{*H} NMR (CDCls;, 100 MHz): ¢ 163.4,
156.9, 145.4, 144.6, 138.7, 132.5, 131.7, 130.8, 129.9, 129.6,
129.2, 128.1, 126.2, 125.7, 118.7, 22.0, 21.8; IR (KBr, cm?):
3066, 2945, 2847, 1740, 1610, 1235, 1062; HRMS (ESI/Q-TOF)
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(m/z): calcd for Co3H2404SN, [M + NH4]": 410.1421, found
410.1420.

(2)-1-Phenyl-2-tosylvinyl 4-methoxybenzoate (1cb’):

As a brown solid (152 mg, 74% yield); mp 130-132 °C;
purified over a column of silica gel (12% EtOAc in hexane); *H
NMR (CDCls, 400 MHz): 6 8.07 (d, 2H, J = 9.2 Hz), 7.81 (d, 2H,
J =84 Hz), 7.49 (t, 2H, J = 4.2 Hz), 7.42 (t, 1H, J = 7.2 H2),
7.36, (t, 2H, J = 7.4 Hz), 7.23 (d, 2H, J = 8.0 Hz), 7.00 (d, 2H, J
= 8.8 Hz), 6.79 (s, 1H), 3.92, (s, 3H), 2.39 (s, 3H); *C{*H}
NMR (CDCls, 100 MHz): ¢ 164.6, 163.0, 157.0, 144.6, 138.7,
132.9, 132.6, 131.7, 129.9, 129.2, 128.1, 126.2, 120.7, 118.7,
114.2, 55.8, 21.8; IR (KBr, cm™): 3066, 2957, 2839, 1741, 1605,
1511, 1242, 1167, 1065; HRMS (ESI/Q-TOF) (m/z): calcd for
C23H2105S, [M + H]™: 409.1104, found 409.1103.

(2)-1-Phenyl-2-tosylvinyl 4-chlorobenzoate (1db’):

As a white solid (128 mg, 62% yield); mp 89-91 °C; purified
over a column of silica gel (12% EtOAc in hexane); H NMR
(CDCls, 400 MHz): 6 7.98 (d, 2H, J=8.4 Hz), 7.71 (d, 2H, J = 8.4
Hz), 7.40-7.43 (m, 3H), 7.39 (t, 1H, J = 3.6 Hz), 7.32-7.35 (m,
1H), 7.28 (t, 2H, J = 7.6 Hz), 7.17 (t, 2H, J = 8.4 Hz), 6.70 (s, 1H),
2.31 (s, 3H); B¥C{*H} NMR (CDCls, 100 MHz): 6 162.7, 156.4,
144.8, 141.0, 138.6, 132.2, 132.1, 131.9, 130.0, 129.34, 129.26,
128.0, 127.0, 126.2, 118.6, 21.8; IR (KBr, cm™): 3065, 2935, 2845,
1746, 1606, 1234, 1145, 1063; MS (ESI/Q-TOF) (m/z): calcd for
C22H18ClO4S, [M + H]™: 413.0609, found 413.2609.

(2)-1-Phenyl-2-tosylvinyl 4-bromobenzoate (1eb’):

TH-3021_176122106

As a white solid (147 mg, 64% vyield); mp 116-118 °C;
purified over a column of silica gel (12% EtOAc in hexane); *H
NMR (CDCls, 600 MHz): ¢ 8.0 (d, 2H, J = 9.0 Hz), 7.80 (d, 2H,
J=8.4 Hz), 7.68 (d, 2H, J = 9.0 Hz), 7.49 (d, 2H, J = 7.2 Hz), 7.44
(t, 1H, J =72 Hz), 7.37 (t, 2H, J = 7.2 Hz), 7.27 (d, 2H, J = 7.2

72



Chapter Il

Hz), 6.80 (s, 1H), 2.41 (s, 3H); ¥C{*H} NMR (CDCls, 150 MHz):
0 162.9, 156.3, 144.8, 138.5, 132.3, 132.2, 132.1, 131.9, 130.0,
129.7, 129.3, 128.0, 127.4, 126.2, 118.5, 21.8; IR (KBr, cm™):
3063, 2929, 2853, 1748, 1622, 1242, 1147, 1067; HRMS (ESI/Q-
TOF) (m/z): calcd for CxoH2:BrOsSN, [M + NH.]™: 457.0104,
found 457.0103.

(2)-1-Phenyl-2-tosylvinyl 2-bromobenzoate (1fb’):

As a white solid (148 mg, 65% vyield); mp 105-107 °C;
purified over a column of silica gel (8% EtOAc in hexane); 'H
NMR (CDCls, 400 MHz): § 8.29 (dd, 1H, J1 = 7.6 Hz, J; = 2.0
Hz), 7.83 (d, 2H, J = 7.6 Hz), 7.76 (dd, 1H, J; = 7.6 Hz, J; = 1.2
Hz), 7.57 (dd, 2H, J1 = 3.6 Hz, J, = 7.2 Hz), 7.52 (dd, 1H, J; = 7.2
Hz, J2 = 7.6 Hz), 7.49 (dd, 1H, J1 = 4.8 Hz, J, = 3.6 Hz), 7.46 (t,
1H, J = 4.0 Hz), 7.43-7.45 (m, 1H), 7.40 (t, 2H, J = 7.6 Hz), 7.28
(d, 1H, J = 2.8 Hz), 6.77 (s, 1H), 2.41 (s, 3H); *C{*H} NMR
(CDCl3, 100 MHz): ¢ 162.2, 156.2, 144.9, 138.4, 135.0, 134.0,
133.17, 132.19, 131.8, 130.0, 129.6, 129.2, 127.9, 127.7, 126.4,
123.0, 118.3, 21.8; IR (KBr, cm™): 3063, 2926, 2850, 1760, 1619,
1228, 1149, 1076; HRMS (ESI/Q-TOF) (m/z): calcd for
C22H21BrO4SN, [M + NH4]*: 474.0369, found 474.0367.

(2)-1-Phenyl-2-tosylvinyl 2-iodobenzoate (1gb’):

TH-3021_176122106

As a white solid (158 mg, 63% yield); mp 115-117 °C;
purified over a column of silica gel (12% EtOAc in hexane); *H
NMR (CDClz, 400 MHz): ¢ 8.21 (dd, 1H, J. = 8.0 Hz, J» = 1.6
Hz), 7.99 (d, 1H, J = 8.0 Hz), 7.71 (d, 2H, J = 8.4 Hz), 7.42-7.45
(m, 3H), 7.34 (t, 1H, J=7.2 Hz), 7.28 (t, 2H, J = 7.2 Hz), 7.15 (dd,
3H, J1 = 8.0 Hz, J; = 6.4 Hz), 6.65 (s, 1H), 2.30 (s, 3H); B*C{*H}
NMR (CDCls;, 100 MHz): ¢ 162.4, 156.2, 144.9, 142.2, 138.4,
134.1, 1329, 132.2, 132.1, 131.8, 130.0, 129.2, 128.5, 128.0,
126.4, 118.4, 95.6, 21.9; IR (KBr, cm™): 3061, 2922, 2839, 1756,
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1622, 1227, 1148, 1071; HRMS (ESI/Q-TOF) (m/z): calcd for
C22H18104S, [M + H]": 504.9965, found 504.9957.

(2)-1-Phenyl-2-tosylvinyl 4-chloro-2-iodobenzoate (1hb’):

As a brown solid (168 mg, 62% yield); mp 137-139 °C; purified
over a column of silica gel (18% EtOAc in hexane);'H NMR
(CDCls, 400 MHz): 6 8.14 (d, 1H, J = 8.4 Hz), 7.99, (d, 1H, J = 2.0
Hz), 7.69 (d, 2H, J = 8.4 Hz), 7.41 (dd, 3H, J1 = 7.6 Hz, J = 1.2 Hz),
7.32-7.36 (m, 1H), 7.26-7.30 (m, 2H), 7.16 (t, 2H, J = 8.0 Hz), 6.63
(s, 1H), 2.31 (s, 3H); ®C{*H} NMR (CDCl3, 100 MHz): § 161.8,
155.9, 145.0, 141.7, 139.8, 138.3, 133.5, 132.1, 131.9, 130.5, 130.1,
129.3, 128.8, 128.0, 126.4, 118.3, 96.0, 21.9; IR (KBr, cm™): 3069,
2920, 2844, 1755, 1615, 1573, 1149, 1089; HRMS (ESI/Q-TOF)
(m/z): calcd for C22H17ClI0O4S, [M + H]*: 538.9575, found 538.9567.

(2)-1-Phenyl-2-tosylvinyl 2-bromo-4-methylbenzoate (1ib"):

As a white solid (151 mg, 64% yield); mp 139-141 °C; 'H
NMR (CDClz, 400 MHz): ¢ 8.17 (d, 1H, J = 8.0 Hz), 7.81 (d, 2H, J
= 8.0 Hz), 7.58 (s, 1H), 7.54 (d, 2H, J = 7.2 Hz), 7.43 (d, 1H, J=7.2
Hz), 7.39 (dd, 2H, J1 = 8.4 Hz, J, = 6.8 Hz), 7.29 (dd, 1H, J. = 8.0
Hz, J> = 0.8 Hz), 7.26 (s, 1H), 7.24 (s, 1H), 6.75 (s, 1H), 2.44 (s,
3H), 2.40 (s, 3H); **C{*H} NMR (CDCls, 100 MHz): 161.9, 156.4,
145.5, 144.8, 138.4, 135.7, 133.3, 132.4, 131.7, 130.0, 129.2, 128.6,
128.0, 126.4, 126.3, 123.4, 118.5, 21.9, 21.5; IR (KBr, cm™): 3060,
2912, 2850, 1757, 1601, 1229, 1146, 1076; HRMS (ESI/Q-TOF)
(m/z): calcd for Co3H20BrO4S, [M + H] 471.0260, found 471.0251.

(2)-1-Phenyl-2-tosylvinyl 2,4,6-trimethylbenzoate (1jb’):

TH-3021_176122106

As a white solid (110 mg, 52% yield); mp 128-130 °C; *H NMR
(CDCls, 600 MHz): 6 7.69 (d, 2H, J = 8.4 Hz), 7.53 (d, 2H, J = 7.8
Hz), 7.44 (t, 1H, J = 7.2 Hz), 7.39 (t, 2H, J = 7.2 Hz), 7.19 (d, 2H, J
= 8.4 Hz), 6.96 (s, 2H), 6.70 (s, 1H), 2.50 (s, 6H), 2.40 (s, 3H), 2.35
(s, 3H); ¥C{*H} NMR (CDCls, 150 MHz): § 165.4, 157.4, 144.5,
141.8, 139.6, 138.9, 133.2, 131.5, 130.1, 129.8, 129.1, 128.0, 126.8,
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126.6, 119.5, 31.2, 22.2, 21.8, 21.5; IR (KBr, cm™): 3065, 2924,
1747, 1610, 1225, 1145, 1048; HRMS (ESI/Q-TOF) (m/z): calcd.
for CasH2804SN, [M + NH4]": 438.1734, found 438.1732.

(Z)-1-Phenyl-2-tosylvinyl acetate (1kb"):

As a gummy (103 mg, 65% yield); purified over a column of
silica gel (8% EtOAc in hexane); *H NMR (CDCls;, 600 MHz): ¢
7.86 (d, 2H, J = 8.4 Hz), 7.45-7.47 (m, 2H), 7.41-7.43 (m, 1H),
7.38 (d, 2H, J = 7.8 Hz), 7.35 (d, 2H, J = 8.4 Hz), 6.64 (s, 1H), ),
2.43 (s, 3H), 2.39 (s, 3H); *C{*H} NMR (CDCls, 150 MHz): &
168.0, 156.3, 144.9, 138.8, 132.3, 131.8, 130.0, 129.1, 127.7, 126.2,
117.4, 21.8, 21.1; IR (KBr, cm™): 3063, 2929, 1737, 1620, 1597,
1319, 1144, 1085; HRMS (ESI/Q-TOF) (m/z): calcd for C17H1704S,
[M + H]": 317.0842, found 317.0858.

(2)-1-Phenyl-2-tosylvinyl pivalate (11b"):

As a brown solid (126 mg, 70% vyield); mp 85-87 °C; purified
over a column of silica gel (5% EtOAc in hexane); *H NMR
(CDCls, 400 MHz): ¢ 7.86 (d, 2H, J = 8.4 Hz), 7.41-7.46 (m, 3H),
7.39 (s, 1H), 7.33-7.37 (m, 3H), 6.57 (s, 1H), 2.44 (s, 3H), 1.43 (s,
9H); BC{*H} NMR (CDCls, 100 MHz): ¢, 175.4, 156.7, 144.7,
139.0, 133.2, 131.6, 130.0, 129.2, 127.7, 126.2, 117.5, 39.5, 27.5,
21.8; IR (KBr, cm?): 3063, 2925, 1759, 1622, 1480, 1262, 1150,
1078; HRMS (ESI/Q-TOF) (m/z): calcd for CaoH2304S [M + H]™:
359.1312, found 359.13009.

(2)-1-Phenyl-2-tosylvinyl hexanoate (1mb’):

Me
Me
o8’
S
©/&/ <o

TH-3021_176122106

As a gummy (126 mg, 68% yield); purified over a column of
silica gel (5% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
7.86 (d, 2H, J = 8.0 Hz), 7.46 (s, 1H), 7.41-7.44 (m, 2H), 7.38 (d,
2H, J = 7.6 Hz), 7.35 (d, 2H, J = 8.0 Hz), 6.62 (s, 1H), 2.66 (t, 2H, J
= 8.0 Hz), 2.44 (s, 3H), 1.72-1.79 (m, 2H), 1.37-1.41 (m, 4H), 0.93
(t, 3H, J = 7.2 Hz); *C{*H} NMR (CDCls, 100 MHz): § 170.8,
156.6, 144.8, 139.0, 132.8, 131.7, 130.0, 129.2, 127.8, 126.3, 117.6,
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34.2,31.4,24.3, 225, 21.9, 14.1; IR (KBr, cm™): 3065, 2925, 2852,
1765, 1638, 1159, 1075; HRMS (ESI/Q-TOF) (m/z): calcd for
C21H2404SK, [M + K]*: 411.1027, found 411.1022.

(2)-1-Phenyl-2-tosylvinyl octanoate (1nb’):

As a gummy (145 mg, 72% vyield); purified over a column of
silica gel (5% EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢
7.86 (d, 2H, J = 8.0 Hz), 7.45 (d, 1H, J = 4.4 Hz), 7.41-7.44 (m,
2H), 7.38 (d, 2H, J = 7.6 Hz), 7.35 (d, 2H, J = 8.0 Hz), 6.62 (s, 1H),
2.66 (t, 2H, J = 7.6 Hz), 2.44 (s, 3H), 1.71-1.78 (m, 2H), 1.28-1.40
(m, 7H), 1.25 (s, 1H), 0.89 (t, 3H, J = 7.2 Hz); C{*H} NMR
(CDCls, 100 MHz): ¢ 170.8, 156.6, 138.9, 134.8, 132.7, 131.7,
130.0, 129.2, 127.8, 126.3, 117.6, 34.2, 31.9, 31.1, 29.1, 24.6, 22.8,
21.9, 14.3; IR (KBr, cm™): 3065, 2934, 2829, 1770, 1612, 1134,
1077; HRMS (ESI/Q-TOF) (m/z): calcd for Co3Hz2.04SN, [M +
NH4]": 418.2047, found 418.2045.

(2)-1-Phenyl-2-tosylvinyl decanoate (1ob’):

TH-3021_176122106

As a gummy (161 mg, 75% yield); purified over a column of
silica gel (5% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
7.88 (d, 2H, J = 8.4 Hz), 7.44-7.47 (m, 3H), 7.40 (d, 2H, J = 7.8
Hz), 7.37 (d, 2H, J = 7.8 Hz), 6.64 (s, 1H), 2.69 (t, 2H, J = 7.2 Hz),
2.46 (s, 3H), 1.75-1.80 (m, 2H), 1.41-1.44 (m, 2H), 1.28-1.32 (m,
10H), 0.91 (t, 3H, J = 7.2 Hz); BC{*H} NMR (CDCls, 150 MHz): 6
170.8, 156.6, 144.8, 138.9, 132.7, 131.7, 130.0, 129.1, 127.8, 126.3,
117.6, 34.2, 32.1, 29.6, 29.49, 29.48, 29.3, 24.6, 22.9, 21.9, 14.3; IR
(KBr, cm™): 3063, 2924, 2854, 1772, 1621, 1149, 1081, HRMS
(ESI/Q-TOF) (m/z): calcd for CasHs304S, [M + H]™: 429.2094,
found 429.2088.
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(2)-1-Phenyl-2-tosylvinyl stearate (1pb’):

As a gummy (176 mg, 65% yield); purified over a column of
silica gel (3% EtOAc in hexane); *H NMR (CDCls;, 400 MHz): ¢
7.86 (d, 2H, J = 8.0 Hz), 7.45 (d, 1H, J = 4.4 Hz), 7.41-7.43 (m, 2H),
7.38 (d, 2H, J = 7.6 Hz), 7.34 (d, 2H, J = 8.0 Hz), 6.62 (s, 1H), 2.66
(t, 2H, J = 7.6 Hz), 2.44 (s, 3H), 2.35 (t, 1H, J = 7.6 Hz), 1.71-1.78
(m, 2H), 1.62 (dd, 2H, J; = 14.8 Hz J; = 6.8 Hz ), 1.25 (m, 25H),
0.87 (t, 3H, J = 6.8 Hz); *C{*H} NMR (CDCls, 100 MHz): 6 170.8,
156.6, 144.8, 138.9, 132.7, 131.7, 130.0, 129.2, 127.8, 126.3, 117.6,
34.2, 33.9, 32.1, 29.91, 29.87, 29.8, 29.69, 29.65, 29.6, 29.50, 29.45,
29.31, 29.27, 24.9, 24.6, 22.9, 21.9, 14.3; IR (KBr, cm™): 3063,
2921, 2851, 1772, 1709, 1619, 1150, 1080; HRMS (ESI/Q-TOF)
(m/z): caled for CssHs204SN, [M + NHs]™: 558.3612, found
558.3612.

(2)-1-Phenyl-2-tosylvinyl 2-cyclopropylacetate (1qb’):

ﬁ 1
L o ox
S3

w <o

TH-3021_176122106

As a white solid (114 mg, 64% vyield); mp 125-127 °C;
purified over a column of silica gel (3% EtOAc in hexane); *H
NMR (CDClz, 600 MHz): ¢ 7.89 (d, 2H, J = 8.4 Hz), 7.50 (d, 2H,
J=7.2Hz),7.46 (t, 1H, J =7.2 Hz), 7.41 (d, 2H, J = 7.8 Hz), 7.37
(d, 2H, J = 7.8 Hz), 6.66 (s, 1H), 2.60 (d, 2H, J = 7.2 Hz), 2.46 (s,
3H), 1.89-1.24 (m, 1H), 0.68 (q, 2H, J1 = 13.2 Hz, J> = 5.4 Hz),
0.33 (g, 2H, J: = 10.2 Hz, J2 = 4.8 Hz) (a single J value for
quartet); *C{*H} NMR (CDCls, 150 MHz): § 170.2, 156.5, 144.8,
138.9, 132.6, 131.7, 130.0, 129.1, 127.8, 126.3, 117.4, 39.4, 21.9,
6.7, 4.8; IR (KBr, cm™): 3066, 3001, 1772, 1621, 1149, 1080;
HRMS (ESI/Q-TOF) (m/z): calcd for C2oH2404SN, [M + NHa]™:
374.1421, found 374.1422.
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(2)-1-Phenyl-2-tosylvinyl (3r,5r,7r)-adamantane-1-carboxylate (1rb"):

As a white solid (127 mg, 58% vyield); mp 156-158 °C;
purified over a column of silica gel (3% EtOAc in hexane); H
NMR (CDClz, 600 MHz): § 7.86 (d, 2H, J = 8.4 Hz), 7.44 (t, 2H, J
= 9.0 Hz), 7.41 (dd, 1H, J; = 7.8 Hz, J,= 1.2 Hz), 7.37 (d, 2H, J =
7.8 Hz), 7.35 (d, 2H, J = 7.8 Hz), 6.57 (s, 1H), 2.44 (s, 3H), 2.14
(s, 6H), 2.11 (s, 3H), 1.78 (s, 6H); BC{'H} NMR (CDCls, 150
MHz): ¢ 174.5, 156.7, 144.6, 139.0, 133.1, 131.5, 130.0, 129.1,
127.7, 126.2, 117.4, 41.4, 38.9, 36.6, 28.1, 21.9; IR (KBr, cm™):
3060, 2907, 2852, 1757, 1623, 1176, 1149, 1047; HRMS (ESI/Q-
TOF) (m/z): calcd for CosH2804SNa, [M + Na]*: 459.1601, found
459.1601.

(2)-1-Phenyl-2-tosylvinyl benzo[d][1,3]dioxole-5-carboxylate (1sh"):

As a brown solid (127 mg, 60% yield); mp 152-154 °C; purified
over a column of silica gel (12% EtOAc in hexane); 'H NMR
(CDCls, 600 MHz): 6 7.74 (d, 2H, J = 7.8 Hz), 7.68 (dd, 1H, J;= 8.4
Hz, J, = 1.2 Hz), 7.44 (d, 1H, J = 1.8 Hz), 7.41 (d, 2H, J= 7.2 Hz),
7.35 (d, 1H, J = 7.8 Hz), 7.29 (t, 2H, J = 7.8 Hz), 7.19 (d, 2H, J =
7.8 Hz), 6.85 (d, 1H, J = 8.4 Hz), 6.71 (s, 1H), 6.03 (s, 2H), 2.33 (s,
3H); *C{*H} NMR (CDCls;, 150 MHz): ¢ 162.7, 156.8, 152.9,
148.2, 144.7, 138.6, 132.4, 131.7, 129.9, 129.2, 128.0, 127.1, 126.2,
122.2, 118.6, 110.3, 108.5, 102.3, 21.8; IR (KBr, cm™): 3058, 2929,
1745, 1611, 1482, 1257, 1149, 1063; HRMS (ESI/Q-TOF) (m/z):
calcd for C23H1806SNa, [M + Na]™: 445.0716, found 445.0715.

(2)-1-Phenyl-2-tosylvinyl 2-naphthoate (1tb’):

J

TH-3021_176122106

As a white solid (133 mg, 62% yield); mp 90-92 °C; purified
over a column of silica gel (12% EtOAc in hexane); 'H NMR
(CDCls3, 600 MHz): ¢ 8.71 (s, 1H), 8.09 (dd, 1H, J1 = 8.4 Hz, J» =
1.8 Hz), 8.01 (d, 1H, J = 7.8 Hz), 7.96 (dd, 2H, J; = 12.6 Hz, J, =
8.4 Hz), 7.83 (d, 2H, J= 8.4 Hz), 7.66—7.69 (m, 1H), 7.60—7.63 (m,
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1H), 7.55 (d, 2H, J= 7.8 Hz), 7.44 (t, 1H, J = 7.2 Hz), 7.37 (t, 2H, J
= 7.8 Hz), 7.22 (d, 2H, J = 7.8 Hz), 6.87 (s, 1H), 2.37 (s,
3H);®C{*H} NMR (CDCls, 150 MHz): § 163.5, 156.8, 144.7,
138.6, 136.2, 132.7, 132.6, 132.4, 131.8,129.9, 129.7, 129.2, 128.8,
128.5, 128.11, 128.09, 127.3, 126.3, 125.6, 125.5, 118.8, 21.8; IR
(KBr, cm): 3464, 3055, 2931, 1713, 1630, 1280, 1196, 1090;
HRMS (ESI/Q-TOF) (m/z): calcd for CzsH2404SN, [M + NH4]":
446.1421, found 446.1412.

(2)-1-Phenyl-2-tosylvinyl thiophene-2-carboxylate (1ub’):

As a white solid (106 mg, 55% yield); mp 122-124 °C; purified

82 we| over a column of silica gel (15% EtOAc in hexane); 'H NMR
é/og,g/g (CDCls, 600 MHz): 6 7.97 (dd, 1H, J, = 42 Hz, J; = 1.2 Hz), 7.86
(d, 2H, J = 8.4 Hz), 7.73 (dd, 1H, J1 = 5.4 Hz, J; = 1.2 Hz), 7.51 (d,
2H, J = 7.8 Hz), 7.43 (t, 1H, J= 7.8 Hz), 7.37 (t, 2H, J = 7.2 Hz),
7.28 (d, 2H, J = 7.8 Hz), 7.21 (dd, 1H, J1 = 4.8 Hz, J; = 4.2 H2),
6.80 (s, 1H), 2.41 (s, 3H); *C{*H} NMR (CDCls;, 150 MHz): ¢
158.7, 156.1, 144.8, 138.6, 135.9, 134.6, 132.3, 131.8, 131.5, 129.9,
129.2, 128.5, 128.1, 126.3, 119.0, 21.9; IR (KBr, cm™): 3055, 2925,
1735, 1619, 1409, 1238, 1147, 1062; HRMS (ESI/Q-TOF) (m/z):
calcd for C20H1704S;, [M + H]*: 385.0563, found 385.0565.
(2)-1-(p-Tolyl)-2-tosylvinyl 4-methylbenzoate (2bb’):
( Ve Y As a brown solid (151 mg, 74% yield); mp 123-125 °C; purified
over a column of silica gel (8% EtOAc in hexane); 'H NMR
oo E’./@MG (CDCls, 400 MHz): ¢ 8.0 (d, 2H, J = 8.0 Hz), 7.80 (d, 2H, J = 8.4
WSﬁ Hz), 7.38, (d, 2H, J = 8.0 Hz), 7.33 (d, 2H, J = 8.0 Hz), 7.23 (d, 2H,
= 2 J=8.0Hz), 7.15 (d, 2H, J = 8.0 Hz), 6.76 (s, 1H), 2.47 (s, 3H), 2.39
(s, 3H), 2.34 (s, 3H); *C{*H} NMR (CDCls, 100 MHz): 6 163.4,
157.1, 145.3, 144.5, 142.4, 138.8, 130.8, 130.4, 129.9, 129.8, 129.6,
129.4, 128.0, 126.2, 117.6, 22.0, 21.8, 21.6; IR (KBr, cm™): 3049,
2924, 1746, 1689, 1610, 1148, 1085; HRMS (ESI/Q-TOF) (m/z):
calcd for C24H2204SNa, [M + Na]*: 429.1131, found 429.1135.
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(2)-1-(4-Methoxyphenyl)-2-tosylvinyl 4-methylbenzoate (3bb’):

As a brown solid (165 mg, 78% vyield); mp 128-130 °C;
purified over a column of silica gel (12% EtOAc in hexane); H
NMR (CDClz, 600 MHz): ¢ 8.01 (d, 2H, J = 8.4 Hz), 7.79 (d, 2H,
J = 8.4 Hz), 7.43, (d, 2H, J = 9.0 Hz), 7.33 (d, 2H, J = 7.8 Hz),
7.23 (d, 2H, J = 8.4 Hz), 6.85 (d, 2H, J = 8.4 Hz), 6.70 (s, 1H),
3.80 (s, 3H), 2.48 (s, 3H), 2.39 (s, 3H); BC{*H} NMR (CDCls,
150 MHz): ¢ 163.3, 162.3, 156.7, 145.1, 144.2, 138.8, 132.0,
130.6, 129.6, 129.4, 127.8, 125.6, 124.4, 116.2, 114.4, 55.5, 21.9,
21.6; IR (KBr, cm™): 3066, 2925, 2853, 1745, 1602, 1156, 1087;
HRMS (ESI/Q-TOF) (m/z): calcd for C24H260sSN, [M + NH4]":
440.1526, found 440.1524.

(2)-1-(4-(tert-Butyl)phenyl)-2-tosylvinyl 4-methylbenzoate (4bb’):

As a brown solid (169 mg, 75% vyield); mp 159-161 °C;
purified over a column of silica gel (8% EtOAc in hexane); *H
NMR (CDClz, 400 MHz): 6 8.0 (d, 2H, J = 8.4 Hz), 7.80 (d, 2H, J
= 8.4 Hz), 7.43 (d, 2H, J = 8.4 Hz), 7.37 (s, 1H), 7.34 (t, 3H, J =

8.0 Hz), 7.23 (d, 2H, J = 8.0 Hz), 6.79 (s, 1H), 2.48 (s, 3H), 2.39

(s, 3H), 1.27 (s, 9H); *C{*H} NMR (CDCls, 100 MHz): § 163.5,
157.0, 155.4, 145.3, 1445, 138.9, 130.8, 129.8, 129.6, 129.5,
128.0, 126.2, 126.0, 125.8, 117.8, 35.1, 31.2, 22.0, 21.8; IR (KBr,
cm?): 3052, 2957, 2920, 1746, 1610, 1264, 1177, 1067; HRMS
(ESI/Q-TOF) (m/z): calcd for C27H3204SN, [M + NH4]": 466.2047
found 466.2047.

(2)-1-(m-Tolyl)-2-tosylvinyl 4-methylbenzoate (5bb’):

TH-3021_176122106

As a gummy (143 mg, 70% yield); purified over a column of
silica gel (7% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.01 (d, 2H, J = 7.8 Hz), 7.80 (d, 2H, J = 8.4 Hz), 7.33 (d, 2H, J =
7.8 Hz), 7.28-7.30 (m, 2H), 7.23 (d, 4H, J = 7.2 Hz), 6.79 (s, 1H),
2.48 (s, 3H), 2.39 (s, 3H), 2.31 (s, 3H); BC{*H} NMR (CDCls, 150
MHz): ¢ 163.4, 157.1, 145.3, 144.6, 139.0, 138.7, 132.6, 132.5,
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130.8, 129.8, 129.6, 129.1, 128.1, 126.8, 125.7, 123.4, 118.5, 22.0,
21.8, 21.6; IR (KBr, cm™): 3063, 2920, 1745, 1611, 1235, 1147,
1068; HRMS (ESI/Q-TOF) (m/z): calcd for C24H2304S, [M + H]™:
407.1312, found 407.1336.

(2)-1-(4-Chlorophenyl)-2-tosylvinyl 4-methylbenzoate (6bb’):

~

As a white solid (145 mg, 68% yield); mp 115-117 °C; purified
over a column of silica gel (12% EtOAc in hexane); *H NMR
(CDCls, 600 MHz): 6 8.0 (d, 2H, J = 8.4 Hz), 7.79, (d, 2H, J = 7.8
Hz), 7.42 (d, 2H, J = 9.0 Hz), 7.34 (s, 2H), 7.33 (d, 2H, J = 1.8 Hz),
7.24 (d, 2H, J = 8.4 Hz), 6.78 (s, 1H), 2.48 (s, 3H), 2.39 (s, 3H):
13C{'H} NMR (CDCls, 150 MHz): § 163.4, 155.7, 145.6, 144.8,
138.4, 137.9, 131.1, 130.8, 129.9, 129.7, 129.5, 128.1, 127.5, 125.4,
119.1, 22.1, 21.9; IR (KBr, cm™): 3069, 2960, 2923, 1749, 1613,
1172, 1066; HRMS (ESI/Q-TOF) (m/z): calcd for CasHaoClO4S, [M
+ H]*: 427.0765, found 427.0767.

