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GENERAL REMARKS

The present investigations were carried out at the Department of Chemistry, Indian Institute.of
Technology Guwahati, Guwahati -781 039, Assam, India, during the period from July 2021 to

10" September 2025 as a doctoral student under the supervision of Prof. Abu T. Khan.

The analytical samples were routinely dried in vacuo at 50 °C. In TLC experiments,
silica gel G (SRL) or silica gel GF 254 (SRL) was employed as the adsorbent. Column
Chromatography was carried out with silica gel (60-120 mesh, Merck or SRL), for

Purifications of the reaction mixture.

After purification, the solvent was usually removed in a rotavapor using Blchi R-
114V and Bichi R-300 instrument. Melting points were determined on a Buchi melting point
apparatus. IR spectra were recorded on a Perkin-Elmer Spectrum Two Instrument. CDClz and

DMSO-d6 were used for recording the NMR spectrum.

1H spectra were recorded on Bruker 400 MHz, Bruker 500 MHz, and Bruker 600 MHz
spectrometers using TMS as an internal standard. Similarly, 3C NMR spectra were recorded
on Bruker 100 MHz, 125 MHz, and 150 MHz spectrometers, with TMS as the internal
reference. Chemical shifts (9 scale) are reported in parts per million (ppm). *H NMR spectra
are reported in the order: multiplicity, no of protons, and coupling constant (J value) in hertz
(Hz); signals were characterized as s (singlet), d (doublet),t (triplet), m (multiplet), brs (broad
singlet), dd (doublet of doublet), dq (doublet of quartet), dt (doublet of triplet) and ddt (doublet
of doublet of triplet).

HRMS were recorded using the instrument named Agilent 64546 LC/Q-TOF (Ultra-
High-Performance Liquid Chromatography-Quadrupole Time-of-Flight-High-Resolution
Mass Spectrometer) in ESI (TOF) mode. Crystal data were collected with a Bruker Smart Apex-
II CCD diffractometer using graphite monochromated Mo Ka radiation (A = 0.71073 A) at 296
K.
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CHAPTER | Introduction

1.0 Introduction to Sulfur:

Sulfur is one of the most abundant elements on the planet. In the periodic table, it
belongs to the chalcogens family due to its variable valence, which allows it to exist in
different forms with varying chemical compositions. Such as it can exist in the form of
elemental sulfur, metal sulfides, sulfate, and organosulfur compounds.! The name sulfur
is derived either from the Sanskrit 'sulvere' or the Latin 'sulfonium'. Elemental sulfur is
a yellow crystalline solid, found in the Earth's crust, mostly near volcanic regions. It is
used in industries to manufacture sulfuric acid (H2SO4) and is an essential component
in fertilisers, batteries, petroleum refining, agriculture, medicine, and the rubber
industry. Since elemental sulfur is highly reactive, it easily reacts with metals to form
metal sulfides, and can exist in the form of ores such as Iron Sulfide (FeS: — Pyrite),
Zinc Sulfide (ZnS — Sphalerite), Copper Sulfides (Cu=S, CuS — Chalcocite, Covellite),
and Molybdenum Disulfide (MoS:).2® When these metal sulfides undergo oxidation,
they are converted to sulfate (SO+*>), which plants absorb from soil and convert to
sulfide, bringing organo-sulfur into living organisms. Once sulfide (H=S) is formed, it is
incorporated into amino acids such as cysteine (Cys). Cysteine is a precursor to other
organosulfur compounds, such as methionine and glutathione.

The naturally occurring organosulfur compounds include amino acids such as cysteine,
methionine, and glutathione, as well as being part of vitamin B1, insulin, oxytocin
hormones, and nitrogenase enzymes. Some of them are shown in Figure 1 (a).
Organosulfur Compounds (OSCs) are found in plants. The Allium and Brassica
(Cruciferous) genera, including onion, garlic, broccoli, cabbage, and cauliflower, are
good sources of natural organosulfur compounds.*® Traditionally, we are consuming all
these vegetables, and studies say that they are beneficial for heart diseases, tumours
(such as oesophageal, gastric, colorectal, breast, lung, skin, and prostate cancers), and
immunological processes, among others, especially due to the biological action of the
sulfur-containing metabolic by-products.®® In addition, OSC may have an essential role
in preventing inflammation. There are many non-natural organosulfur compounds that
are biologically active and play a crucial role in our day-to-day lives; a few of them are
shown in Figure 1(b). Among the non-naturally occurring OSC, 4-

hydroxydithiocoumarin and 4-hydroxythiocoumarin are part of the investigation of this
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CHAPTER | Introduction

thesis, specifically 4-hydroxydithiocoumarin, as they bear a similar molecular structure

to 4-hydroxycoumarin.
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Figure 1. (a) Some important and biologically active naturally and (b) non-naturally occurring OSCs.

TH-4093 216122051 3| Page



CHAPTER | Introduction

1.1 4-Hydroxycoumarin

Coumarin, a natural product first isolated from Tonka beans, and its hydroxy derivatives
are renowned for their profound medicinal properties.® The derivative of coumarin, such
as 4-hydroxycoumarin, is one of the fascinating heterocyclic molecules, as its
derivatives play a vital role in the pharmaceutical area. The well-known drugs include
warfarin, bromadiolone, brodifacoum, and flocoumafen.® They are used as potent blood
thinners (anticoagulants). Additionally, 4-hydroxycoumarin derivatives exhibit broad-
spectrum medicinal properties, including analgesic, anti-inflammatory, antipyretic,
antibacterial, antiviral, and anticancer activities, as illustrated in Figure 2.1%%¢ Due to
the inherent biological activities of 4-hydroxycoumarin derivatives, researchers are still
interested in exploring their reactivity and in synthesising more novel scaffolds. The
biological activities, such as antiproliferative properties against cancerous cells, are
retained in many derivatives of 4-hydroxythiocoumarins, which motivates our interest
in exploring the reactivity of the thio-analogue of 4-hydroxycoumarin (4-
hydroxydithiocoumarin) to synthesise novel organosulfur compounds (OSC).*?* The
literature found that many novel organosulfur heterocycles are synthesised using 4-
hydroxydithiocoumarin as a key precursor. For more details, refer to section 1.3.

Dicoumarol Thioanalogues O 1 O
I] I] (0) (6]

\Y \Vi Coumatetralyl
OH OH
Non-Natural ©\)1 fj@ Non-Natural
S S S (@)
4-Hydroxydithiocoumarin 4-Hydroxythiocoumarin

Figure 2. A flowchart of coumarin, 4-hydroxycoumarin, and their thio-analogues
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1.2 Historical Background and Synthesis of 4-Hydroxydithiocoumarin
4-Hydroxydithiocoumarin is a non-natural organosulfur compound, and in 1987,
Anderson-McKay and Liepa first reported the synthesis of 4-hydroxydithiocoumarin®®
from 2’-chloroacetophenone and carbon disulfide, in the presence of a base, sodium
hydride in DMF at 15 °C. The reaction proceeds via nucleophilic addition to generate a
dithio acid anion, which, upon heating at 125-130 °C, undergoes aromatic nucleophilic
substitution to yield 4-hydroxydithiocoumarin as illustrated in Scheme 1. Six different
derivatives of 4-hydroxidithiocoumarin were prepared by following the same procedure,
and the general procedure is described at the end of this chapter, Scheme 22.

o] (0] OH

s®©
CHj3 NaH, CS, Heating X
’ —_—
o S
Ccl DMF, 15 °C cl 125-130 °C S S

Scheme 1. Synthesis of 4-hydroxydithiocoumarin

In the same literature, they further demonstrated that 4-hydroxydithiocoumarin can be
converted into 2-mercapto-1-thiochromone in the presence of HCI and acetic acid with
H>O., and that this transformation is reversible; 2-mercapto-1-thiochromone can be
reconverted into 4-hydroxydithiocoumarin by dissolving it in a methanolic solution of
NaOH followed by acidification with 5 M HCI, as shown in Scheme 2.

(0] OH (0]

m  H20,/CH,COOH @ﬁi HCl @(U]\
HS” s s s s %EH

(i) Methanolic solution
of NaOH

(i) 5 M HCI

Scheme 2. The conversion of 4-hydroxydithiocoumarin to 2-mercapto-1-thiochromone

Continuing with the same article, they investigated the reactivity pattern of 4-
hydroxydithiocoumarin by heating it with acetic anhydride, which afforded the O- and
S-acylated products in a ratio of 2.2:1.0, respectively, as shown in Scheme 3a. When
the same reaction was carried out with 2-mercapto-1-thiochromone, O- and S-acylated
products were obtained in a 1:1 ratio, subsequently decomposing back to 4-
hydroxydithiocoumarin, as shown in Scheme 3b. So far, they conclude from this
observation that 4-hydroxydithiocoumarin is involved in the reaction, either through the

oxygen or through the sulfur end.
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Scheme. 3a )O]\
OH o 0~ “CH,
B ——
S S S SJLCH?, S S
2.2 : 1.0

Scheme. 3b (0]

Q o OJ\CH3 0
Ac,0
OO0 CCL Ol
S” 'SH §” °S” CH, 87 S s” sH
1 : 1 : 3

Scheme 3. (a) Reaction of 4-hydroxydithiocoumarin with (Ac20). (b) (2-mercapto-1-
thiochromone) with Ac,O

Notably, 4-hydroxydithiocoumarin exists in three possible resonating structures, each
exposing a distinct nucleophilic reactive site. This structural feature enhances its
reactivity, allowing transformations at three possible positions, as depicted in Scheme
4. Leveraging these reactive sites, numerous novel organosulfur compounds (OSCs)

have been synthesised via various reactions and mechanisms, as discussed in detail in

Section 1.3.
OH 0 o)
A
s s SRS S~ “SH
| I 1l

Scheme 4. Three resonating structures of 4-hydroxydithiocoumarin expose its reactive sites

Reactivity Modulation in 4-Hydroxydithiocoumarin: Exploring the Synthetic

Potential of I1ts Ambident Nucleophilic Centres

OH=— (®
L/
CoX
1.2 Exploration of the Reactivity of 4-hydroxydithiocoumarin
In most cases, the C3 and thiocarbonyl (C=S) centres of 4-hydroxydithiocoumarin
actively participate in chemical transformations, whereas the hydroxyl group plays a

secondary role without direct involvement in the reaction pathway. So far, only a single

report has specifically described the direct participation of the 4-hydroxy position: the
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O-acylation reaction reported by Anderson and McKay.*® So accordingly, we have
arranged the reactivity of 4-hydroxydithiocoumarin in two subclasses, depending upon
the involvement of specific reactive centres, C3 and thiocarbonyl (C=S), as discussed

in detail in sections 1.3.1 and 1.3.2, respectively.

1.3.1 Reactivity of 4-Hydroxydithiocoumarin selectively at the C3 position: A
Mechanistic Perspective

In 1991, Majumdar et al. first reported the regioselective cyclisation of 4-
hydroxydithiocoumarins with propargyl bromide.'® The motivation behind this protocol
was to investigate the reactive site of 4-hydroxydithiocoumarin towards alkylation,
whether it gives O-alkylation, S-alkylation or C3 alkylation product. Where they
achieved two novel benzothiopyran  derivatives:2-methyl-4H-thieno[2,3-b]

benzothiopyran-4-one and thiopyrano [2,3-b]benzothiopyran-5(4H)-one, as represented

K,CO;3
OH Acetone | I
Br Heat S CH3
p L
Ny |l

TBAB/ BTAC | |
—

DCM, aq-NaOH
p s s

in Scheme 5.

Scheme 5. Synthesis of two novel benzothiopyran derivatives: from 4-hydroxydithiocoumarin

Specifically, the study highlights a key difference in the reaction pathway depending on
the conditions used. The classical alkylation at the C3 positions favoured the formation

of 2-methyl-4H-thieno[2,3-b]benzothiopyran-4-one.

In contrast, the phase transfer catalysis conditions led to the formation of the distinct
thiopyrano[2,3-b]benzothiopyran-5(4H)-one via [1,3H] shift in allenyl intermediate,
and this intermediate is also generated by classical S-alkylation, followed by [3,3]

sigmatropic shift as shown in Scheme 6.

O <. R g 0 o o
N + Sy2 S o

I — — [ )=cH—> 1
S8 ST 7S s 57 57 CH,

R=R'=H
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0O

Q 0
PTC N R Z N
g Y — I — |
Sn2' s R R
S” "SR s” s7LR
o r e 0 l
S
S S s s

Scheme 6. The possible mechanistic pathway for the formation of products

Majumdar also reported the reaction of 4-hydroxydithiocoumarin with 2 3-
dichloroalkyl-1-ene, where they obtained a cyclized product, and the formation is
justified by the Sn2 mechanism via alkylation at the C3 position of 4-
hydroxydithiocoumarin followed by cyclisation, 1’ as shown in Scheme 7.

OH N
N 0

TBAB, CHCI, cl |
SN > | e s 9
X aq-NaOH, rt o o l

X
el [ |
- N TR

Scheme 7. Reaction of 4-hydroxydithiocoumarin with 2,3-dichloroalkyl-1-ene

In 2010, Moghaddam et al. developed a highly efficient and catalyst-free method for the
synthesis of novel heteropoly cyclic compounds through a domino Knoevenagel-hetero-Diels-
Alder reaction of O-acrylated salicylaldehyde with 4-hydroxydithiocoumarin in an aqueous
medium.!8 The salicylaldehyde derivative (bearing an O-acrylate) undergoes Knoevenagel
condensation with 4-hydroxydithiocoumarin at the C3 position, which generates an alkylidene
(1,3-heterodiene) intermediate in situ via water removal. The resulting in situ generated hetero-
diene then engages in an intramolecular hetero-Diels—Alder reaction with the alkene/dienophile
(the O-acylated side chain) to forge the thiopyran ring, completing formation of the pentacyclic
product as shown in Scheme 8. A similar investigation is also reported by Majumdar, who used
O-propargyl salicylaldehyde in place of O-acrylated salicylaldehyde. *°
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H,0

Scheme 8. Hetero Diels Alder reaction of 4-hydroxydithiocoumarin with O-acrylated
salicylaldehyde

Consistently exploring the reactivity of 4-hydroxydithiocoumarin, Majumdar et al.
established a three-component reaction for synthesising thiopyrano[2,3-
b]thiochromene-3-carbonitrile derivatives.'® This protocol utilised a multicomponent
approach, condensing 4-hydroxydithiocoumarin, various aldehydes, and malononitrile
in water at 100°C. This method offers a distinct, potentially more environmentally
friendly route to synthesise functionalized thiopyrano compounds, diverging from the
previously mentioned Sigmatropic rearrangement-based approach by using different
reactants and reaction conditions. The reaction is initiated via Knoevenagel
condensation between the arylaldehyde and malononitrile, which then undergoes
Michael addition with 4-hydroxydithiocoumarin, selectively at the C3 position,
followed by ring-closing S-alkylation, furnishing the desired product as shown in

Scheme 9.

OH O Ph

N O H H,0 CN
©\)l * L O S0 ]
SN Ph S” ~S” “NH,
i O Ph
CN —
HONX
C
s7 s /ﬁll/ g
N 2

NH
Michael addition

Scheme 9. Synthesis of thiopyrano[2,3-b]thiochromene-3-carbonitrile derivatives
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To gain a deeper understanding of the reactivity behaviour of 4-hydroxydithiocoumarin,
from 2012 to 2017, our research group extensively explored the reactivity of 4-
hydroxydithiocoumarin using aryl aldehydes, secondary amines, thiophenols, and 3-
nitrostyrene. The synthesis of phenyl-thiopyrano derivatives was achieved via pseudo-
three-component reaction. The organo-catalysis (L-Proline) directs the reaction through
imine-controlled Knoevenagel/aldol-Michael followed by S-annulation to vyield

thiopyrano-bis(thiochromenes) 2° as shown in Scheme 10.

@fl & L-Proline, 10 mol % O Y O
ACN, Reflux I T

L- Prollne HOOC'

\

§” ™S s

Scheme 10. Synthesis of penta-cyclic phenyl-thiopyrano derivatives from 4-
hydroxydithiocoumarin

Similarly, the synthesis of phenyl-3,4-dihydro-2H,5H-thiochromeno([3,2-e][1,3]thiazin-
5-one was achieved via pseudo-four-component reaction in the presence of
amine/ammonium acetate and Lewis-acid catalysis Yb(OTf)s. 2! In this case, also the
reaction proceeds through the formation of a Knoevenagel intermediate at the C3
position of 4-hydroxydithiocoumarin, followed by concomitant regioselective hetero-

Diels-Alder reactions to form the anticipated product, which is presented in Scheme 11.

R
©\)l Y + RNH,/NH,OAc Yb(OTR, 5 mol % ©5Y\N/R
EtOH, Reflux S)\RZ
AR
/—\|k --Yb(OTf),

Scheme 11. Synthesis of phenyl-3,4-dihydro-2H,5H-thiochromeno[3,2-e][1,3]thiazin-5-one

\
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In the year 2017, the reaction of 4-hydroxydithiocoumarin with B-nitrostyrene was
investigated for the synthesis of oxime derivatives. The reaction proceeds via 1,4
Michael addition at the C3 position of 4-hydroxydithiocoumarin, followed by

cyclization to form the final desired oxime derivatives, as shown in Scheme 12.%2

X NO,
K2C03
EtOH
1,4 Michael addition O N’OH
S

O

Scheme 12. Synthesis of oxime derivatives from 4-hydroxydithiocoumarin

In one of their investigations, Khan et al. made an interesting observation that 4-
hydroxydithiocoumarin can also act as a sulfur donor. In the presence of CuO
nanoparticles, 4-hydroxydithiocoumarin exhibits an unconventional sulfur transfer.?
Here, in this case, the reaction initiates via activation of the C3 position of 4-
hydroxydithiocoumarin to give a Knoevenagel intermediate, followed by the sulfur
transfer from another unit of 4-hydroxydithiocoumarin to furnish the desired product,

as shown in Scheme 13.
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Water, reflux

l TO Ph

Ph Cu(l)

OH
OH O H o 7 N
10 mole% NPs Phn rj\/j:_w

Ir ° BN 8 s

R + _Cw0 | Rl I &
|
Z S” 7S Z S s/
26

O _auRii

0] Ph I-‘I

= O‘H : \/U\/ /:)

T OH —>
S Seeeee Cu(l) S SH

Scheme 13. Reaction of 4-hydroxydithiocoumarin with arylaldehyde for the synthesis of alkyl-
dithiol-thiochromenones

The above-mentioned studies clearly emphasised that the C3 position of 4-
hydroxydithiocoumarin is the major reactive site in organic transformations. This
reactivity leads to the synthesis of diverse heterocyclic frameworks, including
benzothiopyran, thiopyrano, thiochromene, and oxime derivatives. Even in sulfur-
transfer processes, the reaction initiates through C3 activation, emphasising its central
role. Collectively, these studies confirm that while the hydroxyl and thiocarbonyl groups
influence the electronic environment, the C3 carbon remains the dominant site
controlling the regioselectivity and structural diversity of the resulting products under

such reaction conditions.