(2)-1-(4-Bromophenyl)-2-tosylvinyl 4-methylbenzoate (7bb’):

As a white solid (165 mg, 70% yield); mp 162—-164 °C; purified
over a column of silica gel (12% EtOAc in hexane); 'H NMR
(CDCls, 600 MHz): ¢ 8.0 (d, 2H, J = 8.4 Hz), 7.80 (d, 2H, J = 8.4
Hz), 7.48 (d, 2H, J = 8.4 Hz), 7.34 (dd, 4H, J1 =10.2 Hz, ), = 7.8
Hz), 7.24 (d, 2H, J = 7.8 Hz), 6.80 (s, 1H), 2.47 (s, 3H), 2.39 (s,
3H), BC{*H} NMR (CDCls;, 150 MHz): 6 163.3, 155.7, 145.6,
144.8, 138.3, 132.4, 131.5, 130.7, 129.9, 129.7, 128.1, 127.7, 126.3,
125.3, 119.1, 22.0, 21.8; IR (KBr, cm™): 3069, 2960, 2923, 1749,
1613; HRMS (ESI/Q-TOF) (m/z): calcd for Cz3Hi19BrOsSNa, [M +
Na]*: 493.0080, found 493.0040.

(2)-1-(4-Fluorophenyl)-2-tosylvinyl 4-methylbenzoate (8bb"):

"
[o]
F

Me
s T

TH-3021_176122106

As a white solid (132 mg, 64% yield); mp 142-144 °C; purified
over a column of silica gel (12% EtOAc in hexane); 'H NMR
(CDCls, 600 MHz): ¢ 8.0 (d, 2H, J = 8.4 Hz), 7.79 (d, 2H, J = 8.4
Hz), 7.47-7.50 (m, 2H), 7.33 (d, 2H, J = 8.4 Hz), 7.24 (d, 2H, J =
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7.8 Hz), 7.05 (t, 2H, J = 9.0 Hz), 6.74 (s, 1H), 2.48 (s, 3H), 2.39 (s,
3H); ®*C{*H} NMR (CDCls, 150 MHz): § 164.8, (d, J = 100.8 Hz),
155.8, 144.8, 144.7 (d, J = 48.1 Hz), 138.5, 130.8, 129.9, 129.7,
128.7 (d, J = 12.6), 128.52, 128.47, 128.1, 125.5, 118.6, 116.5 (d, J
=28.2 Hz), 22.1, 21.9; *F NMR (CDCls, 564 MHz): 6 —-107.4; IR
(KBr, cm™): 3063, 2923, 2853, 1745, 1610, 1238, 1147, 1064;
HRMS (ESI/Q-TOF) (m/z): calcd for Ca3H23FO4SN, [M + NH4]™:
428.1326, found 428.1320.

(2)-1-(3-Fluorophenyl)-2-tosylvinyl 4-methylbenzoate (9bb’):

As a white solid (126 mg, 61% yield); mp 121-123 °C; purified
over a column of silica gel (12% EtOAc in hexane); 'H NMR
(CDCls, 400 MHz): ¢ 8.01 (d, 2H, J = 8.4 Hz), 7.80 (d, 2H, J = 8.4
Hz), 7.33 (d, 3H, J = 8.0 Hz), 7.28-7.31 (m, 1H), 7.24 (d, 2H, J =
8.0 Hz), 7.15-7.19 (m, 1H), 7.08-7.14 (m, 1H), 6.80 (s, 1H), 2.48
(s, 3H), 2.39 (s, 3H); BC{*H} NMR (CDCls, 100 MHz): 6 163.4,
163.0 (d, J = 98.6 Hz), 155.3 (d, J = 11.2 Hz), 145.6, 144.9, 138.4,
134.9 (d, J= 30.4 Hz), 130.9, 130.8, 129.9, 129.7, 128.1, 125.4,
122.0 (d, J = 12.4 Hz), 119.8, 118.6 (d, J= 84.4 Hz), 113.3 (d, J =
38.3 Hz), 22.0, 21.8; 1°F (CDCls, 376 MHz): 6 -111.2; IR (KBr, cmr
1): 3066, 2925, 2857, 1736, 1487, 1216, 1100, 1030; HRMS (ESI/Q-
TOF) (m/z): calcd for C23H19FO4SNa, [M + Na]*: 433.0880, found
433.0898.

(2)-1-(3-Chlorophenyl)-2-tosylvinyl 4-methylbenzoate (10bb’):

Me

J

TH-3021_176122106

As a white solid (139 mg, 65% yield); mp 122-124 °C; purified
over a column of silica gel (10% EtOAc in hexane); 'H NMR
(CDCls, 400 MHz): ¢ 8.0 (d, 2H, J = 8.4 Hz), 7.79 (d, 2H, J = 8.0
Hz), 7.44 (t, 1H, J = 7.6 Hz), 7.35-7.38 (m, 2H), 7.32 (d, 2H, J =
8.0 Hz), 7.29 (d, 1H, J=8.0 Hz), 7.23 (d, 2H, J =8.0 Hz), ), 6.78 (s,
1H), 2.46 (s, 3H), 2.38 (s, 3H); ¥C{*H} NMR (CDCls, 100 MHz): 6
163.2, 155.1, 145.4, 144.7, 138.2, 135.2, 134.4, 131.5, 130.7, 130.3,
129.8, 129.5, 128.0, 126.1, 125.2, 124.3, 119.7, 21.9, 21.7; IR (KBr,
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cm™): 3065, 2925, 2851, 1749, 1613, 1172, 1066; HRMS (ESI/Q-
TOF) (m/z): calcd for C23sH23CIO4SN, [M + NH.]": 444.1031, found
444.1031.

(Z)-1-Cyclohexyl-2-tosylvinyl 4-methylbenzoate (11bb’):

( Me )

As a gummy (142 mg, 71% vyield); purified over a column of
silica gel (5% EtOAc in hexane); 'H NMR (CDCls, 500 MHz): ¢
7.93 (d, 2H, J = 7.5 Hz), 7.72 (d, 2H, J = 7.5 Hz), 7.28 (d, 2H, J =
7.5 Hz), 7.23 (d, 2H, J = 7.5 Hz), 6.17 (s, 1H), 2.44 (s, 3H), 2.39 (s,
3H), 1.63-1.67 (m, 2H), 1.59 (s, 4H), 0.90 (t, 3H, J = 11.5 Hz), 0.83
(d, 2H, J = 3.5 Hz); ®*C{*H} NMR (CDCl;, 125 MHz): § 163.6,
162.5, 145.1, 144.3, 138.9, 130.7, 129.8, 129.5, 127.9, 126.0, 116.4,
29.90, 29.87, 22.0, 21.8, 15.9, 7.1; IR (KBr, cm™): 3058, 2915,
2824, 1748, 1619, 1152, 1035.; HRMS (ESI/Q-TOF) (m/z): calcd
for C23H2704S, [M + H]*: 399.1625, found 399.1680.

(2)-1-((1-10do-1-phenylprop-1-en-2-yl)sulfonyl)-4-methylbenzene (12b’):

Me
1
S\\0
Me

As a brown solid (161 mg, 80% yield); mp 120-122 °C; purified
over a column of silica gel (3% EtOAc in hexane); *H NMR (CDCls,
400 MHz): ¢ 7.39 (d, 2H, J = 8.4 Hz), 7.23 (t, 3H, J = 6.5 Hz), 7.16
(d, 2H, J = 8.0 Hz), 7.09-7.12 (m, 2H), 2.51 (s, 3H), 2.39 (s, 3H);
BC{*H} NMR (CDCls, 100 MHz): 6 144.3, 144.1, 143.2, 137.5,
129.7, 128.8, 128.0, 127.84, 127.76, 115.9, 27.3. 21.8; IR (KBr, cm"
1): 3035, 2928, 2847, 1587, 1442, 1135, 1080; HRMS (ESI/Q-TOF)
(m/z): calcd for CieHi9lO2SN, [M + NH4]": 416.0187, found
416.0183.

(2)-2-(Phenylsulfonyl)-1-(p-tolyl)vinyl 4-methylbenzoate (2ba’):

TH-3021_176122106

As a brown solid (139 mg, 70% yield); mp 132-134 °C; purified
over a column of silica gel (8% EtOAc in hexane); *H NMR (CDCls,
400 MHz): 6 8.0 (d, 2H, J = 8.4 Hz), 7.93 (d, 2H, J = 8.0 Hz), 7.56 (t,
1H, J = 7.6 Hz), 7.44, (t, 2H, J = 8.0 Hz), 7.39 (d, 2H, J = 8.4 Hz),
7.33 (d, 2H, J = 8.4 Hz), 7.16 (d, 2H, J = 8.0 Hz), 6.78 (s, 1H), 2.47
(s, 3H), 2.39 (s, 3H), 2.34 (s, 3H); ¥C{*H} NMR (CDCls;, 100
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MHz): ¢ 163.4, 157.6, 145.4, 142.5, 141.8, 133.5, 130.8, 130.0,
129.6, 129.5, 129.2, 128.0, 126.2, 125.7, 117.4, 22.0, 21.6; IR (KBr,
cm?): 3056, 2925, 1744, 1611, 1261, 1055; HRMS (ESI/Q-TOF)
(m/z): calcd for Cz3H2104SN, [M + NH]™: 410.1432, found
410.1431.

(2)-1-(4-(tert-Butyl)phenyl)-2-(phenylsulfonyl)vinyl4-methylbenzoate (4ba’):

As a brown solid (152 mg, 72% yield); mp 160-162 °C; purified
over a column of silica gel (12% EtOAc in hexane); 'H NMR
(CDCls, 500 MHz): ¢ 8.01, (d, 2H, J = 8.5 Hz), 7.94 (d, 2H, J = 8.0
Hz), 7.55 (t, 1H, J = 7.5 Hz), 7.43-7.46 (m, 4H), 7.37 (d, 2H, J = 8.5
Hz), 7.33 (d, 2H, J = 8.0 Hz), 6.81 (s, 1H), 2.47 (s, 3H), 1.28 (s, 9H);
BC{'H} NMR (CDCls, 125 MHz): 6 163.4, 157.5, 155.5, 145.3,
141.8, 133.5, 130.7, 129.6, 129.4, 129.1, 127.9, 126.2, 126.1, 125.7,
117.5, 35.1, 31.2, 22.0; IR (KBr, cm™): 3052, 2988, 1745, 1611,
1261, 1065; HRMS (ESI/Q-TOF) (m/z): calcd for C26H3004SN, [M +
NH4]*: 452.1901, found 452.1898.

(2)-1-(4-Bromophenyl)-2-(phenylsulfonyl)vinyl 4-methylbenzoate (7ba’):

As a brown solid (157 mg, 68% yield); mp 157-159 °C; purified
over a column of silica gel (10% EtOAc in hexane); ‘H NMR
(CDCls, 500 MHz): ¢ 7.95 (d, 2H, J = 5.5 Hz), 7.88 (d, 2H, J = 7.0
Hz), 7.50 (d, 1H, J = 7.5 Hz), 7.44 (d, 2H, J = 6.5 Hz), ), 7.35-7.40
(m, 3H), 7.29 (t, 2H, J = 8.5 Hz), 7.21 (d, 1H, J = 7.0 Hz), 6.77 (s,
1H), 2.41 (s, 3H); 3C{*H} NMR (CDCls, 125 MHz): ¢ 163.4, 157.4,
145.4, 141.6, 133.6, 132.4, 131.8, 130.8, 129.7, 129.20, 129.17,
128.0, 126.3, 125.6, 118.4, 22.0; IR (KBr, cm™): 3065, 2959, 2928,
1745, 1610; HRMS (ESI/Q-TOF) (m/z): calcd for C22H21BrO4SN,
[M + NH4]": 474.0380, found 474.0358.

(2)-2-((4-(tert-butyl)phenyl)sulfonyl)-1-phenylvinyl 4-methylbenzoate (1bc’):

8<
~0

Me,

( Me
Oi (o] 0/©)<

N

Me

Me
_

As a gummy (162 mg, 74% vyield); purified over a column of
silica gel (15% EtOAc in hexane); 'H NMR (CDCls, 500 MHz): ¢
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8.0, (d, 2H, J=5.0 Hz), 7.84 (d, 2H, J = 8.5 Hz), 7.49 (t, 2H, J = 8.0
Hz), 7.43 (t, 3H, J = 12.0 Hz), 7.34 (dd, 4H, J1 = 18.0 Hz, ), = 7.5
Hz), 6.82 (s, 1H), 2.48 (s, 3H), 1.30 (s, 9H); *C{*H} NMR (CDCls,
125 MHz): ¢ 163.4, 157.5, 156.8, 145.4, 138.5, 132.6, 131.7, 130.8,
129.6, 129.2, 127.9, 126.26, 126.25, 125.7, 118.8, 35.4, 31.2, 22.0;
IR (KBr, cm™): 3064, 2928, 2905, 1745, 1618; HRMS (ESI/Q-TOF)
(m/z): calcd for C26H2704S, [M + H]": 435.1625, found 435.1611.

(2)-2-((4-chlorophenyl)sulfonyl)-1-phenylvinyl 4-methylbenzoate (1bd’):

~

As a white solid (137 mg, 66% yield); mp 142—-149 °C; purified
over a column of silica gel (10% EtOAc in hexane); 'H NMR
(CDCls, 400 MHz): 6 7.99 (d, 2H, J = 8.0 Hz), 7.85 (d, 2H, J = 8.4
Hz), 7.50 (d, 3H, J = 7.6 Hz), 7.39 (d, 2H, J = 2.8 Hz), 7.35 (t, 4H, J
= 8.0 Hz), 6.79 (s, 1H), 2.48 (s, 3H); *C{*H} NMR (CDCls, 125
MHz): ¢ 163.4, 157.8, 145.7, 140.4, 140.1, 132.3, 132.0, 130.8,
129.8, 129.6, 129.3, 129.2, 126.4, 125.5, 118.1, 22.1; IR (KBr, cm™):
3062, 2929, 2908, 1744, 1618; HRMS (ESI/Q-TOF) (m/z): calcd for
C22H21CIO4SN, [M + NH4]*: 430.0874, found 430.0854.

(2)-2-((4-Bromophenyl)sulfonyl)-1-phenylvinyl 4-methylbenzoate (1be’):

TH-3021_176122106

As a white solid (154 mg, 67% vyield); mp 120-122 °C; purified
over a column of silica gel (15% EtOAc in hexane); 'H NMR
(CDCls, 400 MHz): 6 7.99 (d, 2H, J = 8.0 Hz), 7.78 (d, 2H, J = 8.8
Hz), 7.57 (d, 2H, J = 8.8 Hz), 7.50, (d, 2H, J = 7.6 Hz), 7.44 (t, 1H, J
=7.2Hz), 7.38 (d, 2H, J = 7.6 Hz), 7.34 (d, 2H, J = 7.6 Hz), 6.79 (s,
1H), 2.48 (s, 3H); ¥C{*H} NMR (CDCls, 125 MHz): ¢ 163.3, 157.8,
145.7, 140.6, 132.6, 132.3, 132.0, 130.8, 129.8, 129.6, 129.3, 128.9,
126.3, 125.5, 118.0, 22.1; IR (KBr, cm™): 3068, 2965, 2923, 1745,
1610; HRMS (ESI/Q-TOF) (m/z): calcd for Cz:H17BrO.SK, [M
+K]": 494.9673, found 494.9663.
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(2)-1-(4-Bromophenyl)-2-(phenylsulfonyl)vinyl 4-methoxy benzoate (1ce’):

As a white solid (173 mg, 73% vyield); mp 138-140 °C; purified
over a column of silica gel (15% EtOAc in hexane); 'H NMR
(CDCls, 400 MHz): ¢ 8.05 (d, 2H, J = 8.8 Hz), 7.78 (d, 2H, J =84
Hz), 7.57 (d, 2H, J = 8.4 Hz), 7.50, (d, 2H, J = 7.6 Hz), 7.43 (d, 1H,
J=17.6Hz),7.36 (t, 2H, J = 7.2 Hz), 7.01 (d, 2H, J = 8.8 Hz), 6.79 (s,
1H), 3.92 (s, 3H); *C{*H} NMR (CDCl3, 125 MHz): 6 164.7, 162.9,
157.8, 140.6, 132.9, 132.5, 132.3, 131.9, 129.6, 129.2, 128.9, 126.3,
120.4, 118.0, 114.4, 55.8; IR (KBr, cm™): 3069, 2948, 2925, 1747,
1628; HRMS (ESI/Q-TOF) (m/z): caled for C2:H21BrOsSN, [M +
NH4]*: 490.0329, found 490.0310.

(2)-1-(4-Bromophenyl)-2-(phenylsulfonyl)vinyl 4-chlorobenzoate (1de’):

As a white solid (150 mg, 62% vyield); mp 125-127 °C; purified
over a column of silica gel (12% EtOAc in hexane); *H NMR
(CDCls, 400 MHz): 6 8.06 (d, 2H, J = 8.5 Hz), 7.78 (d, 2H, J = 8.5
Hz), 7.61 (d, 2H, J = 8.5 Hz), 7.53 (d, 2H, J = 8.0 Hz), 7.50 (d, 2H,
J=75Hz),7.45(d, 1H,J=7.0 Hz), 7.39 (t, 2H, J= 7.5 Hz), 6.78 (s,
1H), BC{*H} NMR (CDCls, 100 MHz): § 162.6, 157.2, 141.3, 140.5,
132.7, 132.2, 132.04, 132.01, 129.50, 129.47, 129.4, 129.1, 126.8,
126.3, 117.8; IR (KBr, cm™): 3058, 2925, 2912, 1742, 1628, 1158,
1050; HRMS (ESI/Q-TOF) (m/z): calcd for C21H1sBrCIO4SN, [M +
NH4]*: 493.9834, found 493.9834.

(2)-2-((4-nitrophenyl)sulfonyl)-1-phenylvinyl 4-methylbenzoate (1bf"):

TH-3021_176122106

As a white solid (139 mg, 58% vyield); mp 145-147 °C; purified
over a column of silica gel (15% EtOAc in hexane); 'H NMR
(CDCls, 400 MHz): 6 7.91, (dd, 1H, J; = 8.0 Hz, J> = 1.2 Hz), 7.75
(d, 2H, J = 8.0 Hz), 7.64 (d, 1H, J = 8.0 Hz), 7.45, (d, 2H, J=7.6
Hz), 7.36 (d, 1H, J = 7.2 Hz), 7.31 (d, 2H, J = 7.6 Hz), 7. 27 (dd, 1H,
J1=7.6Hz J,=12Hz),),7.19(d, 2H, J1 =7.6 Hz), 7.10 (t, 1H, J =
7.6 Hz), 7.04 (s, 1H), 2.38 (s, 3H); BC{*H} NMR (CDCls, 100
MHz): 6 162.7, 158.2, 145.5, 141.0, 135.4, 134.4, 131.4, 130.7,
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129.6, 129.3, 127.5, 126.4, 121.2, 118.0; 22.0; IR (KBr, cm™): 3065,
2938, 2935, 1744, 1610; HRMS (ESI/Q-TOF) (m/z): calcd for
C22H17NOsSNa, [M + Na]*: 446.0669, found 446.2684.
(2)-2-((2-bromo-4-(trifluoromethyl)phenyl)sulfonyl)-1-phenylvinyl4-methylbenzoate
(1bg’):
As a white solid (131 mg, 50% vyield); mp 132-135 °C; purified

Me over a column of silica gel (15% EtOAc in hexane); 'H NMR
? (CDCls, 400 MHz): 6 8.08 (d, 1H, J = 8.0 Hz), 7.96, (s, 1H), 7.77 (d,
o Bo | 2H, J = 8.4 Hz), 7.53 (d, 2H, J = 7.6 Hz), 7.46 (d, 1H, J = 7.6 Hz),
©NS% 7.35-7.42 (m, 3H), 7.28 (s, 1H), ), 7.26 (s, 1H), 7.10 (s, 1H), 2.47 (s,
) 3H); BC{'H} NMR (CDCls, 100 MHz): 6 162.6, 159.1, 145.9, 144.3,
136.1, 135.8, 132.4 (q, J = 30.4 Hz), 132.3, 132.1, 132.0, 130.6,
129.7, 129.4, 126.5, 125.0, 124.5 (q, J = 29.6 Hz), 122.0, 117.2,
22.1; F NMR (CDCls, 376 MHz): 6 —63.30; IR (KBr, cm™): 3064,
2928, 2915, 1743, 1625; HRMS (ESI/Q-TOF) (m/z): calcd for
Ca3H20BrFs04SN, [M + NH4]": 542.0243, found 542.0230.
(2)-1-phenyl-2-(thiophen-2-ylsulfonyl)vinyl 4-methylbenzoate (1bh’):

As a brown solid (100 mg, 52% yield); mp 158-160 °C; purified
over a column of silica gel (15% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): ¢ 8.08 (d, 2H, J = 8.0 Hz), 7.69 (d, 1H, J = 4.0
om0 ‘.s’.\\:\\ Hz), 7.65 (d, 1H, J = 5.0 Hz), 7.53 (d, 2H, J = 7.5 Hz), 7.44 (t, 1H, J
Q& = 12.0 Hz), 7. 38 (d, 2H, J = 7.5 Hz), 7.34 (d, 2H, J = 9.5 Hz), 7.06
) (t, 1H, J = 9.0 Hz), 6.86 (s, 1H), 2.47 (s, 3H); *C{*H} NMR (CDCls,

125 MHz): 6 163.5, 157.5, 145.5, 143.1, 134.04, 134.0, 132.5, 131.9,
130.9, 129.7, 129.3, 127.9, 126.4, 125.7, 118.6, 22.0; IR (KBr, cm™):
3059, 2928, 2915, 1742, 1625; HRMS (ESI/Q-TOF) (m/z): calcd for
C20H1704S2, [M + H]": 385.0563, found 385.0562.
(2)-2-(methylsulfonyl)-1-phenylvinyl 4-methylbenzoate (1bi"):

As a gummy (111 mg, 70% yield); purified over a column of
silica gel (9% EtOAc in hexane); 'H NMR (CDCls, 500 MHz): ¢
8.08 (d, 2H, J=7.5Hz), 7.58 (d, 2H, J=8.0 Hz), 7.42 (t, 2H, J= 7.5
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Hz), 7.33 (d, 2H, J = 7.5 Hz), 6.72 (s, 1H), 3.11 (s, 3H), 2.46 (s, 3H);
B3C{*H} NMR (CDCls;, 125 MHz): § 163.8, 158.1, 145.6, 132.4,
132.0, 130.8, 129.8, 129.3, 126.4, 125.6, 117.0, 43.8, 22.0; IR (KBr,
cm): 3059, 2924, 2912, 1744; HRMS (ESI/Q-TOF) (m/z): calcd for
C17H1604SNa, [M + Na]™: 339.0662, found 339.0688.
(2)-1-Methyl-4-((2-thiocyanato-2-(p-tolyl)vinyl)sulfonyl)benzene (2vb’):
As a brown solid (91 mg, 55% yield); mp 136-138 °C; purified

cono Vel over a column of silica gel (8% EtOAc in hexane); *H NMR
) (CDCls, 500 MHz): ¢ 7.89 (d, 2H, J = 8.0 Hz), 7.40 (d, 2H, J=8.0
Me Hz), 7.24 (dd, 4H, J. = 16.5 Hz, J> = 8.0 Hz), 6.64 (s, 1H), 2.48 (s,
3H), 2.37 (s, 3H); *C{"H} NMR (CDCls, 125 MHz): ¢ 145.9,
145.6, 142.3, 137.0, 132.6, 130.4, 130.1, 129.9, 128.3, 127.8,
108.5, 21.9, 21.6; IR (KBr, cm™): 3388, 2948, 2257, 1637, 1436;
HRMS (ESI/Q-TOF) (m/z): calcd for Ci7H1sNO2S2K, [M + K]
368.0187, found 368.0176.
(2)-1-(tert-Butyl)-4-(1-thiocyanato-2-tosylvinyl)benzene (4vb’):
As a brown solid (109 mg, 58% vyield); mp 142-144 °C;

purified over a column of silica gel (8% EtOAc in hexane); *H

Me
SCN O

X©/&g\\o NMR (CDCls, 500 MHz): 6 7.90, (d, 2H, J = 8.0 Hz), 7.44 (t, 2H,
e T J=85Hz), 7.41 (d, 2H, J = 8.0 Hz), 7.35 (dd, 2H, J; = 6.5 Hz,

J; = 2.0 Hz), 6.65 (s, 1H), 2.49 (s, 3H), 1.31 (s, 9H); BC{iH}
NMR (CDCls, 125 MHz): § 155.5, 145.9, 145.4, 137.1, 132.6,
1305, 130.3, 128.2, 127.9, 126.2, 108.5, 35.2, 31.3, 22.0; IR
(KBr, cm): 3368, 2975, 2265, 1686, 1484 HRMS (ESI/Q-TOF)

(m/z): caled for CooH21NO2S:K, [M + K]*: 410.0656, found
410.0655.

(2)-1-Methyl-3-(2-(phenylsulfonyl)-1-thiocyanatovinyl)benzene (5va’):
As a gummy (90 mg, 54% vield); purified over a column of silica
gel (8% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 7.55 {t,
S0 2H, J = 8.0 Hz), 7.95, (d, 2H, J = 8.0 Hz), 7.65 (t, 1H, J = 7.2 Hz),
Ve 7.24 (t, 2H, J = 5.6 Hz), 7.10 (d, 2H, J = 11.2 Hz), ), 6.58 (s, 1H),

SCN (I?
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2.30 (s, 3H); BC{*H} NMR (CDCls, 100 MHz): § 146.4, 140.0,
139.3, 135.4, 134.7, 132.5, 130.0, 129.9, 129.1, 128.8, 127.8, 125.5,
108.3, 21.5; IR (KBr, cm™): 3387, 2946, 2257, 1637, 1435; HRMS
(ESI/Q-TOF) (m/z): calcd for C16H13NO2S2Na, [M + Na]*: 333.0737,
found 333.0710.
(2)-1-((2-10do-2-phenylvinyl)sulfonyl)-4-methylbenzene (B):
As a brown solid (2 mmol scale, 560 mg, 74%); mp 80-82 °C;
| 0/@/""‘* purified over a column of silica gel (5% EtOAc in hexane); *H NMR
®g°o (CDCls, 400 MHz): 6 7.38 (d, 2H, J = 8.4 Hz), 7.29 (s, 1H), 7.22
(dd, 3H, J1 = 15.6 Hz, J, = 8.0 Hz), 7.15 (d, 2H, J = 6.4 Hz), 7.11 (d,
2H, J = 8.0 Hz), 2.32 (s, 3H); *C{*H} NMR (CDCls, 100 MHz): ¢
144.8, 141.4, 139.8, 137.5, 130.0, 129.9, 128.1, 128.0, 127.9, 114.4,
21.8; IR (KBr, cm™): 3038, 2923, 2847, 1585, 1443, 1149, 1084;
HRMS (ESI/Q-TOF) (m/z): caled for CisHualO2S, [M + H]*
384.9754, found 384.9751.
2,6-di-tert-Butyl-4-(tosylmethyl)phenol (M):
As a white solid (122 mg, 65% vyield); mp 102—-104 °C; purified
o OH tB: over a column of silica gel (3% EtOAc in hexane); *H NMR (CDCls,
400 MHz): ¢ 7.44 (d, 2H, J = 8.4 Hz), 7.21 (d, 2H, J = 8.0 Hz), 6.73
:SD/ (s, 2H), 5.24 (s, 1H), 4.19 (s, 2H), 2.40 (s, 3H), 1.31 (s, 18H);
Me/©/ BC{'H} NMR (CDCls, 100 MHz): § 154.4, 144.5, 136.2, 135.1,
129.5, 129.1, 127.9, 119.1, 63.4, 34.3, 30.2, 21.7; IR (KBr, cm™):
3631, 3585, 2957, 1597, 1435, 1316, 1299, 1148, 1086; HRMS
(ESI/Q-TOF) (m/z): calcd for C22H3403SN, [M + NH4]": 392.2254,
found 392.2258.
1-Phenyl-2-tosylethan-1-one (X):
As a brown so!i(.j (110 mg, 80% yiel.d); mp 110-112 °C; purified
over a column of silica gel (15% EtOAc in hexane); *H NMR (CDCls,
600 MHz): 6 7.95 (d, 2H, J= 7.2 Hz), 7.76 (d, 2H, J = 8.4 Hz), 7.62 (t,
1H,J=7.2Hz), 7.48 (t, 2H, J = 7.8 Hz), 7.34 (d, 2H, J = 7.8 Hz), 4.72
(s, 2H), 2.44 (s, 3H); *C{*H} NMR (CDCls, 150 MHz): 6 188.4,
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145.6, 135.93, 135.88, 134.6, 130.0, 129.6, 129.1, 128.8, 63.8, 21.9; IR
(KBr, cm?): 3052, 1679, 1597, 1445, 1323, 1158, 1087; HRMS
(ESI/Q-TOF) (m/z): calcd for CisH1s0sS, [M + H]* 275.0736, found
275.0730.
N-Butyl-4-methylbenzamide (Y):
As a gummy (62 mg, 65% yield); purified over a column of silica
gel (8% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 7.65 (d,
2H, J = 8.4 Hz), 7.22 (d, 2H, J = 8.0 Hz), 6.1 (s, 1H), 3.44 (dd, 2H,
J1=9.6 Hz, J» = 7.2 Hz), 2.38 (s, 3H), 1.55-1.63 (m, 2H), 1.36-1.45
(m, 2H), 0.95 (t, 3H, J = 7.6 Hz); *C{*H} NMR (CDCls;, 100 MHz):
0 167.7, 141.9, 132.2, 129.4, 127.0, 39.9, 32.0, 21.6, 20.4, 14.0; IR
(KBr, cm?): 3314, 2957, 2929, 1631, 1543, 1305, 1153; HRMS
(ESI/Q-TOF) (m/z): calcd for C12H1sNO, [M + H]*: 192.1383, found
192.1383.
Sodium 4-nitrobenzenesulfinate (f*):
As white solid (2 mmol scale, 384 mg, 92%); *H NMR (D0, 500
/©/SOZ MHz): ¢ 7.81 (d, 1H, J = 6.5 Hz), 7.62 (t, 2H, J = 7.0 Hz), 7.41 (s,
1H); BC{*H} NMR (D0, 125 MHz): ¢ 133.2, 132.2, 128.6, 123.7.
Sodium 2-bromo-4-(trifluoromethyl)benzenesulfinate (g°):
SONa As white solid (2 mmol scale, 547 mg, 88%); *H NMR (D0, 500
CFS/C[B, MHz): ¢ 8.08 (s, 1H), 7.95 (g, 2H, J = 8.5 Hz); BC{*H} NMR (D0,
125 MHz): ¢ 130.3, 130.2, 125.5 (q, J = 11.5 Hz), 124.41, 124.36,
120.9, 120.6; °F NMR (D0, 470 MHz): 6 -62.5.
Sodium thiophene-2-sulfinate (h"):
As brown solid (2 mmol scale, 316 mg, 93%); *H NMR (D0,
@\sozNa 500 MHz): ¢ 7.70 (d, 1H, J = 4.5 Hz), 7.43 (d, 1H, J = 3.5 Hz) 7.23
(t, 1H, J = 4.5 Hz); *C{*H} NMR (D:0, 125 MHz): § 158.6, 128.7,
127.8, 126.5.
Sodium methanesulfinate (i*):
As white solid (2 mmol scale, 196 mg, 96%); *H NMR (D20, 500
MHz): § 2.45 (s, 1H); BC{*H} NMR (D0, 125 MHz): 6 48.1.
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11.7. Representative Spectra

(2)-1-Phenyl-2-tosylvinyl benzoate (1az): *H NMR (CDCls, 600 MHz)
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(2)-1-Phenyl-2-tosylvinyl benzoate (1az): **C{*H} NMR (CDClz, 150 MHz)
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(2)-1-Phenyl-2-tosylvinyl 4-methylbenzoate (1bz):'H NMR (CDCls, 400 MH?z)
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(2)-1-Phenyl-2-tosylvinyl 4-methylbenzoate (1bz):**C{*H} NMR (CDClz, 100 MHz)
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(2)-1-Phenyl-2-tosylvinyl 4-chlorobenzoate (1dz):*H NMR (CDCls, 400 MH?z)
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(2)-1-Phenyl-2-tosylvinyl 4-chlorobenzoate (1dz):**C{*H} NMR (CDCls, 100 MHZz)
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(2)-1-Phenyl-2-tosylvinyl stearate (1pz): *H NMR (CDCls, 400 MHz)
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(2)-1-Phenyl-2-tosylvinyl stearate (1pz): **C{*H} NMR (CDCls, 100 MH?z)
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(2)-1-(tert-Butyl)-4-(1-thiocyanato-2-tosylvinyl)benzene (4vz): *H NMR (CDCls, 500

MH?2)
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(2)-1-(tert-Butyl)-4-(1-thiocyanato-2-tosylvinyl)benzene (4vz): *C{*H} NMR (CDClI;,
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CHAPTER-I1II

Visible-Light-Mediated Synthesis of Thio Functionalized

Pyrroles
o CN
Eosin Y (3 mol %)
R-1L | " CN ?H K,CO5 (1 equiv)
N R2 _DMSO, Ny rt, 810 h R
R2 = Ar, PhCH,, 2 x 10 W green LEDs
___Heteroaryl, Cycloalkyl @& "
O metal-free radical cyclization Q large scale synthesis
Q C-N, C-S, & C=C bonds formation Q oxidant-free
Q 29 examples, 64-78% yields O CV studies
( )
OL QOrganic
Letters , Org. Lett. 2022, 24, 1918-1923.
\ pubs.acs.org/Orglett Letter y

Abstract: An inimitable illustration of a green-light-induced
synthesis of thio-functionalized pyrroles has been established
using fg-ketodinitriles and thiophenols as the reacting partners
and eosin Y as the photocatalyst. Large-scale synthesis and
some useful synthetic modifications of the thio-functionalized

pyrroles are also demonstrated.