However, under certain other reaction conditions, the thiocarbonyl (C=S) is selectively
involved in the organic transformation; a few examples are illustrated in Section 1.3.2,

along with the detailed mechanism.
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1.3.2 Reactivity of 4-hydroxydithiocoumarin selectively at the thiocarbonyl (C=S)

position: A Mechanistic Perspective

In the year 1992, Majumdar et al. synthesised 4-(aryloxymethyl)thiopyrano[2,3-b][1]
benzothiopyran-5(2H)-ones by reacting 4-hydroxydithiocoumarin with 1-aryloxy-4-
chloro-2-ynes via selective S-alkylation of 4-hydroxydithiocoumarin, followed by a
classical Sn2 reaction mechanism.? Heating the isolated product in chlorobenzene gives
a thiopyrano ring, and the transformation proceeds through an initial [3,3] sigmatropic

rearrangement followed by a [1,5] proton shift, as shown in Scheme 14.

,?\r
OH O
|) AcOH/K2C03
R y | | Reflux 6-8 h [1 5] shift
s S ||) TBAB/ BTEAC CGH5CI/Heat
DCM, aq -NaOH

Ar
I

L@@,\

Scheme 14. Reaction of 4-hydroxydithiocoumarin with 1-aryloxy-4-chloro-2-yens

Majumdar et al. (2004) offered an easy access to the regioselective synthesis of 3-
(aryloxyacetyl)-2,3-dihydrothieno[2,3-b][1]benzothiopyran-4-ones via tandem
cyclization.®® The authors reported that on subjecting 2-[4-aryloxybut-2-ynyl
thio][1]benzothiopyran-4-one with m-chloroperoxybenzoic acid (m-CPBA) in
chloroform at 0-5°C, it furnished sulfoxide.

This transformation proceeds through an initial [2,3]-sigmatropic rearrangement of
sulfoxides, followed by a subsequent [3,3]-sigmatropic rearrangement step to furnish 3-
(aryloxyacetyl)-2,3-dihydrothieno[2,3-b][1]benzothiopyran-4-ones®* as shown in
Scheme 7b.
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Ar
|

O
OH O
S S 0-5 °C CHCI4 S S O’Ar
(0]

sulfoxide

Scheme 17b. Synthesis of 3-(Aryloxyacetyl)-2,3-dihydrothieno[2,3-b][1]benzothiopyran-4-ones

Majumdar et al. investigated in 2002 a reaction between allylic halides and 4-
hydroxydithiocoumarin under phase-transfer-catalysed conditions, in which they

observed an S-alkylated product formed via a simple Sn2 mechanism (19, Scheme 15).

OH N
RZ R3 %
N J\)<R4 SN2 R3 R4 R
+ 1N — > |
Z
©ils R X S SMW

Scheme 15. Reaction of 4-hydroxydithiocoumarin with allylic halide

Karuna Mahato, in one of their research articles, elucidated the reactivity profile of 4-
hydroxydithiocoumarin, demonstrating its ability to undergo oxidative cross-coupling
reaction for the formation of S—C, S-S, and S—N bonds in the presence of iodine and
tert-butyl hydrogen peroxide (TBHP) as shown in Scheme 16.2° In this case they have
selectively utilised the C=S bond of 4-hydroxydithicoumarin to synthesis various
organosulfur derivatives. The reaction is initiated by the generation of a radical from
TBHP, which converts the 4-hydroxydithiocoumarin into a radical species. This radical
subsequently delocalizes to sulfur and reacts with molecular iodine to form an S-1 bond.
The formation of the S-1 bond enhances sulfur's electrophilicity, thereby promoting
cross-coupling reactions to furnish the corresponding C-S, C-N, and S-S coupled

products selectively.
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Scheme 16. Oxidative addition reaction of 4-hydroxydithiocoumarin in the presence of 1,/TBHP

From 2017 to 2021, our laboratory continuously investigated the reactivity of 4-
hydroxydithiocoumarin, primarily focusing on developing novel sulfur-containing
scaffolds and exploring their potential biological applications. In most cases, copper
catalysts are used to selectively form S—C bonds, laying the foundation for a new
methodology for diverse synthetic transformations. Building on this strategy, our
research group further established a new method that enabled synthesising a novel series
of indole derivatives, using DMSO as a solvent and in the presence of |2 and CuBr, as
shown in Scheme 17.1* The reaction is initiated by the generation of a radical at the
hydroxyl group of 4-hydroxydithiocoumarin, which subsequently delocalizes toward
the C=S centre. The desired products are formed via the radical pathway described
earlier in Scheme 16. The corresponding sulfone derivatives of the 4-
hydroxydithiocoumarin—indole conjugates also exhibited significant biological activity

against breast cancer cells.
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OH
X 10 mol % I, (Catalyst)
e o Rz@ 10 mol % CuBr (addltlve)
! =
Z S S N'Rs TBHP (1.0 equiv.)

DMSO, rt

\ ®ygy + HOl + 1|®

4

[ TBHP 2 | [+ Tcu—— cu?* +Hi HI

0, o Cﬁi/\@

Scheme 17. Synthesis of 3-sulfenyindole derivatives from 4-hydroxydithiocoumarin

Expanding the scope of the work, Khan et al. reported the synthesis of a-thiocarbonyl
derivatives through a cross-dehydrogenative coupling reaction between 4-
hydroxydithiocoumarin and 1,3-dicarbonyl compounds, forming a C-S bond in the
presence of K1 and TBHP. %® The reaction in this case also proceeds through a radical
mechanism as described in Schemes 16 and 17. This study highlighted the versatility of
4-hydroxydithiocoumarin in accessing structurally significant sulfur-based scaffolds, as

shown in Scheme 18.

¥ i HO CH
0] (0] 3
N Kl, TBHP 0 R1 I\ | I
1 + 2 - J R
R 1 =2 H3C R Toluene Reflux = s s 2
S S
(e
l 0 |
Rl ] R A O
/ /l
SKTS o CoH

Scheme 18. Synthesis of a-thiocarbonyl derivatives from 4-hydroxydithiocoumarin

In another investigation, our group explored the reactivity of 4-hydroxydithiocoumarin
with styrene and phenylacetylene under Cul catalysis for a hydrothiolation reaction,
leading to the regioselective formation of Markovnikov products, specifically thioethers

and vinyl sulfides.

The reaction is initiated by the formation of Copper (I)thiolate species, which undergo

an insertion syn-addition reaction. This subsequently undergoes protonation, yielding
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the final product, as shown in Scheme 19. These findings further broadened the

synthetic utility of the scaffold toward valuable organosulfur compounds.?’

0]

Ar X CH
_—_/ R—: | )\3
OH 10 mol % Cul N7 N7 A

S . K,CO; (2 equiv.)

RT 7
! Toulene, 110 °C | H. _H
S =—Ar N
=20 0]
Cul, K,CO5| =——Ar s7 s Ar
OH
]
HI|-Cul
N e\ = H._Cu .
CAAgerl —rE T 1T
S” °S” CAr

Copper(l)thiolate Ar

\ 7
(2}

Scheme 19. Synthesis of thioethers and vinyl sulfides from 4-hydroxydithiocoumarin

Further extending the synthetic applications, our group has demonstrated the preparation
of B-hydroxysulfides and B-aminosulfides by utilising 4-hydroxydithiocoumarin with
epoxides and N-tosyl aziridines, respectively, as shown in Scheme 20. This approach
also provided access to heterocyclic frameworks such as 2,3-dihydro-1,4-oxathiin and
2,3-dihydro-1,4-thiazine derivatives, showcasing the remarkable adaptability of 4-
hydroxydithiocoumarin as a key building block in sulfur-based organic synthesis.?® The
ytterbium triflate activates the epoxy ring by accepting the lone pair, which facilitates
the hydrothiolation reaction with 4-hydroxydithiocoumarin selectively at the position
where the more stable carbocation can form. The resulting hydrothiolation products

were further cyclized using Cul in DMF.
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Scheme 20. Ring-opening reaction of epoxide/tosyl aziridines with 4-hydroxydithiocoumarin

Along this line, the synthesis of 1,4-oxathiin derivatives was achieved from 4-

hydroxydithiocoumarin, aryl acetylenes, and DMSO in the presence of K.COzand Cul.

The reaction proceeded via oxygenation at the C3 position of 4-hydroxydithiocoumarin,

followed by cross-dehydrogenative coupling at the C=S position and finally cyclisation.

Importantly, DMSO played a dual role, acting both as the solvent and as the oxygen

donor, thereby facilitating the transformation, ' as presented in Scheme 21. These

oxathiine derivatives show potential antiproliferative activity against cancerous cells.
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Scheme 21. Cross-dehydrogenative C-S coupling reaction of 4-hydroxydithiocoumarin.

Analysing the above-mentioned studies, we can emphasise that the thiocarbonyl (C=S)
group of 4-hydroxydithiocoumarin also serves as the primary reactive site in sulfur-
centred reactions. It shows high reactivity in S-alkylation, oxidative coupling, and
radical reactions, especially when using halogens, peroxides, or metal catalysts (Cul).
The selectivity at the sulfur atom may arise due to its high electron density and ability
to stabilise radicals, leading to the formation of C-S, S-S, and S—N bonds. This makes
4-hydroxydithiocoumarin a versatile building block for the synthesis of sulfur-
containing compounds.

In conclusion, we can infer that 4-hydroxydithiocoumarin has two main reactive sites:
C3 and the thiocarbonyl (C=S) bond, and the reaction type depends on the conditions
and reagents used. Earlier work highlighted the C3 carbon as the main reactive site,
participating in Knoevenagel condensations, Michael additions, and cyclisation to build
various heterocyclic structures. On the other hand, the thiocarbonyl (C=S) group plays
a key role in S-alkylation, oxidative coupling, and radical reactions, especially in the
presence of halogens, peroxides, or metal catalysts. Continuing these outlets in our
thesis work, we have scrutinised 4-hydroxydithiocoumarin with cinnamaldehyde, vinyl
ethers, isocyanide, arylaldehydes, and synthesised many novel sulfur-containing

heterocycles via selective exploitation of the C3 position of 4-hydroxydithiocoumarin.

TH-4093 216122051 19| Page



CHAPTER | Introduction

1.4 Inspiration behind my thesis work:

Collectively, these studies highlight the broad reactivity of 4-hydroxydithiocoumarin
and establish it as a valuable synthetic precursor for the construction of sulfur-rich
heterocycles and functional scaffolds with significant biological potential.

The introduction briefly outlined the inherent biological activities of 4-
hydroxycoumarin derivatives. This biological activity is retained in a series of
analogous 4-hydroxythiocoumarins and 4-hydroxydithiocoumarin derivatives, which
piqued our interest in exploring the reactivity of 4-hydroxydithiocoumarin. Considering
the three nucleophilic reactive sites of 4-hydroxydithiocoumarin, we accomplish two-
component, cascade, pseudo-three-component, and pseudo-five-component reactions.
Different electrophiles, such as unsaturated arylaldehyde, amphoteric nucleophile
isocyanide, electron-rich olefin (vinyl ethers), arylaldehydes, and ammonium acetate,
were used for the synthesis of novel organo-sulfur compounds. The thesis focuses
primarily on developing new methodologies for constructing novel organosulfur

frameworks using 4-hydroxydithiocoumarin as a key precursor.
1.5 General procedure for the synthesis of 4-hydroxydithiocoumarin derivatives:

For my thesis work, at the very beginning, 4-hydroxydithiocoumarin derivatives were
synthesised in our lab by following the previously reported method.*®

In a 100 mL round-bottomed flask, 2’-chloroacetophenone (15 mmol, 1.94 mL) was
dissolved in DMF (10 mL). Sodium hydride (NaH in 60% oil dispersed) (45 mmol, 1.07
g) was added gradually with constant stirring, maintaining a temperature of 15-20 °C.
Immediately after the addition of NaH, 30 mmol (1.81 mL) of CS: was introduced
dropwise, and the reaction mixture was stirred for 2 hours at 1520 °C. Excess sodium
hydride was quenched with a few drops of methanol, after which the temperature was
raised to 130 °C and stirring was continued for an additional two hours. After
completion, the reaction mixture was then concentrated under reduced pressure using a
rotary evaporator. Acetic acid (2 mL) was added, and the mixture was extracted with
ethyl acetate and brine in a 1:8 ratio. The aqueous phase was separated and acidified
with concentrated HCI, and the resulting precipitate was collected by filtration through

a Buchner funnel. The solid was dried under vacuum at room temperature.
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Scheme 22. Synthesis of 4-hydroxydithiocoumarin derivatives

1.6 General procedure for the synthesis of 4-hydroxythiocoumarin derivatives:

L. Costantino and his co-worker reported the synthesis of 4-Hydroxy-2H-chromene-2-
thione using Potassium tertiary butoxide, 2'-hydroxyacetophenone, and carbon
disulfide. 2° Later, Anjela Xalxo and Ujjwal Jyoti Goswami from our research group
modified the existing scheme slightly to increase the yield by employing 30 mol% 18-
crown-6 ether. We follow the modified version to synthesise the 4-Hydroxy-2H-
chromene-2-thione derivatives.*® In the beginning, potassium tert-butoxide (15 mmol)
and 18-crown-6 ether (1.5 mmol) were taken in 7 mL of anhydrous THF in a pre-dried
round-bottomed flask. The mixture is purged with N2 and cooled to 0 °C in an ice bath.
Then, 2-hydroxyacetophenone (5 mmol) is added dropwise to the above solution,
followed by the addition of carbon disulfide (5 mmol), which forms a thick yellow
precipitate. The reaction is stirred at 0-15 °C for 1 hour, then brought to room
temperature and continued stirring for 16 h.The reaction was quenched by adding 5 mL
of water, and then the aqueous layer was washed with ethyl acetate (2 x 5 mL). The
aqueous layer was then acidified with 10% H2SO4 until the pH was adjusted to 4-5, and
the mixture was stirred for an additional 16 hours. A yellow precipitate is formed,
collected by vacuum filtration, and washed several times with petroleum ether to obtain

the desired product, a yellow solid.
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Scheme 23. Synthesis of 4-hydroxythiocoumarin derivative

TH-4093 216122051 22| Page



CHAPTER | References

References:

1.
2.

9.

10.

11.

12.

13.

14.

15.
16.

A. Kamyshny, Cogent Arts Humanit., 2025, 12, 2507988.

J. G. Wagenfeld, K. Al-Ali, S. Almheiri, A. F. Slavens and N. Calvet, Waste Manag.,
2019, 95, 78-89.

A. G.R. Toledo, D. Bevilaqua, S. Panda, and A. Akcil, Miner. Eng., 2023, 204, 1084009.
L. F. Lara, J. Medrano-Macias, F. Pérez-Labrada, E. Rivas-Martinez, E. Garcia-Enciso,
S. Gonzélez-Morales, A. J. Maldonado, F. Rincon-Sanchez and A. Benavides-Mendoza,
Molecules, 2019, 24, 2282.

Melino, S. Sabelli, and R. Paci, M Amino Acids 2011, 41, 103-112.

Antony, M. L. Singh, and S. V. Singh, Indian J. Exp. Biol., 2011, 49, 805-809.
Ohkubo, S. Dalla Via, L. Grancara, S. Kanamori, Y. Garcia-Argdez, A. N. Canettieri,
G. Arcari, P. Toninello, and A. Agostinelli, Int. J. Oncol., 2018, 53, 1257-1268.
Fuentes, F.Paredes-Gonzélez, and X. Kong, Curr. Pharm. Rep., 2015, 1, 179-196.

J. L. Abernethy, J. Chem. Educ., 1969, 46, 561-563.

S. M. M. Nakayama, A. Morita, Y. Ikenaka, H. Mizukawa and M. Ishizuka. J. Vet. Med.
Sci., 2019, 81, 298-313.

(@) L. Xue, R. K. Singla, S. He, S. Arrasate, H. Gonzalez-Diaz, L. Miao and B. Shen,
Phytomedicine, 2024, 128, 155479. (b) B. Puri and A. Hall, Phytochemical dictionary:
a handbook of bioactive compounds from plants, CRC Press, 1998. (c) Advances in
Structure and Activity Relationship of Coumarin Derivatives, Santhosh Penta, 2015.
K. Mahato, S. Mondal, A. Ali, P. R. Bagdi, A. T. Khan, N. Aroraand S. S. Ghosh, New
J. Chem., 2023, 47, 1954-1961.

S. Mondal, S. Yashmin, R. Ali, R. Soundaram, S. S. Ghosh and A. T. Khan, Org. Biomol.
Chem., 2021, 19, 5818-826.

S. Mondal, K. Mahato, N. Arora, D. Kankane, U. P. Singh, S. Ali, A. H. Khan, S. S.
Ghosh and A. T. Khan, Org. Biomol. Chem., 2020, 18, 4104-4113.

J. E. Andersonmckay and A. J. Liepa, Aust. J. Chem., 1987, 40, 1179-1190.

K. C. Majumdar, A. T. Khan and S. Saha, Synlett, 1991, 595-596.

TH-4093_216122051

23| Page



CHAPTER | References

17. K. C. Majumdar and A. Bandyopadhyay, Monatshefte, Fr Chem. Chem. Mon., 2004,
135, 581-587.

18. (a) F. M. Moghaddam, M. Kiamehr, M. R. Khodabakhshi, Z. Mirjafary, S. Fathi and H.
Saeidian, Tetrahedron, 2010, 66, 8615-8622. (b) K. C. Majumdar, A. Taher, and S.
Poran, Synthesis, 2010, 23, 4043-4050.

19. K. C. Majumdar, S. Poran, and T. Ghosh, RSC, Adv., 2012, 2, 1144-1152.

20. K. Mahato, P. R. Bagdi and A. T. Khan, Synthesis, 2014, 25, 2438-2441.

21. K. Mahato, P. R. Bagdi and A. T. Khan, RSC Adv., 2015, 5, 48104-48111.

22. K. Mahato, P. R. Bagdi, A. T. Khan, Org. Biomol. Chem., 2017, 15, 5625-5634.

23. K. C. Majumdar, A. T. Khan and S. Sana, Synth. Commun., 1992, 22, 901-912.

24. K. C. Majumdar, A. Bandyopadhyay, and S. K. Ghosh, Synth. Commun., 2004, 34,
2159-2167.

25. K. Mahato, N. Arora,P. R. Bagdi, R. Gattu, S. S. Ghosh and A. T. Khan, Chem.
Commun., 2018, 54, 1513-1516.

26. S. Mondal and A. T. Khan, Synthesis, 2022, 54, 4521-4528

27. Mondal, S. Yashmin and A. T. Khan, Org. Biomol. Chem., 2021,19, 9223-9230.

28. S. Mondal, S. Sarkar, S. S. Ghosh and A. T. Khan, Eur. J. Org. Chem., 2022, 2022,
€202200355.

29. L. Costantino, A. D. Corso, G. Rastelli, J. M. Petrash and U. Mura, Eur. J. Med. Chem.,
2001, 36, 697.

30. A. Xalxo, U. J. Goswami, S. Sarkar, T. Kandasamy, K. Mehta, S. S. Ghosh, P. V.
Bharatam and A. T. Khan, Bioorg. Chem., 2023, 141, 106900.

TH-4093 216122051 24| Page



TH-4093_216122051



Chapter |1

Reactivity study of 4-hydroxydithiocoumarin with cinnamaldehyde
derivatives: L-proline catalysed synthesis of 2-aryl-2H, 5H-

thiopyrano[2,3-b] thiochromen-5-one’s derivatives

O H
L-Proline
' > R1
| MeOH,
Reflux, 1 h 2 R2
Q Broad substrate scope O Highly Regioselectivity O 26 Examples
Q High-atom economy Q Metal-free

Org. Biomol. Chem. 2024, 22,1426—1433.

[ Introduction ]

[Results and Discussions]

[ Expirmental ]

TH-4093_216122051

25| Page




TH-4093_216122051



CHAPTER Il Introduction

2.0 Introduction:

Sulfur-containing heterocyclic compounds exhibit immense biological importance, and
they also serve as a valuable precursor for drug design.'®¢ Among the organosulfur
compounds, thiochromone and thiopyran exhibit various biological activities,?*€ as the
former is utilised in the synthesis of drugs in medicinal chemistry.® Considering the
various biological activities of thiopyran derivatives, such as anti-inflammatory, anti-
bacterial, anti-hyperplasia, anti-psychiatric, analgesic, and anti-cancer,?®® the synthetic
organic chemists have put forward efforts for developing new methodologies for the
synthesis of different thiopyrano derivatives, and some of them are described in this

chapter.

2.1 Synthesis of thiopyrano derivatives:

M. Minakawa et al. reported the synthesis of thiopyran derivatives from aromatic thiols and
diols in the presence of 5 mol% Sc(OTf)s as a catalyst, as shown in Scheme 1.* The arylthiol
provides thiyl radical through homolysis of a diaryldisulfide on heating. The thiyl radical
interacts with the C=C of an allylic alcohol and forms a C-S bond, followed by dehydration.
The Sc(OTf)s-catalysed dehydrative cyclisations of aromatic thiols and diols provided the
corresponding thiopyran derivatives, featuring the formation of C—C bonds.

SH

Sc(0Tf)3 (5 mol %) R =z S
s > Ar—(j\/j + Ar—— |
165°C, 16 h Z S NS s
165 °C ijlogf)a
16 h & T Sc(OTf);
St N
Ar\ A —_— Ar_!/ =
S—S\ N\ F \/\OH -H,0 s N\F
Ar - Ar

Scheme 1. Synthesis of thiopyran derivative from thiophenol and dioles
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In 2006, Wang and Cordova synthesized chiral thiochromene derivatives by employing
2-mercapto benzaldehyde and cinnamaldehyde in the presence of a chiral organocatalyst
and benzoic acid as an additive in toluene at room temperature, as depicted in Scheme
2. Initially, the chiral organocatalyst reacts with the aldehyde functionality of
cinnamaldehyde to form an iminium intermediate, which undergoes a tandem Michael-
aldol reaction addition with the nucleophilic thiophenol aldehyde, which subsequently
undergoes a dehydration reaction to furnish the chiral thiochromene with good to high

enantioselectivities.®

Iminium H

O
0 catalyst
PhCO,H (0.1 Equiv.) N
H 2 @)
©\)J\ K Ph/\)LH Toluene, rt -
SH 2 S Ph

4 A, MS Ar
| Lo~
o Ar -H,0 H O-SiMe
@ . OH H
IA-i\ | O Organocatalyst
i SiMe; 0
ST -
Ph S Ph

Tandem Michael-aldol reaction

Scheme 2. Synthesis of chiral thiochromene derivatives via tandem Michael-aldol reaction

In the successive year, Giovanni Palmisano et al. achieved the synthesis of thiopyrano
derivatives® using 4-hydroxy-2H-chromene-2-thione and a,B-unsaturated aldehyde in
the presence of Yb(OTf)z as shown in Scheme 3. The reaction proceeds initially via the
activation of an a,B-unsaturated aldehyde by Yb(OTf)3, followed by the formation of a
Knoevenagel intermediate.

OH

o AN
N+ N, YRt |
(0] S (@) S R

Scheme 3. Synthesis of thiochromene derivatives from 4-hydroxy-2H-chromene-2-thione

In 2016, Nicholas A. Ahlemeyer and Vladimir-B-Birman developed a reagent-free
methodology for synthesising thiochromene derivatives using a,B-unsaturated thioesters
in the presence of an acyl transfer catalyst (HBTM-2) as presented in Scheme 4. They

observed that amidine-based catalysts, particularly homobenzotetramisole (HBTM-2)
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and its analogs, provide thiochromene derivatives with high enantioselectivity and

yields.’
R S
H — Acyl transfer —N
0 S{Q catalyst R/ Ph
O 10 mol % N co ?
—_—
CHCI,, rt 2 Me
¥ S~ 'R HBTM-2

Scheme 4. Synthesis of chiral thiochromen derivatives via acyl transfer catalyst

Although the strategies mentioned above made significant progress in the synthesis of
thiochromone and thiopyran heterocycles, they often relied on expensive or sensitive
metal catalysts, non-recyclable reagents, and non-green solvents. Such limitations affect
the cost, scalability, and overall sustainability of these reactions. In continuation of these
studies, we developed a simple, environmentally friendly method for the synthesis of
thiopyrano derivatives using 4-hydroxydithiocoumarin and cinnamaldehyde. The
reaction was carried out in methanol with 20 mol% L-proline as the catalyst, providing
an efficient and environmentally friendly alternative to metal-catalysed methods.

Our research group has demonstrated the usefulness of 4-hydroxydithiocoumarin as a
key starting material for the synthesis of new molecules by exploring its reactivity with
various reactants and conducting biological studies, which have been recently
reviewed.® Earlier, we have noted that the reaction of 4-hydroxydithiocoumarin and
aromatic aldehyde using 10 mol% L-Proline catalyst provided a pentacyclic molecule
through the Knoevenagel reaction via a pseudo-three-component reaction. Whereas the
reaction with pg-nitrostyrene provides an unusual oxime product via a 1,4-Michael
addition reaction, as discussed in Chapter I, Schemes 10 and 12, respectively.

The aim of the present study is to investigate whether the aldehyde group of
cinnamaldehyde will behave similarly to aromatic aldehyde in the formation of a
pentacyclic product. In addition, we intend to examine the reactivity of cinnamaldehyde
and 4-hydroxydithiocoumarin, which is comparable to that of p-nitrostyrene.
Interestingly, the reactivity of cinnamaldehyde differed from that of aromatic aldehydes
and gS-nitrostyrene. If the reaction pattern follows a 1,4 Michael addition, as seen in the
case of B-nitrostyrene, then we may expect compound F. However, if it follows the case
of an aromatic aldehyde, we expect compound E, which we didn’t observe during our

experiments, as shown in Scheme 5.
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S S Ph

OH

O
AN L-Proline
©\)l+ o N e
s s '

Reflux, 1 h

Expected Product when only aldehyde
center involves in reaction

Expected Product Via 1,4 Michael addition

Scheme 5. Reaction of 4-hydroxydithiocoumain with cinnamaldehyde for the formation of
different possible products.

As a result, a different kind of product formation was observed, which is elaborated in
this chapter. Therefore, we investigated the reactivity pattern of 4-
hydroxydithiocoumarin with o,B-unsaturated aldehydes using L-Proline as an
organocatalyst. Because of its versatile catalytic properties, L-Proline has recently been
used in various organic syntheses, particularly in MCRs,*'2® as an asymmetric catalyst
in an aldol reaction,'? and Mannich reaction,'® with excellent enantioselectivity,4¢

regioselectivity,'® and chemoselectivity.*®
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2.3 Results and Discussion:

In this chapter, we discuss the synthesis of 2-aryl-2H,5H-thiopyrano[2,3-b]

thiochromen-5-one’s derivatives from 4-hydroxydithiocoumarins and cinnamaldehyde

derivatives.
OH H o]

R NN N H L-Proline
T + —_—

= g ) R3 MeOH,

R Reflux, 1 h

1 2
R' = 5-Cl, 6-CI, 7-Cl, -7F, 6-CF3  R2=Br, -CH;, -OMe, NO,, -NMe, R®=CHj, H

Scheme 6. (a) Reaction of 4-hydroxydithiocoumain with cinnamaldehydes

In the present study, various 4-hydroxydithiocoumarins were prepared following
previously reported procedures, as shown in Chapter I, Scheme 22. We have chosen 4-
hydroxydithiocoumarin (1a) and 4-methoxycinnamaldehyde (2a) as model substrates to
optimise reaction conditions. Initially, a mixture of 0.20 mmol of 4-
hydroxydithiocoumarin and 0.20 mmol of 4-methoxycinnamaldehyde was stirred at
room temperature in methanol in the absence of catalysts (Table 1, entry 1). Then, the
reaction mixture was continued by adding 5 mol% L -proline at room temperature, which
yielded a product (3a) in 5% yield (Table 1, entry 2). To find favourable conditions,
the catalyst loading was increased to 10 mol% while keeping the reaction at room
temperature, and the yield increased from 5% to 20% (Table 1, entry 3). With the
catalyst amount held constant, the reactions were examined at 50°C and under reflux.
The yields were 32% and 50%, respectively (Table 1, entries 4 and 5). Next, the catalyst
loading was increased by 15-20%, and the yield was found to be maximum at 20 mol%
catalyst under reflux conditions (Table 1, entries 6 and 7). Further increase in the
amount of catalyst did not significantly affect the yield (Table 1, entry 8).To determine
the suitability of alternative solvents, the reactions were examined in ethanol, water, and
toluene. In the case of ethanol, which is a (polar protic solvent), it yields 59 % (Table
1, entry 9). Whereas in the case of toluene (a nonpolar aprotic solvent), the reaction
did not proceed at all (Table 1, entry 11). The further increase in the amount of catalyst

did not significantly affect the yield (Table 1, entry 8).
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On the other hand, in water (a polar protic solvent), unfortunately, the reaction did not
proceed at all (Table 1, entry 10). To examine the efficacy of other catalysts, two
reactions were carried out with 2,6-pyridine dicarboxylic and p-TSA under identical
reaction conditions, and their results are shown in Table 1, entries 12 and 13.

The product (3a) is characterised using various spectroscopic techniques, including 1H
and 13C NMR and HRMS. In the *H NMR spectrum, the product 3a exhibited a
characteristic peak at 6 3.78 for three protons as a singlet for the methoxy group, and
also for the C3 proton of 4-hydroxydithiocoumarin, which usually appears as a singlet
at 6 7.2, vanished. This indicates that 4-methoxycinnamaldehyde has been incorporated
into the final product. Furthermore, one doublet of doublet appeared at § 4.92 (dd, J2 =
5.5, J1 = 1.5 Hz, 1H), for one proton of the C2 position. Another doublet of doublet
appeared at § 5.97 (dd, J:= 5.5 Hz and J>= 10.3 Hz, 1H) for one proton of the C3
position of the desired product 3a. In addition to the *H NMR spectrum, the °C NMR
spectrum was also recorded, which showed two signals in the aliphatic region at & 43.8
and 55.5, corresponding to the C2 carbon and the methoxy carbon, respectively. In the
aromatic region, fifteen signals were observed, among which two peaks appeared at o
175.2 and 159.8, attributable to the carbonyl carbon (C5) and the aromatic carbon
directly attached to the methoxy group, respectively. These observations further confirm
the incorporation of 4-methoxycinnamaldehyde into the final product. The HRMS value
399.0521 [M+H]*, which agrees with the product 3a. *H, 3C spectra and HRMS data
of compound 3a can be seen in Figure 2.7-2.9. To ascertain the structure of the product
formation, the structure of one of the desired products, 3e, was further confirmed by the
single-XRD, having CCDC 2311036, as depicted in Figure 2.6. After optimising the
reaction conditions, a series of cinnamaldehyde derivatives was explored to evaluate the
substrate scope (Table 2). Initially, various derivatives of 4-hydroxydithiocoumarin
were treated with 4-methoxycinnamaldehyde and 2-methoxycinnamaldehyde, yielding
yields ranging from 80% to 92% (3a-3i).

Next, (E)-3-(2-bromophenyl)acrylaldehyde/(E)-3-(4-bromophenyl)acrylaldehyde were
scrutinised with 4-hydroxydithiocoumarin derivatives, and we also obtained higher
yields (80-88%) (3j-3s).
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Table 1. Optimization Table of the reaction conditions.??

OH

+
H
SEERN oM

1a

Entry
1

© 00 N o o1 A wWwDN

e
N B O

13

0

Catalyst
Nil
L-Proline
L-Proline
L-Proline
L-Proline
L-Proline
L-Proline
L-Proline
L-Proline
L-Proline
L-Proline
2,6-PDA
p-TSA

H

2a

(Mol%)

0
5%
10%
10%
10%
15%
20%
30%
20%
20%
20%
20 %
20%

L-Proline (20 mol %)

MeOH, Reflux
e 1h

Temp (°C)
RT—Reflux
RT
RT
50
Reflux
Reflux
Reflux
Reflux
Reflux
Reflux
Reflux
Reflux
Reflux

Time (h)

Results and Discussions

Solvent
Methanol
Methanol
Methanol
Methanol
Methanol
Methanol
Methanol
Methanol

Ethanol

Water

Toluene
Methanol
Methanol

OMe

Yield (%)°
0
5
20
32
50
73
92
87
59
NR
NR
69

Trace

4All the reactions were carried out using 4-hydroxydithiocoumarin (1la, 0.2 mmol),
cinnamaldehyde (2a, 0.2 mmol). blsolated yield. RT: Room Temperature. NR: No reaction PDA:
2,6-Pyridinedi- carboxylic acid
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Table 2. Substrate scope.?®

3y, 79% 32,77 % N-Me NO,

4All the reactions were carried out using 4-hydroxydithiocoumarin (1, 0.2 mmol),
cinnamaldehyde (2, 0.2 mmol) in the presence of 20 mol% catalyst, 1 mL of methanol Solvent at
reflux temperature. ®Isolated yields.
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Motivated by these results, we carried out additional reactions under the same optimized
conditions, where we reacted (E)-2-methyl-3-phenylacrylaldehyde and 4-
hydroxydithiocoumarin derivatives, which also yielded a good yield (79-80%) (3t-3u).
Another reaction was carried out between (E)-3-(m-tolyl)acrylaldehyde/(E)-3-(p-
tolyl)acrylaldehyde with 4-hydroxydithiocoumarin derivatives, which also gives a fairly
good vyield (79-82%) (3v-3y). Finally, we performed the reaction of 4-
hydroxydithiocoumarin with 4-dimethylaminocinnamaldehyde and 4-
nitrocinnamaldehyde/2-nitrocinnamaldehyde. In the formal case, we obtained the
product with 77% vyield (3z), whereas no product was obtained with nitro

cinnamaldehyde.