TH-3021_176122106



Chapter Il

TH-3021_176122106



Chapter 11

CHAPTER Il1

Visible-Light-Mediated Synthesis of Thio Functionalized
Pyrroles
I11.1. Introduction:

Among various five-membered heterocyclic compounds, pyrroles are abundant in many
natural products and pharmaceuticals, possessing biological activities such as antifungal,
antiviral, antihyperlipidemic, and anticancer. In particular, atorvastatin (1), the cholesterol-
lowering drug,*? tolmetin (11) the nonsteroidal anti-inflammatory drug (NSAIDs),* sunitinib
(111) the multitargeted antitumor, and pyrvinium (IV) used for the treatment of pinworm

infestation all possess pyrrole unit (Figure III.1).

S-'Bu
M
Me € Me Me
0 A~ cooH Me
/N COOH
Ph—NH —
Ph
F
Atorvastain (I) MK 591 (i) ©!
Anti-hyperlipidemic Potent inhibitor of leukotriene
/_\ JEt
HN COOH
Me o “Et
I\Ille / Me
N
Me\
Sunitinib (lll) Tolmetln (Iv) Pyrvinium (V)
(Gastrointestinal Stromal Tumors) (NSAIDs) (pinworm infestation)

Figure 111.1. Bioactive compounds containing pyrrole unit.

Owing to their diverse applications, the synthesis of substituted pyrroles has been an
impressive area of research for the scientific community. Besides the conventional
Paal-Knorr and Hantzsch synthesis, there are other well-established methodologies for the

synthesis of such heterocycle.?
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For instance, Wu and co-workers reported a Cu-catalyzed oxidative annulation for the
synthesis of pyrrole-2-carbaldehyde from aryl methyl ketones, arylamines, and acetoacetate

esters (Scheme 111.1).2

R1
)ol\/ JOL : / \
R1 + Ar—NHz (o)
1 _— 1
Me Ar Me I, CuCly, O, l;l Ar
R1 = COzMe, COZEt DMSO, 100 °C H Ar2

Scheme I11.1. Synthesis of pyrrole-2-carbaldehydes.

In 2013 Kempe et al. reported an Ir-catalyzed synthesis of pyrrole using secondary
alcohols and amino alcohols.* The protocol provides a wide range of functional groups on
either of the coupling partners. Next, in 2014, Huang et al. reported an Au-catalyzed
synthesis of pyrroles via intermolecular nitrene transfer from 2H-azirines to ynamides
(Scheme 111.2).°

R'" R®
- Au(l) (3 mol %) M
/s
[’\{) + R3I— N\; ——> R2 /N\ N~
R R2 DCM, Ar, rt ] .

Scheme 111.2. Synthesis of pyrroles via intermolecular nitrene transfer from

2H-azirines to ynamides.

In 2017 Kim and Oh et al. reported a Cu-catalyzed synthesis of substituted pyrrololactams
by intermolecular alkyne-isocyanide click reactions which proceeds via ring expansion of

spiro-2H-pyrroles (Scheme 111.3).°
0]

o R? (o]
. o) 0 RU
CN n-R S Y/; CuOAc (5 mol /o)‘ 7 | N
E k2 'BuOK (10 mol %) N L

THF, 66 °C \

Scheme 111.3. Cu-catalyzed synthesis of substituted pyrrololactams.
In the same year, Hein and coworkers reported a Cu-catalyzed synthesis of annulated
aminopyrroles via heterocycloisomerization reaction (Scheme 111.4).” The present protocol
provides a diverse range of aminopyrroles in 36—93% isolated yields depending on the nature

of the alkynyl substituent.
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CO,Et MeO,  CO,Et
H ZZ  TsNHNH, (1.1 equiv) T\
MeOH, 90 °C, 3 h N

NHTs

Scheme I11.4. Cu-catalyzed synthesis of annulated aminopyrroles via

heterocycloisomerization.

In 2019, Deng and coworkers reported an efficient method for the synthesis of pyrroles via

a three-component annulation of amines, ketones, and nitrovinylarenes (Scheme 111.5).8
(o]

Ph
) hme o T ()
Ar
Scheme 111.5. Synthesis of pyrroles via a three-component annulation of amines, ketones,
and nitrovinylarenes.
Recently, Wan and co-workers reported the synthesis of NH-free pyrroles via Pd-catalyzed

annulation of enaminones and alkenes (Scheme 111.6).°
o}

Pd(OAc), (10mol %)
(o] NH, _~ AgOAc (15 mol %) I \
> CO,R
Ar)vkme I cO:R CUBr; (1 equiv) H 2

Me
DMSO, 60 °C

Scheme 111.6. Synthesis of NH-free pyrroles via Pd-catalyzed annulation of

enaminones and alkenes.

Although the above-mentioned transition-metal catalyzed protocols show high efficacy,
the metal-free protocol can circumvent the toxicity issues of metal catalysis.’® Recently,
photocatalytic approaches have been gaining prominence due to operational simplicity,
sustainability and safety. The synthesis of any targeted molecules under photocatalytic
conditions has become an impressive area of research in modern organic chemistry.! In most
photocatalytic strategy, visible light is employed as an energy source to promote single
electron transfer (SET) for the construction of functionalized molecules, which otherwise
require high temperature and transition metals catalysts.*? Usually, the complexes of Ir, Ru,
and organic dyes are employed for the excitation of organic molecules.*® The demand for
organic dyes as photocatalysts is increasing due to the advantages of nontoxicity, eco-

compatibility, and cost-effectiveness over metal-based photocatalysts. Generally, eosin Y is
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an excellent alternative to transition metal catalysts in several visible-light-driven organic
transformations.** The radical cascade reactions are often triggered by suitably placed radical
acceptors, viz. alkenes, alkynes, nitriles and isonitriles groups within the molecule. The use of
nitrile as a radical acceptor in cascade reactions has been exploited for the construction of

various heterocycles and carbocycles.*®
I11.2. Ideas Toward Nitrile-Triggered Access of N-Heterocycles

In 2019, Li et al. demonstrated an oxidative decarboxylative cascade cyclization of a-keto
acids with 2-cyano-3-arylaniline-derived acrylamides. This cascade reaction provided a
variety pyrido[4,3,2-gh]phenanthridines with a good functional group tolerance (Scheme

I I.7).16
P .
//N . Ar)kI(OH A920 (5 mol %) _
O e U (NH),8,04 (3 equiv)
NJ\( Acetone/H,0
I 100 °C, 12 h

Scheme 111.7. Synthesis of pyrido[4,3,2-gh]phenanthridines.

Recently, in 2022 Yu et al. demonstrated a persulfate-promoted synthesis of pyrrolo[1,2-
aJindolediones via radical cyclization in the absence of any photosensitizer. In this method,
aryl sulfonyl hydrazide and ammonium thiocyanate were used as the S-centered radical

source (Scheme 111.8).1’

R
A » A
@ \_ o NH,SCN N ArSO,NHNH,
R S — T
N K;S,04, rt N (NH),S,03, rt °
SCN, 222
1,4-dioxane CH3CN/H,0 (3:1) -0
o [o] o //s\_

o Ar

Scheme 111.8. Synthesis of pyrrolo[1,2-a]indolediones.

Tang and co-workers in 2021, developed a photochemical phosphorylation of
cyanoaromatics with the 1,6-enyne and provided a diverse range of phosphorylated amino
phosphonates in good yields. The protocol utilized the P(O)—H compounds as the radical

donors and CN-containing substrates as the radical acceptors (Scheme 111.9).18
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X N fac-Ir(ppy)s; (2 mol %)
— @ + H—P—Ph - X
I!’h NaHCO; (2 equiv)
NC CH;CN, blue LEDs

rt, 30 h
Scheme 111.9. Visible-light-mediated Synthesis of phosphorylated
aminophosphonates.

In 2017, Pan and coworkers developed an efficient photocatalytic oxidative/reductive
cyclization reaction of N-cyanamide alkenes with aryl sulfinic acids or arylsulfonyl chlorides,
which proceeds through C—S, C—C, and C—N bond formations. This photocatalytic strategy
provided a wide variety of sulfonated quinazolinones (Scheme 111.10).%°

a (0}
Na,Eosin Y (4 mol %) N
N TBHP (1 equiv) / SO.Ar
iy + ArSO,H > N 2
Green LEDs, Ar, 8 h

Acetone

Scheme 111.10. Visible-light mediated synthesis of sulfonated quinazolinones.
In 2018, Natarajan et al. developed a visible-light-induced synthesis of 2-substituted
benzothiazoles using thiophenols and nitriles. This method provided a broad range of 2-aryl
benzothiazoles in good yields (Scheme 111.11).%°

CN SH
eosin Y (2 mol %) N
@ . @ Green LEDs, rt, open air
DMSO, 30 °C, 12-15 h S

Scheme 111.11. Visible-light-mediated synthesis of 2-aryl benzothiazole.

Previously, our group established a Pd-catalyzed nitrile-triggered protocol for the
synthesis of 3-cyano pyrrole using boronic acid as the reacting partner under visible light
irradiation. A diverse range of aryl boronic acid, f-ketodinitrile, and j-ketodinitrile were

well-tolerated in this protocol (Scheme 111.12). 2

NC.__CN HO. _OH

Q . B Pd(OAc), (10 mol %)
@ R2 2,2'-bipyridyl (20 mol %
+
n=0or1 PTSA-H,0 (2 equiv) R2 = H) R? CN

1,2-DCE (2 mL), rt, 24 h
\
0

2 x 10 W White LEDs
n

Scheme 111.12. Visible-light-mediated synthesis of 3-cyano pyrrole.

R%=H or aryl

nIT=Z
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Taking cues from the above-mentioned literature, we anticipated that a photo-induced thiyl
radical addition might be possible with g-ketodinitriles as the radical acceptors leading to a
pyrrole skeleton via the formation of nitrogen centre radical followed by an imine amine
tautomerization and intramolecular nucleophilic addition of the amine to the ketone (Scheme
111.13).22 To confirm our hypothesis, CV measurements of benzene thiol (a) and pg-
ketodinitrile (1) was performed. The measured Eui2 oxa Of benzene thiol (+0.25 V vs. SCE) is
less than the Ei oxd OF S-ketodinitriles (+0.95 V vs. SCE) which makes them ideal radical
donors and acceptors respectively (Figure 111.2).

0.010
— ——CNAN
“E 0.008+ 16V
Sl (@)
< 0.006 0.95V
S
S
2 0.004
(2]
& 0.002- 0.05V
©
c
S 0.000
o
=
]
30002
-0.004 T T T T T T T T T T T T
-1.0 -0.5 0.0 05 1.0 15 2.0 20 -5 48 45 @0 &5 16 15 Io
Potential (V) vs Ag/AgCI O NN DO

Figure 111.2. (a) CV graph of g-ketodinitrile (1). (b) CV graph of benzene thiol (a).
111.3. Present Work

To realize this a preliminary reaction was carried out between 2-(2-oxo-2-
phenylethyl)malononitrile (1, 1 equiv) and thiophenol (a, 2 equiv) in the presence of K.COs
(1 equiv), eosin Y (3 mol %), in DMSO (1 mL) under the irradiation of 20 W (2 x 10) green
LEDs under N, atmosphere. Gratifyingly, a new compound was obtained in 70% isolated
yield along with the formation of thiophenol dimer. From the spectroscopic (*H and 3C
NMR) analysis the product's structure was found to be thio-substituted pyrrole (1a) (Scheme
[11.14). Further, the X-ray crystallography analysis reconfirmed its structure to be 5-phenyl-2-
(phenylthio)-1H-pyrrole-3-carbonitrile (1a) (Figure 111.3).
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Figure 111.3. ORTEP diagram of 5-phenyl-2-(phenylthio)-1H-pyrrole-3-carbonitrile (1a)
with 40% ellipsoid probability (CCDC 2118561).

To the best of our knowledge, this is a unique report for the visible-light-mediated

synthesis of thio-functionalized pyrroles using S-ketodinitrils and thiophenols as the reacting

partners which have been demonstrated in Scheme 111.13.%2

111.3. Present Work

Present work
%
o CN
Eosin Y (3 mol %)
CN K,CO; (1 equiv)

J SH DMSO, Ny, rt, 8-10 h
So7 + b=

R2 = Ar, PhCH,, R2 2 x10 W green LEDs

Heteroaryl, Cycloalkyl @

Scheme 111.13. Visible-light-mediated synthesis of thio-functionalized pyrroles.
Optimization of the Reaction Conditions

Inspired by this photocatalytic approach, extensive optimization studies involving the
selection of different catalytic systems, bases, and solvents was carried out. The use of
organic dyes such as Rose Bengal, Rhodamine B, and Eosin B (Table I11.1, entry 2—4) failed
to improve the vyield as compared to Eosin Y. Switching the catalytic system to
[Ru(bpy)z](PFe)2 and [Ru(bpy)s]Cl2 provided 43% and 58% vyields respectively which are
inferior to Eosin Y (Table 111.1, entry 5 and 6).
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Table 111.1. Optimization of the reaction conditions®®

S—Ph
o CN Eosin Y (3 mol %) d&(m
CN K,CO3 (1 equiv)
©/N\)\ PSSO N, 1t 10 h
t)) (@) 2x10W green LEDs (1a)
entry variation from optimal yield (%)°
conditions?

1. None 70
2. Rose Bengal instead Eosin Y 55
3. Rhodamin B instead Eosin Y 52
4, Eosin B instead Eosin Y 59
5 [Ru(bpy)s](PFe)2 instead Eosin Y 43
6 [Ru(bpy)s]Cl instead Eosin Y 58
7 2 mol % Eosin Y 64
8 5 mol % Eosin Y 69
9 Na2COs instead of KoCOs3 68
10 Cs2COasinstead of K2CO3 59
11 'BuOK instead of K,CO3 55
12. DMF instead of DMSO 62
13. CH3CN instead of DMSO 45
14, EtOH instead of DMSO 25
15. CH30H instead of DMSO 30
16. 1.5 equiv of K>CO3 65
17 1 equiv of thiol 45
18 2.5 equiv of thiol 69
19 2 x 10 W blue LEDs 62
20 2 X 10 W white LEDs 65
21 15 hinstead 8-10 h 52
22 without Eosin Y 12
23 without base Trace
24 reaction in dark 10

8Reaction condition: 1 (0.25 mmol), a (0.5 mmol), Eosin Y (3 mol
%), K2COs (1 equiv), DMSO (1 mL), 10 h. PIsolated pure product. N.D
not detected.
At 2 mol % eosin Y loading, 64% yield of the desired product (1a) was obtained (Table
[11.1, entry 7) whereas further increment (5 mol %) leads to an insignificant change in the

yield of the product (Table Ill.1, entry 8). However, screening of other bases, such as
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Na>COs, Cs2COs3, and 'BUOK, instead of K.COs did not improve the yield (Table 111.1, entries
9-11). During solvent selection, DMSO was found to be the best as compared to other
solvents such as DMF (62%), CH3CN (45%), EtOH (25%), and CH3OH (30%) tested (Table
[11.1, entries 12-15). Next, increasing the equivalence of base (1.5 equiv, 65%) had a
detrimental effect, mostly leading to the formation of thiol dimers (Table I11.1, entry 16).
However, varying the equivalence of thiophenol from the standard condition (2 equiv.) failed
to improve the yield (Table I11.1. entries 17-18). Thus, the use of 2 equiv. of thiol was found
to be optimal. The standard reaction was carried out using 2 x 10 W blue (430 nm) and white
LEDs to study the effect of wavelength and intensity of light. LEDs of both wavelengths
failed to improve the reaction yield beyond 65% (Table I11.1, entries 19 and 20). Thus, the
use of green light is found ideal for the excitation of eosin Y, since the emission spectra of
eosin Y in DMSO (543 nm) is overlapping with the wavelength of the green light (513 nm)
(Figure 111.13). The reaction performed well in blue LED (62%) and white LED (65%).
Further, an increase in the reaction time (Table Ill.1. entry 21) shows no significant
improvement in the reaction yield. Control experiments revealed that eosin Y, base, and light
source play a vital role in this transformation (Table 111.1, entry 22-24). Eosin Y and light
helps in the generation of thiyl radical whereas the base helps in the tautomerization and
aromatization process to give the desired product. For all the reactions, proper aeration was
maintained using a fan, preventing the surrounding temperature to increase, suggesting the
photochemical nature of this protocol. After screening of several parameters, the optimal
condition for this transformation was found to be the use of 1 (0.25 mmol), a (0.50 mmol, 2
equiv), K2COs (0.25 mmol, 2 equiv), eosin Y (3 mol %), in DMSO (1 mL) under 2 x 10 W
green LEDs (Table I11.1, entry 1).

Substrate Scope for Thio-functionalized Pyrroles

With the optimized reaction conditions in hand, this photochemical strategy was used for
the synthesis of thio-functionalized pyrroles using various p-ketodinitriles (Scheme 111.14).
The p-ketodinitriles carrying electron-neutral (1), electron-donating groups such as p-Me (2),
p-OMe (3), p-'Pr (4), and electron-withdrawing substituents such as p-F (5), p-Cl (6), p-Br
(7), and p-I (8) afforded their corresponding thio-functionalized pyrroles (1a, 70%), (2a,
72%), (3a, 77%), (4a, 75%), (5a, 69%), (6a, 72%), (7a, 70%), and (8a, 71%) in good yields.
Apart from this, p-ketodinitriles originating from 2-acetonapthone (9), dioxolane ketone (10),
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tetralone (11) cyclohexanone (12) and heteroaromatic ketones (13 and 14) were also reacted
efficiently yielding the products (9a, 72%), (10a, 67%), (11a, 70%), (12a, 67%), (13a, 68%),
and (14a, 69%) under the present photochemical conditions.

Scheme 111.14. Scope of thio-functionalized pyrroles with different p-ketodinitriles®®

Eosin Y (3 mol %)

(o] CN
K,CO; (1 equnv)

CN
@ DMSO, Ny, rt, 10 h
(1-15) @ 2510w green LEDs
©D\ F

(1a, 70%) B %,m ) (2a, 72%) M (3a, 77%)
(58%)‘

‘ccDe= 2118561

wwww

(4a, 75°/) (5a, 69"/) (6a, 72°/) (7a, 70%
s s
HN is
\\ CN \\ CN
| (8a, 71%) (9a, 72%) <o (10a, 67%) (11a, 70%)

O .9
HN \

N ~ )—CO,Et

\ S (14a, 69%) (15a, 00%)
ynsuccessful substrate)

(12a,67%) \_0 (13a, 68%)

8Reaction conditions: 1-15 (0.25 mmol), a (0.5 mmol), K2COsz (0.25 mmol), eosin Y (3
mol %), DMSO (1 mL), 2 x 10 W green LEDs, under N.. PIsolated yield. 7 mmol scale.

To enhance the substrate scope, an ester containing substrate viz. ethyl 2-cyano-4-o0xo-4-
phenylbutanoate (15) was reacted under the standard condition. However, it failed to give the
desired product (15a) even by altering the bases (NaOH, Cs2CQz). In all cases the starting
material disappeared giving a multitude of products (at least 6-7 spots) non of which could be
isolated and characterized. Only the disulphide adduct could be isolated. The synthetic utility
was further demonstrated for a large-scale (7 mmol) synthesis giving the desired product la
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in 58% yield. Next, simple p-ketodinitrile (1) was reacted with various thiophenols (b-m)
bearing electron-donating (EDGs) as well as electron-withdrawing (EWGSs) groups and the
results are summarized in Scheme 3.

Scheme 111.15. Scope of thio-functionalized pyrroles with different thiophenols®®

s-R?
Q CN Eosin Y (3 mol %)
CN K,CO; (1 equw)
@ + R2—SH DMSO,N,r10h
2x10 W green LEDs
(1,2,6,9) (b—m) (1b -1k, 1m, 2I, 9b, 9g, 6m)

Me

s
CNQQ
(1b, 73%) (1c, 68%) (1d, 78%) (1e, 70%)

O

s
(1h, 69%)

©

(19, 70%)

CF
s@’ 3 s s \
HN HN
\ HN
~ )—CN < D—cn O&CN
(1§, 67%) (1K, 69%) i (21, 64%)

@' "
s/

HN
HN
oo ©’3 R 3

(99, 72%) (1m, 71%) (6m, 73%)
8Reaction conditions: 1, 2, 6, 9 (0.25 mmol), b-m (0.5 mmol), K2COz (0.25 mmol), eosin
Y (3 mol %), DMSO (1 mL), 2 x 10 W green LEDs, under N2. PIsolated yield.

Thiophenols bearing EDGs such as p-Me (b), o-Me (c) p-OMe (d), 0-OMe (e), and EWGs
such as p-F (f), p-Cl (g), m-Cl (h) o-Br (i), p-CFz (j) were efficiently converted to their
desired products {(1b, 73%), (1c, 68%), (1d, 78%)} and {(1e, 70%), (1f , 68%), (19, 70%),
(1h, 69%), (1i, 65%), (1), 67%)} in good yields. Besides thiophenols, aliphatic thiol (k), and
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heteroaromatic thiol (I) also underwent smooth reactions giving their desired products (1Kk,
69%), and (2l, 64%) under the present photochemical conditions. Thiophenols such as p-
methyl thiophenol (b) and p-chloro thiophenol (g) reacted well with s-ketodinitriles obtained
from 2-acetonapthone (9) giving their anticipated product 9b and 9g in 75% and 72% yields,
respectively. Similarly, benzyl mercaptan (m) also reacted competently with g-ketodinitriles
1 and 6, providing their respective thio-substituted pyrroles 1m and 6m in 71% and 73%
yields (Scheme 111.15).

After synthesizing a library of thio-functionalized pyrroles some control experiments were
performed to understand the mechanism. The standard reaction under dark gave the desired
product (1a) in 10% yield {Scheme Il1.16a (i)} and the yield remained unchanged even after
prolonging the reaction time up to 48 h. This suggests the involvement of light in the present
photochemical reaction. Similarly, in the absence of catalyst, the product (1a) was isolated in
12% vyield, signifying its crucial role in the thiyl radical generation {Scheme I11.16a (ii)}. In
the absence of base, a trace amount of the product was obtained which suggests its
involvement in some of the steps {Scheme Ill.16a (iii)}. To further understand the
involvement of O in the reaction another reaction was performed under an oxygen
atmosphere in the absence of base. However, the reaction failed to give the desired product
(1a) which indicates that oxygen has no positive involvement in this reaction {Scheme
[11.16a (iv)}. To confirm the involvement of the radical path, two independent reactions were
performed, one in the presence of 2,6-di-tert-butyl-4-methyl phenol (BHT, 1 equiv) and the
other in the presence of 1,1-diphenyl ethylene (1 equiv). In the case of BHT, <10% of the
product (1a) was observed. The BHT adduct (M) with thiophenol (a) was detected by HRMS
analysis of the reaction aliquot {Scheme 111.16b (i)}. Similarly, in the presence of diphenyl
ethylene <10% of the product (1b) and thiyl radical trapped adduct (N, 78%) {Scheme
111.16b (ii)} was observed. The structure of the adduct N was confirmed by NMR (*H) and
HRMS analysis (Figure 111.4 and 111.5).
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(a) Control experiment

O CN

s—Ph dark: (1a, 10%), 48 h  ---(i)
standard condition HN N\
CN 1 n
1) Ph—SH (1 mmol)

without EY: (1a, 12%) ---(ii)
(0.5 mmol)

(1a)

without base: (1a, trace) ---(iii)

s—Ph
O)‘\)\ Eosin Y (3 mol %)
@

DMSO, Oy, rt, 10 h

CN ---(iv)
2 x 10 W green LEDs (1a, 00%)
(b) Radical-trapping experiment
B
©M @ standard condition \(? + (1a, <10%) --=(i)
BHT (1 equiv)
(a)

(M) [M+Na]* = 351.4382
O CN . .
SH standard condition Ph S R, -f10-510%) --~(1)
CN . LS >_j
Ve J\ (1equiv) PN
Ph” “Ph
(1) (b)

(N, 78%)

Scheme 111.16. Control experiments

'H NMR and HRMS Spectra of Compound N

I l
e it 4 Y
o833 g 5 g
T T T T T T T T
5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 20
f1 (ppm)

Figure 111.4. 'H NMR spectra of trapped Thiol (b) with 1,1-diphenyl ethylene

111
TH-3021_176122106



Chapter 11

PP

100

274.2747

44
234.5394 JA4.1164

30-11-2021- DM-DIPH-TRP 85 (0.845) AM2 (Ar,22000.0,556.28,0.00, LS 10); Cm (1:100)
343.1123

1: TOF MS ES+
1.70e8

Ph

663.2321

494.8087 540.5322 641.2495

i

1664.2350
769.4720 pla.oere

L AAaa aaa s MARA ibAd AR SRR |
200 250 300 350

Figure 111.5. HRMS

Finally, an on-off experiment suggests that continuous irradiation of light is essential for
the desired transformation (Figure 111.6).%3 In this experiment, the reaction mixture was
stirred and irradiated by 2 x 10 W green LEDs at room temperature under nitrogen
atmosphere for 2.5 h, the corresponding product was isolated in 33% yield. Then the reaction
mixture was continuously stirred in the dark for 2 h, the desired product was obtained in 35%
yield. Furthermore, when the reaction mixture was stirred and irradiated by 2 x 10 W green
LEDs at room temperature under nitrogen atmosphere for 3.5 h, the desired product was
isolated in 64% yield. The above results indicated that continuously visible light irradiation is
essential for promoting this transformation (Figure 111.6, 7, 8, and 9). The NMR spectra were

400
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spectra of trapped thiol (b) with 1,1-diphenyl ethylene.

recorded taking nitromethane as the internal standard.
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Figure 111.6. On-off experiments.
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Representative Spectra of On-off Experiments:

) | L

v ¥
g8 B
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1 (ppm,

Figure 111.7. NMR spectra of On-off experiment (2.5 h light on).
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\
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Figure 111.8. NMR spectra of On-off experiment (2 h light off).
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Figure 111.9. NMR spectra of On-off experiment (3.5 h light on).

Next, a Stern—Volmer (SV) fluorescence quenching was performed using eosin Y as the probe

and thiophenol (a) as a quencher.

The emission spectra of the Eosin Y in presence of 24
1.2E+07 4 different conc.of quencher (PhSH) at A_= 515 nm "
10E+074 (@) 0 mM PhSH o
£)
< 8.0E+06
2 .
z = 1.6
2 6.0E+06 =
5
|
& 4.0E+06
75 mM PhSH 1.27 = Experimental
\ Linear Fit of Sheet1 B
2.0E+06 1
08 % T - T o T . T & T . T & T * T
0.0E+00 0 10 20 30 40 50 60 70 80
Quencher conc. (mM)

T T T T T T T T
520 540 560 580 600 620 640 660 680 70C
wavelength (nm)

Figure 111.10. Stern-Volmer quenching experiments.

At first, the excitation and emission spectra of eosin Y was recorded where a
fluorescence maximum was obtained at 560 nm when excited at 515 nm (excitation maximum

of eosin Y). The peak at 560 nm progressively decreases with increasing the quencher
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thiophenol (a) concentration (5 —75 mM) (Figure 111.10a). With these data, a Stern—Volmer
graph was plotted using the equation lo/l: =1+ Ksv [Q]. A linear quenching was observed
(Figure 111.10b). This suggests a facile electron transfer between eosin Y and thiophenol to
generate a thiyl radical.?* Further, CV experiments were carried out to confirm the exact role
of eosin Y (as an oxidizing agent or a reducing agent). From the CV data, it is found that the
oxidation potential of thiophenol (Ei2 ox = +0.25 V vs. SCE) is lower than the oxidation
potential of eosin Y (E12 ox = +0.83 V vs. SCE for excited state of eosin Y). Similarly, the
reduction potential of thiophenol (a) (E12 res = -1.35 V vs. SCE) is lower than the reduction
potential of eosin Y (E12red = -1.06 V vs. SCE for excited state of eosin Y). This indicates that
thiophenols can be easily oxidized by the eosin Y and its role as an oxidizing agent for the

facile generation of thiyl radical (Figure I11.11a and 111.11b).%
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Figure 111.11. (a) CV graph of thiopheno. (b) CV graph of thiolate anion.

Results obtained from the control experiments and literature reports, an acceptable reaction
path is suggested in Scheme 5.2° In the presence of green LEDs, eosin Y (EY) is photoexcited
to EY” which is reductively quenched by the thiophenol (a) to give (a’) and radical anion of
eosin Y (EY ™). Next, the base abstracts a proton from the radical cation intermediate (a’) and
generates a thiyl radical (a’"). The thiyl radical (a’") adds to one of the nitrile groups of f-
ketodinitrile (1) generating intermediate (A). Subsequently, intermediate A is reduced by EY™
to an anionic intermediate (B), thereby completing the catalytic cycle. On protonation, the
intermediate (B) generates an imine intermediate (C). The tautomerization of intermediate (C)
to (D) followed by the attack of the amine nucleophile to the carbonyl group gives
intermediate (E). Finally, the product (1a) is obtained via loss of a water molecule from
intermediate (E) (Scheme I11.17).
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Scheme 111.17. A plausible mechanism for the formation of thio-functionalized pyrroles.