From the above observation, we can conclude that the 4-hydroxydithiocoumarin
derivatives show excellent reactivity towards cinnamaldehyde, particularly those with
electron-donating substituents on the aryl moiety. On the other hand, 4-
hydroxydithiocoumarin does not react with cinnamaldehyde, which possesses an

electron-withdrawing group, as in the case of 4-nitrocinnamaldehyde.
2.3 The possible reaction mechanism

The plausible reaction mechanism proposed for this reaction is based on a literature
survey,’ intermediates, and isolated products, as shown in Scheme 8. As we know,
amino acids always exist in zwitterionic form, where they carry a negative charge on
the carboxylic group by losing one proton and a positive charge on the amine group by
gaining one proton. Here, in the proposed mechanism, L-Proline abstracts the acidic
proton of 4-hydroxydithiocoumarin, resulting in the formation of intermediate 1b. In a
basic medium, 4-hydroxydithiocoumarin exists in three tautomeric forms as shown in
Scheme 9. Here, the reaction may proceed via two possible mechanisms, | or II.
Pathway I, where cinnamaldehyde reacts with L-Proline to give an intermediate
iminium ion A, which was detected in HRMS. Pathway Il follows the thia-Michael
addition reaction, where 4-hydroxydithiocoumarin 1b undergoes a 1,4-addition reaction

with cinnamaldehyde 2 to give rise to the product E, but no such product was obtained
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during the experiment. Therefore, we conclude that the reaction proceeds via pathway |
via the iminium ion. Where the two intermediates A and 1b react and give a
Knoevenagel product intermediate C via intermediate B (Mannich intermediate) and
release L-Proline. Ultimately, the intermediate C undergoes an electrocyclic ring-
closing reaction to yield 3 as the desired product.

Scheme 8. Reaction mechanism for the formation of thiopyrano derivatives
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Conclusions

We developed a practicable method for the synthesis of 2-aryl-2H,5H-thiopyrano[2,3-
b]thiochromen-5-one derivatives using 4-hydroxydithiocoumarin and cinnamaldehyde
in the presence of L-Proline in methanol under reflux conditions. Notably, it is observed
that the reactivity of a-B-unsaturated aldehyde is different from aromatic aldehyde as
well as B-nitrostyrene. The features, including good atom economy, the use of a green
catalyst (L-Proline), mild reaction conditions, and reduced time consumption, make it
very practical. The present method proceeds via the Mannich reaction, followed by

annulation and electrocyclic ring closure.

2.4 Experimental Section

A general procedure for the synthesis of 2-phenyl-2H,5H-thiopyrano[2,3-
b]thiochromen-5-one derivatives (3)

A mixture of 4-hydroxydithiocoumarin 1 (0.39 g, 0.20 mmol) and cinnamaldehyde 2
(25 pL, 0.20 mmol) was taken in 1 mL of methanol in a 10 mL two-neck round-
bottomed flask. Subsequently, the organocatalyst L-proline (4.6 mg, 0.02 mmol) was
added to the reaction mixture. The flask was then fitted with a reflux condenser and
placed in a preheated oil bath at 80 °C with constant stirring. The reaction was completed
after 1 h, as monitored by TLC. Methanol was then removed under reduced pressure
using a rotary evaporator, and the crude residue was extracted with ethyl acetate (2 x 10
mL) and washed with water (2 x 5 mL). Then, the organic layer was dried over anhydr-
ous sodium sulfate (Na>SOa). Finally, the organic layer is concentrated in a rotatory
evaporator, and the crude residue is purified through silica gel column chromatography
(mesh 60-120). The desired product was eluted with an ethyl acetate/hexane mixture
(1:9). A similar procedure was followed in all other cases. The optical rotation was
found to be zero, so chiral HPLC was not done to isolate the products.
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2.5 Characterization
(S)-2-(4-Methoxyphenyl)-2H,5H-thiopyrano[2,3-b]Jthiochromen-5-one (3a). A
light-yellow solid (62 mg, 92 %) mp 104-105 °C; H
NMR (500 MHz, CDClz) & 8.52 (dd, J = 8.0, 1.4 Hz, 1H),
7.53 (td, J =7.6, 1.6 Hz, 1H), 7.49 (dd, J = 8.0, 1.2 Hz,
1H), 7.43-7.41 (m, 1H), 7.31 - 7.27 (m, 3H), 6.87 — 6.83
(m, 2H), 5.97 (dd, J = 10.3, 5.5 Hz, 1H), 4.92 (dd, J = 5.5, 1.5 Hz, 1H), 3.78 (s, 3H). 3C
NMR (125 MHz,CDCl3-d) 6 175.2, 159.8, 145.9,136.3, 131.6, 131.4, 129.6, 129.2 (2C),
127.7,125.8,125.4, 124.0, 121.8, 114.4 (2C), 55.4, 43.8. IR(KBr)vmax/cm?, 2925 (C—H),
1603 (C=0), HRMS (ESI):m/z [M+H]" calcd for C19H140-S, 399.0508 [M+H]*; found
399.0521

(S)-8-Fluoro-2-(4-methoxyphenyl)-2H,5H-thiopyrano[2,3-b]thiochromen-5-one
(3b). An orange solid (61 mg, 87 %) mp 175 °C; H
NMR (500 MHz, CDCls) 6 8.53 (dd, J = 8.6, 6.1 Hz,
e 1H), 7.30 — 7.26 (m, 3H), 7.19 (td, J = 8.1, 2.1 Hz,
0 1H), 7.13 — 7.10 (m, 1H), 6.85 (d, J = 8.1 Hz, 2H),
5.97 (dd, J = 10.6, 5.9 Hz, 1H), 4.92 (d, J = 5.7 Hz, 1H), 3.78 (s, 3H). 3C NMR (125
MHz, CDCI3) 6 174.3, 163.9(d, J = 254.7 Hz), 159.8, 145.4, 138.3 (d, J = 9.5 Hz), 132.6
(d, J=9.7 Hz), 131.4, 129.2, 127.9 (d, J = 2.3 Hz), 125.8, 123.8, 121.9, 116.2 (d, J = 22
Hz) 114.4, 111.4 (d, J = 24 Hz) 55.4, 43.9. IR(KBr)vmax/cm?, 2923 (C-H), 1608 (C=0),
HRMS (ESI) calcd for C1gH13FO2S7; 357.0414 [M+H]*; found 357.0414.

(S)-8-Chloro-2-(4-Methoxyphenyl)-2H,5H-thiopyrano[2,3-b]thiochromen-5-one
(3c). A light-yellow solid (66 mg, 89 %) mp 174 °C;
'H NMR (400 MHz, CDClz) & 8.47 — 8.43 (m, 1H),
7.44 (d, J =7.9 Hz, 2H), 7.31 — 7.26 (m, 3H), 6.86
(d, J =8.7 Hz, 2H), 5.98 (dd, J = 10.3, 5.5 Hz, 1H),
4.94 (dd, J=5.5, 1.5 Hz, 1H), 3.79 (s, 3H). 3C NMR (126 MHz, CDCl3) § 174.4, 159.9,
145.6, 138.1, 137.6, 131.4, 131.2, 129.7, 129.2 (2C), 128.3, 125.9, 124.7, 123.8, 122.1,
114.5 (2C), 55.4, 43.9. IR(KBr)vmax/cm?, 2923 (C-H), 1610 (C=0), HRMS (ESI) calcd
for C19H13Cl02S; 373.0118 [M+H]*; found 373.0118.
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(S)-2-(4-Methoxyphenyl)-7-(trifluoromethyl)-2H,5H-thiopyrano[2,3-b]thiochro-

men-5-one (3d). A light-yellow solid (69 mg, 85 %)

mp 157 °C; *H NMR (500 MHz, CDCl3) & 8.78 (s,

1H), 7.72 (d, J = 8.3 Hz, 1H), 7.52 (d, J = 8.4 Hz,
o-Me 1H), 7.29 — 7.26 (m, 3H), 6.85 (d, J = 8.6 Hz, 2H),
5.99 (dd, J = 10.2, 5.5 Hz, 1H), 4.94 (d, J = 5.1 Hz, 1H), 3.77 (s, 3H). *C NMR (125
MHz, CDCI3) 6 174.1, 159.9, 146.1, 139.8, 131.3, 131.2, 129.9 (q, J = 33 Hz), 129.2,
127.2 (g, J = 3.2 Hz), 126.9 (q, J = 4 Hz), 126.3, 126.0, 123.6, 123.0 (g, J = 270.8 H2),
122.3, 114.5, 55.4, 43.9. IR(KBr)vmax/cm?, 2925 (C—H), 1626 (C=0), HRMS (ESI)
calcd for CooH14F302S2 407.0382 [M+H]*; found 407.0370.

(S)-2-(2-Methoxyphenyl)-2H,5H-thiopyrano[2,3-b]thiochromen-5-one (3e). A dark
brown solid (58 mg yield-87 %) mp 180 °C; *H NMR (500
MHz, CDCls) & 8.52 (dd, J = 7.8, 1.7 Hz, 1H), 7.50 (dtd, J =
15.2, 7.2, 5.7 Hz, 2H), 7.44 — 7.36 (m, 2H), 7.31 (dd, J = 7.6,
1.8 Hz, 1H), 7.24 (d, J = 1.8 Hz, 1H), 6.93 — 6.85 (m, 2H),
5.92 (dd, J = 10.3, 6.3 Hz, 1H), 5.32 (dd, J = 6.2, 1.1 Hz, 1H), 3.90 (s, 3H). *C NMR
(125 MHz, CDCl3z) 6 175.3, 155.9, 146.4, 136.5, 131.4, 131.3, 129.6, 129.5, 129.3,
127.6, 127.4, 125.6, 125.3, 124.6, 120.9, 120.5, 110.8, 55.7, 36.8. IR(KBr)vmax/cm?,
2924 (C-H), 1602 (C=0), HRMS (ESI): calcd for C19H1402S, 399.0508 [M+H]*;
found399.0522.

(S)-8-Fluoro-2-(2-methoxyphenyl)-2H,5H-thiopyrano[2,3-b]  thiochromen-5-one
(3f). A yellow solid (61 mg -87 %) mp 191 °C; *H NMR
(500 MHz, CDCls) 6 8.54 (dd, J = 9.0, 5.8 Hz, 1H), 7.38
(d, J=10.2 Hz, 1H), 7.32 — 7.27 (m, 2H), 7.19 (td, J = 8.5,
2.5 Hz, 1H), 7.11 (dd, J = 8.3, 2.4 Hz, 1H), 6.93 — 6.88
(m, 2H), 5.93 (dd, J = 10.3, 6.3 Hz, 1H), 5.35 — 5.31 (m, 1H), 3.91 (s, 3H). 3C NMR
(125 MHz, CDCl3) 6 174.4, 163.9 (d, J = 254.5 Hz), 155.9, 146.2, 138.4 (d, J = 9.6 H2z),
132.4 (d, J = 9.5 Hz), 129.6, 129.2, 127.9 (d, J = 2.3 Hz), 127.2, 125.5, 124.4, 120.9,
120.7, 116.0 (d, J = 22.1 Hz) 111.3 (d, J = 22 Hz), 110.8, 55.7, 36.8. IR(KBr)vmax/cm?,
2925(C-H), 1603(C=0), HRMS (ESI) calcd for C19H14FO.S, 357.0414 [M+H]"; found
357.0414.
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(S)-8-Chloro-2-(2-methoxyphenyl)-2H,5H-thiopyrano[2,3-b]  thiochromen-5-one
(30). A light-yellow solid (63 mg, 86 %) mp 171 °C; *H
NMR (500 MHz, CDCl3) 6 8.44 (d, J =8.6 Hz, 1H), 7.44
—7.40 (m, 2H), 7.35 (d, J = 10.3 Hz, 1H), 7.30 — 7.26 (m,
2H), 6.92 — 6.87 (m, 2H), 5.92 (dd, J = 10.3, 6.3 Hz, 1H),
5.32 (d, J = 6.3 Hz, 1H), 3.90 (s, 3H). *C NMR (125 MHz, CDCls3) & 174.5, 155.9,
146.5, 138.0, 137.8,131.1, 129.7,129.6, 129.2, 128.2, 127.2, 125.6, 124.7, 124.4, 120.9,
120.8, 110.8, 55.7, 36.8.IR(KBr)vmax/cm?, 2925(C—H), 1603(C=0), HRMS (ESI) calcd
for C19H14Cl02S; 373.0118 [M+H]*; found 373.0112.

(S)-7-Chloro-2-(2-methoxyphenyl)-2H,5H-thiopyrano[2,3-b]  thiochromen-5-one
(3h). A brown solid (53 mg, 82 %) mp 178 °C; *H NMR
(500 MHz, CDClz) & 8.44 (d, J = 8.6 Hz, 1H), 7.44 — 7.40
(m, 2H), 7.35 (d, J = 10.3 Hz, 1H), 7.30 — 7.26 (m, 2H),
6.92 — 6.87 (m, 2H), 5.92 (dd, J = 10.3, 6.3 Hz, 1H), 5.32
(d, J = 6.3 Hz, 1H), 3.90 (s, 3H).23C NMR (126 MHz, CDCls) § 174.5, 155.9, 146.5,
138.0,137.8,131.1,129.7,129.6, 129.2, 128.2, 127.2, 125.6, 124.7, 124.4, 120.9, 120.8,
110.8, 55.7, 36.8. IR(KBr)vmax/cm?, 2923(C—H), 1607(C=0), HRMS (ESI) calcd for
C19H14ClO2S; 373.0118 [M+H]"; found 373.0119.

(S)-2-(2-Methoxyphenyl)-7-(trifluoromethyl)-2H,5H-thiopyrano[2,3-b]thiochro-

men-5-one (3i). A crystalline yellow (64 mg, 80 %) mp
194 °C; 'H NMR (400 MHz, CDCl3) & 8.81 — 8.79 (m,
1H), 7.75 - 7.70 (m, 1H), 7.52 (d, J = 8.4 Hz, 1H), 7.38
(d, J = 10.3 Hz, 1H), 7.32 — 7.27 (m, 2H), 6.94 — 6.87
(m, 2H), 5.95 (dd, J = 10.3, 6.3 Hz, 1H), 5.35 (d, J = 6.2 Hz, 1H), 3.91 (s, 3H).13C NMR
(125 MHz, CDCl3) & 174.2, 155.8, 147.1, 140.0, 131.3, 129.8 (q, J = 33.4 Hz), 129.7,
129.2,127.2 (q, J =3.3 Hz), 127.0, 126.9 (q, J = 3.9 Hz), 126.2, 125.7, 124.3, 123.6 (q,
J = 270.8 Hz), 121.0, 120.9, 110.8, 55.7, 36.9. IR(KBr)vma/cm?, 2923(C-H),
1629(C=0), HRMS (ESI) calcd for C20H14 CF30,S2 407.0382 [M+H]"; found 407.0370.
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(S)-8-Chloro-2-phenyl-2H,5H-thiopyrano[2,3-b]thiochromen-5-one (3j). An orange
solid (55 mg, 81 %) mp 164 °C; 'H NMR (500 MHz,
CDCls) 6 8.43 (d, J = 8.6 Hz, 1H), 7.45 — 7.40 (m, 2H),
7.36 (t, J = 8.7 Hz, 4H), 7.32 — 7.30 (m, 1H), 7.29 — 7.26
(m, 1H), 5.99 (dd, J = 10.2, 5.4 Hz, 1H), 4.96 (d, J = 5.5
Hz, 1H). 3C NMR (126 MHz, CDCl3) & 174.4, 145.6, 139.4, 138.1, 137.5, 131.1, 129.6,
129.1 (2C), 128.6, 128.4, 128.0 (2C), 126.0, 124.7, 123.9, 121.8, 44.3. IR(KBr)vmax/cm?,
2923(C-H), 1602(C=0),HRMS (ESI) calcd for C1gH12 CIOS; 343.0013 [M+H]"; found
343.0004.

(S)-2-(2-Bromophenyl)-2H,5H-thiopyrano[2,3-b]thiochromen-5-one (3k). A light-

o yellow solid (64 mg, 83 %) mp 171 °C; *H NMR (500 MHz,
CDCls) & 8.54 — 8.51 (m, 1H), 7.60 (d, J = 7.9 Hz, 1H), 7.56 —
7.48 (m, 2H), 7.47 — 7.40 (m, 3H), 7.24 (d, J = 7.6 Hz, 1H),
7.17 —7.12 (m, 1H), 5.96 (dd, J = 10.2, 6.4 Hz, 1H), 5.29 (d, J
= 6.5 Hz, 1H). 3C NMR (125 MHz, CDCls) § 175.27, 145.9, 137.9, 136.3, 133.4, 131.4,
131.3, 130.2, 129.8, 129.6, 128.1, 127.8, 125.6, 125.4, 125.3, 123.2, 119.9, 42.7.
IR(KBr)vmax/cm?, 2923(C-H), 1603(C=0), HRMS (ESI) calcd for CisH11BroOS;
386.9507- 388.9487 [M+H]*; found 386.9507-388.9487.

(S)-2-(2-Bromophenyl)-8-fluoro-2H,5H-thiopyrano[2,3-b]thio chromen-5-one (3I).
A light-yellow solid (70 mg; 87 %) mp 150 °C; *H NMR
(500 MHz, CDCl3) & 8.53 (dd, J = 9.0, 5.8 Hz, 1H), 7.61 —
7.59 (m, 1H), 7.44 — 7.38 (m, 2H), 7.24 (d, J = 7.1 Hz, 1H),
7.19 (td, J = 8.9, 2.4 Hz, 1H), 7.14 (td, J = 7.8, 1.6 Hz, 1H),
7.11 (dd, J = 8.3, 2.4 Hz, 1H), 5.95 (dd, J = 10.3, 6.4 Hz, 1H), 5.29 (dd, J = 6.4, 1.0 Hz,
1H). 3C NMR (125 MHz, CDCls3) § 174.3, 164.0 (d, J = 254 Hz), 145.4, 138.3 (d, J =
9.7 Hz), 137.8, 133.5, 132.6 (d, J = 9.6 Hz), 130.2, 129.9, 128.2, 127.9, 125.5, 125.1,
123.2, 120.1, 116.2 (d, J = 22.1 Hz), 111.4 (d, J = 24.4 Hz), 42.8. IR(KBr)vmax/cm?,
2925(C-H), 1603(C=0), HRMS (ESI): calcd for CigH11BrFOS> 404.9413-
406.9393[M+H]*; found 404.9413-404.9413.
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(S)-2-(2-Bromophenyl)-7-(trifluoromethyl)-2H,5H-thiopyrano[2,3-b]thiochrome-
n-5-one (3m). A light-yellow solid (72 mg, 80 %) mp 200
°C; 'H NMR (500 MHz, CDCls) § 8.81 (s, 1H), 7.77 - 7.74
(m, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.56 (d, J = 8.4 Hz, 1H),
7.46 (d, J = 10.3 Hz, 1H), 7.43 — 7.39 (m, 1H), 7.28 (d, J
=6.8 Hz, 1H), 7.17 (t, J = 7.6 Hz, 1H), 6.00 (dd, J =10.3, 6.4 Hz, 1H), 5.35(d, J =6.4
Hz, 1H).3C NMR (125 MHz, CDCl3) & 174.22, 146.25, 139.91, 137.70, 133.59, 131.38,
130.28, 130.0, 130.0 (g, J = 33.3 Hz), 128.25, 127.48, 127.4 (q, J = 3.3 Hz), 127.0 (q, J
=3.9 Hz), 126.35, 125.82, 125.0, 123.3 (g, J = 3.9 Hz), 120.52, 42.93. IR(KBr)vmax/cm?,
, 2923(C—-H), 1627(C=0), HRMS (ESI) calcd for Ci9H11BrF30S; 454.9381 found
454.9381-456.9361[M+H]"; found 454.9380-454.9359.

(S)-2-(2-Bromophenyl)-8-chloro-2H,5H-thiopyrano[2,3-b]thiochromen-5-one (3n).
A light-yellow solid (68 mg, 81 %) mp 183 °C; 'H NMR
(500 MHz, CDCl3) 6 8.44 (d, J = 8.6 Hz, 1H), 7.61 (dd, J =
7.9, 1.3 Hz, 1H), 7.46 — 7.38 (m, 4H), 7.26 (d, J = 4.0 Hz,
1H), 7.15 (td, J = 7.7, 1.8 Hz, 1H), 5.96 (dd, J = 10.3, 6.4
Hz, 1H), 5.31 (d, J = 6.4 Hz, 1H). ¥3C NMR (125 MHz, CDCl3) & 174.5, 145.7, 138.2,
137.8,137.6, 133.5,131.2,130.2, 129.9, 129.6, 128.4, 128.2, 125.7, 125.0, 124.8, 123.3,
120.2, 42.8. IR(KBr)vmax/cm!, 2923(C-H), 1606(C=0), HRMS (ESI) calcd for
C1sH11BrClOS; 420.9118-422.9098[M+H]"; found 420.9102-422.9080.

(S)-2-(4-Bromophenyl)-8-fluoro-2H,5H-thiopyrano[2,3-b]thio chromen-5-one (30).
A brown solid (67 mg, 87 %) mp 159 °C; *H NMR (500
MHz, CDCls) 6 8.52 (dd, J =9.0, 5.8 Hz, 1H), 7.45 (d, J
=8.4 Hz, 2H), 7.31 (d, J = 10.2 Hz, 1H), 7.23 (d, J=8.4

gy Hz,2H),7.19 (dd, J=8.4,1.8 Hz, 1H), 7.12 (dd, J = 8.3,

2.2 Hz, 1H), 5.97 (dd, J = 10.3, 5.8 Hz, 1H), 4.88 — 4.86 (m, 1H). *C NMR (125 MHz,

CDCl3) & 174.32, 164.0 (d, J = 2.3 Hz), 144.81, 138.48, 138.1 (d, J = 9.6 Hz), 132.77,

132.6 (d, J = 9.5 Hz), 129.63, 127.9 (d, J = 2.3 Hz),, 125.90, 124.42, 122.74, 120.99,

116.3 (d, J = 22.1 Hz),, 111.5 (d, J = 24.6 Hz), 43.3. IR(KBr)vmax/cm?, 2923 (C-H),

1605 (C=0), HRMS (ESI) calcd for C1sH11BrFOS; 404.9413-406.9393[M+H]*; found

404.9413-404.9393.
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(S)-2-(4-Bromophenyl)-2H,5H-thiopyrano[2,3-b]thio chromen-5-one (3p). A light
orange solid (66 mg, 82 %) mp 143 °C.*H NMR (500 MHz,
CDCls) 6 8.52 (dd, J = 8.0, 1.7 Hz, 1H), 7.55 (td, J = 7.7,
1.4 Hz, 1H), 7.52 — 7.48 (m, 1H), 7.44 (td, J = 6.3, 1.6 Hz,

g, 3H), 7.34 (dd, J = 10.3, 1.4 Hz, 1H), 7.24 (d, J = 8.4 Hz,

2H), 5.98 (dd, J = 10.2, 5.8 Hz, 1H), 4.89 — 4.85 (m, 1H). *C NMR (125 MHz, CDCls)

d175.1,145.3, 138.6, 136.1, 132.2 (2C), 131.5, 131.3, 129.6, 129.6 (2C), 127.8, 125.8,

125.4, 124.5, 122.6, 120.7, 43.3. IR(KBr)vmax/cm?, 2925 (C-H), 1605 (C=0), HRMS

(ESI) calcd for C1gH11BrFOS, 386.9507-388.9487[M+H]*; found 386.9493-388.9469.

(S)-2-(4-Bromophenyl)-8-chloro-2H,5H-thiopyrano [2,3-b]thiochromen-5-one

(39). A light-yellow solid (73 mg, 88 %) mp 172 °C;

'H NMR (500 MHz, CDCl3) § 8.44 (d, J = 8.5 Hz, 1H),

7.48 —7.42 (m, 4H), 7.30 (d, J = 10.3 Hz, 1H), 7.23 (d,
Br J=8.4 Hz 2H), 5.98 (dd, J = 10.2, 5.8 Hz, 1H), 4.88
(d, J = 5.7 Hz, 1H)."3C NMR (125 MHz, CDCL3) & 174.4, 145.0, 138.4, 138.3, 137.4,
132.2 (2C), 131.2, 129.6 (2C), 129.6, 128.5, 126.0, 124.8, 124.3, 122.7, 121.1, 43.4.
IR(KBr)vmax/cm?, 2925(C—H), 1608(C=0), HRMS (ESI) calcd for CigH11BrFOS;
420.9118-422.9098 [M+H]"; found 420.9104-422.9079.

(S)-2-(4-Bromophenyl)-7-chloro-2H,5H-thiopyrano [2,3-b] thiochromen-5-one
(3r). A light-yellow solid (71 mg, 85 %) mp 145 °C; *H
NMR (500 MHz, CDCls) & 8.48 (d, J = 2.0 Hz, 1H),
7.51 (dd, J = 8.5, 2.2 Hz, 1H), 7.45 (d, J = 8.4 Hz, 3H),

g 7-37(d,J=8.5Hz, 1H), 7.32 - 7.29 (m, 1H), 7.23 (d, J

= 8.4 Hz, 3H), 5.98 (dd, J = 10.2, 5.8 Hz, 1H), 4.88 (d, J = 5.5 Hz, 1H). 3C NMR (125

MHz, CDCI3) 6 174.0, 145.6, 138.4, 134.3, 134.2, 132.4, 132.2 (2C), 131.8, 129.6 (20),

129.2, 126.9, 125.7, 124.4, 122.7, 121.1, 43.4. IR(KBr)vmax/cm!, 2922(C—H), 1603

(C=0), HRMS (ESI) calcd for CisH11BrFOS; 420.9118-422.9098[M+H]*;found

420.9107-422.9083.
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(S)-2-(4-Bromophenyl)-7-(trifluoromethyl)-2H,5H-thiopyrano[2,3-b]thiochromen

-5-one (3s). A brown solid (74 mg, 82 %) mp 181 °C;

'H NMR (500 MHz, CDCl3) § 8.81 (d, J = 2.1 Hz, 1H),

7.76 (dd, J = 8.4, 2.1 Hz, 1H), 7.56 (d, J = 8.4 Hz, 1H),
Br 7.32-7.26 (m, 3H), 7.16 (d, J=7.9 Hz, 2H), 6.02 (dd,
J=10.2,5.5 Hz, 1H), 4.97 (dd, J = 5.4, 1.5 Hz, 1H), 2.35 (s, 3H). *C NMR (125 MHz,
CDCl3) & 174.1, 146.2, 139.8, 138.7, 136.3, 130.0 (q, J = 33.4 Hz), 129.8 (2C), 127.9
(2C), 127.3 (g, J = 3.3 Hz), 127.0 (g, J = 3.9 Hz), 126.3, 126.1, 123.7, 123.6 (q, J =
270.8 Hz), 122.3, 44.2, 21.2. IR(KBr)vmadcm?, 2927 (C-H), 1609 (C=0) HRMS (ESI)
calcd for C1gH11BrFOS; 454.9381-456.9359 [M+H]*; found 454.9380-454.9359.

(S)-6-Chloro-3-methyl-2-phenyl-2H,5H-thiopyrano[2,3-b]thiochromen-5-one (3t).

Cl O A light-yellow solid (56 mg, 79 %) mp 184 °C; *H NMR (500
MHz, CDClg) § 7.44 (d, J = 7.2 Hz, 1H), 7.28 (dd, J = 15.7, 7.8
Hz, 7H), 7.10 (d, J = 6.0 Hz, 1H), 4.49 (s, 1H), 1.98 (s, 3H).
13C NMR (125 MHz, CDCls) § 175.1, 139.1, 139.1, 138.3,
136.5, 131.4, 130.9, 130.5, 129.0 (2C), 128.4, 127.9, 127.8, 127.4 (2C), 124.5, 120.3,
475, 23.4. IR(KBr)vmax/cm!, 2923(C—H), 1607(C=0), HRMS (ESI) calcd for
C19H13CIOS; 357.0169[M+H]*; found 357.0169.

(S)-8-Chloro-3-methyl-2-phenyl-2H,5H-thiopyrano[2,3-b]thiochromen-5-one (3u).
A yellow solid (57 mg, 81 %) mp 209 °C; *H NMR(500
MHz,CDCls) & 8.46 (d, J = 8.5 Hz, 1H), 7.44 — 7.40 (m,
2H), 7.30 — 7.26 (m, 5H), 7.21 — 7.18 (m, 1H), 4.52 (s, 1H),
2.01 (s, 3H).13C NMR (125 MHz, CDCl3) & 174.4, 141.3,
139.1, 137.9, 137.7, 131.2, 131.2, 129.6 (2C), 129.1, 128.5, 128.2, 127.4 (2C), 126.5,
124.7, 119.9, 47.7, 23.5. IR(KBr)vmax/cm?, 2924 (C—H), 1605 (C=0), HRMS (ESI)
calcd for C19H14CIOS; 357.0169 [M+H]*; found 357.0169.
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(S)-2-(p-tolyl)-2H,5H-thiopyrano[2,3-b]thiochromen-5-one (3v). A yellow solid (58

mg, 75 %) mp 126 °C; *H NMR (500 MHz, CDCl3) § 8.53

(dd, J=7.9, 1.7 Hz, 1H), 7.57 — 7.48 (m, 2H), 7.45 — 7.43

(m, 1H), 7.33 — 7.26 (m, 3H), 7.14 (d, J = 7.9 Hz, 2H),
Ve 5.98(dd,J=10.2,5.5Hz, 1H), 4.94 (dd, J =5.5, 1.5 Hz,
1H), 2.33 (s, 3H). *C NMR (125 MHz, CDCl3) § 175.2, 145.9, 138.5, 136.7, 136.3,
131.4, 131.3, 129.7 (2C), 129.6, 127.9 (2C), 127.7, 125.9, 125.4, 124.0, 121.7, 44.1,
21.2. IR(KBr)vmax/cm?, 2925(C—H), 1608(C=0), HRMS (ESI) calcd for C19H140S;
323.0559 [M+H]*; found 323.0559.

(S)-8-Fluoro-2-(p-tolyl)-2H,5H-thiopyrano[2,3-b]thiochromen-5-one (3w). A light-
yellow solid (62 mg,92 %) mp 104 °C; *H NMR (500
MHz, CDCl3) 6 8.55 (dd, J = 9.0, 5.8 Hz, 1H), 7.29 (d,
J=11.4 Hz, 3H), 7.21 (td, J = 8.9, 2.4 Hz, 1H), 7.17 —

ve [-13 (m, 3H), 5.99 (dd, J = 10.2, 5.5 Hz, 1H), 4.95 (dd,

J=5.5, 1.5 Hz, 1H), 2.34 (s, 3H). *C NMR (125 MHz, CDCls) & 174.40z, 164.0 (d, J

= 254.6 Hz), 145.4, 138.6, 138.3 (d, J = 9.7 Hz), 136.52, 132.6 (d, J = 9.5 Hz), 129.8

(2C), 128.0,127.9 (2C), 125.9, 123.9, 121.9, 116.2 (d, J =22.1 Hz), 111.4 (d, J =24.6

Hz) ,44.1, 21.2. IR(KBr)vmax/cm?!, 2927(C—H), 1609(C=0), HRMS (ESI) calcd for

C19H14FOS2 341.0465 [M+H]*; found 357.0456.

(S)-8-Chloro-2-(m-tolyl)-2H,5H-thiopyrano[2,3-b]thiochro men-5-one (3x). A light-
yellow solid (55 mg, 82 %) mp 119 °C; *H NMR (500
MHz, CDCL3) 6 8.43 (d,J=8.5Hz, 1H), 7.42 (d, J =
8.3 Hz, 2H), 7.25 — 7.19 (m, 2H), 7.18 — 7.10 (m, 3H),
5.96 (dd, J = 10.3, 5.3 Hz, 1H), 4.95 (dd, J =5.3, 1.6
Hz, 1H), 2.33 (s, 3H). 1*C NMR (125 MHz, CDCls-d) § 174.4, 145.8, 139.4, 138.9,
138.1,137.5,131.2,129.7,129.5,129.0, 128.7, 128.4, 125.9, 125.1, 124.7, 123.8, 121.9,
44.4, 21.5. IR(KBr)vmax/cm?, 2923(C-H), 1607(C=0), HRMS (ESI) calcd for
C19H14CIOS; 357.0169 [M+H]*; found 357.0169.
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(S)-7-Chloro-2-(m-tolyl)-2H,5H-thiopyrano[2,3-b]thio chrom en-5-one (3y). A
light-yellow solid (54 mg, 77 %) mp 104 °C;*H NMR
(500 MHz, CDCl3) 6 8.40 (d, J = 2.4 Hz, 1H), 7.40 (dd,

Mo 3=85 24Hz 1H), 7.28 (s, 1H), 7.19 — 7.17 (m, 1H),
7.13 (d, J =7.8 Hz, 1H), 7.09 (s, 2H), 7.03 (d, J = 7.5

Hz, 1H), 5.88 (dd, J = 10.3, 5.3 Hz, 1H), 4.87 (dd, J = 5.4, 1.6 Hz, 1H), 2.25 (s, 3H).

13C NMR (125 MHz, CCDIs) § 173.9, 146.3, 139.3, 138.9, 134.3, 134.2, 132.4, 131.7,

129.4, 129.2, 129.0, 128.7, 126.8, 125.6, 125.1, 123.8, 122.0, 44.5, 215.

IR(KBr)vmax/cm?, 2923(C-H), 1607(C=0), HRMS (ESI) calcd for Ci9H14CIOS;

357.0169[M+H]": found 357.0169.

(S)-2-(4-(Dimethylamino)phenyl)-2H,5H-thiopyrano[2,3-b]thiochromen-5-one

(3z). A sticky black liquid (62 mg, 92 %).'H NMR (500

MHz, CDCls3) 6 8.52 (d, J =8.8 Hz, 1H), 7.54 (t, J = 6.8

Hz, 1H), 7.49 (t, J = 7.5 Hz, 1H), 7.43 (d, J = 7.9 Hz,
'\{’Me 1H), 7.28 (d, J = 11.4 Hz, 1H), 7.22 (d, J = 8.7 Hz, 2H),
ve 6.66 (d, J =8.7 Hz, 2H), 5.97 (dd, J = 10.3, 5.4 Hz, 1H),
4.91 (dd, J=5.5, 1.5 Hz, 1H), 2.94 (s, 6H). *C NMR (125 MHz, CDCl3) § 175.2, 150.6,
146.3, 136.5, 131.4, 131.3, 129.6, 128.9 (2C), 127.6, 126.8, 125.8, 125.4, 123.7, 122.2,
112.6, 44.5, 40.5 (2C). IR(KBr)vmax/cm?, 2921 (C— H), 1605(C=0), HRMS (ESI):m/z
[M+H]* calcd for C20H1sNOS2; 352.0824 found 352.0829.
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Figure 2.6. X-ray crystallographic data of compound 3e

Experimental Section

Table S1. Crystal data and structure refinement for compound (3e)

TH-4093_216122051

Entry Identification Code Compound 3e

01 Empirical formula C19H1402S>

02 Formula weight 338.42

03 Temperature 297 K

04 Wavelength 0.71073

07 Crystal system Triclinic

08 Space group P-1
(a)7.6579 (10),

09 Cell length(A) (b)13.8840(19)
(c)14.998 (2)

10 Cell angle (°) B 8(1')2’ 1},682)9’8[328(2')610

11 Cell volume (A%) 1584.0 (4)

12 Density 1.419

13 Absorption correction multi-scan

15 Cell formula units Z 2

16 CCDC no 2311036
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Chapter 111

Reactivity study of 4-hydroxydithiocoumarin with vinyl ether and vinyl
sulfide: Synthesis of 4-methyl-3,4-dihydrothiopyran and hydrothiolated

derivatives

/
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R'=-H (a), -5CI (b), -6Cl (c), -7Cl (d), -6CF5(e), -7F (f) -6Br > Mild reaction conditions
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CHAPTER 111 Introduction

3.0 Introduction

Due to the prevalence of C-S bonds in numerous biological and pharmacological
substances, there has been a continuous interest in developing mild and effective
processes for forming carbon-sulfur bonds.* Recently, both C-S coupling reactions and
direct C-H functionalization have been established for forming the C-S bond.? The
classical constructions of C—S bonds include either the direct coupling of organic
halides with thiols or the addition of thiols to unsaturated C=C bonds, and a few of them

are mentioned in this chapter 3.1.