To demonstrate the applicability of the present photochemical approach, the compound
(1a) was subjected to some useful organic transformations (Scheme 111.18). Treatment of 1la
with diphenyl acetylene resulted in the formation of the anuulated product (P) in 78 % yield
(Scheme 111.18).2® While, oxidation with mCPBA furnished 5-phenyl-2-(phenylsulfonyl)-
1H-pyrrole-3-carbonitrile (Q) in 80% yield (Scheme 111.18).2™

o
Os§—Ph s—Ph Ph  g-Ph
Ph N
0 . o Rup- ymene)cLl e
\ mCPBA (4 equiv) S Cu(OAc),.H
-
(Q, 80%) DCM, 5 h (1a) tAmOH, 120 c (P, 78%)

pressure tube, 24 h
Scheme 111.18. Post-synthetic modification.

In summary, a thio-triggered visible-light-mediated synthesis of thio-functionalized
pyrrole is established using thiols, S-ketodinitriles and eosin Y as the photocatalyst. In this
protocol, C-N, C-S, and C=C bonds are constructed simultaneously. This methodology is
compatible to a range of substituents present in either of the coupling partners. The synthetic
utility is demonstrated by a few useful transformations and scale up experiment. The

mechanistic investigation reveals a photo-induced selective thiyl radical addition to one of the
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nitrile groups of S-ketodinitriles followed by a nucleophilic attack and aromatization process

to give the thio-functionalized pyrroles.

111.4. Experimental Section

I11.4.1. General Information: All the reagents were commercial grade and purified
according to the established procedures. All the reactions were carried out in oven-dried
glassware. Highest commercial quality reagents were purchased and were used without further
purification unless otherwise stated. Reactions were monitored by thin-layer chromatography
(TLC) on a 0.25 mm silica gel plates (60F2s4) visualized under UV illumination at 365 nm.
Organic extracts were dried over anhydrous sodium sulfate (Na2SO4). Solvents were removed
using a rotary evaporator under reduced pressure. Column chromatography was performed to
purify the crude product on silica gel 60—120 mesh using a mixture of hexane and ethyl
acetate as eluent. All the isolated compounds were characterized by H, *C{1H} NMR,
HRMS-spectrometric and IR spectroscopic techniques. NMR spectra for all the samples were
recorded in deuterochloroform (CDCls). tH, $3C{1H} were recorded in 600 (150) or 500 (125)
or 400 (100) MHz spectrometer and were calibrated using tetramethylsilane or residual
undeuterated solvent for *H NMR, deuterochloroform for *C NMR as an internal reference
{Si(CHs)4: 0.00 ppm or CHCls: 7.260 ppm for *H NMR, 77.230 ppm for **C NMR}. 1°F
NMR was calibrated without any internal standard in CDCI3z in 400 MHz spectrometer. The
chemical shifts are quoted in § units, parts per million (ppm). *H NMR data is represented as
follows: Chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, q =
quintet, m = multiplet, br = broad, dd = doublet of doublet, tt = triplet of triplet), integration
and coupling constant(s) J in hertz (Hz). High-resolution mass spectra (HRMS) were recorded
on a mass spectrometer using electrospray ionization-time of flight (ESI-TOF) reflection
experiments. FT-IR spectra were recorded in KBr or neat and reported in the frequency of

absorption (cm-1).

111.4.2. Crytallographic Description:
Sample Preparation:

The single crystal of compound la was prepared by the slow evaporation method for
which 10 mg of the compound (1a) was dissolved in 1 mL of DCM in a clean and dry 10 mL
glass vial. MeOH (1 mL) was added to this solution slowly with a dropper. The mouth of the
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glass vial was covered with a cap having a small hole and kept it for slow evaporation at room
temperature. A single crystal of 1la was obtained as a transparent white needle-like crystal
after around 2-3 days.

Crystallographic Description of 5-Phenyl-2-(phenylthio)-1H-pyrrole-3-carbonitrile
(1a):
C17H12N2S, crystal dimensions 0.25 x 0.22 x 0.16 mm, M, = 276.35, triclinic, space group P -
1, a = 7.5884 (4), b = 13.3022 (7), ¢ = 14.6150 (8) A, a = 92.813 (2)°, S = 91.854 (2)°, y =
97.475 (2)°, V = 1459.86 (14) A3, Z = 4, pcarca = 1.257 mg/m?, x = 0.212 mm?, F(000)= 576.0,
reflection collected / unique = 5163 / 3622, refinement method = full-matrix least-squares on
F2, final R indices [I> 2\s(1)]:R1 = 0.0728, WR> = 0.1643, R indices (all data): Ry = 0.0458, WR>
= 0.1379, goodness of fit = 0.903. CCDC-2118561 for 5-phenyl-2-(phenylthio)-1H-pyrrole-
3-carbonitrile (1a) contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif.

Figure 111.12. ORTEP diagram of 5-phenyl-2-(phenylthio)-1H-pyrrole-3-carbonitrile (1a)
with 40% ellipsoid probability (CCDC 2118561).

111.4.3. General Procedure for the Synthesis of 2-(2-Oxo0-2- arylethyl)malononitriles
(1-13).

2-(2-Oxo-2-arylethyl)malononitriles (1-13) are synthesized following slightly
modified procedures.

To an oven-dried 100 mL round-bottom flask were added a-bromoacetophenone (1.97
g, 10.0 mmol) and malononitrile (0.66 g, 10.0 mmol); the reaction mixture was dissolved in
EtOH (20 mL) and cooled in an ice bath. On the other hand, NaOH (0.4 g, 10.0 mmol) was

dissolved in H2O (20 mL), cooled in an ice bath, and added to the above reaction mixture
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over a period of 5 min. After letting the reaction mixture stir for 30 min at 0 °C, H2O (20 mL)
was added, from which colourless residue appeared, which was filtered off and dried under
air. Recrystallization of EtOH gave 2-(2-oxo-2-phenylethyl)malononitriles (1) as a white
solid (1.39 g, yield 76%) (Scheme S1).

111.4.4. General Procedure for the Synthesis of 5-Phenyl-2-(phenylthio)-1H-pyrrole-3-
carbonitrile (1la—13a) from 2-(2-Oxo-2-arylethyl)malononitriles (1-13) and Thiophenol
(@)

To an oven-dried 10 mL Dborosilicate vial were added 2-(2-oxo-2-
arylylethyl)malononitriles (1) (0.25 mmol, 46 mg), benzene thiol (a) (0.5 mmol, 55 mg), eosin
Y (3 mol %, 5 mg), and K>COs (1 equiv, 34 mg) in 1 mL of DMSO and stirred at room
temperature under N2 atmosphere for 10 h, tentatively at a distance of ~6—8 cm from two 10
W green LED bulbs. After completion of the reaction (monitored by TLC analysis), the
mixture was admixed with 25 mL of ethyl acetate followed by washing with a water (1 x 10
mL). The organic layer was dried over anhydrous Na>SOs, and the solvent was evaporated
under reduced pressure. The crude residue thus obtained was purified by column
chromatography over silica gel (60—120 mesh) using hexane and ethyl acetate (9:1) as an
eluent to afford the 5-phenyl-2-(phenylthio)-1H-pyrrole-3-carbonitrile (1a) in 70% yield. The
identity and purity of the product were confirmed by spectroscopic analysis (Scheme S2).
111.4.5. Radical-trapping Experiments:

To validate the radical nature of the reaction, two independent reactions were
performed, one in the presence of 2,6-di-tert-butyl-4-methyl phenol (BHT, 1 equiv) and the
other in the presence of 1,1-diphenyl ethylene (1 equiv).

OH
Bu Bu

standard condition + (1a, <10%) ---(i)
BHT (1 equiv) /@
S

(a) +_
(M) [M+Na]* = 351.4382

N SH standard condition Ph: /S < > Me -==(ii)
+
(1 equiv) Ph (N, 18%)

(b) (1b, < 10%)
0] To an oven-dried 10 mL Dborosilicate vial were added 2-(2-oxo0-2-
arylylethyl)malononitriles (1) (0.25 mmol, 45 mg), benzene thiol (a) (0.5 mmol, 55 mg), eosin
Y (3 mol %, 4.0 mg), and K>COs (1 equiv, 34 mg) and BHT (1 equiv, 55 mg) in 1 mL of
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DMSO and stirred at room temperature under N2 atmosphere for 10 h tentatively at a distance
of 6-8 cm from two 10 W green LEDs bulbs. Then the reaction was continued under N>
atmosphere. It was found that for BHT, <10% of the product (1a) was observed. The BHT
adduct (M) with thiophenol (a) was detected by HRMS analysis of the reaction aliquot
{Scheme S4 (i)}.

(i)  To an ovendried 10 mL Dborosilicate vial were added 2-(2-oxo-2-
arylylethyl)malononitriles (1) (0.25 mmol, 45 mg), p-methyl benzene thiol (b) (0.5 mmol, 62
mg), eosin Y (3 mol %, 4.0 mg), and K>COs3 (1 equiv, 34 mg) and BHT (1 equiv, 55 mg) in 1
mL of DMSO and stirred at room temperature under N, atmosphere for 10 h tentatively at a
distance of 6-8 cm from two 10 W green LEDs bulbs. It was found that in the presence of
diphenyl ethylene <10% of the product (1b) and exclusive thiyl radical trapped adduct (N,
78%) was observed. The structure of the adduct (N) was confirmed by NMR as well as (*H
and *3C) analysis {Scheme S4 (ii)}.

111.4.6. Reaction Performed in Dark:

-0

Eosin Y (3 mol %) HN\\ CN
©)k)\ @ K2COj3 (1 equiv)
DMSO, N,, rt, 10 h
(a) Dark (1a)

To an oven-dried 10 mL Dborosilicate vial were added 2-(2-oxo-2-
phenylethyl)malononitriles (1) (0.25 mmol, 46 mg), benzene thiol (a) (0.5 mmol, 55 mg),
eosin Y (3 mol %, 4 mg), and K>COz (1 equiv, 34 mg). The round bottom flask was then
covered with an aluminium foil so that light cannot interact with the reaction mixture. Then
the reaction mixture was kept in a vacuum then to the reaction mixture 1 mL of DMSO was
added and stirred at room temperature under N2 atmosphere for 10 h, tentatively at a distance
of ~6—8 cm from two 10 W green LED bulbs. After completion of the reaction (monitored by
TLC analysis), the mixture was admixed with 25 mL of ethyl acetate followed by washing
with water (1 x 10 mL). The organic layer was dried over anhydrous Na,SQO4, and the solvent
was evaporated under reduced pressure. The crude residue thus obtained was purified by

column chromatography over silica gel (60—120 mesh) using hexane and ethyl acetate (9:1) as
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an eluent to afford the 5-phenyl-2-(phenylthio)-1H-pyrrole-3-carbonitrile (1a) in 10% yield.
The identity and purity of the product were confirmed by spectroscopic analysis.

I11.4.7. General Procedure for the Synthesis of 5,6-Diphenyl-3-(phenylthio)pyrrolo[2,1-
alisoquinoline-2-carbonitrile (P) from 5-Phenyl-2-(phenylthio)-1H-pyrrole-3-carbonitrile
(1a) and Diphenyl Acetylene:

S—Ph
N Ph s—ph
\\ CN Ph Z N \
(1a) [Ru(p-cymene)Cl,], (5 mol %) ~/ CN
Cu (OAc), .H,0 (10 mol %)
+ > (P)
Ph—=——Ph fAmOH, 120 °C

pressure tube, 24 h.

To an oven-dried pressure tube containing a magnetic bar was added 5-phenyl-2-
(phenylthio)-1H-pyrrole-3-carbonitrile (1a) (45 mg, 0.25 mmol), diphenylacetylene (44 mg,
0.5 mmol), [Ru(p-cymene)Cl.]> (7 mg, 0.0125 mmol), Cu (OACc)2.H20 (4 mg, 0.05 mmol),
and '"AmOH. The reactions mixture was stirred in an oil bath preheated at 120 °C for 24 h.
After completion of the reaction (monitored by TLC analysis), the reaction mixture was
admixed with ethyl acetate (20 mL) and the organic layer was washed with water (1 x 5 mL).
The organic layer was dried over anhydrous sodium sulfate (Na2SOs), and solvent was
evaporated under reduced pressure. The crude product so obtained was purified over a column
of silica gel using 5% ethyl acetate in hexane to give pure 5,6-diphenyl-3-
(phenylthio)pyrrolo[2,1-a]isoquinoline-2-carbonitrile (P) in 78% yield. The identity and

purity of the product was confirmed by spectroscopic analysis (Scheme S8).

111.4.8. General Procedure for the Synthesis of 5-Phenyl-2-(phenylsulfonyl)-1H-pyrrole-
3-carbonitrile (Q) from 5-Phenyl-2-(phenylthio)-1H-pyrrole-3-carbonitrile (1a):

To a 10 mL round bottom flask was added 5-phenyl-2-(phenylthio)-1H-pyrrole-3-
carbonitrile (1a) (45 mg, 0.25 mmol) and DCM. Then the reaction mixture was stirred under
ice-cooled condition. Then to the reaction mixture mCPBA (172 mg, 1 mmol) was added
pinch wise over a period of 5 minute. Then the reactions mixture was stirred at room
temperature for about 5 h. After completion of the reaction (monitored by TLC analysis), the
solvent was evaporated and the reaction mixture was admixed with ethyl acetate (20 mL) and
the organic layer was washed with water (1 x 5 mL). The organic layer was dried over
anhydrous sodium sulfate (Na2SOs), and the solvent was evaporated under reduced pressure.
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The crude product so obtained was purified over a column of silica gel using 18% ethyl
acetate in hexane to give pure 5-phenyl-2-(phenylsulfonyl)-1H-pyrrole-3-carbonitrile (Q) in
80% vyield (Scheme S9). The identity and purity of the product was confirmed by
spectroscopic analysis

I11.4.9. UV-Visible Spectroscopy and Fluorescence Quenching Experiment
(Stern—Volmer Studies).

UV-visible spectroscopy of reaction solution was recorded on a SHIMADZU
UV3600 UV-visible spectrophotometer. The 0.01 M sample was prepared by mixing eosin Y
in DMSO in a light path quartz UV cuvette. The UV-visible spectroscopy indicated that the
maximum absorption wavelength of the reaction solution was found to be 543 nm. The

absorption was collected and the results are listed in Figure S11.
0.25 -~

0.2 4

o
=
()]

Absorbance
o
=

o
=]
a

o

450 500 550 600
Wavelength (hm)

Figure 111.13. UV-vis spectra of eosin Y in DMSO (0.01 M).

A 1 mM solution was prepared by mixing eosin Y in water by an appropriate dilution
of 0.01 M stock solution and taken in a quartz UV cuvette of a 1 cm path length. The
UV-visible spectroscopy showed Amax Of 515 nm (Figure 2a). For the fluorescence
measurement, the sample was excited at 515 nm, and the emission was observed at 560 nm.
For each fluorescence quenching experiment, a 5 uLL (1 M) solution of benzene thiol (a) was
added to eosin Y solution (1 mM) taken in a fluorescence cuvette, and fluorescence emission
spectra were recorded after each addition (Figure S12). As evident from Figure S12, a
decrease in emission intensity was observed after each addition of thiophenol (a)
concentration (5—75 mM). This suggests that a facile electron transfer is possible between the
catalyst and the quencher PhSH. This indicates that eosin Y might be helping in the
generation of thiyl radical from the PhSH. With these data, the Stern—Volmer graph was
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plotted using the equation lo/lt =1+ Ksv [Q], where lo and It are the integrated emission
intensity in the absence and presence of quencher and Ksy is the quenching constant. A linear
quenching was observed (Figure S13).

111.4.10. CV Experiments Performed to Determine the Redox Potentials.

Cyclic voltammetry (CV) was performed using a three-electrode cell configuration
comprising a glassy carbon, a platinum wire, and Ag(s)/AgCl (0.01 M) as the working,
auxiliary, and reference electrodes, respectively. Cyclic voltammetry experiment of PhSH and
[S-ketodinitrile (1) taken at a scan rate 100 mv/s. Experiment conditions: init E = 2.0 V, high E
=2.0V, low E =-2.0 V, scan rate = 0.1 V/s, sample interval = 0.001 V, quiet time = 2s,
sensitivity = 2e—4 A/ V]. The supporting electrolyte used was tetraethylammonium
hexafluorophosphate (TEAHFP) (C2Hs)sN(PFs). Samples were prepared with a substrate
concentration of 0.01 M in a 0.1 M TEAHFP in an acetonitrile electrolyte solution. From the
result, it was found that the oxidation potential of thiophenol (E12 ox = +0.25 V vs SCE) is
lower than the oxidation potential of Eosin Y (E12 ox = +0.83 V vs SCE for excited state of
eosin Y). Similarly, the reduction potential of thiophenol (&) (Ew2 res = -1.35 V vs SCE) is
lower than the reduction potential value of Eosin Y (E1/2red = -1.06 V vs SCE for excited state
of eosin Y (Figure S14). This indicates that thiophenols can be easily oxidized by the eosin Y
which also confirms the role of eosin Y as an oxidizing agent and helps in the facile
generation of the thiyl radical. The E12 oxa Of p-ketodinitriles (1) is found to be + 0.95 V vs
SCE (Figure S15).
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I11.6. Spectral Data

5-Phenyl-2-(phenylthio)-1H-pyrrole-3-carbonitrile (1a):
As a white solid (48 mg, 70% vyield); mp 180-182 °C; purified
S’@ over a column of silica gel (12% EtOAc in hexane); *H NMR
"L )—cn | (CDCls, 600 MHz): 5 9.21 (s, 1H), 7.49 (d, 2H, J = 7.2 Hz), 7.43
(t, 2H, J = 7.2 Hz), 7.35 (t, 1H, J = 7.2 Hz), 7.30 (q, 4H, J1 = 15.0
Hz, J,= 7.8 Hz), 7.24 (dd, 1H, J: =11.4 Hz, J, = 6 6 Hz), 6.78 (d,
1H, J = 2.4 Hz); *C{*H} NMR (CDCl3,150 MHz): § 136.2, 135.3,
130.2, 129.6, 129.4, 128.7, 128.5, 127.4, 124.7, 115.7, 110.2,

103.2; IR (KBr, cm™): 3245, 2927, 2227, 1589, 1463, 1247, 1038;
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HRMS (ESI/Q-TOF) (m/z): calcd for CizH12N2S, [M + H]*:
277.0794, found 277.0824.

2-(Phenylthio)-5-(p-tolyl)-1H-pyrrole-3-carbonitrile (2a):

g

HN
\
~_ )—CN

As a white solid (52 mg, 72% yield); mp 208-210 °C; purified
over a column of silica gel (12% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): ¢ 8.86 (s, 1H), 7.34 (d, 2H, J = 8.0 Hz), 7.28
(d, 2H,J=7.0 Hz), 7.25 (d, 2H, J = 6.5 Hz), 7.21 (d, 3H, J = 7.5
Hz), 6.72 (d, 1H, J = 3.0 Hz), 2.36 (s, 3H); *C{'*H} NMR
(CDCls, 126 MHz): ¢ 138.6, 136.4, 135.5, 130.1, 129.7, 128.7,
127.5, 127.4, 126.8, 124.6, 115.6, 109.8, 103.5, 21.4.; IR (KBr,
cm™): 3294, 3227, 2920, 2229, 1591, 1455, 1254, 1057; HRMS
(ESI/Q-TOF) (m/z): calcd for CigHuaN2S [M + H]*: 291.0950,
found 291.0952.

5-(4-Methoxyphenyl)-2-(phenylthio)-1H-pyrrole-3-carbonitrile (3a):

Ty

HN
\
~_)—CN

MeO'

As a gummy (58 mg, 77% vyield); purified over a column of
silica gel (15% EtOAc in hexane); *H NMR (CDCls, 500 MHz):
J 8.84 (s, 1H), 7.34 (d, 2H, J = 9.0Hz), 7.26-7.23 (m, 2H), 7.28
— 7.21 (m, 2H), 7.17-7.15 (m, 1H), 6.89 (d, 2H, J = 9.0 Hz),
6.62 (d, 1H, J = 1.8 Hz), 3.83 (s, 3H); *°C{*H} NMR (CDCls,
126 MHz): ¢ 160.0, 136.4, 135.6, 129.7, 128.6, 127.4, 126.4,
126.2, 123.1, 115.7, 114.9, 109.4, 103.5, 55.6.; IR (KBr, cm™):
3245, 2928, 2852, 2228, 1589, 1475, 1038; HRMS (ESI/Q-
TOF) (m/z): calcd for C1gH1aN20S, [M + H]": 307.090, found
307.0911.

5-(4-1sopropylphenyl)-2-(phenylthio)-1H-pyrrole-3-carbonitrile (4a):

=y

TH-3021_176122106

As a gummy (86 mg, 75% yield); Purification over a column
of silica gel (10% EtOAc in hexane). 'H NMR (500 MHz,
DMSO-ds): 0 12.83 (s, 1H), 7.68 (d, 2H, J = 8.2 Hz), 7.34 (t,
2H,J=7.7Hz),7.28 (d,2H, J=8.2Hz), 7.23 (t, 1H,J =74
Hz), 7.17 (d, 2H, J = 7.5 Hz), 7.10 (d, 1H, J = 2.5 Hz), 2.88 (m,
1H), 1.20 (d, 6H, J = 6.9 Hz); *C{*H} NMR (DMSO-ds, 126
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MHz): ¢ 148.2, 136.7, 136.2, 129.5, 127.9, 127.2, 126.8, 126.7,
126.6, 124.7, 115.7, 109.7, 101.9, 33.1, 23.7; IR (KBr, cm™):
3052, 2938, 2842, 2220, 1569, 1435, 1065; HRMS (ESI/Q-
TOF) (m/z) calcd for CxoHi1sN2S [M + H]™ 319.1263, found
319.1283.

5-(4-Fluorophenyl)-2-(phenylthio)-1H-pyrrole-3-carbonitrile (5a):

5

HN

As a white solid (58 mg, 69% yield); mp 202-204 °C; purified
over a column of silica gel (18% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): 6 9.04 (s, 1H), 7.42 — 7.39 (m, 2H), 7.24 (t,
4H, J = 45 Hz), 7.21 — 7.18 (m, 1H), 7.08 (t, 2H, J = 8.5 Hz),
6.67 (d, 1H, J = 3.0 Hz); *C{*H} NMR (CDCls, 125 MHz): ¢
163.8, 162.0, 135.2 (d, J = 70 Hz), 132.1, 129.7, 128.9, 127.6 (d,
J =49 Hz), 126.7 (d, J = 32 Hz), 125.3, 116.5 (d, J = 87.5 Hz),
115.5, 110.2, 103.3.; 1°F NMR (CDCls, 471 MHz): 6 -112.57; IR
(KBr, cm™): 3053, 2922, 2844, 2222, 1591, 1488, 1264, 1150,
1080; HRMS (ESI/Q-TOF) (m/z): calcd for C17H11FN2S, [M +
H]*: 295.070, found 295.0704.

5-(4-Chlorophenyl)-2-(phenylthio)-1H-pyrrole-3-carbonitrile (6a):

Cl

ay

HN

TH-3021_176122106

As a white solid (56 mg, 72% vyield); mp 204-206 °C;
purified over a column of silica gel (18% EtOAc in hexane); H
NMR (CDCls, 400 MHz): 6 9.20 (s, 1H), 7.38 — 7.28 (m, 5H),
7.23 (t, 3H, J = 4.0 Hz), 7.22 — 7.17 (m, 1H), 6.70 (d, 1H, J =
2.8 Hz); BC{*H} NMR (CDCls, 125 MHz): ¢ 135.1, 135.06,
134.4, 129.7, 129.6, 129.0, 128.8, 128.1, 127.6, 126.0, 115.5,
110.6, 103.3; IR (KBr, cm™): 3059, 2989, 2920, 2229, 1581,
1494, 1264, 1092; HRMS (ESI/Q-TOF) (m/z): calcd for
C17H11CIN,S, [M + H]*: 311.0404, found 311.0401.
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5-(4-Bromophenyl)-2-(phenylthio)-1H-pyrrole-3-carbonitrile (7a):

NS

Br

HN\

=9

CN

As a white solid (62 mg, 70% vyield); mp 189-191 °C;
purified over a column of silica gel (15% EtOAc in hexane); H
NMR (CDCls, 500 MHz): 6 9.11 (s, 1H), 7.50 (d, 2H, J = 8.5 Hz),
7.30 (d, 2H, J = 8.0 Hz), 7.24 (dd, 4H, J1 = 8.5 Hz, J» = 6.5 Hz),
7.21-7.18 (m, 1H), 6.72. (d, 1H, J = 3.0 Hz); BC{*H} NMR
(CDClI3,100 MHz): ¢ 135.1, 135.0, 132.6, 129.7, 129.2, 129.0,
128.2, 127.6, 126.2, 122.4, 115.5, 110.6, 103.3; IR (KBr, cm™):
3051, 2927, 2844, 2229, 1572, 1478, 1264, 1075; HRMS (ESI/Q-
TOF) (m/z): calcd for C17H11BrN2S, [M + H]*: 354.9899, found
354.9934.

5-(4-lodophenyl)-2-(phenylthio)-1H-pyrrole-3-carbonitrile (8a):

>

HN\

g

CN

As a yellow solid (71 mg, 71% yield); mp 201-203 °C;
Purification over a column of silica gel (12% EtOAc in hexane).
'H NMR (DMSO-dg, 500 MHz): 6 12.94 (s, 1H), 7.78 (d, 2H, J =
8.5 Hz), 7.56 (d, 2H, J = 8.5 Hz), 7.35 (dd, 2H, J1 =75, J> =15
Hz), 7.24 (t, 1H, J = 7.5 Hz), 7.21— 7.18 (m, 3H). “C{*H} NMR
(DMSO-ds, 126 MHz): 6 137.6, 135.9, 135.4, 129.7, 129.6, 127.0,
126.7, 126.6, 125.9, 115.5, 110.7, 102.0, 93.5; IR (KBr, cm™):
3059, 2937, 2834, 2209, 1522, 1458, 1235, 1025; HRMS (ESI/Q-
TOF) (m/z): calcd for Ci7H11IN2S, [M + H]*: 402.9760, found
402.9764.

5-(Naphthalen-2-yl)-2-(phenylthio)-1H-pyrrole-3-carbonitrile (9a):

TH-3021_176122106

As a white solid (66 mg, 72% vyield); mp 198-200 °C; purified
over a column of silica gel (10% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): § 9.45 (s, 1H), 7.82 (t, 2H, J = 10.5 Hz), 7.77
(t, 2H,J = 3.5 Hz), 7.52 (dd, 1H, J1 = 9.0 Hz, J> = 1.5 Hz), 7.46 —
7.42 (m, 2H), 7.24-7.20 (m, 4H), 7.16 (t, 1H, J = 7.0 Hz), 6.78 (d,
1H, J = 2.5 Hz); C{*H} NMR (CDCls, 125 MHz): ¢ 138.0,
136.0, 133.6, 133.1, 131.3, 130.5, 129.8, 129.3, 128.9, 128.2,
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128.0, 127.6, 127.2, 126.7, 123.1, 122.8, 115.8, 110.7, 102.8,
21.2.; IR (KBr, cm™): 3464, 3055, 2931, 2220, 1513, 1280, 1196,
1090; HRMS (ESI/Q-TOF) (m/z): calcd for C21H14N3S, [M + H]™:
327.0950, found 327.0954.

5-(Benzo[d][1,3]dioxol-5-yl)-2-(phenylthio)-1H-pyrrole-3-carbonitrile (10a):

Y

HN
o D—cn
<
o}

As a gummy (54 mg, 67% yield); purified over a column of
silica gel (15% EtOAc in hexane); 'H NMR (DMSO-ds, 500
MHz): 6 12.72 (s, 1H), 7.36 (dd, 3H, J1 = 7.0, J> = 5.0 Hz), 7.27
(dd, 1H, J; = 8.0, J> = 2.0 Hz), 7.23 (t, 1H, J = 7.5 Hz), 7.18 (t,
2H,J=7.5Hz), 7.06 (d, 1H, J =3.0 Hz), 6.96 (d, 1H, J = 8.0 Hz),
6.05 (s, 2H). ®°C{*H} NMR (DMSO-ds, 126 MHz): & 147.8,
146.9, 136.4, 136.2, 129.5, 126.9, 126.6, 124.5, 124.4, 118.6,
115.7, 109.5, 108.6, 105.3, 101.9, 101.2; IR (KBr, cm™): 3043,
2970, 2834, 2221, 1545, 1411, 1235, 1068; HRMS (ESI/Q-TOF)
(m/z): calcd for CigH12N202S [M + NH4]": 344.1427, found
344.0500.

2-(Phenylthio)-4,5-dihydro-1H-benzo[g]indole-3-carbonitrile (11a):

aY

HN
\
~_>—CN

As a gummy (53 mg, 70% yield); purified over a column of
silica gel (8% EtOAc in hexane); *H NMR (DMSO-ds, 500 MHz):
512.89 (s, 1H), 7.63 (d, 1H, J = 7.5 Hz,), 7.36 (t, 2H, J = 7.5 Hz),
7.24 (t,3H,J=7.5Hz),7.20 (d, 2H, J =75 Hz), 7.16 (t, 1H, J =
8.0 Hz), 293 (t, 2H, J = 7.5 Hz), 2.75 (t, 2H, J = 8.0 Hz),;
BC{'H} NMR (DMSO-ds, 126 MHz): § 136.3, 134.5, 131.9,
129.5, 128.4, 127.1, 126.9, 126.8, 126.7, 126.6, 123.8, 123.1,
120.7, 115.0, 99.9, 28.2, 19.9; IR (KBr, cm™): 3069, 2927, 2820,
2215, 1546, 1456, 1264, 1177, 1067; HRMS (ESI/Q-TOF) (m/z):
calcd for C19H14N,S, [M + H]*: 303.0950 found 303.0951.

5-(Furan-2-yl)-2-(phenylthio)-1H-pyrrole-3-carbonitrile (12a):

TH-3021_176122106

As a brown solid (45 mg, 68% yield); mp 188-190 °C; purified
over a column of silica gel (18% EtOAc in hexane); 'H NMR
(DMSO-ds, 500 MHz): 6 13.03 (s, 1H), 7.71 (d, 1H, J = 1.5 Hz),

130



Chapter 11

7.36 (t, 2H, J = 7.5 Hz)), 7.24 (t, 1H, J = 7.0 Hz), 7.18 (t, 2H, J =
1.0 Hz), 6.92 (d, 1H, J = 2.5 Hz), 6.82 (d, 1H, J = 3.5 Hz), 6.58
(dd, 1H, J1 = 3.0, J2 = 1.5 Hz); BC{*H} NMR (DMSO-ds, 126
MHz): 6 145.4, 142.7, 135.9, 129.5, 128.2, 127.0, 126.7, 125.3,
115.4, 111.8, 108.9, 106.1, 101.7; IR (KBr, cm™): 3055, 2925,
2832, 2215, 1545, 1402, 1156, 1057; HRMS (ESI/Q-TOF) (m/z):
calcd for C15H10N20S, [M + H]": 267.0587, found 267.0575.