3.1 Reactions for the synthesis of a thioether derivative

In 2012, Riduan et al. established a classical route for synthesising stereoselective Z and
E sulfide vinyl ethers by using phenylacetylene and thiol in DMF in the presence of
Cul,®as presented in Scheme 1. The stereoselectivity is controlled by the CO2 molecule
used in conjunction with the Cul catalyst. Z-Vinyl ether is formed in the presence of

COo, but in the absence of COy, it gives E-vinyl ether.

Ph -~ Ph ™
c02
E/Z =80:20 E/Z =13:87

Scheme 1. CO, Mediated Stereoselective Copper-Catalysed Reductive Coupling of Alkynes and
Thiols

Samara et al. demonstrated the synthesis of vinyl thioethers via the hydrothiolation of
phenylacetylene with thiophenol in the presence of In(OTf)s as a catalyst, as shown in
Scheme 2. Their protocol revealed two regioisomeric products: the Markovnikov and
anti-Markovnikov products.* The selectivity is dependent on the substituent of the thiol:
when a heteroatom-containing group was attached, the reaction afforded the
Markovnikov product, whereas with alkyl or aryl substituents, the anti-Markovnikov

product was obtained
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R | | R-SH
S
In(OTH3 R
) — + —» g
R = alkyl/Aryl Toluene | p = Hetero
Reflux

Scheme 2. Regioselective Synthesis of vinyl sulfide derivatives using phenylacetylene and
thiophenol

Ding et al. synthesised saturated thio-ethers via thioalkylation of tosylated hydrazone
with thiophenyl in the presence of mild base K-COs in Dioxane solvent as presented in

scheme 3.5

_Ar
R1\|//N\N/Ts K,CO,, Dioxane S
N + ArSH > il
110 °C, 24h R R

R2 2

Scheme 3. Synthesis of vinyl sulfide derivatives using tosyl hydrazone and thiophenol

Fragies et al. (2021) reported a novel strategy for preparing thioalkyl phosphonium salts
through a formal phosphine—Pummerer reaction, as shown in Scheme 4.° This approach
utilizes phosphines in Pummerer-type activation with sulfoxides to generate stable
thioalkyl phosphonium intermediates. These salts were then successfully utilised to

pursue Wittig-type olefinations with aldehydes to synthesize vinyl sulfides.

©
0O Cl
® t-ButOK _ AurSMe
R1/u\|-| * PhP_SMe Gemgocorn > NPT
15 min, 24 h

Scheme 4. Synthesis of vinyl sulfide derivatives via Wittig-type olefinations

Our research group recently demonstrated, in 2017, the reactivity of 4-
hydroxydithiocoumarin, which behaves as a pseudo-thio moiety, with phenylacetylene,
a Heteroaryl-Substituted alkyne (2-ethynylpyridine), and styrene.” It observed that
phenylacetylene and styrene give the Markovnikov hydrothialated product in toluene in
the presence of Cul. Whereas, under identical conditions, in the case of 2-
ethynylpyridine, they only obtain an anti-Markovnikov product, as shown in Scheme 5.
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o]
K2CO3 (1 eqUiV.) > m
Cul (10 mol%) SIS
00— o
7SS N= s s

I SN Toluene ©/\ Q
Reflux
g L CoLs
s S/K@

Scheme 5. Synthesis of vinyl sulfide derivatives via Hydrothiolation reaction using 4-
hydroxydithiocoumarin.

The literature discussed above collectively describes the hydrothiolation of alkenes and
alkynes, which involves the construction of a C-S bond. However, the synthesis of C-S
bonds through hydrothiolation reaction and C(sp?)-H activation is less explored with
electron-rich olefins, particularly vinyl ethers (VES).

And herein, our objective was to examine the reactivity behaviour of 4-
hydroxydithiocoumarin with electron-rich alkenes (vinyl ethers) and to observe whether
they exhibit similar reaction behaviour as it shows in the case of styrene in the presence
of Cul. According to the literature, styrene produces only hydrothiolated products, as
discussed in Scheme 5. Whereas, in the case of vinyl ethers, a cyclized product 3 was
obtained by the incorporation of two vinyl ether units, as well as an uncyclized
hydrothiolated product, as shown in Scheme 6. The reaction proceeds via the formation
of a Knoevenagel intermediate at the C3 position of 4-hydroxydithiocoumain, followed

by a 1,4-cycloaddition reaction, which is explained thoroughly in Section 3.2.
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K,CO; (1 equiv.)
Cul (10 mol %)

2
O R?
N 'Y (2 Equvi.) X
] CH3 — 1N \ \ - 5 1 ] I
R1-.—/ | R? R _ R _ R2
X S X~ X" =8 X S X~

Toluene 3
Reflux

X=0,S8

Scheme 6. Reaction of 4-hydroxydithiocoumarin with vinyl ether, styrene and phenyl acetylene

Vinyl ethers have numerous synthetic applications as monomers in polymer synthesis, &
MCR,® Diels-Alder reactions,’® and Claisen rearrangements.'! They have also been
exploited in the synthesis of natural products, new physiologically active molecules, and
heterocycles.'? Montevecchi et al. demonstrated the synthesis of thioether from pseudo-
heterocyclic thiol and vinyl ether in the presence of AIBN.1® In addition, Shu et al.
reported the synthesis of pyrazole by using vinyl ether in the presence of a chiral Zr
catalyst via C-H activation.}* Still, the chemistry of vinyl ethers and their sulfur
equivalents is under investigation and can be explored further to generate new
chemistry.® On the other hand, organosulfur compounds are abundant in nature and
significantly impact medicinal chemistry.'® Among various organosulfur compounds,
thiopyran derivatives exhibit a wide variety of biological activities, such as

antimicrobial,*” antitumor,*® anticancer,'® and antiviral activity. *°

3.2 Results and Discussion

In continuation of our previous experience, here in this chapter, we report the synthesis
of 4-methyl-3,4-dihydrothiopyran and 4-methyl thiopyran derivatives from 4-
hydroxydithiocoumarin/4-hydroxy-2H-chromene-2-thione and vinyl ether/sulphide as
presented in Scheme 7. The reaction proceeds in the presence of a cheap metal salt
catalyst (10 mol% Cul) and a mild base (K2COs) in toluene, affording the desired
products in better yields with good atom economy. The reaction is highly regioselective
for the C-C bond formation at the C-3 position of 4-hydroxydithiocoumarin/4-hydroxy-
2H-chromene-2-thione with vinyl ether, followed by [4+2] cycloaddition of the
Knoevenagel-type intermediate with another molecule of vinyl ether in the presence of
Cul and results in the formation of 3a-p, 5a-c, and 6a-0. However, the reaction of 4-

hydroxydithiocoumarin/4-hydroxy-2H-chromene-2-thione with phenyl vinyl and ethyl

TH-4093_216122051
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vinyl sulfide gives thioether through hydrothiolation 3g-s and 7a-c, respectively, as

depicted in Scheme 7.

( oH )
Q 2 0 CH
R R1m A xR ?
=~ = 2 equiv.
R2 /L S5 S — N o AT »
X" 's” O K,CO; (1 equiv.) = X7 Ng X,R
Cul (10 mol %)
3g-s, 7a-c Toluene, Reflux 3a-p, 5a-c, 6a-o
L X=0,S )
R'= -H (a), -5CI (b), -6CI (c), -7CI (d), -6CF(e), -7F (f) -6Br  R?=-n-Bu (a), -Propyl (b), -Iso-Bu (c), -Et (d), -Ph (e)

Scheme 7. Synthesis of thiopyran derivatives through a pseudo-three-component reaction

For our research investigation, various 4-hydroxydithiocoumarins la and their
derivatives, such as -5ClI (b), -6ClI (c), -7Cl (d), -6CFs (e), and -7F (f), were prepared
using a previously reported method, which is mentioned in Chapter I, Scheme 22. The
model substrates selected were 4-hydroxydithiocoumarin 1a and butyl vinyl ether 2a.
The reaction was initially carried out with 4-hydroxydithiocoumarin (1a, 0.2 mmol) and
butyl vinyl ether (2a, 0.2 mmol), using one equivalent of K2CO3 and 10 mol% of
copper(l) iodide at room temperature (Table 1, entry 1). The product 3a was isolated in
a 20% vyield,
chromatography. Using *H NMR, *C NMR, and HRMS, the product was characterized
as 2-butoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thiochromen-5-one (3). In
'H NMR, the -CHj3 proton at the C4 position appears as a doublet at 5 1.33 ppm, J = 7.4

along with unreacted 4-hydroxydithiocoumarin, via column

Hz, and the -CH3 group attached to the ether shows a triplet at 6 0.90 ppm, J = 7.2 Hz
of the anticipated product 3a. A multiplet was observed at ¢ 5.16-5.15 (m, 1H), for one
proton, which corresponds to the C4 proton. These characteristic peaks indicated the
incorporation of vinyl ethers in the final products.

Similarly, in the *C NMR spectrum, eight signals are observed in the aliphatic region,
including two at 5 70.4 and 83.2, corresponding to the carbon atom directly attached to
oxygen. Furthermore, nine signals are observed in the aromatic range, indicating the
different carbons of 4-hydroxydithiocoumarin, and ¢ 176.3 specifically indicates the
carbonyl carbon. *H and 3C NMR spectra, as well as HRMS, are shown in Figures 3-
5. The compounds 3c and 5c¢ were further recrystallised, and single-crystal XRD data
were recorded; the details of the crystal structure are depicted in Figures 1 and 2,

respectively, at the end of this chapter.
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After characterising under similar reaction conditions to increase the product yield, the
reaction temperature was increased to 120°C (Table 1, entries 2-5). However, the
maximum yield was obtained at 110°C (Table 1, entry 4). After that, there was no
increase in the yield at 120°C (Table 1, entry 5). In an effort to increase the yield of the
reaction, the same reaction was conducted in the presence of other bases, such as
Na>,COs and Cs2COz. However, the outcome was unfavourable (Table 1, entries 6 and
7). Organic bases such as pyridine and DABCO were also used to optimise the reaction,
but lump formation occurred immediately upon addition of the bases, and no results
were obtained (Table 1, entries 8 and 9). We employed CuBr and CuCl (Table 1, entries
10 and 11) during the catalyst screening, but the yields did not improve as anticipated.
The reaction was examined in various solvents, including benzene, chlorobenzene,
ACN, ethanol, and DMF, to determine solvent suitability; however, the results were
disappointing, except for chlorobenzene (Table 1, entries 12-16). After evaluating
various reaction conditions, it was concluded that the reaction of 4-
hydroxydithiocoumarin (1a, 0.2 mmol) with butyl vinyl ether (2a, 0.4 mmol) in the
presence of 1.0 equiv. of K2COz, 10 mol% Cul in toluene at 110°C is the best reaction
condition (Table 1, entry 4).

After establishing the optimised reaction condition, the scope and generality of the
present approach were investigated using substituted 4-hydroxydithiocoumarin 1la and
a variety of vinyl ethers: n-Bu (2a), iso-Bu (2b), propyl (2c), Et (2d), and Ph (2e).
Despite their nature, 4-hydrodithiocoumarins 1a and -5ClI (1b), -6Cl (1c), -7ClI (1d), and
-7F (1f) were allowed to react with butyl vinyl ether 2a, and the products 3a-e were
isolated in yields of 76-89%. Subsequently, 4-hydroxydithiocoumarin with substituents
1b, 1d, 1e, and 1f was subjected to isobutyl vinyl ether 2b, yielding the products 3f-i in
yields ranging from 69% to 79%, as shown in Table 2. Next, products 3j and 3k were
achieved from the reaction of 4-hydroxydithiocoumarin l1la and 7-fluoro-4-
hydroxydithiocoumarin 1f with propyl vinyl ether 2c, yielding 83% and 89%,
respectively. We executed the same reactions with ethyl vinyl ether 2d and 4-
hydroxydithiocoumarin derivatives 1a, 1b, 1c, 1d, and 1f, obtaining product 3l-p in
yields ranging from 76% to 90%. However, when we performed the same reaction with
4-hydroxydithiocoumarin and phenyl vinyl ether 2e, we isolated product 3q in 63%
yield, which was different from the earlier product. In this case, we found the product
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without cyclisation, indicating that only one equivalent of phenyl vinyl ether reacted
with 4-hydroxydithiocoumarin (3g-s, Table 5). *H and **C NMR, and HRMS, confirmed
the anticipated product's structure. We also carried out the reaction of 6-chloro-4-
hydroxydithiocoumarin and 6-trifluoromethyl-4-hydroxydithiocoumarin with phenyl
vinyl ether, and the isolated yields of 3r and 3s were 59% and 70%, respectively.
Motivated by the successful results, we further investigated the generality of the
procedure, scrutinising the reaction between 4-hydroxydithiocoumarin derivatives 1a,
1b, 1c, 1d, and 1le and ethyl vinyl sulfide 4, which yielded products 5a-e in yields
ranging from 73% to 89%. The results are presented in Table 3.
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Table 1. Optimisation of the reaction conditions 2°

OH O CHg
K,CO; (1 equiv.)
S Cul (10 mol %)
SOUEEEE - Ol
s st Toluene s s O/\/\CH3
2a reflux
1a 3a
Entry Base (1 equiv.) Catalyst Temp('C) Time (h) Solvent Yield®
(10mol%) (%)

1° K>COs3 Cul RT 4 Toluene 20
2 K.CO3 Cul 60 1 Toluene 23
3 K,CO3 Cul 90 1 Toluene 40
4 K2CO3 Cul 110 1 Toluene 83
5 K2CO3 Cul 120 1 Toluene 80
6 Na,COs3 Cul 110 1 Toluene 23
7 Cs,CO3 Cul 110 1 Toluene 32
8 Py Cul 110 1 Toluene -
9 DABCO Cul 110 Toluene -
10 K2COs3 CuBr 110 1 Toluene 35
11 K2COs3 CuCl 110 1 Toluene 45
12 K>.CO3 Cul 110 1 Benzene 58
13 K2COs Cul 110 1 PhCI 60
14 K.CO3 Cul 110 1 ACN trace
15 K.CO3 Cul 110 1 Ethanol trace

4All the reactions were carried out using 4-hydroxydithiocoumarin (1a, 0.2 mmol), vinyl butyl ether
(2a, 0.4 mmol) in the presence of 10 mol% catalyst,1 equiv. of base in 1 ml of solvent at 110 °C."
Isolated yield. (Py) = Pyridine, DABCO = (1,4-diazabicyclo[2.2.2]octane).
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Table 2. Substrate scope of substituted 4-hydroxydithiocoumarin with vinyl ether 2°

OH O CH,
K,CO; (1 equiv.)
A 2003
R-L + g /\O,R2 Cul (10mol %) i L S |
/ —_— 1 R2
sS” s Toluene 4 7 s o7
1 2 Reflux, 1 h 3

R'=-H (a), -5Cl (b), -6ClI (c), -7ClI (d), -6CF3(e), -7F (f), R?=-n-Bu (2a), -Propyl (2b), -Iso-Bu (2c), -Et (2d), -Ph (2e)

O CHj Cl O CHjg O CHs
cl
s7 87 N0 TN"cH, s s 0T "cH, s”s7 o CHs
3a, 83% 3b, 77% 3c, 76%
I | CEY]\ CH
CI/©585\)810/\/\CH3 F/©f:j\)sj\o/\/\CH3 s” s O/\l/ 8
3d, 89% 3e, 78% 3f, 78% CHs
O CHs O CHs O CHj
CH | CH
cl S o s g O/YCH?’F SN ey
39, 79% CHg 3h, 78% CH3 3i, 69% CH,
O CHs O CHs O CHj
3j, 83% 3K, 89% 31, 80%
Cl O CHjy (0] CH; 0 CH,4
cl
§” '8 0" CHjg S 'S 0" CHj cl S~ g O/\CH3
3m, 76% 3n, 85% 30, 90%
cl
CH CH
J@éﬁl » m g @fi o e
F s7 87 Y07 CH, S o) s”>s7 o
3p, 76% 3q, 63% 3r, 59%
0
FsC
LD
s” s 0
3s,70%

4All the reactions were carried out using 4-hydroxydithiocoumarin (1a-f, 0.2 mmol), and vinyl
ether (2a-e, 0.4 mmol) in the presence of 10 mol% Cul, 1 equiv. K.CO3in 1 ml of Toluene at 110
°C. PIsolated yield.
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After synthesising the products 3a-s and 5a-e, encouraged by these successful results,
we conceived that 4-hydroxy-2H-chromene-2-thione could be explored as it shares a
similar structure with 4-hydroxydithiocoumarin. Accordingly, a similar reaction was
also carried out between 4-hydroxy-2H-chromene-2-thione 1a’ and butyl vinyl ether 2a,
resulting in the formation of the final product 6a, which was subsequently confirmed by
NMR. In *H NMR, the proton at the C-4 position appears as a doublet at  1.41 ppm, J
= 7.2 Hz, and the -CHjs attached to the ether shows a triplet at 6 0.91 ppm, J =7.4 Hz 6a.
To check the reaction vulnerability, 4-hydroxy-2H-chromene-2-thione derivatives such
as 1a’, 1b’, 1d’ and 1e’ were subjected to vinyl ether 2a and yielded products (6a-d) in
71-80%. Optimistically, 4-hydroxythiocoumarin derivatives 1a’, 1b’, 1¢’ and 1e’ were
reacted with Isobutyl vinyl ether 2b, giving products 6e-h (70-90%). Propyl vinyl 2c
and ethyl vinyl ether 2d were also reacted with differently substituted 4-hydroxy-2H-
chromene-2-thiones, such as 1a’, 1b’, 1e’, and 1f’, and yielded the products 6j-0. We
also found hydrothiolation products in the case of ethyl vinyl sulfide 4 reaction with 4-
hydroxy-2H-chromene-2-thione, which yielded (83-85%). That means only one
equivalent of vinyl sulfide was consumed in the reaction to form the uncyclized product

(7a-c). The results are shown in Tables 4 and 5.

TH-4093_216122051 60|Page



CHAPTER 111 Result and Discussion

Table 3. Substrate scopes of substituted 4-hydroxydithiocoumarin with ethyl vinyl sulfide®

OH O CHs
K,CO5 (1 equiv.)
R1_|\ N o2 g B Cul (10 mol %) A |
N~ S S Toluene = S S S’Et
4 Reflux, 1 h
1 5

R'= -H (a), -5CI (b), -6Cl (c), -7CI (d), -6CF3(e)

O CHs Cl O CHs Q  CHj
7 87 8 CH; 85397 87 ~CH, 7 87 87 CH;,

5a, 82 % 5b, 83% 5c, 89%
O “r QLT O CHs
m FSC@fh
cl s 8787 CH;, s7 57 N7 CH,
5d, 85 % Se, 73%

4All the reactions were carried out using 4-hydroxydithiocoumarin (1a-e, 0.2 mmol), ethyl vinyl
sulfide (4, 0.4 mmol) in the presence of 10 mol% Cul, 1 equiv. K>COs3 in 1 ml of toluene at 110
°C. " Isolated yield.
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Table 4. Substrate scopes of substituted 4-hydroxy-2H-chromene-2-thione with vinyl ether 2°

OH
) K,CO; (1 equiv.)
R1—:\ A + 2/\O’R Cul (10 mol %) R
S Toluene
) o 7S ) Reflux, 1 h
a

=-H (a'), -6ClI (b"), -6F (c") -7F (d"), -6Br (e'), RZ2= -n-Bu (2a),-Iso-Bu (2b), -Prop (2c), -Et (2d)

O  CHs
0”87 N0 "¢H;, 0 "cH, 0 "cH,
6a, 80% 6b, 78% 60, 77%
O  CHs
6d, 71% 6e, 77% fi; 80%
O CHs O CHs O CH,
F. Br. Br.
CcH I CH | CH
o i O/Y 3 0" s o/\( 2 0" g7 Yo\
69, 70% CHs 6h, 90% CH; 6i, 76%
O CHg O CHs O  CHj
| CH CH3 |
Ny vl 0" s Yo N 07 s7 N0 cH
6j, 69% 6k, 72% 61, 83%
O  CHs O  CHs o oH,
Cl Br.
07 87 0" CH, 07 57 o el F 07 870" CH,
6m, 75% 6n, 81% 60, 72%

4All the reactions were carried out using 4-hydroxy-2H-chromene-2-thione (1a’, 0.2 mmol), vinyl
ethers (2a, 0.4 mmol) in presence of 10 mol% Cul, 1 equiv. K.COs in 1 ml of toluene at 110 °C.

b Isolated yield.
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Table 5. Substrate scopes of substituted 4-hydroxy-2H-chromene-2-thione with ethyl vinyl

sulfide P
OH (0]
K,CO; (1 equiv.)
1 XY L, /\S’Rz Cul (10 mol %) > R N | CHj ,
O Toluene = o S)\X'R
o S 4 Reflux, 1 h
1 7a-c

R'=-H (a'), -6CI (b"), -6F (c') -7F (d'), -6Br ('), R? = -Et,

Q 0 0
cl
0”87 87 CH, 0 S)\S/\CH3F 0 S)\S/\CH3

7a, 83% 7b, 85% 7c, 85%

4All the reactions were carried out using 4-hydroxydithiocoumarin/4-hydroxy-2H-chromene-2-
thione (1a, 0.2 mmol), phenyl vinyl ether ethyl vinyl sulfide (4a, 0.4 mmol) in presence of 10
mol% Cul, 1 equiv. K2COs3 in 1 ml of toluene at 110 °C. ° Isolated yield.

3.3 Possible Reaction Mechanism

)
OH Co © O
®
- Ty —_— Ill
S S S S < S S
1 A 2 B
" C,H;OH
9\90\/ - O\SOV’ FJ__Z_?___
gy
b3 Q O
| N\ =
= g
O Cul s S
ez DS Y .
- ClU|

Scheme 8. Schematic diagram of reaction mechanism

The proposed mechanism is based on the previously reported literature and the isolated
products obtained from the experiment. In the very first step, Ko.CO3 abstracts the acidic
proton from the 4-hydroxy position, resulting in the formation of an anionic species A,
which further reacts with the electron-rich olefin 2 (vinyl ether)? to give intermediate

B. It gets converted into a Knoevenagel-type intermediate C through the elimination of
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ethanol. Finally, the intermediate C undergoes [4+2] cycloaddition with the electron-
rich olefin (vinyl ether) in the presence of Cul through the addition to afford the final

desired product 3 as shown in Scheme 8.

Conclusion:

In the current protocol, we present a novel one-step route to thiopyrans via a pseudo-
three-component reaction. The reaction is highly regioselective for the C-C bond formation
at the C-3 position of 4-hydroxydithiocoumarin/4-hydroxy-2H-chromene-2-thione with
vinyl ether, followed by [4+2] cycloaddition of the Knoevenagel-type intermediate with
another molecule of vinyl ether in the presence of Cul. The use of a less expensive Cu(l)
salt, gentle reaction conditions, high yields, excellent regioselectivity, a shorter reaction
time, good atom economy, and a broad substrate scope make this approach highly
practical. Interestingly, we found that 4-hydroxydithiocoumarin/4-hydroxy-2H-chromene-2-
thione exhibits different reactivity towards vinyl ether than towards styrene.

During the reaction, both 4-hydroxydithiocoumarin and 4-hydroxy-2H-chromene-2-
thione showed similar reactivity toward vinyl ether. However, with ethyl vinyl sulfide,
their reactivity differed: 4-hydroxy-2H-chromene-2-thione reacted with 1 equivalent of

vinyl ether, while 4-hydroxydithiocoumarin reacted with 2 equivalents.

During the course of the reaction, it was observed that both 4-hydroxydithiocoumarins
and 4-hydroxy-2H-chromene-2-thione showed similar reactivity with vinyl ether.
However, with ethyl vinyl sulfide, their reactivity differed: 4-hydroxy-2H-chromene-2
reacts with 1 equivalent of vinyl ether, while 4-hydroxydithiocoumarin reacts with 2
equivalents of vinyl ether. A similar reactivity was observed in the reaction between 4-
hydroxydithiocoumarin and phenyl vinyl ether, where again, only one equivalent of the

vinyl ether was consumed.
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3.5 Experimental section:

General procedure for synthesising 4-methyl-3,4-dihydrothiopyran derivatives

from 4-hydroxydithiocoumarin and 4-hydroxy-2H-chromene-2-thione

To a 10-mL round-bottom flask, a mixture of 4-hydroxydithiocoumarin/4-hydroxy-2H-
chromene-2-thione (0.20 mmol) and alkyl vinyl ether (0.40 mmol) in 1mL toluene (1
equiv.) KoCOs3 and (10 mol% Cul) were added one after another. The mixture was
refluxed in an oil bath with constant stirring, and the reaction progress was monitored
by TLC. After the reaction was completed, the mixture was extracted with ethyl acetate.
The mixture was dried using anhydrous Na>SO4 and then concentrated using a rotary
evaporator. It was then purified by column chromatography using silica gel 60-120 mesh
and a solvent mixture of ethyl acetate/hexane (2.5:97.5). Melting points were
determined using a melting point apparatus. *H and 3C NMR spectra were recorded on
400 and 500 MHz NMR spectrometers. TMS was used as an internal reference;

chemical shifts (0 scale) are reported in parts per million(ppm).

3.6 Characterization Table:

2-Butoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thiochromen-5-one(3a):
O k13 A yellow viscous liquid (53 mg, Yield -83%) 'H NMR
| (500 MHz, CDCls) 5 8.46 (dd, J = 8.0, 1.5 Hz, 1H), 7.52
s78TN0TN T CH; 7,48 (m, 1H), 7.46 — 7.42 (m, 1H), 7.40 (dd, J = 7.9,
1.4 Hz, 1H), 5.16 (t, J = 3.3 Hz, 1H), 3.84 — 3.79 (m, 1H), 3.71 — 3.68 (m, 1H), 3.42 —
3.28 (dt, J = 8.9, 6.2 Hz, 1H), 2.45 (dt, J = 14.3, 3.1 Hz, 1H), 2.17 — 2.12 (m, 1H), 1.63
_1.56 (m, 2H), 1.39 (q, J = 7.1, 6.3 Hz, 2H), 1.32 (d, J = 7.2 Hz, 3H), 0.92 (t, J = 7.4
Hz, 3H): BC{*H} NMR (125 MHz, CDCls) 5 176.3, 145.6, 136.6, 132.0, 130.9, 130.7,
129.4, 127.1, 124.8, 83.2, 70.4, 35.6, 31.6, 26.3, 19.4, 18.8, 13.8. IR (KBr)vmax /em™?
2930 (C—H), 1620 (C=0), 1248 (C-0); HRMS (ESI): m/z [M+H"] calcd for C17Hz10,S2
321.0977; Found 321.1002.

2-Butoxy-6-chloro-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thiochromen-5-
¢ 9 CHs one (3b): A light yellow liquid (54 mg, Yield-77%)H

| NMR (400 MHz, CDCls)  7.45 (dd, J = 7.0, 2.0 Hz,

SN g 1H), 7.37 — 7.31 (m, 2H), 5.15 (t, J = 3.3 Hz, 1H), 3.81
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(dt, J =8.9, 6.6 Hz, 1H), 3.70 — 3.65 (m, 1H), 3.44 — 3.38 (m, 1H), 2.43 (dt, J = 14.3,
3.6 Hz, 1H), 2.18 — 2.13 (m, 1H), 1.59 — 1.53 (m, 2H), 1.44 — 1.36 (m, 2H), 1.31 (d, J =
7.2 Hz, 3H), 0.92 (t, J = 7.4 Hz, 3H); *C{*H} NMR (100 MHz, CDCl3) § 176.4, 142.5,
139.2, 136.1, 133.3, 131.0, 130.4, 127.4, 124.0, 83.0, 70.5, 36.0, 31.5, 26.8, 19.4, 19.0,
13.9. IR(KBI)vmax /cm™ 2930 (C—H),1620 (C=0),1272 (C—0); HRMS (ESI): m/z
[M+H"] calcd for C17H20ClO2S2 355.0588; found:355.0582.

2-Butoxy-7-chloro-4-methyl-3,4-dihydro-2H,5H-thiopyarno[2,3-b]thiochromen-5-

O CHj; one (3c): A light yellow crystal, (53 mg, Yield-76%)
C'm mp 105 °C,*H NMR (400 MHz, CDCls) & 8.45 (d, J

§7 870" N""CH; = 2.3 Hz, 1H), 7.47 (dd, J = 8.6, 2.4 Hz, 1H), 7.36
(d, J=8.6 Hz, 1H), 5.17 (td, J = 3.2, 0.8 Hz, 1H), 3.82 (dt, J = 8.9, 6.6 Hz, 1H), 3.70 —
3.65 (m, 1H), 3.43 — 3.38 (m, 1H), 2.46 (dt, J = 14.3, 3.0 Hz, 1H), 2.17-2.11 (m, 1H),
1.64 — 1.60 (m, 2H), 1.43 — 1.36 (m, 2H), 1.31 (d, J = 7.2 Hz, 3H), 0.92 (t, J = 7.4 Hz,
3H); BC{*H} NMR (100 MHz, CDClz) § 175.2, 146.1, 134.7, 133.5, 131.9, 131.7,
131.3,129.0, 126.3, 83.3, 70.4,35.4,31.5,26.3, 19.4, 18.8, 13.9. IR(KBr)vmax/cm™ 2925
(C—H), 1610 (C=0), 1260 (C-0); HRMS (ESI): m/z [M+H"] calcd for C17H2o ClO2S>
355.0588 found 355.0612.

2-Butoxy-8-chloro-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thiochrome-5-

? W one (3d): A yellow viscous liquid (63 mg, Yield-
| 89%) 'H NMR (500 MHz, CDCls) 5 8.40 (d, J =
Cl s7 870" cHy g5 Hz, 1H), 7.41 — 7.38 (m, 2H), 5.17 (t, J = 3.3

Hz, 1H), 3.84 — 3.80 (m, 1H), 3.68-3.65 (m, 1H), 3.43-3.38 (m, 1H), 2.46 (dt, J = 14.3,
3.0 Hz, 1H), 2.16-2.12 (m, 1H), 1.63 — 1.59 (m, 2H), 1.42 — 1.37 (m, 2H), 1.31 (d, J =
5 Hz, 3H), 0.92 (t, J = 7.4 Hz, 3H); *C{*H} NMR (100 MHz, CDCl3) § 175.6, 145.6,
137.9, 137.6, 132.2, 131.1, 129.0, 127.8, 124.1, 83.3, 70.5, 35.4, 31.5, 26.2, 19.4, 18.8,
13.9. IR(KBr)vmax cm! /cm™ 2925 (C—H), 1621 (C=0), 1243 (C—0); HRMS (ESI): m/z
[M+H*] calcd for C17H20ClO2S2 355.0588 found 355.0605.

2-Butoxy-8-fluoro-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thiochrome-5-

O CHs one (3e): A colourless solid (52 mg, Yield-78%); mp
| 111°C, 1H NMR (400 MHz, CDCI3)  8.49 (dd, J =
F s 870" CH;  9.0,5.9 Hz, 1H), 7.15 (ddd, J = 9.0, 8.1, 2.5 Hz, 1H),

7.11 (dd, J = 8.4, 2.4 Hz, 1H), 5.19 — 5.15 (m, 1H), 3.82 (dt, J = 8.9, 6.5 Hz, 1H), 3.71

TH-4093 216122051 66 |[Page



CHAPTER 11 Experimental Section

—3.63 (m, 1H), 3.41 (dt, J = 8.9, 6.2 Hz, 1H), 2.46 (dt, J = 14.4, 3.0 Hz, 1H), 2.14 (ddd,
J=14.4,5.2, 3.5 Hz, 1H), 1.67 — 1.60 (m, 2H), 1.40 (dtd, J = 14.3, 7.4, 1.4 Hz, 2H),
1.32 (d, J= 7.2 Hz, 3H), 0.92 (t, J = 7.4 Hz, 3H); 13C{1H} NMR (100 MHz, CDCI3) &
175.5, 163.7 (d, J = 253 Hz) 145.3, 138.6 (d, J = 9.7 Hz), 132.5 (d, J = 9.5 Hz),132.0,
127.3,115.7 (d, J =22 Hz), 110.7 (d, J = 24 Hz), 83.2, 70.4, 35.5, 31.5, 26.2, 19.4, 18.8,
13.9; IR(KBr)vmax/cm-1 2926 (C—H), 1619 (C=0), 1242 (C-0); HRMS (ESI): m/z
[M+H"] calcd for C17H20FO2S2 339.0883 found 339.0874.

6-Chloro-2-isobutoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thiochrom-

cl Q  CH, en-5-one (3f): A yellow viscous liquid (55 mg, Yield-

| 78%)1H NMR (400 MHz, CDCI3) & 7.44 (dd, J = 7.1,

s” s O/YCH3 2.0 Hz, 1H), 7.36 — 7.29 (m, 2H), 5.13 (t, J = 3.2 Hz, 1H),

s 373 364 (m, 1H), 3.57 (dd, J = 8.6, 6.7 Hz, 1H), 3.18

(dd, J = 8.6, 6.1 Hz, 1H), 2.44 (dt, J = 14.3, 3.5 Hz, 1H), 2.16 — 2.12 (m, 1H), 1.87 (dq,

J=12.1,6.0,5.5 Hz, 1H), 1.31 (d, J = 7.2 Hz, 3H), 0.92 (d, J = 6.7 Hz, 6H); 13C{1H}
NMR (100 MHz, CDCI13) 6 176.3, 142.6, 139.2, 136.1, 133.2, 131.0, 130.4, 127.3,

123.9, 83.2, 77.4, 35.9, 28.5, 26.6, 19.4, 19.3, 19.1. IR(KBr)vmax/cm-12924 (C—H),

1623 (C=0), 1244 (C—O); HRMS (ESI): m/z [M+Na+] calcd for Ci7H2ClO2S;

355.0588 found 355.0609.

8-Chloro-2-isobutoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thiochrom-
0 CH, en-5-one (3g): A yellow solid (56 mg, Yield-79%).
mp 154 °C, *H NMR (500 MHz, CDCls) & 8.39 (d, J
C|/©\)sj\)sj\o/\/CH3 =8.6 Hz, 1H), 7.40 (d, J=11.1 Hz, 2H), 5.16 (s, 1H),
CH, 3.68 (dd, J = 9.1, 4.8 Hz, 1H), 3.62 — 3.57 (m, 1H),
3.19 (dd, J=8.3, 6.3 Hz, 1H), 2.47 (d, J = 14.3 Hz, 1H), 2.14 (dt, J = 14.3, 4.2 Hz, 1H),
1.90 (dt, J = 13.1, 6.6 Hz, 1H), 1.33 (d, J = 7.2 Hz, 3H), 0.93 (d, J = 6.7 Hz, 6H);
BC{'H} NMR (100 MHz, CDCls) & 176.4, 142.5, 139.2, 136.2, 133.3, 131.1, 130.9,
127.4, 124.0, 83.2, 77.5, 35.9, 28.5, 26.7, 19.4 (2C), 19.1; IR(KBr)vmax/cm™ 2924 (C-

H), 1611 (C=0), 1272 (C—0); HRMS (ESI): m/z [M+H*] calcd for C17H20ClO2S;
355.0588 found 355.0590.
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2-1sobutoxy-4methyl-7-(trifluoromethyl)-3,4-dihydro-2H,5H-thiopyrano[2,3-b]
O  CH, thiochromen-5-one (3h): A yellow solid (60 mg,
FsC Yield-78%) mp 144 °C 1H NMR (500 MHz,
mo/\(cm CDCL3) & 8.76 — 8.73 (m, 1H), 7.71 (dd, J = 8.4,
CH3 2.1Hz, 1H),7.53(d,J=8.4 Hz, 1H),5.17 (t,J=3.2
Hz, 1H), 3.69 (ddd, J = 7.7, 5.1, 2.8 Hz, 1H), 3.59 (dd, J = 8.6, 6.6 Hz, 1H), 3.20 (dd, J
= 8.5, 6.1 Hz, 1H), 2.49 (dt, J = 14.3, 3.0 Hz, 1H), 2.17-2.12 (m, 1H), 1.93 — 1.87 (m,
1H), 1.34 (d, J = 7.2 Hz, 3H), 0.93 (d, J = 6.7 Hz, 6H); 13C{1H} NMR (125 MHz,
CDCI3) & 175.3, 147.5, 146.2, 140.2, 132.4, 130.6, 129.5 (g, J = 33 Hz), 126.9 (q, J =
3.2 Hz), 125.7, 123.7 (q, J = 270 Hz), 83.5, 77.5, 35.3, 28.5, 26.2, 19.4, 19.3, 18.8.
IR(KBr)vmax/cm-1 2925 (C—H), 1603 (C=0), 1262 (C—0); HRMS (ESI): m/z [M+H"]

calcd for C1gH20F302S2 389.866 found 389.0866.