2-(Phenylthio)-5-(thiophen-2-yl)-1H-pyrrole-3-carbonitrile (13a):

)

HN
\
~ )—CN
N

\_s

As a brown solid (48 mg, 69% yield); mp 195-197 °C; purified
over a column of silica gel (18% EtOAc in hexane); 'H NMR
(CDCl3, 500 MHz,): 6 9.42 (s, 1H), 7.25 (dd, 5H, J1 =9.5 Hz, J, =
4.0 Hz), 7.21-7.18 (m, 1H), 7.15 (d, 1H, J = 3.0 Hz), 7.01 (t, 1H, J
= 4.5 Hz), 6.60 (d, 1H, J = 2.5 Hz); *C{*H} NMR (CDCls, 125
MHz): 6135.1, 133.0, 130.7, 129.6, 128.9, 128.1, 127.5, 127.47,
125.2, 123.8, 115.6, 110.4, 102.8.; IR (KBr, cm™): 3069, 2944,
2210, 1546, 1489, 1210, 1148, 1085; HRMS (ESI/Q-TOF) (m/z):
calcd for C15H10N2S2, [M + H]™: 283.0358, found 283.0368.

5-Phenyl-2-(p-tolylthio)-1H-pyrrole-3-carbonitrile (1b):

HN
\
~ )—CN

TH-3021_176122106

As a white solid (53 mg, 68% yield); mp201-203 °C; purified
over a column of silica gel (12% EtOAc in hexane); *H NMR
(CDCls, 400 MHz): § 9.03 (s, 1H), 7.41 (d, 2H, J = 7.6 Hz), 7.36
(t, 2H, J = 7.2 Hz), 7.29 (d, 1H, J = 6.8 Hz), 7.20 (t, 2H, J = 9.6
Hz), 7.06 (d, 2H, J = 7.6 Hz), 6.69 (d, 1H, J = 2.0 Hz), 2.26 (s,
3H); BC{'H} NMR (CDCls, 100 MHz): § 137.9, 135.9, 131.3,
130.4, 130.3, 129.7, 129.4, 128.6, 128.4, 124.7, 115.8, 110.2,
102.6, 21.2; IR (KBr, cm™): 3294, 2920, 2857, 2229, 1591, 1455,
1264, 1051; HRMS (ESI/Q-TOF) (m/z): calcd for C1gH14N2S, [M
+ H]™: 291.0950, found 291.0980.
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5-Phenyl-2-(o-tolylthio)-1H-pyrrole-3-carbonitrile (1c):
Ve As a white solid (49 mg, 68% vyield); mp 202-204 °C; purified
S,@ over a column of silica gel (12% EtOAc in hexane); 'H NMR
(CDCl3, 500 MHz): 6 9.05 (s, 1H), 7.45 (d, 2H, J = 7.5 Hz,), 7.41 (t,
2H,J =75 Hz), 7.32 (t, 1H, J = 7.0 Hz), 7.18 (d, 1H, J = 7.0 Hz),
7.15 (dd, 1H, J1 = 7.5 Hz, J> = 1.5 Hz,), 7.12-7.08 (m, 1H), 7.01
(dd, 1H, J; = 7.5Hz, J» = 0.5 Hz,), 6.75 (d, 1H, J = 2.5 Hz,), 2.45 (s,
3H); BC{*H} NMR (CDCls, 125 MHz): ¢ 137.1, 136.2, 134.4,
130.9, 130.3, 129.4, 128.8, 128.5, 127.5, 127.3, 127.2, 124.7, 115.6,
110.2, 103.0, 20.4; IR (KBr, cm™): 3259, 2926, 2850, 2224, 1519,
1228, 1049; HRMS (ESI/Q-TOF) (m/z): calcd for C1gH17N3sS, [M +
NH4]": 308.1216, found 308.1240.
2-((4-Methoxyphenyl)thio)-5-phenyl-1H-pyrrole-3-carbonitrile (1d):
As a brown solid (58 mg, 78% yield); mp 102-104 °C; purified
N \S’Oome over a column of silica gel (15% EtOAc in hexane); 'H NMR

</ CN (CDCls, 500 MHz): 6 9.12 (s, 1H), 7.44 (t, 2H, J = 8.5 Hz), 7.39
(dd, 2H, J1 = 10.0 Hz, J> = 7.5Hz), 7.37 (t, 1H, J = 3.0 Hz), 7.30
(t, 1H, J = 7.5 Hz), 6.83 (d, 2H, J = 9.0 Hz), 6.70 (d, 1H, J = 3.0
Hz), 3.77 (s, 3H); *C{*H} NMR (CDCls, 125 MHz): ¢ 160.0,
135.6, 132.8, 130.4, 130.0, 129.4, 129.0, 128.3, 124.7, 123.1,
115.3, 110.1, 101.6, 55.6; IR (KBr, cm™): 3066, 2945, 2847,
1740, 1610, 1235, 1062; HRMS (ESI/Q-TOF) (m/z): calcd for
C23H2004S, [M + NH4]*: 410.1421, found 410.1420.
2-((3-Methoxyphenyl)thio)-5-phenyl-1H-pyrrole-3-carbonitrile (1e):

As a brown solid (53 mg, 70% yield); mp 198-200 °C;

purified over a column of silica gel (18% EtOAc in hexane); H

N \S'Qome NMR (CDCls, 500 MHz): § 9.50 (s, 1H), 7.47 (d, 2H, J = 7.5
~/ N Hz), 7.40 (t, 2H, J = 7.5 Hz), 7.31 (t, 1H, J = 8.0 Hz), 7.17 (t, 1H,

J =8.0 Hz), 6.81 (d, 1H, J = 8.0 Hz), 6.78 (t, 1H, J = 2.5 Hz),

6.73 (d, 1H, J = 2.5 Hz), 3.74 (s, 3H): BC{*H} NMR (CDCls,
125 MHz): 6 160.4, 136.7, 136.4, 130.4, 130.3, 129.4, 128.4,
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127.1, 124.7, 120.8, 115.7, 114.1, 113.0, 110.2, 103.2, 55.5; IR
(KBr, cml): 3249, 2920, 2834, 2210, 1555, 1415, 1149, 1089;
HRMS (ESI/Q-TOF) (m/z): calcd for CisH1aN20S, [M + H]*:
307.090, found 307.0934.

2-((4-Fluorophenyhthio)-5-phenyl-1H-pyrrole-3-carbonitrile (1f):

oy

HN
\
~_)—CN

As a white solid (50 mg, 68% yield); mp 206-208 °C; purified
over a column of silica gel (18% EtOAc in hexane); 'H NMR
(CDCls, 500 MHz): 6 9.23 (s, 1H), 7.48 (d, 2H, J = 6.0 Hz), 7.41
(s, 2H), 7.32 (s, 3H), 6.97 (t, 2H, J = 7.5 Hz), 6.73 (s, 1H);
BC{*H} NMR (CDCls, 125 MHz): ¢ 136.5, 133.8 (d, J = 75.2
Hz), 130.1, 129.9 (d, J = 80 Hz), 129.6, 129.5, 128.7, 127.2,
126.6, 124.8, 115.4, 110.5, 103.7; °F NMR (CDCls, 471 MHz): ¢
—113.6; IR (KBr, cm™): 3045, 2915, 2825, 2210, 1546, 1406,
1234, 1145, 1063; MS (ESI/Q-TOF) (m/z): calcd for
C17H11FN:S, [M + H]*: 295.070, found 295.0704.

2-((4-Chlorophenyl)thio)-5-phenyl-1H-pyrrole-3-carbonitrile (1g):

HN

As a white solid (54 mg, 70% yield); mp 199-201 °C; purified
over a column of silica gel (18% EtOAc in hexane); 'H NMR
(CDCls, 500 MHz): ¢ 9.18 (s, 1H), 7.40 — 7.35 (m, 4H), 7.30 —
7.28 (m, 1H), 7.26 (t, 3H, J = 5.5 Hz), 7.24-7.20 (m, 1H), 6.73 (d,
1H, J = 3.0 Hz); ®C{*H} NMR (CDCls, 125 MHz): ¢ 163.7,
161.2, 136.3, 131.7, 131.66, 129.4, 128.5, 128.1, 124.8, 116.9,
116.5, 110.2, 102.7; IR (KBr, cm™): 3266, 2947, 2839, 2215,
1541, 1405, 1242, 1167, 1065; HRMS (ESI/Q-TOF) (m/z): calcd
for C17H11CIN2S, [M + H]": 311.0404, found 311.0401.

2-((3-Chlorophenylthio)-5-phenyl-1H-pyrrole-3-carbonitrile (1h):

TH-3021_176122106

As a white solid (53 mg, 69% yield); mp 203-205 °C; purified
over a column of silica gel (18% EtOAc in hexane); 'H NMR
(CDCls, 400 MHz): § 9.32 (s, 1H), 7.49 (d, 2H, J = 7.4 Hz), 7.42
(t, 2H, J = 7.6 Hz), 7.34 (t, 1H, J = 7.2 Hz), 7.19 (d, 2H, J = 7.2
Hz), 7.09-7.07 (m, 1H), 6.78 (d, 1H, J = 2.8 Hz); *C{*H} NMR
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(CDCl3, 100 MHz): ¢ 137.6, 136.8, 135.5, 130.6, 130.1, 129.5,
128.7, 127.9, 127.5, 126.2, 125.7, 124.8, 115.4, 110.5, 104.1; IR
(KBr, cm™): 3240, 2812, 2211, 1557, 1401, 1146, 1076; HRMS
(ESI/Q-TOF) (m/z): calcd for C17H11CIN2S, [M + H]* 311.0404,
found 311.0434.

2-((2-Bromophenyl)thio)-5-phenyl-1H-pyrrole-3-carbonitrile (1i):

As a white solid (57 mg, 65% yield); mp 197-199 °C; purified
over a column of silica gel (15% EtOAc in hexane); 'H NMR
(CDCl3, 500 MHz): 6 9.01 (s, 1H), 7.51 (d, 3H, J = 8.0 H2),
7.42 (dd, 3H, J1 = 18.5 Hz, J2 = 8.0Hz), 7.25 (d, 2H, J = 6.0
Hz), 7.18(t, 1H, J = 8.0 Hz), 6.80 (d, 1H, J = 7.5 Hz); ®*C{*H}
NMR (CDCls, 125 MHz): ¢ 136.4, 133.5, 133.1, 129.5, 128.8,
128.78, 128.6, 128.4, 128.3, 128.2, 127.2, 124.8, 115.1, 110.6,
104.7; IR (KBr, cm™): 3058, 2922, 2829, 2204, 1556, 1422,
1227, 1148, 1071; HRMS (ESI/Q-TOF) (m/z): calcd for
Ci17H14BrNsS, [M + NH4]*: 372.0165, found 372.0198.

5-Phenyl-2-((4-(trifluoromethyl)phenyl)thio)-1H-pyrrole-3-carbonitrile (1j):

HN
\
~_ )—CN

TH-3021_176122106

As a white solid (58 mg, 67% vyield); mp 208-210 °C;
purified over a column of silica gel (15% EtOAc in hexane); *H
NMR (CDCls, 500 MHz): § 9.60 (s, 1H), 7.46 — 7.43 (m, 5H),
7.35(t,2H,J=75Hz),7.28 (d, 1H,J=7.5Hz,), 7.19 (d, 1H, J
=4.0 Hz,), 6.76 (d, 1H, J = 1.9 Hz); **C{*H} NMR (CDCls, 125
MHz): ¢ 141.0, 137.1, 130.0, 129.5, 128.8, 127.3, 126.5 (q, J1 =
29 Hz, J> = 145 Hz), 125.1, 124.9, 124.6, 123.0, 115.1, 110.7,
104.7; ®F NMR (CDCls, 471 MHz): 6 —62.6; IR (KBr, cm™):
3263, 2919, 2853, 2208, 1448, 1242, 1127, 1037; HRMS
(ESI/Q-TOF) (m/z): caled for CigHiiFsN2S, [M + HJ™:
345.0668, found 345.0710.
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2-(Cyclohexylthio)-5-phenyl-1H-pyrrole-3-carbonitrile (1k):

oY

HN

As a gummy (48 mg, 69% vyield); purified over a column of
silica gel (5% EtOAc in hexane); 'H NMR (CDCls, 500 MHz):
5 8.97 (s, 1H), 7.47 (d, 2H, J = 8.0 Hz,), 7.42 (t, 2H, J = 7.5
Hz), 7.32 (t, 1H, J = 7.0 Hz), 6.72 (d, 1H, J = 3.0 Hz), 3.08-3.02
(m, 1H), 2.38 (dd, 2H, J1 = 12.5 Hz, J> = 2.5 Hz), 1.80-1.77 (m,
2H), 1.75 (t, 1H, J = 2.5 Hz), 1.31-1.18 (m, 5H); *C{*H} NMR
(CDCls, 150 MHz): ¢ 135.2, 130.5, 129.4, 129.0, 128.3, 124.6,
116.4, 110.1, 103.2, 49.9, 33.9, 26.2, 25.6; IR (KBr, cm™):
3063, 2959, 2229, 1537, 1420, 1197, 1019, HRMS (ESI/Q-
TOF) (m/z): calcd for Ci7H1sN2S, [M + H]*: 283.1263, found
283.1267.

2-(Thiophen-2-ylthio)-5-(p-tolyl)-1H-pyrrole-3-carbonitrile (21):

S
s
HN N\
~_ /—CN

Me

As a white solid (110 mg, 52% yield); mp 195-197 °C; H
NMR (DMSO-ds, 500 MHz): § 12.38 (s, 1H), 7.58 (d, 2H, J =
8.0 Hz), 7.26 (t, 2H, J = 6.5 Hz), 7.21 (d, 2H, J = 7.5 Hz), 7.18
(d, 2H, J = 7.0 Hz), 6.85 (d, 1H, J = 2.5 Hz), 2.30 (s, 3H); *C
{*H} NMR (DMSO-ds, 125 MHz): § 137.0, 136.8, 135.4,
129.3, 128.7, 128.3, 127.7, 127.2, 124.4, 115.9, 108.7, 100.1,
20.7; IR (KBr, cm™): 3025, 2924, 2215, 1547, 1410, 1225,
1145, 1048; HRMS (ESI/Q-TOF) (m/z): calcd. for C16H12N2S,
[M + H]": 297.0515, found 297.0543.

5-(Naphthalen-2-yl)-2-(p-tolylthio)-1H-pyrrole-3-carbonitrile (9b):

TH-3021_176122106

As a white solid (64 mg, 75% vyield); mp 190-192 °C; purified
over a column of silica gel (12% EtOAc in hexane); 'H NMR
(CDCls, 500 MHz): 6 9.01 (s, 1H), 7.78 (d, 2H, J = 8.0 Hz), 7.74
(d, 2H, J = 9.0 Hz), 7.47 (dd, 1H, J1 = 8.5 Hz, J» = 1.5 Hz), 7.43
—7.38 (m, 2H), 7.18 (t, 2H, J = 3.0Hz), 7.03 (d, 2H, J = 8.0 Hz),
6.76 (d, 1H, J = 2.5 Hz), 2.22 (s, 3H).; *C{*H} NMR (CDClI;,
125 MHz): 6 138.0, 136.0, 133.6, 133.1, 131.3, 130.5, 129.8,
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129.3, 128.9, 128.2, 128.0, 127.6, 127.2, 126.7, 123.1, 122.8,
115.8, 110.7, 102.8, 21.2.; IR (KBr, cm™): 3464, 3055, 2931,
2209, 1513, 1430, 1280, 1196, 1090; HRMS (ESI/Q-TOF)
(m/z): caled for CxHisN2S, [M + H]*: 341.1107, found
341.1116.
2-((4-Chlorophenyhthio)-5-(naphthalen-2-yl)-1H-pyrrole-3-carbonitrile (99):
As a white solid (65 mg, 72% yield); mp 194-196 °C; purified
over a column of silica gel (15% EtOAc in hexane); *H NMR
(DMSO-ds, 500 MHz): ¢ 13.08 (s, 1H), 8.32 (s, 1H), 7.97 (d,
1H, J = 8.5 Hz), 7.90 (q, 3H, J1 = 12.5Hz, J; = 6.0 Hz), 7.55-
7.49 (m, 2H), 7.43 (d, 2H, J = 8.5 Hz), 7.32 (s, 1H), 7.23 (d, 2H,
J = 85 Hz); B¥C{*H} NMR (DMSO-ds, 125 MHz): § 136.6,
135.1, 133.0, 132.3, 131.4, 129.5, 128.7, 128.5, 127.8, 127.6,
127.5, 126.8, 126.3, 125.1, 123.0, 122.9, 115.5, 110.9, 102.1,; IR
(KBr, cm™): 3055, 2925, 2210, 1519, 1409, 1238, 1147, 1052;
HRMS (ESI/Q-TOF) (m/z): calcd for C2:H13CIN:S, [M + H]™:
361.0561, found 361.0564.
2-(Benzylthio)-5-phenyl-1H-pyrrole-3-carbonitrile (1m):

As a gummy (51 mg, 71% vyield) ; purified over a column of
s—/ silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz):
HN7) 0 8.45 (s, 1H), 7.32 (t, 2H, J = 7.5 Hz), 7.22 (q, 6H, J1 = 10.5
Hz, J, = 6.5 Hz), 7.13 (t, 2H, J = 1.5 Hz), 6.62 (d, 1H, J =, 3.0
Hz), 3.97 (s, 2H) ; ®C{*H} NMR (CDCls, 125 MHz): ¢ 137.9,
135.3, 130.4, 129.3, 129.2, 129.0, 128.9, 128.2, 127.9, 1245,
115.9, 109.9, 102.4, 42.1.; IR (KBr, cm™): 3066, 2920, 2872,
2212, 1521, 1149, 1080; HRMS (ESI/Q-TOF) (m/z): calcd for
C1sHuN2S, [M + H]*: 291.0950, found 291.0958.
2-(Benzylthio)-5-(4-chlorophenyl)-1H-pyrrole-3-carbonitrile (6m):

As a gummy (59 mg, 73% vyield); purified over a column of
S_/Ph silica gel (10% EtOAc in hexane); *H NMR (DMSO-ds, 500

HN— MHz): 5 12.51 (s, 1H), 7.71 (d, 2H, J = 8.5 Hz), 7.47 (d, 2H, J =
~_)—CN
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8.5 Hz), 7.26 — 7.16 (m, 3H), 7.18 (t, 2H, J = 1.5 Hz), 6.97 (d,
1H, J = 2.5 Hz), 4.15 (s, 2H); BC{*H} NMR (DMSO-ds, 125
MHz): ¢ 137.0, 134.0, 131.8, 129.3 129.2, 128.8, 128.7, 128.3,
127.2, 126.1, 115.7, 109.9, 100.3, 40.5.; IR (KBr, cm™): 3060,
2907, 2852, 2211, 1557, 1423, 1149, 1047; HRMS (ESI/Q-TOF)
(m/z): calcd for CigH16CIN3S, [M + NH.]*: 342.0826, found
342.0865.

5,6-Diphenyl-3-(phenylthio)pyrrolo[2,1-a]isoquinoline-2-carbonitrile (P):

Ph
Ph

s—Ph

/N\

CN

As a white solid (89 mg, 78% yield, mp 212-214 °C);
Purification over a column of silica gel (5% EtOAc in hexane).
'H NMR (CDCls, 500 MHz): ¢ 8.19 (d, 1H, J = 8.0 Hz), 7.58
(9, 2H, J1 = 15.0Hz, J, = 7.5 Hz), 7.38 (t, 1H, J = 8.0 Hz), 7.18
— 7.11 (m, 5H), 7.09 (t, 2H, J = 7.0 Hz), 7.04 (t, 3H, J = 8.5
Hz), 6.98 (t, 2H, J = 7.5 Hz), 6.91 (d, 2H, J = 7.5 Hz), 6.51 (d,
2H, J = 7.5 Hz).; BC{*H} NMR (CDCls, 125 MHz): ¢ 138.6,
136.0, 135.3, 135.2, 133.6, 131.2, 131.1, 131.0, 129.0, 128.9,
128.5, 128.4, 128.0, 127.9, 127.7, 127.3, 127.1, 125.9, 125.7,
124.4, 122.4, 121.0, 115.8, 109.7, 104.7; IR (KBr, cm1): 3058,
2962, 2924, 2852, 2224, 1628, 1591, 1511, 1488, 1426, 1295,
1231, 1051, 889, 792, 768, 722, 698; HRMS (ESI/Q-TOF)
(m/z) calcd for C31H20N2S [M + H]™ 453.1420, found 453.1411.

5-Phenyl-2-(phenylsulfonyl)-1H-pyrrole-3-carbonitrile (Q):

TH-3021_176122106

As a yellow solid (62 mg, 80% vyield, mp 179-181 °C);
Purification over a column of silica gel (18% EtOAc in hexane).
'H NMR (CDCls, 500 MHz): § 10.98 (s, 1H), 8.13 (d, 2H, J =
8.0 Hz,), 7.62 (t, 1H, J = 7.5 Hz), 7.58-7.53 (m, 4H), 7.39 (t,
2H,J =75 Hz), 7.34 (t, 1H, J = 7.5 Hz), 6.78 (s, 1H).; *C{'H}
NMR (CDClz, 125 MHz): ¢ 169.5, 140.5, 137.9, 134.4, 129.9,
129.4, 129.0, 128.4, 127.7, 125.7, 113.4, 112.3, 99.5; IR (KBr,
cm™1): 3061, 2959, 2925, 2852, 2217, 1511, 1423, 1155, 1045,
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725; HRMS (ESI/Q-TOF) (m/z) calcd for C17H12N202S [M +
H]" 309.0692; found 309.0700.
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11.7. Representative Spectra

2-(Phenylthio)-5-(p-tolyl)-1H-pyrrole-3-carbonitrile (2a): *H NMR (CDCls, 500 MHz)
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2-(Phenylthio)-5-(p-tolyl)-1H-pyrrole-3-carbonitrile (2a): *C{*H} NMR (CDCls, 126
MHz)
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5-(4-Chlorophenyl)-2-(phenylthio)-1H-pyrrole-3-carbonitrile (6a): ‘H NMR (CDCls,
400 MHz)
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5-(4-Chlorophenyl)-2-(phenylthio)-1H-pyrrole-3-carbonitrile  (6a): 3C{*H} NMR
(CDCls, 126 MHz)
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2-(Phenylthio)-4,5-dihydro-1H-benzo[g]indole-3-carbonitrile (11a): *H NMR (DMSO-
de, 500 MHz)
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2-(Phenylthio)-4,5-dihydro-1H-benzo[g]indole-3-carbonitrile  (11a): 3C{*H} NMR
(DMSO-ds, 125 MH?z)
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2-((4-Methoxyphenyl)thio)-5-phenyl-1H-pyrrole-3-carbonitrile (1d): *H NMR (CDCls,
500 MHz)
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2-((4-Methoxyphenyl)thio)-5-phenyl-1H-pyrrole-3-carbonitrile  (1d): *C{*H} NMR
(CDCl3, 125 MHz)
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2-((4-Chlorophenyl)thio)-5-phenyl-1H-pyrrole-3-carbonitrile (1g): ‘H NMR (CDCls,

500 MHz)
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2-((4-Chlorophenyl)thio)-5-phenyl-1H-pyrrole-3-carbonitrile
(CDClgs, 125 MHz)

(1g): BC{H} NMR
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2-(Benzylthio)-5-phenyl-1H-pyrrole-3-carbonitrile (Im): *H NMR (CDCls, 500 MHz)
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2-(Benzylthio)-5-phenyl-1H-pyrrole-3-carbonitrile (1m): **C{*H} NMR (CDCls, 125

MHz)
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CHAPTER-IV

Visible/Solar-Light-Driven Thiyl-Radical-Triggered
Synthesis of Multi-Substituted Pyridines
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Abstract: A light-triggered synthesis of thio-functionalized pyridines
Is demonstrated using jketodinitriles, thiols, and eosin Y as the
photocatalyst. The reaction proceeds via the selective attack at one of
the cyano groups by an in situ generated thiyl radical. The reaction
also proceeds with nearly equal efficiency using direct sunlight.
Large-scale synthesis and a few useful synthetic transformations of

the substituted pyridines are also performed.
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CHAPTER IV

Visible/Solar-Light-Driven Thiyl-Radical-Triggered
Synthesis of Multi-Substituted Pyridines

IV.1. Introduction:

The photochemical transformations by harnessing visible light have grabbed significant
attention due to their sustainability, unique reactivity, and operational simplicity.! Besides the
use of LEDs as a source of visible light efforts have been made on utilizing renewable
sources of energy such as sunlight in photochemical reactions.!’® Usually, a photochemical
reaction is triggered by visible light in combination with a suitable photocatalyst (organic
dyes or transition-metal complexes) facilitating the SET process for the construction of
various organic frameworks which otherwise require thermal conditions.? Though the
transition-metal complexes are better for the excitation of organic molecules, the employment
of organic dyes has also been useful in many photochemical transformations. In particular,
eosin Y has become a competitor to metal catalysts in various reactions due to its cost-
effectiveness.® Owing to the prevalence of pyridine frameworks in various natural products,
and pharmaceuticals, they have found applications in the fields of biology, medicinal
sciences, and advanced materials, etc.* Moreover, pyridine-containing compounds are used in
cancer therapy,® asymmetric catalysis,>® and supramolecular chemistry.> For instance, two
well-known drugs Aciphex (1),%2 and Nexium (esomeprazole) (11)% used for the treatment of
duodenal ulcers, and acid reflux both contain pyridine backbones (Figure IV.1). There are
other pyridine-bearing drugs such as Amrinone D (inocor) (I11), and Etoricoxib E (arcoxia)
(1V) used for the treatment of acute heart failure and arthritis.5¢¢ Avandia (rosiglitazone A)
(V), and Actos (pioglitazone B) (VI) which are used as an antidiabetic drug also contain
pyridine backbone,®®’ and are used as anticancer drug. Further, the thio-functionalized
pyridines (XI) and (XII) are reported to show antimicrobial activity (Figure. 1V.1).’
Considering the multi-faceted applications of substituted pyridines, synthetic chemists are
vying for alternative methods to synthesize pyridine core. There are well-established classical
methods such as Hantzsch,® and Krohnke® pyridine synthesis and several others.® The past

years have reported few transition-metal catalyzed [4 + 2] hetero Diels-Alder reactions of 1-
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azadienes with alkynes under thermal conditions.!%¢ Recently, [2+2+2] cycloadditions of
alkynes with nitriles under metal or metal-free catalysis are reported. "9 Besides these, there
are methods that employ nitriles to synthesize nitrogenous heterocycles.'**? Previously, the
McQuade group reported a few methods for the synthesis of multi-substituted pyridines

employing alkylidene malononitriles.¢¢

o]
Sy (o] 1
~0 HN\FN | cl N/
=

N= | S‘\O 1 S NH, J N
] N~ \

(o] NP () v) 3

| Amrinone D (Inocor) Avandia (Rosiglitazone A)
M S ANoM  (PDE3 inhibitor)  Etoriocoxib E (Arcoxia) (Antidiabatic)
~No | (acute heart failure) (COX-2 inhibitor, Arthritis)

Aciphex

(rabeprazole) (esomeprazole)
(Duodenal ulcers (Acid reflux)

and acid reflux)
\)«NH
i - )U O
N\(—Q /@i
F
H

(V1) O O (v

N
- Gleevec Sorafenib (nexovar)
Actos (Pioglitazone B) \_7 (Chronic myeloid Ieukem|a) (Chronic myeloid leukemia)

(Antidiabatic)

Nexium

o

3

NH, 7 N O  Bu

: ) = 0
= N-NH HN—
OMe
wOH
O O
(1X) cr;iﬁ:m%g:lil‘l:;”) Altrazanavir HN y—OMe
HN g (Reyataz) (X) . NH
Me (HV) o Bu
< OEt P Ph
Me” N s Me” N5
(x1) %_/(XII) o

Antimicrobial agent

Figure IV.1. Bioactive compounds containing pyridine unit.

Further, the Gao and Tang group reported visible-light-induced phosphorylation with the
1,6-enyne moiety for the diverse and selective synthesis of phosphorylated polyheterocycles
leading to phosphorylated aminophosphonates, iminophosphonates, and ketones.''" Recently,

the Chen and Yu group in 2022, employed 1-acryloyl-2-cyanoindoles as the precursors to
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synthesize various sulfonated/thiocyanated pyrrolo[1,2-a]indolediones under visible-light
irradiation. "'

IVV.2. Ideas Toward Synthesis of Functionalized Pyridines

The Chen group in 2020, introduced a nickel(ll)-catalyzed synthesis of pyrroles and
pyridines via coupling of ketonitrile with aryl boronic acid (Scheme 1V.1).12

R = CO,Et R
0 ArB(OH),  EtOOC, ®

A,1MCN Ni(dppe)Cly, ZnCl, l/—\)\ ArTONT A
n —_————

Ar! N Ar?
=10r2 THF 100°C,24 h ﬂ\
RN or H Ar‘] N Ar2

H
Scheme 1V.1. Synthesis of pyrrole-2-carbaldehydes.

In 2019, Ji et al. reported a cascade cyclization of 3-isocyano-[1,1’-biphenyl]-2-

carbonitriles with aryl boronic acids to synthesize pyrrolopyridines under Mn(lll) catalysis
(Scheme 1V.2).1%

O \
_Min(OAc)s.2H,0_ o
toluene, 80 °C Ar O / O

Scheme 1V.2. Mn(l11) catalyzed synthesis of pyrrolopyridines.

Previously, Zhang and Yu group reported visible-light-mediated vinyl isocyanide

insertions with Umemoto’s reagent and electron-deficient bromides using Ir(lIl) (Scheme

IV.3).1%¢
R3
RZ N R4 Rf_X
I fac- Ir(ppy)3 s @ BF4
R °NC NazHPO4
MeOH, rt, 6 h Umemoto s reagent
white LEDs

Scheme I1V.3. Visible-light-mediated synthesis of functionalized pyridines

Though the above-mentioned methodologies are well-established and have utilized

transition metal for the synthesis of pyridine frameworks, a metal-free approach is always
desirable.®
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In 2015, McQuade et al. demonstrated an efficient method for the synthesis of halogenated
pyridines using alkylidenemalononitrile. The formation of alkylidenemalononitrile involves
the formation of an oxocarbonium salt. Substoichiometric addition of acetic acid improved
the yield of enamines thereby enabling the formation of halogenated pyridines in good yields
(Scheme 1V.4) .11

R1
NC_ _CN DMF-DMA NC__CN RZ_A\CN
| Ac;0 (0.2 equiv) | HX |
. R YPONT TAcOH” S\Phy
R RZ RZ |

Scheme 1V.4. Synthesis of functionalized pyridine from alkylidenemalononitrile.

An intramolecular radical-triggered heterocycles synthesis possesses radical acceptors
such as alkene, alkyne, nitrile, and isonitrile with appropriately placed radical precursors. In
this context, nitrile has turned out to be an excellent radical acceptor to access various
carbocycles, and heterocycles.!* Basically a transition metal is required to activate the nitrile
through coordination with the N-atom or the z-electrons of the C=N triple bond making it a
good acceptor for the nucleophilic/radical attack, followed by cyclization to access
nitrogenous heterocycles.®> However, a metal-free photocatalytic approach employing nitrile
as a radical acceptor would be interesting to generate poly-substituted pyridines. Previously,
our group reported a nitrile-triggered synthesis of thio-substituted pyrroles with -

ketodinitriles as an acceptor and thiophenol as the radical donor (Scheme 1V.5).16

@ " CN TH Eosin Y, K,CO,
1
+ >
o’ R2 2x10 W green LEDs

Scheme 1V.5. Synthesis of thio-functionalized pyrroles.

Our interest in nitrile-based precursors, 16 we hypothesized that a reaction is feasible
with j-ketodinitriles as the radical acceptors. To confirm our hypothesis, CV of y~ketodinitrile
(1) and thiophenol (a) were measured. The estimated E1/0xd Of benzene thiol (+0.25 V vs the
SCE) is lower compared to E1/20xd Of y-ketodinitriles (+2.13 V, +0.38 V vs the SCE), enabling

them as suitable radical donor and acceptor pairs (Figure 1V.2). Our interest in nitrile-based
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precursors, %16 e hypothesized that a reaction is feasible with j-ketodinitriles as the

radical acceptors.

—7y—CN 2.18 124
5] 05
2 (a) Ty
[ e
LY
0.43 Pasl

T
i

Current density (mA/em’)
wn

e

124

T T T r r T T T T T T T
-3 42 3 ] 0 l 2 3 20 -15 10 45 .E' o [ X 10 15 20
5 FotentialV) ve AAgC

Potential (V) vs Ag/AgCl

Figure 1V.2. (a) CV graph of g-ketodinitrile (1). (b) CV graph of benzene thiol(a).
IVV.3. Present Work

To verify our hypothesis, a preliminary reaction was carried out between 2-(3-oxo-1,3-
diphenylpropyl)malononitrile (1, 1 equiv) and thiophenol (a, 2 equiv) in the presence of eosin
Y (3 mol %) and K>COs (1 equiv) in DMSO (1 mL) under the irradiation of 20 W (2 x 10 W)
green LEDs (wavelength-523 nm and flux-39 mW/cm?) in N, atmosphere for 8 h. A new
compound was obtained in 55% isolated yield along with the formation of diphenyl disulfide.
From the spectroscopic (*H and **C{*H} NMR) analyses, the structure of the product was
found to be 4,6-diphenyl-2-(phenylthio)nicotinonitrile (1a). Further, X-ray crystallography
analysis of one of its analogs (1f) validates its structure (Figure 1V.3).

wﬁ

Figure 1V.3. ORTEP diagram of 4,6-diphenyl-2-(phenylthio)nicotinonitrile (1f) with 40%
ellipsoid probability (CCDC 2201897).

To the best of our knowledge, this is a unique report for the visible-light-mediated

synthesis of thio-functionalized pyridines using y-ketodinitrils and thiophenols as the reacting

partners which has been demonstrated in Scheme 1V.6.%6"
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1VV.3. Present Work

SO
@ [0} Eosin Y (3 mol %) N\ S
CN

sH  KzCO; (1 equiv) I/
cN + | _DMSO,N,rt,3-4h CN

R  4x1W green LEDs @

Scheme 1V.6. Visible-light-mediated synthesis of thio-functionalized pyridines.

Optimization of the Reaction Conditions

Inspired by the present photocatalytic approach, further screening involving the choice of
different catalytic systems, bases, light sources, and solvents was carried out.

Table 1V.1. Optimization of the reaction conditions®?

entry variation from optimal conditions® yield (%)°
1. None 78
2. [Ru(bpy)z]Cl instead Eosin Y 68
3 [Ru(bpy)3](PFe)2 instead Eosin Y 60
4 Eosin B instead of Eosin Y 62
5 Rose Bengal instead of Eosin Y o
6 Rhodamin B instead Eosin Y 58
7 2 mol % Eosin Y 67
8 5 mol % Eosin Y 75
9 Na2COs instead of K2CO3 65
10 Cs2CO0s instead of K2COs 59
11 KOH instead of K.COs 55
12 EtsN instead of K2CO3 70
13 DBU instead of K2COs 52
14 DMF instead of DMSO 58
15 CH3CN instead of DMSO 42
16 EtOH instead of DMSO 15
17 CH3OH instead of DMSO 20
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18 1 equiv of thiol 52
19 2.5 equiv of thiol 72
20 4 x 1 W blue LEDs 65
21 4 x 1 W white LEDs 70
22 2 x 10 W green LEDs 68
23 8 h instead 2—-3 h 45
24 Sunlight 65
25 without Eosin Y 10
26 without base trace
27 reaction in dark 10
28 Reaction at 60 °C without eosin Y 00

@Reaction condition: 1 (0.25 mmol), a (0.5 mmol), Eosin Y (3 mol %),
K2COs (1 equiv), DMSO (1 mL), 3 h. Isolated pure product.

The employment of transition metal complexes such as [Ru(bpy)s:]Cl2, and
[Ru(bpy)s](PFe)2 provided 68% and 60% vyields respectively which are inferior to Eosin Y
(Table V.1, entries 2 and 3). The use of other organic dyes such as Eosin B, Rose Bengal, and
Rhodamine B, (Table V.1, entries 4-6) were unable to improve the yield as compared to
eosin Y. At 2 mol % eosin Y loading, 67% vyield of the desired product (1a) was obtained
(Table IV.1, entry 7) while increasing the catalyst loading to 5 mol % did not improve the
yield significantly (Table V.1, entry 8). Screening of other bases, such as Na;COs, Cs2COg,
KOH, and EtzN, instead of K>COs did not improve the yield (Table 1V.1, entries 9-12).
Further, the use of one of the organic bases, DBU failed to improve the yield (Table 1V.1,
entry 13). During solvent selection, DMSO was found to be the best as compared to other
solvents such as DMF (58%), CH3CN (42%), EtOH (15%), and CH30OH (20%) tested (Table
IV.1, entries 14-17). However, varying the equivalence of thiophenol from the standard
condition failed to improve the yield (Table IV.1, entries 18 and 19). Thus, the use of 2
equivalent of thiol was found to be optimal. The standard reaction when carried out using 4 x
1 W blue (430 nm) and white LEDs were unable to improve the reaction yield beyond 70%
(Table IV.1, entries 20 and 21). Thus, the use of green light is found to be the best option for
the excitation of eosin Y, since both the absorption (543 nm) and emission (560 nm) spectra
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of eosin Y in DMSO coincide with the wavelength of the green light (523 nm).% Next, the
use of 2 x 10 W green LEDs (bulb) did not prove to be much beneficial as compared to the
use of 4 x 1 W green LEDs (523 nm) having a measured flux of 39 mW/cm? (Table IV.1,
entry 22). Further, an increase in the reaction time shows no significant improvement in the
reaction yield (45%) (Table 1V.1, entry 23). The use of a natural energy source (sunlight) was
able to excite the catalyst and gave the desired product in slightly less yield as compared to
the use of 4 x 1 W green LEDs (Table IV.1, entry 24). Control experiments revealed that
eosin Y, base, and light source are indispensable for this protocol (Table 1V.1, entries 25-27).
However, the formation of 10% of the product in the absence of catalyst eosin Y may be due
to the possible competitive anionic pathway which is suppressed in the presence of eosin Y
via the SET process. To see whether the desired product is formed under the thermal
condition, the reaction of (1) with thiophenol (a) was carried out at 60 °C. The reaction failed
to give the desired thio-functionalized pyridines and decomposed to its corresponding
chalcones and form diphenyldisulfide (Table IV.1, entry 28). After screening several
parameters such as different catalytic systems, bases, light sources, and solvents the optimal
conditions for this transformation were found to be the combination of 2-(3-oxo-1,3-
diphenylpropyl)malononitrile (1, 0.25 mmol), benzenethiol (a, 0.50 mmol, 2 equiv), KoCO3
(0.25 mmol, 1 equiv), and eosin Y (3 mol %) in DMSO (1 mL) under four 1 W green LEDs
(Table V.1, entry 1).

With the optimized conditions, the present protocol was then implemented for the
construction of multi-substituted pyridines using a variety of jy-ketodinitriles (Scheme IV.7).
The yketodinitrile carrying both unsubstituted phenyl rings (1) reacted with benzenethiol (a)
giving the substituted pyridine (1a) in 78% yield. The j-ketodinitriles having electron-
donating substituents such as p-Me (2), p-OMe (3), and electron-withdrawing substituents
such as p-F (4), p-Cl (5) on the aroyl ring provided their corresponding poly-functionalized
pyridines (2a, 75%), (3a, 78%), (4a, 71%), and (5a, 74%) in good yields. Similarly, the
variation of substituents (EDGs or EWGS) on the a-phenyl ring of the malononitrile also
underwent smooth reactions with (a) giving products (6a, 74%), (7a, 76%), (8a, 69%), (9a,
71%), and (10a, 71%) respectively. Besides this, heteroaromatic j-ketodinitriles (11 and 12)
reacted efficiently giving poly-substituted pyridines (11a, 72%; and 12a, 69%). In addition to
this, y-ketodinitriles containing 1-naphthyl ring instead of a phenyl ring (13) and 2-naphthyl
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and 1-naphthyl ring on either side (14), also gave the desired products (13a, 79%, and 14a,
81%).
Scheme 1V.7. Scope of multi-functionalized pyridines with different j-ketodinitriles®"¢

Eosin Y (3 mol %)
K,CO; (1 equiv)
DMSO, Ny, rt, 3-4 h

+ — >
Ph—SH 4 x 1 W green LEDs
(a)
z | I:‘h I';'h
4 No-S R'=p-Me (2a, 75%) NS R?=p-Me (6a, 74%)
R | P = p-OMe (3a, 78%) | - = p-OMe (7a, 76%)
CN = p-F (4a, 71%) CN = p-NMe, (8a, 69%)

Z = p-F (9a, 71%)
8 +—R?2 = p-Cl (10a, 71%)

= p-Cl (5a, 74%)

(1a, 78%) (64%)°

Fl’h
R N S
| N
2 CN
7 0
—/ R = p-MePh
(11a, 72%) (12a, 69%)
unsuccessful substrate NC CN
o
Ph
NO; (15)

@ O ¢cn Eosin Y (3 mol %)

K,CO3 (1 equiv)
DMSO, N,, 5-6 h

Reaction scale Substrates ' e
1a 2a 3a 4a 12a 14a .

0.25 mmol  70% 72% 75% 69% 66% 79% E

5.0 mmol 65%

T T N AR
gram-scale synthesis

4Reaction conditions: 1-16 (0.25 mmol), a (0.5 mmol), K2CO3 (0.25 mmol), eosin Y (3
mol %), DMSO (1 mL), four 1 W green LEDs, under N, for 3-4 h. Plsolated yield. °5 mmol

scale.
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However, y-ketodinitrile having strong electron withdrawing group 0-NO: (15) on the -
aryl ring of the j-ketodinitrile and methyl group (16) instead of the j-aryl ring of the -
ketodinitrile failed to react. The failure of the electron-withdrawing substrate (15) may be due
to both steric and electronic factors and for (16) due to the lesser reactivity of the alkyl group
containing substrate. The applicability of the protocol was further implemented to a gram-
scale (5 mmol) synthesis, giving the product 1a in 64% yield. The use of LEDs as an energy
source for visible light have been frequently used in various photochemical reactions but the
use of direct sunlight in photochemical reactions makes the protocol more sustainable. The
sunlight is the combination of all possible wavelengths of light, where blue light accounts for
25%. So instead of a specialized reaction setup whether the reaction can be carried out under
the sunlight.1”2 To check the compatibility of the reaction, y-ketodinitriles 1, 2, 3, 4, 12 and 14
having EDGs and EWGs were reacted with thiophenol (a) under the direct sunlight for 5 h. It
was observed that all the substrates provided their corresponding pyridines (1a, 70%), (2a,
72%), (3a, 75%), (4a, 69%), (12a, 66%), (14a, 79%) in good yields under the irradiation of
the direct sunlight. The efficiency of the sunlight-mediated reaction was also demonstrated
through a large-scale synthesis (5 mmol) yielding the pyridine 1a in 65% yield.

Next, p~ketodinitrile (1) was reacted with various thiophenols (b—k) having electron-
donating groups (EDGs) and electron-withdrawing groups (EWGs) as shown in Scheme I1V.8.
Thiophenols having EDGs such as p-Me (b), o-Me (c), p-OMe (d), m-OMe (e), and EWGs
such as p-F (f), p-Cl (g), m-ClI (h), 0-Br (i), and p-CF3 (j) were reacted efficiently to give their
respective products (1b, 73%); (1c, 67%); (1d, 74%); (1e, 69%); (1f, 72%); (19, 69%); (1h,
59%); (1i, 58%); and (1j, 59%), in good yields. Further, polyaromatic thiol such as 2-napthyl
thiol underwent a smooth reaction, and yielded the corresponding thio-functionalized pyridine
1k in 72% vyield. Besides aromatic thiols, heteroaromatic thiol such as thiophene 2-thiol (1),
and aliphatic thiols such as cyclohexane thiol (m) reacted to give the desired pyridine, 1l in
75%, and 1m in 56% yield. Further, to see whether this methodology is compatible with
acyclic alkyl thiols, j-ketodinitrile (1) was reacted with ethyl thiol (n), propyl thiol (0), butyl
thiol (p), tert-butyl thiol (q) under the present photochemical conditions. All the alkyl thiols
failed to give any clean products, which is due to the inability of alkyl thiols to form

corresponding thiyl radicals. However, on prolonging the reaction time, the j~ketodinitrile (1)
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started decomposing giving a hydrogenated chalcone (1) and the corresponding

disulphides.*6d

Scheme 1V.8. Scope of multi-functionalized pyridines with different thiophenols.2®
R

& //
Ph._O . SH Eosin Y (3 mol %) O\
K,CO; (1 equiv)
QCN + R@ DMSO, Ny, rt, 3-4 h-
Z (1b 11)

4 x1W green LEDs

Me\©\ Me0\©\
S ; S S MeO S
’d

1 CN | 1 3
CN
N7 _ : N? NN CN
Ph ]
(1f 72%) (CCDC-2201897) Phig, 69%) " Ph Eh
, (1h, 59%)
Br CF3
@ </1 Q
s s s
NS
Ph Ph Ph Ph Ph Ph Ph Ph” S~ “Ph
(1: 58%) (1j, 59%) (1k, 72%) (11, 75%) (1m, 56%)

unsuccessful substrates

R-SH
R =Et (n), n-Pr (o), (1) + RSH StL.;f!fl-mL Ph)l\/\Ph + RS-SR
n-Bu (p)’ t-Bu (q) condition (1" 42%)

Reactivities of thiophenols in the presence of sunlight

R.
Ph._O . . S
CN cn Eosin Y (3 mol %) CN
on+ | _KCOs(1equiv) N "R 5.MePh R =0-BrPh
R DMSO, Ny, 5-6 h pp,~ X~ p, P-OMePh napthyl
Ph p-CIPh thiophenyl

Reaction scale Substrates
ib 1d 1g 1i 1k 1l

0.25 mmol 69% 70% 68% 55% 70% 72%

8Reaction conditions: 1 (0.25 mmol), b-k (0.5 mmol), K2COs (0.25 mmol), eosin Y (3
mol %), DMSO (1 mL), four 1 W green LEDs, under N2 for 3-4 h. Plsolated yield.

After synthesizing a variety of poly-substituted pyridines, we also successfully performed
the reactions under sunlight for a few thiophenols (b, d, g, I, k, I). The reaction proceeded

well with thiophenols having different substituents. The j~ketodinitrile 1, when reacted with
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thiophenols b, d, g, i, k, I and in the presence of sunlight for 5 h gave their corresponding
products 1b, 1d, 1g, 1i, 1k, and 11 in 69%, 70%, 68%, 55%, 70%, and 72% yields.*"® Hence it
is concluded that sunlight can excite the catalyst eosin Y and shows almost equal efficacy
compared to the use of green LEDs. Next, some control experiments were carried out to
decipher the mechanistic hypothesis. When the reaction was performed in dark, the product
(1a) obtained in 10% yield [Scheme IV.9a (i)] and the yield remain unaltered upon prolonging

the reaction to 24 h. This confirms the crucial role of light in initiating the reaction.

(a) Control experiment

Ph O SH Ph\S
N standard - dark: (1a, 10%), 3-24 h ---(i)
CN + condition NZ )
o without EY: (1a, 10%) --~(ii)
7 el Eh i 0 .
(1 (a) (1a) without base: (1a, <10%)---(iii)
Ph
Ph._O .
CN o without base ™ S
Eosin Y (3 mol % CN & (iv
CN + ( b, NZ | (iv)
Ph DMSO, O,, rt, 3 h “
Q] (a) 4 x1W green LEDs Ph Ph(1a, 00%)

DMSO, rt, 3-15 h

Ph ¥ CN SH without pho\tocatalyst o CN
K,CO3 (1 equiv) + (1a,<10%) ---(v)

(1) Ph (a) 4x1Wgreen LEDs (16, 50%)'Sh
open air
Ph® cn - O CN  (1a,00%)
60 °C open air + ===(vi)
CN + — A, PhJJ\/kph PhSSPh
DMSO, rt, 24 h (16, 15%)

(1) Ph (a)

(b) Radical-trapping experiment

Ph Me
Ph\K_
s

Ph__0O CN SH stand.a.rd
condition
cN T /©/ ——————>  (Q 69%) +(1b, <10%)
1 Me™ (p JL (1 equiv) Me
ph (1) o Ph” “Ph S‘s
Me

(b', 15%)
Scheme 1V.9. Control experiments.

Further, the omission of catalyst, from the reaction provided only 10% of the product (1a)
suggesting its role in the formation of the thiyl radical [Scheme IV.9a (ii)]. Omission of the
base resulted in a trace amount of the product (<10%) [Scheme 1V.9a (iii)]. These
experiments reveal that photocatalyst, light, and base are indispensable for this protocol. To
see whether Oz in the form of superoxide helps in the generation of thiyl radical a reaction

was carried out in the absence of a base under an oxygen atmosphere.'®® However, no desired
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product (1a) was obtained confirming the non-involvement of oxygen [Scheme 1V.9a (iv)].
Further, the reaction in the absence of photosensitizer under aerobic conditions resulted in a
trace amount (<10%) of the product (1a) along with the formation of diphenyldisulfide and a
decyanated product, 4-oxo-2,4-diphenylbutanenitrile (16) [Scheme IV.9a (v)]. To ascertain
the role of oxygen if any in the generation of thiyl radical a reaction was perfomed at 60 °C in
the absence of base under an air atmosphere. This condition gave no desired product and
most of the j-ketodinitrile (1) remained unconsumed along with the formation of substantial
amount of diphenyldisulfide and a trace amount of decyanated product (16) [Scheme IV.9a
(vi)].*6%€ The formation of decyanated product (16) from a dicyano substrate (1) under a basic
and aerobic medium is reported.’®® Further, it was observed that the use of 1,1-diphenyl
ethylene as a radical scavenger resulted in a lower yield (<10%) of the product (1b) along
with the trapped adduct (Q, 69%) and dimer (b") of the corresponding thiol. This supports the
intermediacy of thiyl radical (Scheme 1V.9b). The structure of the adduct Q was confirmed
by NMR (*H and BC{*H}) and HRMS analyses (Figure 1V.9, 10, and 11 respectively).
Finally, an on-off experiment has been performed to show that a continuous supply of light is

necessary (Figure 1V.4).16.18

50 4

40 4

10 min light on
10 min light off
10 min light on
10 min light off
10 min light on

10 min light off

10 min light on

o\ 5minlight on

s
1
20 min light on

0 20 40 60 80 100
Time (min.)

Figure 1V.4. Stair type graph for on-off experiment.
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From the Stern—Volmer (SV) fluorescence quenching experiment, which employed eosin
Y as the probe and thiophenol (a) as a quencher, suggests a smooth electron transfer between
thiophenol and eosin .12 For further confirmation a fluorescence quenching experiment was
performed taking eosin Y as the probe and thiolate anion (thiol + base) as quencher. It was
observed that no uniform decrease in the fluorescence maxima intensity was observed upon
successive addition of the quencher thiolate anion even at higher concentration. However, a
uniform quenching pattern was observed with a lower concentration of thiophenol as
quencher. This suggests that there is a smooth electron transfer between the probe eosin Y

and thiophenols compared to thiolate anion [Figure I\V.5. (i) and (ii)].

7 50EH 0 e
“The emission spectra of the Eosn ¥ Tn presence of Mission spectra of cosin Y in presence of different cone. of
1.2B+074 40 X 5 quencher (PhSH + K, CO;)at & = 515 nm
il different conc.of quencher (PhSH) at &_= 515 nm -
. 6.00E+06+ = 0 mM [Quencher’
Loeor] (i) [\ 0 mM PhSH (i) [Q 1
_— I/ —
. A
- o
= 8.0E+06 T 4.50E+06-]
2 =
2 ) =}
£ 6.0E+06 1 \ =
: : 3.00E+06-
& 4.0E+06 - -
75 mM PhSH
2.0E+064 1.50E+06+ 110 mM [Quencher]
0.0E+00 ’ T T T T ; T 0.00E+00 T T T T T T
520 540 560 580 600 620 640 660 680 700 40 570 600 630 660 690
wavelength (nm) ‘Wavelength (nm)

Figure 1V.5. (i) Fluorescence quenching of eosin Y with thiophenols as quencher. (ii)
Fluorescence quenching of eosin Y with thiolate anion (thiophenols + base) as quencher.
To further confirm, whether the generation of thiyl-radical is directly from the thiophenols

or from the thiolate anion CV measurements were done.

12 2,
(i) e3 (") —— SPh+K CO,
T 0sd <
3 E o7
) <
T e K
£ an z 0.0
g 5
o 03 S.07
‘E g
2o 5
A 5 -1.4
(5]
3 ©
14
13 2.1
T T T T T T T T T T T T T T
a0 <15 40 45 08 0% 18 15 1o 20 -5 -0 05 00 05 10 15 20

PotentiaiV) ve AL QT Potential(V) vs Ag/AgCI

Figure 1V.6. (i) CV graph of benzene thiol. (ii) CV graph of benzene thiol (a) in the
presence of base.
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The CV measurements, revealed that the oxidation potential of thiophenol (E1/20x = +0.25
V vs SCE) is lower than the oxidation potential of eosin Y (E120x = +0.83 V vs SCE for
excited state of eosin Y). This enables the oxidation of thiophenol by the eosin Y and
facilitates the formation of thiyl radical (Figure 1V.6). However, the possible formation of
thiyl-radical from the thiolate anion can not be completely ruled out. As evident from the CV
value the thiolate anion (E1.2 ox = +0.35 V vs SCE) has a higher tendency to gain electron than
PhSH (E120x = +0.25 V vs SCE) or PhSH preferably lose an electron than the thiolate anion.
When comparing these values with the oxidation potential of eosin Y (E12 ox = +0.83 V vs
SCE for the excited state of eosin Y), it is clear that EY™* will better oxidize PhSH rather than
the thiolate anion. [Figure 1V.6 (i) and (ii)] (Figure 1V.6).1%2

Based on control experiments and literature reports, a mechanistic path is suggested in
Scheme 1V.10.16:°

Ph ~~ Ph N_
s )
°=S‘\ S\NH B BH nc M
NH -Ph
2 /s 5 Z (o) S
P n Ph Ph

Ph (B)
Ph [EY]
NC y,
l NC . D ‘,\g/ x
Ph . &
S "f N (%)
CN oNC _Ph [ Photoredox

X o-— .
HoHN ) S [EY] catalysis [EY]*
Ph Ph Ph ) Ph /

i B \
D thiyl-radical SET
addition | (1) BH B \
. .
H.0 —PhS ‘gphSH PhSH
2 (@) (a’) (a)
Ph
s i ~
PhSSPh
CN CN
HN™ X NZ
S SGNNNe
Ph Ph DMSO Ph Ph
(E) (1a)

Scheme 1V.10. Plausible mechanism.

Initially, green LEDs, excited the eosin Y (EY) to EY*, which oxidizes the thiophenol (a)
to a radical cation (a'). Next, the thiyl radical (a") is obtained via deprotonation from the
radical cation (a’). The thiyl radical (a”) undergoes addition to one of the nitrile groups of »
ketodinitrile (1), generating intermediate A. Subsequently, (A) is converted to an anionic
intermediate (B) via a reductive quenching. The intermediate (B) upon protonation generates
an imine intermediate (C) (detected by HRMS analysis of reaction mixture, Figure S19) The

nucleophilic attack of imine (C) to the carbonyl group provided the intermediate D. Finally,
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the loss of a water molecule from the intermediate D gives intermediate E (detected by
HRMS analysis of the reaction mixture), which upon tautomerization followed by oxidative
aromatization produces pyridine 1a (Scheme 1V.10 and Figure IV.17).

To illustrate the utility of the present photochemical approach, pyridine (la) was
employed for some synthetic transformations (Scheme IV.11). Oxidation of (1a) with
mCPBA provided the sulfonylated pyridine (1aa) in 75% yield.?’ Further, 1a was subjected
to annulation using diphenyl acetylene which provided the C-H, N annulated product 1ab in
68% yield.?! Base hydrolysis of (1a) gave 4,6-diphenyl-2-(phenylthio)nicotinamide (1ac) in

78% yield which is an analog of nicotinamide (a form of vitamin B3) used for the treatment

of pellagra.zza'b
Ph_ /‘-0
i CN
NZ H,  KOH (4 equiv) NZ mCPBA (5 equiv) NZ
EtOH reflux, 5 h T Dem,rt,5h
(13)
(1ac 78% (1aa 75%

Nicotinamide analogue

[RuCl,(p-cymene)],
Cu(OAc),.H,0
DCE, 120 °C, 24 h
pressure tube
TfOH

OTf Ph
S/

\ﬁ/ CN

N
(1ab, 68%)
Scheme 1V.11. Post-synthetic transformation.

In summary, a thiyl radical-triggered synthesis of multi-substituted pyridines is
demonstrated using j-ketodinitriles, thiols, in the presence of eosin Y under metal-free
conditions. This protocol simultaneously constructs C-N, C-S, and C=C bonds. This
methodology can tolerate different substituents in both coupling partners. A few post-
translational modifications and a scale-up reaction are illustrated to show the practical utility
of the present protocol. The reaction also underwent flawlessly employing sunlight as a

sustainable energy source.
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IVV.4. Experimental Section

IV.4.1. General information: All the reagents were commercial grade and purified
according to the established procedures. All the reactions were carried out in oven-dried
glassware. The highest commercial quality reagents were purchased and were used without
further purification unless otherwise stated. Reactions were monitored by thin-layer
chromatography (TLC) on a 0.25 mm silica gel plates (60F2s4) visualized under UV
illumination at 365 nm. Organic extracts were dried over anhydrous sodium sulfate (Na2S0Oa).
Solvents were removed using a rotary evaporator under reduced pressure. Column
chromatography was performed to purify the crude product on silica gel 60-120 mesh using a
mixture of hexane and ethyl acetate as eluent. All the isolated compounds were characterized
by H, *C{1H} NMR, HRMS-spectrometric and IR spectroscopic techniques. NMR spectra
for all the samples were recorded in deuterochloroform (CDCls). *H, *C{1H} were recorded
in 600 (150) or 500 (125) or 400 (100) MHz spectrometer and were calibrated using
tetramethylsilane or residual undeuterated solvent for *H NMR, deuterochloroform for 3C
NMR as an internal reference {Si(CHs)a: 0.00 ppm or CHCls: 7.260 ppm for 'H NMR,
77.230 ppm for *C{*H} NMR}. °F NMR was calibrated without any internal standard in
CDCls in 400 MHz spectrometers. The chemical shifts are quoted in ¢ units, parts per million
(ppm). *H NMR data is represented as follows: Chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, br = broad, dd = doublet of doublets),
integration and coupling constant(s) J in hertz (Hz). High-resolution mass spectra (HRMS)
were recorded on a mass spectrometer using electrospray ionization-time of flight (ESI-TOF)
reflection experiments. FT-IR spectra were recorded in KBr or neat and reported in the

frequency of absorption (cm™).
IV.4.2. Crystallographic Information:

(A)  Sample Preparation:

The single crystal of compound 1f was prepared by the slow evaporation method for
which 10 mg of the compound (1f) was dissolved in 1 mL of DCM in a clean and dry 10 mL
glass vial. MeOH (0.5 mL) was added to this solution slowly with a dropper. The mouth of

the glass vial was covered with a cap having a small hole and kept it for slow evaporation at
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room temperature. Transparent white needle-like single crystals of 1f was obtained after 2—3
days.

(B)  Crystallographic Description of 2-(4-Fluorophenyl)thio)-4,6-
diphenylnicotinonitrile (1f):

Diffraction data were collected at 292 K with MoKa radiation (A = 0.71073 A) using a
Bruker Nonius SMART APEX CCD diffractometer equipped with graphite monochromator
and Apex CD camera. The SMART software was used for data collection and for indexing
the reflections and determining the unit cell parameters. Data reduction and cell refinement
were performed using SAINTY? software and the space groups of these crystals were
determined from systematic absences by XPREP and further justified by the refinement
results. The structures were solved by direct methods and refined by full-matrix least-squares
calculations using SHELXTL-97° software. All the non-H atoms were refined in the
anisotropic approximation against F? of all reflections.

1. G. M. Sheldrick, SADABS, 1996, based on the method described in: R. H. Blessing, Acta

Crystallogr. 1995, A51, 33-38.

2. SMART and SAINT, Siemens Analytical X-ray Instruments Inc., Madison, W1, 1996.
3. G. M. Sheldrick, Acta Crystallogr., 2008, A64, 112-122.

C24H15FN2S, crystal dimensions 0.35 x 0.31 x 0.29 mm, M, = 382.44, monoclinic,
space group P 21/c, a = 13.2258 (5), b = 8.0745 (3), ¢ = 19.2139 (8) A, « = 90°, § = 109.317
(1)°, y=90°, V = 1936.37 (13) A3, Z = 4, pcaica = 1.312 g/cm?®, 1 = 0.188 mm™?, F(000)= 792.0,
reflection collected / unique = 32809 / 3414, refinement method = full-matrix least-squares on
F2, final R indices [I> 2\s(1)]:R1 = 0.0407, wR2 = 0.0973, R indices (all data): R1 = 0.0601, wR;
= 0.1182, goodness of fit = 1.037. CCDC-2201897 for 2-((4-fluorophenyl)thio)-4,6-
diphenylnicotinonitrile (1f) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre

via www.ccdc.cam.ac.uk/data request/cif.
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Figure 1V.8. ORTEP diagram of 2-((4-fluorophenyl)thio)-4,6-diphenylnicotinonitrile (1f)
with 40% ellipsoid probability (CCDC 2201897).

1V.4.3. General Procedure for the Synthesis of 2-(3-0x0-1,3-
diphenylpropyl)malononitrile (1-16):

Compounds 1-16 were synthesized as per the following the method described in S. Lin,
Y. Wei and F. Liang. Chem. Commun., 2012, 48, 9879.

o JNe_cN
= K,CO- (2 equiv
+ N en 2C0s (2 equiv)
DCE, rt, 12 h

Compounds (1—14) were synthesized by a slight modification of the literature procedure.

(1)

To an oven-dried 50 mL round-bottom flask were added chalcone, 1,3-diphenyl-2-propen-1-
one (1.04 g, 5.0 mmol.), malononitrile (0.66 g, 10.0 mmol), K>COs (1.38 g, 10.0 mmol), and
DCE (5 mL). The reaction mixture was stirred at room temperature for 12 h. Then, the
reaction mixture was admixed with ethyl acetate (30 mL) and the organic layer was washed
with water (10 mL). The organic layer was dried over anhydrous Na>SQOas, and the solvent
was evaporated under reduced pressure. The crude product so obtained was purified over a
column of silica gel (hexane/ethyl acetate, 9:1) to give pure 2-(3-Oxo-1,3-
diphenylpropyl)malononitrile (1) (1.30 g, 95%).
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1V.4.4. General Procedure for the Synthesis of  4,6-diphenyl-2-
(phenylthio)nicotinonitrile (1a) from 2-(3-oxo-1,3-diphenylpropyl)malononitrile (1) and
Thiophenol (a):
O Eosin§(3 mol %)
O oN K,CO; (1 equiv)
SH " pmso, N, rt,3h

+
l|’h 4 x1 W green LEDs

CN
O 1) (a)

To an oven-dried 10 mL Dborosilicate vial were added 2-(3-oxo-1,3-

diphenylpropyl)malononitrile (1) (0.25 mmol, 68 mg), eosin Y (3 mol%, 5 mg), and K>CO3
(1 equiv, 34 mg). Then to the reaction mixture benzene thiol (a) (0.5 mmol, 55 mg) in 1 mL
of DMSO was added and stirred at room temperature under N2 atmosphere for 3 h, tentatively
at a distance of ~1-2 cm from four 1 W green LEDs. After completion of the reaction
(monitored by TLC analysis), the mixture was diluted with water (10 mL) followed by
extraction with ethyl acetate (20 mL). The organic layer was dried over anhydrous Na>SOa,
and the solvent was evaporated under reduced pressure. The crude residue thus obtained was
purified by column chromatography over silica gel (60—120 mesh) using hexane and ethyl
acetate (98:2) as an eluent to afford the 4,6-diphenyl-2-(phenylthio)nicotinonitrile (1a) in
78% yield. The identity and purity of the product were confirmed by spectroscopic analysis
(Scheme S2).

IVV.4.5. General Procedure for 5 mmol Scale Reaction for the Synthesis of 4,6-Diphenyl-
2-(phenylthio)nicotinonitrile (1a):

To an oven-dried 50 mL borosilicate round bottom flask, were added 2-(3-o0xo-1,3-
diphenylpropyl)malononitrile (1) (5 mmol, 1.37 g), eosin Y (3 mol %, 0.135 g), and K>CO3
(1 equiv, 0.966 g). Then to the reaction mixture benzene thiol (a) (10.0 mmol, 1.10 g) in 2
mL of DMSO was added and stirred at room temperature under N2 atmosphere for 3 h,
tentatively at a distance of ~1-2 cm from four 1 W green LEDs. After completion of the
reaction (monitored by TLC analysis), the reaction mixture was admixed with ethyl acetate
(50 mL) and the organic layer was washed with ice-cooled water (20 mL). The organic layer
was dried over anhydrous Na>SO4, and the solvent was evaporated under reduced pressure.

The crude residue thus obtained was purified by column chromatography over silica gel
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(60—120 mesh) using hexane and ethyl acetate (98:2) as eluent to afford the 4,6-diphenyl-2-
(phenylthio)nicotinonitrile (1a) in 64% yield. The identity and purity of the product was

confirmed by spectroscopic analysis.

1V.4.6. General Procedure  for  the Synthesis of  4,6-Diphenyl-2-

(phenylthio)nicotinonitrile (1a) in the Presence of Sunlight:

O Ph.g
o CN Eosin Y (3 mol %) CN

TH K,COj; (1 equiv) N~ |
+

—
N pnh  DMSO, N, 5-6h O X O
(1 O (a) (1a)

To an oven-dried 25 mL borosilicate round bottom flask, was added 2-(3-o0xo-1,3-
diphenylpropyl)malononitrile (1) (0.25 mmol, 68 mg), eosin Y (3 mol %, 5 mg), and K.COs
(1 equiv, 34 mg). Then to the reaction mixture benzene thiol (a) (0.5 mmol, 55 mg), in 1 mL
DMSO was added and stirred at room temperature under N2 atmosphere for 5-6 h, with the
surrounding temperature 30-35 °C. After completion of the reaction (monitored by TLC
analysis), the reaction mixture was admixed with ethylacetate (20 mL) and the organic layer
was washed with water (10 mL). The organic layer was dried over anhydrous Na SO, and
the solvent was evaporated under reduced pressure. The crude residue thus obtained was
purified by column chromatography over silica gel (60-120 mesh) using hexane and ethyl
acetate (98:2) as eluent to afford the 4,6-diphenyl-2-(phenylthio)nicotinonitrile (1a) in 70%

yield. The identity and purity of the product was confirmed by spectroscopic analysis.
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Light Information and Reaction Set-up:

Luxeon star 4 x 1 W green LEDs were used as a light source for this light promoted
reaction without using any filter. The measured wavelength is 523 nm with measured flux of
39 mW/cm?, and borosilicate glass vial was used as a reaction vessel. Distance from the light

source to the irradiation vessel ~1-2 cm. Regular fan was used for proper aeration to

maintain the temperature 28—30 °C (Figure IV.7).

Figure IV.7. Photochemical reaction set-up (outside & inside view).
1V.4.7. Post Synthetic Applications:
(A)  General Procedure for the Synthesis of 4,6-diphenyl-2-
(phenylsulfonyl)nicotinonitrile (1aa) from 4,6-diphenyl-2-(phenylthio)nicotinonitrile
(1a):

Ph.g Ph ’Lo
NANCN
S | mCPBA (5 equlv)
(1a) (1aa 75°/)

To a 10 mL round bottom flask was added 4,6-diphenyl-2-(phenylthio)nicotinonitrile
(1a) (91 mg, 0.25 mmol) and DCM. Then the reaction mixture was stirred under ice-cooled
condition. Then to the reaction mixture mCPBA (215 mg, 1.25 mmol) was added pinch wise

over a period of 5 minute. Then the reactions mixture was stirred at room temperature for 6 h.
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After completion of the reaction (monitored by TLC analysis), the solvent was evaporated and
the reaction mixture was admixed with ethyl acetate (15 mL) and the organic layer was
washed with saturated bicarbonate solution (5 mL). The organic layer was dried over
anhydrous sodium sulfate (Na2SOs), and the solvent was evaporated under reduced pressure.
The crude product so obtained was purified over a column of silica gel using 8% ethyl acetate
in hexane to give pure 4,6-diphenyl-2-(phenylsulfonyl)nicotinonitrile (1aa) in 75% vyield. The
identity and purity of the product was confirmed by spectroscopic analysis.

(B) General Procedure for the Synthesis of 3-cyano-2,6,7-triphenyl-4-

(phenylthio)pyrido[2,1-a]isoquinolin-5-ium (1ab) from 4,6-diphenyl-2-
(phenylthio)nicotinonitrile (1a) and Diphenyl Acetylene.
Ph _
S OTf _Ph
A _cn s
N | \ﬁ/ CN
S [Ru(p-cymene)Cl,], (5 mol %) |
O (1a) O Cu(OAc),.H,0 (2.2 equiv) O S O
+ TfOH (1.5 equiv)
DCE, 120 °C (1ab, 68%)

pressure tube, 24 h

To an oven-dried pressure tube containing a magnetic bar was added 4,6-diphenyl-2-
(phenylthio)nicotinonitrile (1a) (0.20 mmol, 72 mg), diphenylacetylene (0.024 mmol, 43 mg),
[Ru(p-cymene)Cl2]> (0.01 mmol, 6 mg), Cu(OAc)2.H20 (0.44 mmol, 84 mg), TfOH (0.30
mmol, 45mg) and DCE (2 mL). The reactions mixture was stirred in an oil bath preheated at
120 °C for 24 h. After completion of the reaction (monitored by TLC analysis), the reaction
mixture was admixed with ethyl acetate (20 mL) and the organic layer was washed with
saturated sodium bicarbonate solution (10 mL). The organic layer was dried over anhydrous
sodium sulfate (Na.SO4), and solvent was evaporated under reduced pressure. The crude
product so obtained was purified over a column of silica gel using 2% methanol in DCM to
give pure 3-cyano-2,6,7-triphenyl-4-(phenylthio)pyrido[2,1-a]isoquinolin-5-ium (1ab) in 68%

yield. The identity and purity of the product was confirmed by spectroscopic analysis.
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(C)  General Procedure for the Synthesis Of 4,6-diphenyl-2-(phenylthio)nicotinamide
(1ac) from 4,6-diphenyl-2-(phenylthio)nicotinonitrile (1a):

Ph Ph
s s 0
CN
NZ | NZ | NH,
N KOH (4 equiv) N
—_—
PRACET T10RA®
(1a) (1ac, 78%)

To a oven-dried round bottom flask was added 4,6-diphenyl-2-
(phenylthio)nicotinonitrile (1a) (0.20 mmol, 72 mg), KOH (0.8 mmol, 44 mg), and ethanol (2
mL). Then the reaction mixture was stirred under ice-cooled condition for 8 h. After
completion of the reaction (monitored by TLC analysis), the solvent was evaporated and the
reaction mixture was admixed with ethyl acetate (20 mL) and the organic layer was washed
with water (10 mL). The organic layer was dried over anhydrous sodium sulfate (Na2S0Os),
and the solvent was evaporated under reduced pressure. The crude product so obtained was
purified over a column of silica gel using 20% ethyl acetate in hexane to give pure 4,6-
diphenyl-2-(phenylthio)nicotinamide (1lac) in 78% yield. The identity and purity of the
product was confirmed by spectroscopic analyses.

IVV.4.8. Mechanistic Investigations:

Radical-trapping Experiments:

Ph._0O
m /©/SH standard condition pp, S—@—Me + (1b, < 10%)
+ >
CN by
Me JL (1 equiv) Ph
Ph p
™

(b) g (Q, 69%)
() To an oven-dried 10 mL Dborosilicate vial was added 2-(3-oxo-1,3-

diphenylpropyl)malononitrile (1) (0.25 mmol, 68 mg), p-methyl benzene thiol (b) (0.5 mmol,
62 mg), eosin Y (3 mol%, 5 mg), and K2COs (1 equiv., 34 mg). Then 1,1-diphenyl ethylene (1
equiv, 45 mg) in 1 mL of DMSO was added and stirred at room temperature under N>
atmosphere for 3 h tentatively at a distance of ~1-2 cm from four 1 W green LEDs. It was
found that in the presence of diphenyl ethylene <10% of the product (1b) and exclusive thiyl
radical trapped adduct (Q, 69%) was observed. The structure of the adduct (Q) was confirmed
by HRMS (Figure 1V.9), *H NMR (Figure 1V.10), and 3*C{*H} (Figure 1V.11) analyses.
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Figure 1VV.9. HRMS spectra of thiyl-radical trapped adduct (Q).
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Figure 1V.10. tHNMR spectra of thiyl-radical trapped adduct (Q).
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Figure 1V.11. 13C{1H} NMR spectra of thiyl-radical trapped adduct (Q).

Control Experiments

Q) In the Absence of Light:
Eosin Y (3 mol %)

O o) SH S
CN
K,CO; (1 equiv)
CN + P
DMSO, N,, rt, 3-24 h
Dark
1) (a) (1a, 10%)

To an oven-dried 10 mL borosilicate vial was added 2-(3-oxo-1,3-

J

diphenylpropyl)malononitrile (1) (0.25 mmol, 68 mg), eosin Y (3 mol%, 5 mg), and K.COs (1
equiv., 34 mg). Then benzene thiol (a) (0.5 mmol, 55 mg), in 1 mL of DMSO was added and
then covered with an aluminium foil so that light cannot interact with the reaction mixture.
Then the reaction mixture stirred at room temperature under N2 atmosphere for 3 h. It was
observed that around 10% of 1a was formed (monitored by TLC analysis). Then the reaction
was continued for 24 h to check the further progress. After completion of the reaction, the
reaction mixture was admixed with ethyl acetate (20 mL) and the organic layer was washed
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with ice-cooled water (10 mL). The organic layer was dried over anhydrous Na,SQOs, and the
solvent was evaporated under reduced pressure. The crude residue thus obtained was purified
by column chromatography over silica gel (60—120 mesh) using hexane and ethyl acetate
(98:2) as an eluent to afford the 4,6-diphenyl-2-(phenylthio)nicotinonitrile (1a) in 10% yield.
The identity and purity of the product were confirmed by spectroscopic analysis.

(1) Inthe Absence of Catalyst:

. e ALk

K,CO; (1 equiv) |
DMSO, Ny, rt, 3 h

CN Z CN
4 x 1 W green LEDs O
U O (a) (1a, 10%)

To an oven-dried 10 mL borosilicate vial were added 2-(3-oxo-1,3-

+

diphenylpropyl)malononitrile (1) (0.25 mmol, 68 mg), and K>COz (1 equiv, 34 mg). Then
benzene thiol (a) (0.5 mmol, 55 mg) in 1 mL of DMSO was added and stirred at room
temperature under N2 atmosphere for 3 h, tentatively at a distance of ~1-2 cm from four 1 W
green LEDs. After completion of the reaction (monitored by TLC analysis), the reaction
mixture was admixed with ethyl acetate (20 mL) and the organic layer is washed with ice-
cooled water (10 mL). The organic layer was dried over anhydrous Na>SQO4, and the solvent
was evaporated under reduced pressure. The crude residue thus obtained was purified by
column chromatography over silica gel (60—120 mesh) using hexane and ethyl acetate (98:2)
as an eluent to afford the 4,6-diphenyl-2-(phenylthio)nicotinonitrile (1a) in 10% yield

suggesting the crucial role of catalyst in the generation of thiyl radical. The identity and purity

¢

of the product were confirmed by spectroscopic analysis.

(111)  Reaction in the Absence of Base

O (o) CN SH without base O
Eosin Y (3 mol %)
+ >
CN DMSO, Ny, rt, 3 h
4 x1W green LEDs
(1) (a) (1a, <10%)

To an oven-dried 10 mL borosilicate vial was added 2-(3-oxo-1,3-

diphenylpropyl)malononitrile (1) (0.25 mmol, 68 mg), and eosin Y (3 mol%, 5 mg). Then
benzene thiol (a) (0.5 mmol, 55 mg) in 1 mL of DMSO was added and stirred at room
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temperature under N2 atmosphere for 10 h, tentatively at a distance of ~1-2 cm from four 1
W green LEDs. It was found that a trace amount (<10%) of the product (1a) was obtained (as
monitored by TLC) suggesting the necessity of the base in the present protocol.

(1V) Reaction in the Absence of Base and in the Presence of Oxygen
O o CN SH without base O S
Eosin Y (3 mol %L
G- DMSO, O,, rt, 3 h
4 x 1 W green LEDs
(1) O (a) (1a, n.d.)

To an oven-dried 10 mL borosilicate vial was added 2-(3-oxo-1,3-

diphenylpropyl)malononitrile (1) (0.25 mmol, 68 mg), and eosin Y (3 mol%, 5 mg). Then
benzene thiol (a) (0.5 mmol, 55 mg), in 1 mL of DMSO was added and stirred at room
temperature under O, atmosphere for 3 h, tentatively at a distance of ~1-2 cm from four 1 W
green LEDs. It was found that no desired product (1a) was obtained (as monitored by TLC)
suggesting the silence of oxygen in the present protocol.

(V)  Reaction in the Absence of Photosensitizer in Open Air

4x1W gréen LEDs

Ph 3 CN SH  absence of eosin Y o CN
K,CO3 (1 equiv) o
CN + > Ph/lk/kph + (1a,<10%)
Ph DMSO, rt, 3-15 h -
(1) (a) 4 x1W green LEDs (16, 50%)

open air

To an oven-dried 10 mL borosilicate vial were added 2-(3-oxo-1,3-

diphenylpropyl)malononitrile (1) (0.25 mmol, 68 mg), and K>COz (1 equiv, 34 mg). Then
benzene thiol (a) (0.5 mmol, 55 mg) in 1 mL of DMSO was added and stirred at room
temperature under open air for 3 h, tentatively at a distance of ~1-2 c¢cm from four 1 W green
LEDs. It was observed that the desired product 1a was obtained in <10% yield, while to see
the further conversion the reaction was continued for 15 h and it was observed that (1)
consumed completely and a new spot was formed. After completion of the reaction
(monitored by TLC analysis), the reaction mixture was admixed with ethyl acetate (20 mL)
and the organic layer is washed with ice-cooled water (10 mL). The organic layer was dried
over anhydrous Na>SOs, and the solvent was evaporated under reduced pressure. The crude
residue thus obtained was purified by column chromatography over silica gel (60—120 mesh)
using hexane and ethyl acetate (98:2) as an eluent to afford the 4,6-diphenyl-2-
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(phenylthio)nicotinonitrile (1a) in <10% yield and 4-oxo-2,4-diphenylbutanenitrile (16), in
50% yield. The identity of the product was confirmed by *HNMR analysis (Figure 1V.12).

hhhhhh

—0.000

HNMB {00 MMz, CDCY) 5 7.91 {8, J = 6.4 He, 2L 759t J = T2 Hg, 1H), 745{dd, /= 126,74
He, 4H), 739 (dd, J = 9.7, 4.9 He, 21 T33{dd, J =82, S8 He, [H), 4.5 {dd, S = 79, 6.0 He, 1H)L 277
368, | H), 350 (dd, 0 = 179, 5.9 Hz, TH)

05 95 90 85 B0 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
11 (ppm)

Figure IV.12. *H NMR spectra of (16).

(V1) Reaction under Thermal Condition in the Absence of Base and Eosin Y in

Open Air
Ph (0]
CN = (o] CN (1a, 00%)
60 °C open air /U\/k +
CN + - > Ph Ph PhSSPh
DMSO, rt, 24 h (16, 15%)

(1) PR (a)
To an oven-dried 10 mL round bottom flask were added 2-(3-oxo-1,3-

diphenylpropyl)malononitrile (1) (0.25 mmol, 68 mg), benzene thiol (a) (0.5 mmol, 55 mg) in
1 mL of DMSO was added and stirred at 60 °C under open air for 24 h. After completion of
the reaction (monitored by TLC analysis), the reaction mixture was admixed with ethyl
acetate (20 mL) and the organic layer is washed with ice-cooled water (10 mL). The organic
layer was dried over anhydrous Na>SOs, and the solvent was evaporated under reduced
pressure. The crude residue thus obtained was purified by column chromatography over silica
gel (60—120 mesh) using hexane and ethyl acetate (98:2) as an eluent to afford the 4-0xo0-2,4-
diphenylbutanenitrile (16), in 15% vyield. The identity of the product was confirmed by
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'HNMR analysis. No trace of the desired product 4,6-diphenyl-2-(phenylthio)nicotinonitrile
(1a) was obtained.

On-off Experiments

Me i (i) 20 min. on (16%)
! (ii) 5 min. on (19%)

O © ' (i) 10 min. off  (20%)

Eosin ¥ (3 mol %) | NS 1 (iv)10min.on  (29%)
K,CO; (1 equiv |

200, (1out) Nen | (V) 10 min. off  (30%)
DMSO, N, rt '

4 x1W green LEDs O i (vi)10 min. on (36%)

! (vii)10 min.on  (42%)

(1b) + (viii) 10 min. off (43%)
(ix) 10 min. on (48%)

The reaction mixture was stirred and irradiated by 4 x 1 W green LEDs at room
temperature under a nitrogen atmosphere for 20 minutes, and the corresponding product (1b)
was isolated in 16% vyield. Then the reaction mixture was continuously stirred for further 5
minutes and the desired product (1b) was obtained in 19% yield. When the reaction mixture
was continued under dark for another 10 min the desired product (1b) was obtained in 20%
yield. Furthermore, when the reaction mixture was stirred and irradiated by 4 x 1 W green
LEDs at room temperature under a nitrogen atmosphere for 10 minutes, the desired product
(1b) was isolated in 29% vyield. This procedure was repeated at regular time intervals and the
above results indicated that continuous visible light irradiation is essential for promoting this
transformation (Figure 1V.4). The NMR spectra were recorded taking nitromethane as the
internal standard CDClIs as the solvent (Figure 1V.13-16).
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Representative Spectra for On-off Experiments
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Figure 1V.13. *H NMR spectra of the on-off experiment (20 min. light on).
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Figure 1V.14. *H NMR spectra of the on-off experiment (further 5 min. light on).
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Figure 1V.15. 'H NMR spectra of the on-off experiment (further 10 min. light off).
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Figure 1V.16. *H NMR spectra of the on-off experiment (further 10 min. light on).
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Analysis Info Acquisition Date  12/6/2022 4:37:43 PM
Analysis Name  D:\Data\DEC-2022\DM-AP-3-1.5h.d
Method Naformat_pos_1000.m Operator ~ MSB-SS-IN
Sample Name  DM-AP-3-1.5h Instrument maXis impact 282001.00081
Comment C24H20N20S
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 3700V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset 500V Set Dry Gas 4.0 /min
Scan End 1000 m/z Set Charging Voltage 2000V Set Divert Valve Source
Set Corona 0nA Set APCI Heater 0°C
Ph
Intens. Ph DM-AP-3-1.5h.d: +MS, 0.0-0.3min #1-20
x106 ~s
= 367.1250 = NN CN
2
1 ppe Ph Ph™ Ts7Ph 5405310 453016 752.3100
(F) 300 400 H (E)oo 600 700 m/z
lnt@nsﬁ- P ~s DM-AP-3-1.5h.d: +MS, 0.0-0.3min #1-20
x10'
H —— 38513 —
CN Ph\S fo)
N7Z
NC
1 Ph (D) Ph 386.1371 NH
o 387.1341 (©)
375 380 385 390 395 400 m/z
Meas.m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
3851346 1 C24H21N20S 385.1369 6.1 216 1 10000 18.0 even ok

Figure IV.17. HRMS spectrum after 1.5 h.

1V.4.9. SV Experiments:

A 1 mM solution was prepared by mixing eosin Y in water by an appropriate dilution of
0.01 M stock solution and taken in a quartz UV cuvette of a 1 cm path length. The
UV-visible spectroscopy showed Amax of 515 nm. For the fluorescence measurement, the
sample was excited at 515 nm, and the emission was observed at 560 nm. For each
fluorescence quenching experiment, a 5 pL (1 M) solution of benzene thiol (a) was added to
eosin Y solution (1 mM) taken in a fluorescence cuvette, and fluorescence emission spectra
were recorded after each addition (Figure 1V.5). As evident from Figure S6, a decrease in
emission intensity was observed after each addition of thiophenol (a) concentration (5—75
mM). This suggests that a facile electron transfer is possible between the catalyst and the
quencher PhSH. This indicates that eosin Y might be helping in the generation of thiyl radical
from the PhSH. With these data, the Stern—Volmer graph was plotted using the equation 10/It
=1+ KSV [Q], where 10 and It are the integrated emission intensity in the absence and

presence of quencher and Ksv is the quenching constant. A linear quenching was observed.
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1V.4.10. CV Experiments:

(A)  CV Experiments Performed to Determine the Redox Potentials.

Cyclic voltammetry (CV) was performed using a three-electrode cell configuration
comprising a glassy carbon, a platinum wire, and Ag(s)/AgCl (0.01 M) as the working,
auxiliary, and reference electrodes, respectively. Cyclic voltammetry experiment of PhSH and
[S-ketodinitrile (1) taken at a scan rate 100 mv/s. Experiment conditions: init E = 2.0 V, high E
=20V, low E =-2.0 V, scan rate = 0.1 V/s, sample interval = 0.001 V, quiet time = 2s,
sensitivity = 2e—4 A/ V]. The supporting electrolyte used was tetraethylammonium
hexafluorophosphate (TEAHFP) (C2Hs)sN(PFs). Samples were prepared with a substrate
concentration of 0.01 M in a 0.1 M TEAHFP in an acetonitrile electrolyte solution. From the
result, it was found that the oxidation potential of thiophenol (E12 ox = +0.25 V vs SCE) is
lower than the oxidation potential of Eosin Y (E12 ox = +0.83 V vs SCE for excited state of
eosin Y). Similarly, the reduction potential of thiophenol (&) (Ew2 res = -1.35 V vs SCE) is
lower than the reduction potential value of Eosin Y (E12red = -1.06 V vs SCE for excited state
of eosin Y This indicates that thiophenols can be easily oxidized by the eosin Y which also
confirms the role of eosin Y as an oxidizing agent and helps in the facile generation of the
thiyl radical. Further, the CV value of thiolate anion (E1 ox = +0.35 V vs. SCE) shows that it
has a stronger tendency to gain electron than PhSH (E12 ox = +0.25 V vs. SCE) or PhSH has a
better tendency to lose electron than thiolate anion (Fig. S6). While comparing these values
with the oxidation potential of eosin Y (E120x = +0.83 V vs. SCE for excited state of eosin Y)
it is clear that EY* will preferably accept an electron from PhSH rather than from the thiyl
anion.? The E1z oxa Of y-ketodinitriles (1) is found to be 0.38 V + 2.13 V & vs SCE (Figure.
IV.2, and 6).
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IV.6. Spectral Data
4,6-Diphenyl-2-(phenylthio)nicotinonitrile (1a):

As a white solid (71 mg, 78% yield); mp 170-172 °C; purified
over a column of silica gel Rr=0.2, (2% EtOAc in hexane); ‘H
NMR (CDClIs, 500 MHz) 6 7.75 (d, 2H, J = 7.0 Hz), 7.30 (t, 2H, J =
5.0 Hz), 7.65 (d, 2H, J = 6.0 Hz), 7.56 (d, 4H, J = 7.5 Hz), 7.51 (d,
3H, J = 5.0 Hz), 7.40 (t, 1H, J = 7.0 Hz). 7.35 (t, 2H, J = 7.5 Hz);
BC{'H} NMR (CDCls, 125 MHz): 6 164.3, 158.4, 155.0, 137.0,
136.4, 136.2, 130.7, 130.2, 129.6, 129.3, 129.2, 129.0, 128.9, 128.6,
127.4, 116.1, 116.0, 103.3; IR (KBr, cm™): 3044, 2925, 2216, 1434,
1247, 1038; HRMS (ESI/Q-TOF) (m/z): calcd for CasH17N2S, [M +
H]*: 365.1107, found 365.1107.

4-Phenyl-2-(phenylthio)-6-(p-tolyl)nicotinonitrile (2a):

As a white solid Rf=0.2, (71 mg, 75% yield); mp 198-200 °C;
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): ¢ 7.69 (t, 2H, J = 5.0 Hz), 7.64 (d, 4H, J = 8.0
Hz), 7.54 (d, 3H, J = 6.0 Hz), 7.52-7.47 (m, 4H), 7.16 (d, 2H, J =
8.0 Hz), 2.36 (s, 3H); *C{*H} NMR (CDCls, 125 MHz): 6 164.1,
158.5, 154.8, 141.2, 136. 5, 136.2, 134.3, 130.2, 129.7, 129.6, 129.3,
129.2, 129.0, 128.6, 127.3, 116.1, 115.8, 102.9, 21.5; IR (KBr, cm"
1: 3075, 2912, 2219, 1435, 1234, 1057; HRMS (ESI/Q-TOF) (m/z):
calcd for C25H19N2S [M + H]™: 379.1263, found 379.1257.

6-(4-Methoxyphenyl)-4-phenyl-2-(phenylthio)nicotinonitrile (3a):

TH-3021_176122106

As a white solid (77 mg, 78% yield); mp 188-190 °C; R¢= 0.2,
purified over a column of silica gel, (2% EtOAc in hexane); H
NMR (CDClz, 500 MHz): 6 7.69 (d, 4H, J =9.0 Hz), 7.63 (t, 2H, J =
2.0 Hz), 7.56-7.48 (m, 6H), 7.48 (s, 1H), 6.85 (d, 2H, J = 8.5 Hz),
3.82 (s, 3H); BC{'*H} NMR (CDCls, 125 MHz): ¢ 164.0, 161.9,
158.1, 154.6, 136.6, 136.2, 130.1, 129.5, 129.3, 129.2, 129.1, 129.0,
128.6, 128.5, 116.2, 115.2, 114.3, 102.3, 55.5; IR (KBr, cm™): 3025,
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2828, 2218, 1455, 1035; HRMS (ESI/Q-TOF) (m/z): calcd for
C2sH19N20S, [M + H]*: 395.1213, found 395.1218.

6-(4-Fluorophenyl)-4-phenyl-2-(phenylthio)nicotinonitrile (4a):

As a white solid (68 mg, 71% vyield); mp 215-217 °C; R¢=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): 6 7.72 (t, 2H, J = 7.5 Hz), 7.68 (d, 2H,J =7.5
Hz), 7.63 (d, 2H, J = 5.0 Hz), 7.55 (d, 3H, J = 5.5 Hz), 7.50 (d, 4H,
J =8.0 HZ), 7.02 (t, 2H, J = 8.5 Hz); *C{*H} NMR (CDCls, 100
MHz): 6 164.5 (d, J = 249.8 Hz), 164.47, 157.3, 155.0, 136.3, 133.2
(d, J = 3.3 Hz), 130.3, 129.7, 129.4, 129.3, 128. 9, 128.6, 127.8,
127.4,116.0 (d, J = 21.3 Hz), 115.9, 115.7, 103.2; **F NMR (CDCls,
471 MHz) § -110.3; IR (KBr, cm™): 3063, 2912, 2824, 2212, 1468,
1264, 1080; HRMS (ESI/Q-TOF) (m/z): calcd for C2sH16FN2S, [M
+ H]": 383.1013, found 383.1019.

6-(4-Chlorophenyl)-4-phenyl-2-(phenylthio)nicotinonitrile (5a):

Cl

As a white solid (74 mg, 74% yield); mp 196-198 °C R¢=0.2,
Purification over a column of silica gel (2% EtOAc in hexane). 'H
NMR (CDCls, 500 MHz): 6 7.75 (d, 2H, J = 7.0 Hz), 7.70 (dd, 2H,
J1 = 6.5 Hz, J> = 1.5 Hz), 7.65 (dd, 2H, J: = 8.0 Hz, J, = 2.5 Hz),
7.55 (t, 3H, J = 7.5 Hz), 7.51-7.48 (m, 3H), 7.43 (t, 1H, J = 7.0 Hz),
7.35 (t, 2H J = 7.3 Hz); BC{*H} NMR (CDCls, 125 MHz): 6 164.3,
158.4, 154. 9, 137.0, 136.4, 136.2, 130.7, 130.2, 129.6, 129.3, 129.2,
129.0, 128.9, 128.6, 127.4, 116.1, 116.0, 103.3; IR (KBr, cm™):
3062, 2928, 2822, 2221, 1469, 1065; HRMS (ESI/Q-TOF) (m/z)
calcd for C24H16CIN2S [M + H]™ 399.0717, found 399.0716.

6-Phenyl-2-(phenylthio)-4-(p-tolyl)nicotinonitrile (6a):

TH-3021_176122106

As a white solid (70 mg, 74% yield); mp 196-198 °C; Rf=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): 6 7.75 (d, 2H, J = 7.5 Hz), 7.71-7.69 (m, 2H),
7.56 (d, 3H, J = 8.0 Hz), 7.51-7.49 (m, 3H), 7.40 (t, 1H, J = 7.0 Hz),
7.35 (t, 4H, J = 7.0 Hz), 2.46 (s, 3H); *C{*H} NMR (CDCls, 125
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MHz): o 164.1, 158.3, 154.9, 140.5, 137.1, 136.2, 133.5, 130.6,
129.9, 129.6, 129.3, 129.0, 128.9, 128.5, 127.3, 116.1, 116.0, 103.2,
21.5; IR (KBr, cm™): 3069, 2979, 2219, 1494, 1092; HRMS (ESI/Q-
TOF) (m/z): calcd for CasHioN2S, [M + H]™: 379.1263, found
379.1257.

4-(4-Methoxyphenyl)-6-phenyl-2-(phenylthio)nicotinonitrile (7a):

As a white solid (75 mg, 76% yield); mp 189-191 °C; R¢=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): 0 7.74 (d, 2H, J = 7.0 Hz), 7.69 (dd, 2H, J1=6.5
Hz, J> = 2.0 Hz), 7.62 (d, 2H, J = 9.0 Hz), 7.53 (s, 1H), 7.50 (dd,
3H, J1 =5.0 Hz, J> = 1.8 Hz), 7.38 (d, 1H, J = 7.0 Hz), 7.34 (t, 2H, J
= 8.0 Hz), 7.06 (d, 2H, J = 8.5 Hz), 3.89 (s, 3H); BC{*H} NMR
(CDCls, 125 MHz): ¢ 164.0, 161.9, 158.1, 154.6, 136.6, 136.2,
130.1, 129.6, 129.5, 129.3, 129.2, 129.1, 129.0, 128.5, 116.1, 115.2,
114.3, 102.4, 55.6; IR (KBr, cm™): 3061, 2937, 2844, 2229, 1468,
1075; HRMS (ESI/Q-TOF) (m/z): calcd for C2sH19N20S, [M + H]™:
395.1213, found 395.1219.

4-(4-(Dimethylamino)phenyl)-6-phenyl-2-(phenylthio)nicotinonitrile (8a):

TH-3021_176122106

As a brownish gummy (70 mg, 69% yield); R¢= 0.2, purified
over a column of silica gel (2% EtOAc in hexane); 'H NMR
(CDCls, 500 MHz): § 7.74 (d, 2H, J = 6.5 Hz), 7.69 (dd, 2H, J; =
5.5 Hz, J; = 2.5 Hz), 7.62 (d, 2H, J = 9.0 Hz), 7.53 (s, 1H), 7.49-
7.48 (m, 3H), 7.39-7.32 (m, 3H), 6.82 (d, 2H, J = 9.0 Hz), 3.05 (s,
6H); *C{’*H} NMR (CDCls, 125 MHz): 6 164.1, 157.9, 154.8,
151.7, 137.4, 136.1, 130.4, 129.8, 129.4, 129.3, 129.2, 128.9, 127.3,
123.2,116.9, 115.5, 112.2, 102.4, 40.4; IR (KBr, cm™): 3053, 2961,
2844, 2220, 1411, 1068; HRMS (ESI/Q-TOF) (m/z): calcd for
C26H22N3S [M + H]*: 408.1529, found 408.1533.
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4-(4-Fluorophenyl)-6-phenyl-2-(phenylthio)nicotinonitrile (9a):

As a yellow solid (68 mg, 71% vyield); mp 216-218 °C;
Rf=0.2, Purification over a column of silica gel (2% EtOAc in
hexane). *H NMR (CDCls, 500 MHz): 6 7.76 (d, 2H, J = 7.5 Hz),
7.72 (dd, 2H, J1 = 6.5 Hz, J» = 1.5 Hz), 7.68-7.65 (m, 2H),
7.55-7.52 (m, 4H), 7.43 (t, 1H, J = 7.5 Hz), 7.38 (t, 2H, J = 7.5 Hz),
7.29 (d, 2H, J = 8.0 Hz); C{*H} NMR (CDCls, 125 MHz): ¢
164.5, 164.1 (d, J = 249.5 Hz), 158.5, 154.9, 153.8, 136.9, 136.2,
130.8, 130.7 (d, J = 8.5 Hz), 129.7, 129.4, 129.3, 129.0, 127.7,
127.4, 116.5 (d, J = 21.7 Hz), 116.0, 103.2; 1°F NMR (CDCls, 471
MHz) § -110.3 IR (KBr, cm™): 3069, 2927, 2834, 2205, 1458,
1235, 1025; HRMS (ESI/Q-TOF) (m/z): calcd for C2sH16FN2S, [M
+ H]": 383.1013, found 383.1019.

4-(4-Chlorophenyl)-6-phenyl-2-(phenylthio)nicotinonitrile (10a):

As a white solid (71 mg, 71% yield); mp 195-197 °C; Rf=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCl3, 500 MHz): 6 7.73 (d, 2H, J = 7.5 Hz), 7.68 (d, 2H, J = 6.0
Hz), 7.58 (d, 2H, J = 8.5 Hz), 7.52 (t, 6H, J = 11.5 Hz), 7.40 (t, 1H,
J =75 Hz), 7.35 (d, 2H, J = 7.5 Hz); ®C{'H} NMR (CDCls, 125
MHz): 6 164.6, 158.6, 153.6, 136.9, 136.7, 136.3, 134.8, 130.9,
130.0, 129.7, 129.6, 129.4, 129.0, 128.9, 127.7, 127.4, 115.8, 103.1;
IR (KBr, cm™): 3064, 3045, 2841, 2219, 1146, 1090; HRMS
(ESI/Q-TOF) (m/z): calcd for C24H16CIN2S, [M + H]*: 399.0717,
found 399.0712

4-(Furan-2-yl)-2-(phenylthio)-6-(p-tolyl)nicotinonitrile (11a):

TH-3021_176122106

As a white solid (67 mg, 72% yield); mp 134-136 °C; Rf=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): 6 7.89 (s, 1H), 7.66 (d, 4H, J = 9.0 Hz), 7.62 (t,
2H,J = 45 Hz), 7.48 (d, 3H, J = 6.5 Hz), 7.15 (d, 2H, J = 8.0 Hz),
6.64 (d, 1H, J = 1.5 Hz), 2.36 (s, 3H); *C{*H} NMR (CDClI3, 125
MHz): ¢ 164.4, 158.5, 148.3, 144.9, 141.3, 141.1, 136.2, 134.3,
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129.7, 1295, 129.2, 129.0, 127.3, 116.7, 114.3, 113.1, 110.6, 97.4,
21.5; IR (KBr, cm™): 3059, 2945, 2810, 2210, 1545, 1254, 1175,
1065; HRMS (ESI/Q-TOF) (m/z): calcd for C23H17N20S, [M + H]™:
369.1056 found 369.1060.

4,6-Di(furan-2-yl)-2-(phenylthio)nicotinonitrile (12a):

As a white solid (60 mg, 69% yield); mp 136-138 °C; Rf=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCl3, 500 MHz): ¢ 7.80 (s, 1H), 7.65-7.62 (m, 3H), 7.61 (d, 1H, J
= 3.5 Hz), 7.51 (s, 1H), 7.48 (dd, 3H, J1 = 5.0 Hz, J, = 1.5 Hz), 6.63
(dd, 1H, J1 = 3.5 Hz, J> = 2.0 Hz,), 6.58 (d, 1H, J = 3.0 Hz,), 6.44
(dd, 1H, J1 = 3.5 Hz, J; = 2.0 Hz); BC{*H} NMR (CDCls, 125
MHz): ¢ 164.6, 152.7, 150.5, 148.2, 145.2, 145.0, 141.4, 136.1,
129.6, 129.2, 128.8, 116.6, 114.5, 113.1, 112.8, 112.6, 109.1, 97.0;
IR (KBr, cm™): 3069, 2937, 2824, 2215, 1576, 1177, 1067; HRMS
(ESI/Q-TOF) (m/z): calcd for C20H13N202S, [M + H]": 345.0692
found 345.0698.

4-(Naphthalen-1-yl)-6-phenyl-2-(phenylthio)nicotinonitrile (13a):

TH-3021_176122106

As a white solid (83 mg, 79% yield); mp 210-212 °C; Rf=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): 6 8.04 (d, 1H, J = 8.0 Hz), 8.00 (d, 1H, J = 8.5
Hz), 7.81-7.75 (m, 4H), 7.70 (d, 1H, J = 8.5 Hz), 7.64 (t, 2H, J = 6.5
Hz), 7.60-7.52 (m, 6H), 7.42 (t, 1H, J = 7.5 Hz), 7.37 (t, 2H, J = 7.4
Hz); C{*H} NMR (CDCls, 125 MHz): 6 163.8, 157.9, 154.3,
136.8, 136.2, 134.0, 133.8, 130.7, 130.70, 130.2, 129.7, 129.3,
128.9, 128.86, 128.7, 127.4, 127.3, 127.2, 126.6, 125.3, 1248,
117.7, 115.3, 105.5; IR (KBr, cm™): 3059, 2917, 2840, 2219, 1556,
1067; HRMS (ESI/Q-TOF) (m/z): calcd for C2sHigN2S, [M + H]™:
415.1263, found 415.1266.
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4-(Naphthalen-1-yl)-6-(naphthalen-2-yl)-2-(phenylthio)nicotinonitrile (14a):

As a white solid (94 mg, 81% yield); mp 178-180 °C; Rf=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): ¢ 8.27 (s, 1H), 8.04 (d, 1H, J = 8.0 Hz), 8.00 (d,
1H, J = 8.0 Hz), 7.84 (q, 3H, J = 7.5 Hz), 7.82 (t, 2H, J = 4.0 Hz),
7.78 (t,2H,J=75Hz),7.73(d, 1H, I =8.0 Hz), 7.65 (t, 3H,J =7.5
Hz), 7.63 (d, 1H, J = 2.0 Hz), 7.60 (t, 2H, J = 9.5 Hz), 7.56 (d, 1H, J
= 8.0 Hz), 7.53-7.49 (m, 2H); *C{*H} NMR (CDCls, 125 MHz): §
164.0, 157.7, 154.4, 136.5, 134.5, 134.1, 134.0, 133.9, 133.3, 130.8,
130.3, 129.8, 129.4, 129.1, 128.9, 128.8, 128.6, 128.0, 127.8, 127.6,
127.3, 127.28, 126.7, 126.69, 125.4, 124.9, 123.9, 117.7, 115.4,
105.4; IR (KBr, cm™): 3069, 2954, 2210, 1546, 1479, 1085; HRMS
(ESI/Q-TOF) (m/z): caled for Cs2H2iN2S, [M + H]™: 465.1420,
found 465.1418.

4,6-Diphenyl-2-(p-tolylthio)nicotinonitrile (1b):

QL
S

N/
N

Ph

CN

Ph

As a white solid (69 mg, 73% yield); mp197-199 °C; R¢=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): 6 7.78 (d, 2H, J = 7.5 Hz), 7.68 (d, 2H, J = 7.5
Hz), 7.63 (d, 2H, J = 5.0 Hz), 7.55 (d, 3H, J = 5.5 Hz), 7.50 (d, 4H,
J =8.0 Hz), 7.02 (t, 2H, J = 8.5 Hz), 2.47 (s, 3H); *C{*H} NMR
(CDCls, 125 MHz): ¢ 164.6, 158.4, 154.9, 145.1, 139.9, 137.1,
136.5, 136.1, 133.0, 130.1 129.2, 129.0, 128.6, 127.4, 125.3, 122.3,
116.1, 103.2, 21.6; IR (KBr, cm™): 3084, 2910, 2867, 2219, 1264,
1051; HRMS (ESI/Q-TOF) (m/z): calcd for CasH1gN2S, [M + H]™:
379.1263, found 379.1268.

4,6-Diphenyl-2-(o-tolylthio)nicotinonitrile (1c):

.y
s
N

|
Ph” N~ ph

TH-3021_176122106

As a white solid (63 mg, 67% yield); mp 196-198 °C; Rf=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): J 7.70 (q, 5H, J = 8.0 Hz), 7.57 (d, 4H, J = 6.5
Hz), 7.47 (t, 2H, J = 7.5 Hz), 7.39 (d, 1H, J = 6.5 Hz), 7.34 (q, 3H, J

190



Chapter IV

= 8.0 Hz), 2.49 (s, 3H); BC{*H} NMR (CDCls, 125 MHz): 6 163.9,
158.2, 154.7, 143.8, 137.2, 136.8, 136.4, 130.7, 130.6, 130.3, 130.2,
129.1, 128.9, 128.5, 128.3, 127.2, 126.8, 116.1, 115.6, 103.1, 21.1;
IR (KBr, cm™): 3049, 2926, 2854, 2229, 1049; HRMS (ESI/Q-TOF)
(m/z): calcd for CasH19N2S, [M + H]*: 379.1263, found 379.1257.

2-((4-Methoxyphenyl)thio)-4,6-diphenylnicotinonitrile (1d):

As a white solid (73 mg, 74% vyield); mp 200-202 °C; R¢= 0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): ¢ 7.78 (d, 2H, J = 7.0 Hz), 7.64 (d, 2H, J = 8.5
Hz), 7.61 (d, 2H, J = 8.5 Hz), 7.55 (d, 4H, J = 4.5 Hz), 7.41-7.34
(m, 3H), 7.04 (d, 2H, J = 8.5 Hz), 3.90 (s, 3H); BC{'H} NMR
(CDCls, 125 MHz): ¢ 165.0, 161.1, 158.4, 154.8, 137.9, 137.1,
136.5, 130.7, 130.2, 129.2, 128.9, 128.6, 127.4, 119.4, 116.1, 116.0,
114.9, 103.0, 55.7; IR (KBr, cm™): 3056, 2965, 2827, 2211, 1062;
HRMS (ESI/Q-TOF) (m/z): calcd for CzsHi9N20S, [M + H]™:
395.1213, found 395.1218.

2-((3-Methoxyphenyl)thio)-4,6-diphenylnicotinonitrile (1e):

NEN-CN

|
Ph” " ph

As a brown solid (68 mg, 69% yield); mp 194-196 °C; R¢= 0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCl3, 500 MHz): 6 7.80 (d, 2H, J = 7.0 Hz), 7.65 (dd, 2H, J; = 8.0
Hz, J2 = 2.0 Hz), 7.57 (s, 1H), 7.55 (t, 2H, J = 6.0 Hz), 7.42-7.35
(m, 5H), 7.30-7.26 (m, 2H), 7.06 (dd, 1H, J1 = 8.5 Hz, J> = 2.5 Hz),
3.84 (s, 3H); C{*H} NMR (CDCls, 125 MHz): ¢ 164.0, 160.1,
158.5, 154.9, 137.0, 136.4, 130.8, 130.3, 130.0, 129.8, 129.2, 129.0,
128.6, 128.3, 127.4, 120.9, 116.2, 116.0, 115.96, 103.4, 55.7; IR
(KBr, cm™): 3059, 2910, 2834, 2210, 1089; HRMS (ESI/Q-TOF)
(m/z): calcd for C2sH19N20S, [M + H]*: 395.1213, found 395.1220.

2-((4-Fluorophenyl)thio)-4,6-diphenylnicotinonitrile (1f):

AQ\
S
N CN
Ph ) Ph
TH-3021_ 176122106

As a white solid (69 mg, 72% yield); mp 216-218 °C; Rf=0.2,
purified over a column of silica gel (2% EtOAc in hexane); H
NMR (CDCls, 500 MHz): ¢ 7.75 (d, 2H, J = 7.0 Hz), 7.68 (d, 1H, J
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= 5.5 Hz), 7.66-7.63 (m, 3H), 7.56-7.54 (m, 4H), 7.43-7.36 (m,
3H), 7.21 (t, 2H, J = 9.0 Hz).; 3C{*H} NMR (CDCls, 125 MHz): ¢
164.0, 163.9 (d, J = 248 Hz), 162.9, 158.5, 154.9, 138.4 (d, J = 8.5
Hz), 136.9, 136.3, 130.8, 130.3, 129.3, 129.0, 128.6, 127.3, 116.6,
116.4 (d J = 18.3 Hz), 115.9, 103.2; **F NMR (CDCls, 471 MHz) §
—111.0; IR (KBr, cm™): 3055, 2935, 2845, 2215, 1476, 1063; MS
(ESI/Q-TOF) (m/z): calcd for CosHi6FN2S, [M + H]™: 383.1013,
found 383.1020.

2-((4-Chlorophenyhthio)-4,6-diphenylnicotinonitrile (19):

As a white solid (68 mg, 69% yield); mp 194-196 °C; R¢=0.2,
purified over a column of silica gel (18% EtOAc in hexane); H
NMR (CDCls, 500 MHz): d 7.76 (d, 2H, J = 7.5 Hz), 7.64 (dd, 4H,
J1=10.5HZ, J, =3.0 HZ), 7.56 (t, 4H, J =8.0 HZz), 7.48 (d, 2H, J =
8.5 Hz), 7.44-7.37 (m, 3H); *C{*H} NMR (CDCls, 125 MHz): 6
163.6, 158.6, 155.0, 145.1, 137.4, 133.0, 130.9, 130.3, 129.5, 129.3,
129.1, 128.8, 128.6, 127.3, 122.3, 116.4, 115.8, 103.4; IR (KBr, cm"
1): 3066, 2947, 2849, 2219, 1167, 1065; HRMS (ESI/Q-TOF) (m/z):
calcd for C24H16CIN2S, [M + H]*: 399.0717, found 399.0716.

2-((3-Chlorophenythio)-5-phenyl-1H-pyrrole-3-carbonitrile (1h):

As a white solid (58 mg, 59% vyield); mp 199-201 °C; R+0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): 6 7.80 (d, 2H, J = 7.0 Hz), 7.76 (s, 1H), 7.64
(dd, 2H, J1 = 7.5 Hz, J> = 2.5 Hz), 7.60 (s, 1H), 7.56 (t, 4H, J = 8.0
Hz), 7.49 (d, 1H, J = 8.5 Hz), 7.44-7.37 (m, 4H); C{*H} NMR
(CDCls, 125 MHz): ¢ 163.1, 158.6, 155.1, 136.9, 136.3, 135.9,
134.7, 133.9, 130.9, 130.7, 130.4, 130.3, 129.8, 129.3, 129.1, 128.6,
127.4, 116.6, 115.8, 103.5; IR (KBr, cm™): 3064, 2812, 2211, 1547,
1401, 1146, 1076; HRMS (ESI/Q-TOF) (m/z):
C24H16CINS, [M + H]* 399.0717, found 399.0712.

calcd for

2-((2-Bromophenylthio)-4,6-diphenylnicotinonitrile (1i):

TH-3021_176122106
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L
S

N/
N

Ph

CN

Ph

As a white solid (64 mg, 58% yield); mp 165-167 °C; Rf=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): ¢ 7.82 (d, 1H, J = 8.0 Hz), 7.78 (dd, 1H, J; =
75 Hz, J, =1.0Hz), 7.71 (d, 2H, J = 7.5 Hz), 7.66 (t, 2H, J =5.5
Hz), 7.56 (t, 4H, J = 7.5 Hz), 7.43 (t, 1H, J = 6.5 Hz), 7.39 (d, 2H, J
= 6.5 Hz), 7.37-7.33 (m, 2H); *C{*H} NMR (CDCls, 125 MHz): §
162.9, 158.5, 154.9, 138.3, 137.0, 136.3, 133.7, 131.6, 131.4, 130.8,
130.7, 130.3, 129.2, 129.0, 128.6, 128.2, 127.4, 116.3, 115.9, 103.4;
IR (KBr, cm™): 3068, 2932, 2849, 2205, 1148, 1071; HRMS
(ESI/Q-TOF) (m/z): calcd for C24H16BrN2S, [M + H]": 443.0212,
found 443.0215.

4,6-Diphenyl-2-((4-(trifluoromethyl)phenyl)thio)nicotinonitrile (1j):

CF3\©\
S

N/
N

Ph

CN

Ph

As a white solid (64 mg, 59% yield); mp 218-220 °C; Rf=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): ¢ 7.82 (d, 2H, J = 8.0 Hz), 7.76 (d, 2H, J = 8.0
Hz), 7.69 (d, 2H, J = 7.5 Hz), 7.65 (t, 2H, J = 3.5 Hz), 7.60 (s, 1H),
7.56 (d, 3H, J =5.0 Hz), 7.41 (d, 1H, J = 7.0 Hz), 7.36 (t, 2H, J =
7.5 Hz); BC{*H} NMR (CDCls, 125 MHz): ¢ 163.0, 158.6, 155.1,
136.7, 136.2, 133.9, 131.7, 131.5, 131.0, 130.4, 129.3, 129.0, 128.6,
127.3,126.1 (q, J = 3.6 Hz), 116.6, 115.7, 103.7; °F NMR (CDCls,
471 MHz): 6 —62.8; IR (KBr, cm™): 3053, 2919, 2853, 2208, 1448,
1037; HRMS (ESI/Q-TOF) (m/z): calcd for CasHi6F3N2S, [M + H]™:
433.0981, found 433.0984.

2-(Naphthalen-2-ylthio)-4,6-diphenylnicotinonitrile (1Kk):

SN

N/
N

Ph

CN

Ph

TH-3021_176122106

As a white solid (71 mg, 72% vyield); mp 225-227 °C; R¢=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 400 MHz): 6 8.22 (s, 1H), 7.93 (t, 2H, J = 8.4 Hz), 7.88 (d,
1H, J = 7.8 Hz), 7.72-7.70 (m, 2H), 7.67-7.63 (m, 3H), 7.58-7.56
(m, 6H), 7.31 (t, 1H, J = 7.2 Hz), 7.23 (t, 2H, J = 8.0 Hz); C{'H}
NMR (CDCls, 100 MHz): ¢ 164.2, 158.5, 154.9, 136.9, 136.4,
135.4, 133.9, 133.6, 132.6, 130.7, 130.3, 129.3, 128.9, 128.6, 128.2,
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128.0, 127.4, 127.3, 126.7, 126.3, 116.3, 116.0, 103.4; IR (KBr, cm’
1): 3053, 2919, 2853, 2208, 1448, 1037; HRMS (ESI/Q-TOF) (m/z):
calcd for CogH19N2S, [M + H]*: 415.1263, found 415.1263.

4,6-Diphenyl-2-(thiophen-2-ylthio)nicotinonitrile (11):

L
NZ
NS

S

Ph

CN

Ph

As a white solid (69 mg, 75% yield); mp 220-222 °C; Rf=0.2,
purified over a column of silica gel (2% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): ¢ 7.83 (d, 2H, J = 7.0 Hz), 7.69 (dd, 1H, J; =
5.5 Hz, J2 = 1.0 Hz), 7.64-7.62 (m, 2H), 7.59 (s, 1H), 7.55 (dd, 3H,
Ji1 = 5.0 Hz, J» = 2.0 Hz), 7.43-7.37 (m, 4H), 7.21 (g, 1H, J = 3.5
Hz); ¥C{*H} NMR (CDCls, 125 MHz): § 164.0, 158.9, 154.9,
137.6, 136.9, 136.3, 132.9, 130.8, 130.3, 129.3, 129.0, 128.6, 128.0,
127.5, 125.9, 116.6, 115.7, 103.0; IR (KBr, cm™): 3053, 2919, 2853,
2208, 1448, 1037; HRMS (ESI/Q-TOF) (m/z):
C22H15N2S2, [M + H]*: 371.0671, found 371.0671.

calcd for

2-(Cyclohexylthio)-4,6-diphenylnicotinonitrile (1m):

L

N=
N

Ph

CN

Ph

As a brown gummy (52 mg, 56% yield); Rf= 0.2, purified over
a column of silica gel (2% EtOAc in hexane); *H NMR (CDCls, 500
MHz): 6 8.02 (dd, 1H, J1 = 8.0 Hz, J; = 2.4 Hz), 7.87 (d, 1H, J = 7.6
Hz), 7.55-7.53 (m, 1H), 7.48-7.42 (m, 4H), 7.38 (t, 1H, J = 8.0 Hz),
7.23(t, 1H, J = 7.2 Hz), 7.18 (d, 2H, J = 1.6 Hz), 3.23 (t, 1H, J = 7.6
Hz), 3.00 (t, 1H, J = 8.0 Hz), 2.15-2.12 (m, 1H), 1.81-1.77 (m, 1H),
1.63-1.57 (m, 1H), 1.54-1.43 (m, 5H), 1.37-1.26 (m, 1H); 3C{*H}
NMR (CDCls, 125 MHz): ¢ 164.4, 158.3, 154.5, 141.3, 136.9,
133.1, 130.5, 128.5, 128.4, 128.1, 127.3, 126.1, 115.3, 103.7, 44.0,
40.5, 32.9, 25.8; IR (KBr, cm™): 3053, 2969, 2224, 1197, 1019,
HRMS (ESI/Q-TOF) (m/z): calcd for CaH23N2S, [M + H]™:
371.1576, found 371.1574.

1,3-Diphenylpropan-1-one (1'):

(o)

Ph/u\/\Ph

TH-3021_176122106

As a colorless gummy (22 mg, 42% vyield); R¢= 0.25, purified
over a column of silica gel (1% EtOAc in hexane); *H NMR
(CDCls, 400 MHz): 6 8.03 (d, 2H, J = 7.6 Hz), 7.62 (t, 1H, J = 7.2
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Hz), 7.52 (d, 2H, J = 7.6 Hz), 7.37 (t, 2H, J = 7.6 Hz), 7.33 (d, 2H, J
= 6.0 Hz), 7.29 (d, 1H, J = 7.2 Hz), 3.37 (t, 2H, J = 7.2 Hz), 3.15 (1,
2H, J = 8.0 Hz); 3C{*H} NMR (CDCls, 100 MHz): § 199.4, 141.5,
137.1,132.2, 128.8, 128.7, 128.6, 128.2, 126.3, 40.6, 30.3; IR (KBr,
cm™): 3053, 2919, 2853, 1705, 1448, 1037; HRMS (ESI/Q-TOF)
(m/z): calcd for C15H150, [M + H]™: 211.1117, found 211.1110.

4,6-Diphenyl-2-(phenylsulfonyl)nicotinonitrile (1aa):

As a white solid (74 mg, 75% yield); mp 200-204 °C; R¢= 0.3,
purified over a column of silica gel (8% EtOAc in hexane); *H NMR
(CDCls, 500 MHz): ¢ 8.96 (s, 1H), 8.00 (d, 2H, J = 8.5 Hz), 7.82 (s,
1H), 7.65 (d, 2H, J = 7.5 Hz), 7.55 (d, 3H, J = 6.0 Hz), 7.47 (d, 2H,
J=7.5Hz),7.37 (d, 5H, J = 8.5 Hz); 3C NMR (CDCls, 125 MHz,):
0 159.8, 154.2, 153.1, 140.9, 136.1, 135.5, 133.8, 132.9, 130.4,
129.7, 129.69, 129.4, 128.5, 128.3, 128.2, 120.0, 117.3, 106.7; IR
(KBr, cm™): 3045, 2924, 2211, 1145, 1045; HRMS (ESI/Q-TOF)
(m/z): caled. for CasHi17N20.S, [M + H]": 397.1005, found
397.1020.

3-Cyano-2,6,7-triphenyl-4-(phenylthio)pyrido[2,1-a]isoquinolin-5-ium (1ab):

TH-3021_176122106

As a white solid (92 mg, 68% yield); mp 192-194 °C; Rf=0.3,
purified over a column of silica gel (2% methanol in DCM); H
NMR (CDClz, 500 MHz): 6 9.09 (s, 1H), 8.89 (d, 1H, J = 8.5 Hz),
8.84 (s, 1H), 8.29 (s, 1H), 7.99 (t, 1H, J = 8.0 Hz), 7.92 (t, 1H, J =
8.0 Hz), 7.81 (t, 2H, J = 3.5 Hz), 7.66 (d, 1H, J = 8.0 Hz), 7.56 (dd,
3H, J1 =45 Hz, J, = 1.5 Hz), 7.48 (d, 2H, J = 6.5 Hz), 7.43 (q, 4H,
J=6.0 Hz), 7.32 (d, 4H, J = 4.0 Hz), 7.26 (s, 1H), 7.21 (t, 2H, J =
3.0 Hz); C{*H} NMR (CDCls, 125 MHz): 6 166.2, 151.5, 143.1,
138.7, 136.9, 135.7, 135.3, 134.5, 134.0, 133.1, 131.4, 131.2, 131.0,
130.9, 130.3, 130.2, 130.0, 129.5, 129.1, 128.8, 128.7, 128.3, 125.5,
124.5, 123.1, 119.3; IR (KBr, cm™): 3054, 2931, 2205, 1196, 1090;
HRMS (ESI/Q-TOF) (m/z): calcd for CssHzN2S, [M + H]™
542.1811, found 542.1816.

195



Chapter IV

4,6-Diphenyl-2-(phenylthio)nicotinamide (1ac):

TH-3021_176122106

As a white solid (75 mg, 78% yield); mp 238-240 °C;
Rf=0.25, purified over a column of silica gel (20% EtOAc in
hexane); *H NMR (CDCl; + DMSO-ds, 500 MHz): 6 8.84 (s, 1H),
7.98 (d, 2H, J = 7.5 Hz), 7.66 (s, 1H), 7.48 (d, 2H, J = 7.5 Hz),
7.44-7.37 (m, 8H), 6.65 (d, 2H, J = 27.0 Hz), 2.87 (s, 2H); *C{*H}
NMR (CDCIs; + DMSO-dg, 125 MHz): 6 169.1, 157.9, 149.0, 148.9,
148.92, 148.8, 147.9, 138.0, 137.6, 129.1, 129.0, 128.5, 128.4,
128.3, 128.0, 127.6, 126.6, 120.7; IR (KBr, cm™): 3071, 2956, 2817,
1649, 1147, 1052; HRMS (ESI/Q-TOF) (m/z): calcd for
C24H19N20S, [M + H]*: 383.1213, found 383.1220.
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IV.7. Representative Spectra
4,6-Diphenyl-2-(phenylthio)nicotinonitrile (1a) : *H NMR (CDCls, 500 MHz)
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4,6-Diphenyl-2-(phenylthio)nicotinonitrile (1a): 13C{*H} NMR (CDCls, 125 MHz)
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4-(Naphthalen-1-yl)-6-(naphthalen-2-yl)-2-(phenylthio)nicotinonitrile (14a): 'H NMR
(CDCls, 500 MHz)
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4-(Naphthalen-1-yl)-6-(naphthalen-2-yl)-2-(phenylthio)nicotinonitrile (14a): *3C{*H}
NMR (CDCls, 125 MHz)
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4,6-Di(furan-2-yl)-2-(phenylthio)nicotinonitrile (12a): *H NMR (CDCls, 500 MHz)
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4,6-Di(furan-2-yl)-2-(phenylthio)nicotinonitrile (12a): **C{*H} NMR (CDCls, 125 MHz)
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4,6-Diphenyl-2-(p-tolylthio)nicotinonitrile (1b): *H NMR (CDCls, 500 MHz)
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4,6-Diphenyl-2-(p-tolylthio)nicotinonitrile (1b): 13C{*H} NMR (CDCls, 125 MHz)
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4,6-Diphenyl-2-(thiophen-2-ylthio)nicotinonitrile (11): *H NMR (CDCls, 500 MHz)
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