8-Fluoro-2-isobutoxy-4-methyl-3,4-dihydro2H,5H-thiopyrano[2,3-b]thiochromen-

Srcll 5-one (3i): A light yellow liquid, (46 mg, Yield-69%)*H

NMR (500 MHz, CDCls) 6 8.48 (dd, J = 9.0, 5.9 Hz,

F/Qijfsﬁ\o/\/cm 1H), 7.15 (td, J = 8.5_, 2.5Hz, 1H), 7.10 (dd, J =8.5,25

¢,  Hz 1H), 515 (t, J = 3.2 Hz, 1H), 3.71-3.57 (m, 1H),

3.59 (dd, J = 8.6, 6.7 Hz, 1H), 3.19 (dd, J = 8.5, 6.1 Hz, 1H), 2.47 (dt, J = 14.4, 3.0 Hz,

1H), 2.14 (ddd, J = 14.4, 5.2, 3.6 Hz, 1H), 1.93-1.85 (m, 1H), 1.33 (d, J = 7.2 Hz, 3H),

0.93 (d, J = 6.7 Hz, 6H); ®*C{*H} NMR (100 MHz, CDCl3) & 175.4, 163.7 (d, J = 253.8

Hz), 145.4, 138.7 (d, J = 9.7 Hz), 132.6 (d, J = 9.6 Hz), 131.9, 127.3 (d, J = 2.3 Hz),

115.7 (d, J = 2.2 Hz), 110.8 (d, J = 24.5 Hz), 83.4, 35.4, 28.5, 26.1, 19.4, 19.4 (2C),

18.8. IR(KBr)vmax/cm™ 2927 (C—H), 1623 (C=0),1244 (C-0O) HRMS (ESI): m/z
[M+H"] calcd for C17H20FO2S2 339.0883; found 339.0876.

4-Methyl-2-propoxy-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thiochromen-5-one(3j)
. A dark yellow liquid, (50 mg, Yield-83%) 'H NMR

1 " (500 MHz, CDCls3) 8 8.47 (dd, J=8.0, 1.2 Hz, 1H), 7.53
@éﬁo/\/c% —7.49 (m, 1H), 7.47 — 7.40 (m, 2H), 5.17 (t, J = 3.0 Hz,
1H), 3.78 (dt, J = 8.7, 6.6 Hz, 1H), 3.73 — 3.68 (m, 1H),

3.38 (dt, J=8.7, 6.3 Hz, 1H), 2.47 (dt, J = 14.3, 3.0 Hz, 1H), 2.18 — 2.13 (m, 1H), 1.64

(dt, J = 13.9, 6.9 Hz, 2H), 1.33 (d, J = 7.2 Hz, 3H), 0.95 (t, J = 7.4 Hz, 3H). ’C{H}
NMR (125 MHz, CDCls) 8 176.3, 145.6, 136.6, 132.0, 131.0, 130.7, 129.4, 127.2, 124.8,
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83.2,72.3,35.6, 26.3, 22.9, 18.8, 10.8. IR(KBr)vma/cm™ 2927 (C-H), 1623 (C=0), 1244
(C-0); HRMS (ESI): m/z [M+H"] calcd for C16H190,S 307.0821 found 307.0821.

8-Fluoro-4-methyl-2-propoxy-3,4-dihydro-2H,5H-thiopyarno[2,3-b]thiochromen-

O CHj 5-one (3k): A yellow solid (58 mg, Yield-89%). mp
| 154 °C,'H NMR (400 MHz, CDCls) & 8.48 (dd, J =
F s s o™ 90 59 Hz, 1H), 7.15 (td, J = 8.6, 2.5 Hz, 1H), 7.10

(dd, J = 8.5, 2.4 Hz, 1H), 5.17 (t, J = 3.1 Hz, 1H), 3.80 — 3.74 (m, 1H), 3.69 — 3.65 (m,
1H), 3.40 — 3.35 (m, 1H), 2.47 (dt, J = 14.3, 3.0 Hz, 1H), 2.17 — 2.11 (m, 1H), 1.64 —
1.61 (m, 2H), 1.32 (d, J = 7.2 Hz, 3H), 0.94 (t, J = 7.4 Hz, 3H); 3C{*H} NMR (100
MHz, CDCls) & 175.5, 163.7 (d, J = 253.8 Hz), 145.4, 138.6 (d, J = 9.7 Hz), 132.5 (d, J
= 9.5 Hz), 131.9, 127.3, 115.7 (d, J = 22.2 Hz), 110.7 (d, J = 24.6 Hz), 83.2, 72.3, 35.5,
26.2, 22.8, 18.8, 10.8. IR(KBI)vmax/cm™ 2926 (C—H), 1615 (C=0), 1251 (C—0) HRMS
(ESI): m/z [M+H*] calcd for C16H1sFO2S; 325.0727 found 325.728.

2-Ethoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thio chromen-5-one (3l):

0@ cH A Brown liquid; (46 mg, Yield-80%)*H NMR (500 MHz,

CDCl3) 8 8.47 (dd, J = 8.0, 1.6 Hz, 1H), 7.51 (td, J = 7.5, 1.6

@éj;j\o/\%s Hz, 1H), 7.47 — 7.44 (m, 1H), 7.43 — 7.41 (m, 1H), 5.18 (t, J

=3.3 Hz, 1H), 3.91 — 3.85(m, 1H), 3.72 — 3.67 (m, 1H), 3.46

(dg, J =8.9, 7.0 Hz, 1H), 2.46 (dt, J = 14.3, 3.1 Hz, 1H), 2.19 — 2.14 (m, 1H), 1.33 (d,

J =7.2 Hz, 3H), 1.25 (t, J = 7.1 Hz, 3H); BC{'*H} NMR (125 MHz, CDCls3) § 176.3,

145.5, 136.6, 132.0, 131.0, 130.6, 129.4, 127.2, 124.8, 82.8, 66.0, 35.6, 26.3, 18.8, 15.0.

IR(KBI)vimax, /cm™ 2929 (C—H), 1611 (C=0), 1241 (C-0); HRMS (ESI): m/z [M+H*]
calcd for C15H1702S, 293.0664 found 293.0664.

6-Chloro-2-ethoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b] thiochromen-

Cl O CHj 5-one (3m): A white solid (49 mg, Yield-76%); mp 87 °C,*H

| NMR (400 MHz, CDCls) 6 7.45 (dd, J = 7.0, 2.0 Hz, 1H),

s7 87 N0"NCH,  7.37 — 7.30 (m, 2H), 5.16 (t, J = 3.4 Hz, 1H), 3.86 (dq, J =

9.0, 7.0 Hz, 1H), 3.72 — 3.64 (m, 1H), 3.47 (dg, J = 9.0, 7.0 Hz, 1H), 2.43 (dt, J = 14.3,

3.8 Hz, 1H), 2.20 — 2.14 (m, 1H), 1.31 (d, J = 7.1 Hz, 3H), 1.25 (s, 3H); *C{*H} NMR

(100 MHz, CDCl3) 6 175.1, 145.9, 134.6, 133.4, 131.8, 131.6, 131.2, 128.9, 126.1, 82.8,

66.0, 35.3, 26.2, 18.6, 14.9. IR(KBr)vmax/cm?2926 (C—H), 1619 (C=0), 1273 (C-0)
HRMS (ESI) m/z [M+H*] calcd for C1sH16CIO2S> 327.0275 found 327.0275.
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7-Chloro-2-ethoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano [2,3-b] thiochromen-
O CH, 5-one (3n): A brown solid (55 mg, Yield-85%); mp 110

Cl °C,'H NMR (400 MHz, CDCls) § 8.45 (d, J = 2.3 Hz,
\©\)SJ]\);\O/\CH3 1H), 7.47 (dd, J = 8.6, 2.4 Hz, 1H), 7.36 (d, J = 8.7 Hz,
1H), 5.18 (td, J = 3.3, 0.8 Hz, 1H), 3.91-3.84 (m, 1H),

3.71 - 3.63 (m, 1H), 3.50 — 3.42 (m, 1H), 2.46 (dt, J = 14.4, 3.1 Hz, 1H), 2.18 — 2.12
(m, 1H), 1.32 (d, J = 7.2 Hz, 3H), 1.25 (t, J = 7.0 Hz, 3H); *C{*H} NMR (100 MHz,

CDCl3) 5 175.2, 146.0, 134.7,133.5, 131.9, 131.7, 131.3, 129.0, 126.3, 82.9, 66.1, 35.5,
26.3, 18.7, 15.0. IR(KBr)vmax/cm™

2924 (C— H), 1614 (C=0),1251 (C- O); HRMS (ESI) m/z [M+H*] calcd for
C15H16C10,S, 327.0275 found 327.0279.

8-Chloro-2ethoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thiochromen-5-
O -~ it

one (30): An orange solid (58 mg, Yield-90%); mp 113

m °C,1H NMR (400 MHz, CDCI3) & 8.39 (dd, J = 8.5, 0.7

Cl 578707 CH, Hz, 1H), 7.42 — 7.38 (m, 2H), 5.18 (t, J = 3.4 Hz, 1H),

3.92 — 3.84 (m, 1H), 3.70 — 3.62 (m, 1H), 3.46 (dg, J = 9.0, 7.0 Hz, 1H), 2.46 (dt, J =

14.4,3.1 Hz, 1H), 2.17 —2.12 (m, 1H), 1.32 (d, J = 7.2 Hz, 3H), 1.25 (t, ] = 7.0 Hz, 3H);

13C{1H} NMR (100 MHz, CDCI3) 6 175.6, 145.5, 137.9, 137.6, 132.1, 131.1, 129.0,

127.8,124.1, 82.9, 66.1, 35.5, 26.3, 18.8, 15.0. IR(KBr)vmax/cm-1 2929 (C—H), 1612

(C=0), 1296 (C—O), HRMS (ESI):m/z [M+H+] calcd for C1sH1e Cl1O2S2 327.0275 found
327.0294.

2-Ethoxy-8-fluoro-4-methyl-3,4-dihydro-2H,5H-thiopyrano [2,3-b]thiochromen-5-
O CHs one (3p): A yellow soild (47 mg, Yield-76%); mp 87 °C,
| 'H NMR (500 MHz, CDCls) & 8.48 (dd, J = 9.0, 5.9 Hz,
F 7870 CHy  1H), 7.17 — 7.13 (m, 1H), 7.10 (dd, J = 8.4, 2.5 Hz, 1H),
5.18 (t, J = 3.3 Hz, 1H), 3.88 (dg, J= 8.9, 7.0 Hz, 1H), 3.69 — 3.63 (m, 1H), 3.46 (dq, J
=8.9, 7.0 Hz, 1H), 2.46 (dt, J = 14.4, 3.1 Hz, 1H), 2.17 — 2.12 (m, 1H), 1.32 (d, J = 7.2
Hz, 3H), 1.25 (t, J = 7.0 Hz, 3H); *C{*H} NMR (100 MHz, CDCls) 5 175.5, 163.8 (d,
J = 253.8 Hz), 145.2, 138.6 (d, J = 9.7 Hz), 132.6 (d, J = 9.7 Hz), 131.9, 127.3 (d, J =
2.5Hz), 115.7 (d, J = 22.1 Hz), 110.8 (d, J = 24.6 Hz), 82.8, 66.1, 35.5, 26.2, 18.8, 15.0;
IR(KBr)vmax /cm™ 2958 (C—H),1612 (C=0),1296 (C—0), HRMS (ESI) m/z [M+H"]
calcd for CisH16 FO2S2 311.0570 found 311.0596.

TH-4093 216122051 70|Page



CHAPTER 11 Experimental Section

2-((1-Phenoxyethyl)thio)-4H-thiochromen-4-one (3q): A yellow liquid (39 mg,
0 Yield-63%) *H NMR (500 MHz, CDClz) § 8.48 (d, J = 8.0
@fj\ )c;\HS/@ Hz, 1H), 7.59 (t, J = 7.3 Hz, 1H), 7.53 (t, J = 6.9 Hz, 2H),
s”>s7 0 7.31(t, J = 7.8 Hz, 2H), 7.17 (s, 1H), 7.05 (t, J = 7.5 Hz, 3H),
5.86 (g, J = 6.2 Hz, 1H), 1.88 (d, J = 6.2 Hz, 3H); B®C{*H} NMR (125 MHz, CDCls) §
179.5, 156.0, 147.6, 139.2, 131.8, 131.0, 130.9, 129.7, 128.9, 128.0, 125.7, 123.1,

117.4, 82.6, 22.6. IR(KBr)vmax, 2992 (C—H), 1609 (C=0), 1292 (C-0), HRMS (ESI)
m/z [M+H"] calcd for C19H1502S2 315.0508; found315. 0508.

7-Chloro-2-((1-phenoxyethyl)thio)-4H-thiochromen-4-one (3r): A dark brown
o Q viscous liquid (41 mg, Yield-59%)*H NMR (500 MHz,
\O\)J]\ )C\H3© CDCl3) & 8.45 (s, 1H), 7.56 — 7.54 (m, 1H), 7.45 (d, J =
Syt 8 8.6 Hz, 1H), 7.31 (t, J = 7.8 Hz, 2H), 7.16 (s, 1H), 7.04

(t, J = 6.9 Hz, 3H), 5.86 (g, J = 6.3 Hz, 1H), 1.87 (d, J = 6.2 Hz, 3H); *C{*H} NMR
(125 MHz, CDCIl3) 6 178.2, 155.9, 148.3, 137.2, 134.5, 132.1, 131.9, 130.4, 129.7,

128.4,127.0,123.2,117.4,82.7, 22.5. IR(KBr)vmax, 2995 (C—H), 1608 (C=0), 1292 (C-
0), HRMS (ESI) m/z [M+H*] calcd for C19H14Cl102S; 373.0118 found 373.0101.

2-((1-Phenoxyethyl)thio)-6-(trifluoromethyl)-4H-thiochromen-4-one  (3s): An
o orange dense liquid (53 mg, Yield-70%) *H NMR (400
Fscm\ CH, MHz, CDClz3) 6 8.74 (s, 1H), 7.79 (dd, J = 8.5, 1.8 Hz,
S SJ\O 1H), 7.63 (d, J = 8.4 Hz, 1H), 7.35 — 7.29 (m, 2H), 7.19

(s, 1H), 7.08 — 7.03 (m, 3H), 5.87 (q, J = 6.2 Hz, 1H), 1.88 (d, J = 6.3 Hz, 3H); 13°C{'H}
NMR (100 MHz, CDCl3) & 178.3, 155.9, 148.4, 142.6, 130.9, 130.3 (q, J = 33.9 Hz),
129.8,127.8 (q, J = 3.3 Hz), 126.6, 126.4 (q, J = 4.0 Hz), 123.5 (g, J = 270.9 Hz), 123.3,

117.5, 82.8, 22.5; IR(KBI)vmax,/cm 12927 (C—H),1629 (C=0),1278 (C-O), HRMS (ESI)
m/z [M+H*] calcd for C2oH14F302S, 383.0382 found 383.0363.

2-(Ethylthio)-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thio chromen-5-one
O CH, (5a): A brown liquid (50 mg, Yield-82%) *H NMR (400

MHz, CDCls) & 8.41 (d, J = 6.9 Hz, 1H), 7.55 — 7.51 (m,

S | s” s cH, 1H), 7.48 - 7.41 (m, 2H), 4.31 (dd, J = 10.1, 3.4 Hz, 1H),

3.68 (q, J = 7.3 Hz, 1H), 2.82-2.75 (m, 2H), 2.71 — 2.65 (m, 1H), 2.18 — 2.10 (m, 1H),
1.34 (t, J = 8.0 Hz, 3H), 1.29 (d, J = 6.8 Hz, 3H); *C{*H} NMR (100 MHz, CDCl3) §
177.5, 146.9, 136.2, 132.6, 131.4, 131.2, 129.3, 127.4, 124.9, 48.4, 41.5, 31.0, 26.6,
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20.3, 14.9; IR(KBr)vmax/cm™ 2924 (C-H), 1621 (C=0), 1429 (C-S); HRMS (ESI) m/z
[M+H"] calcd for C15H170Sz 309.0436; found 309.0436.

6-Chloro-2-(ethylthio)-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thiochro-
men-5-one (5b): A pale yellow solid (56 mg, Yield-83%);
mp 93 °C,*H NMR (400 MHz, CDClz) § 7.45 (dd, J = 7.4,
| P 1.7 Hz, 1H), 7.38 — 7.31 (m, 2H), 4.32 (dd, J = 11.2, 2.5
Hz, 1H), 3.62 (dt, J = 10.0, 6.8 Hz, 1H), 2.82 — 2.72 (m,
2H), 2.67 — 2.61 (m, 1H), 2.11 — 2.02 (m, 1H), 1.33 (t, J = 7.4 Hz, 3H), 1.25 (d, J = 6.7
Hz, 3H); BC{*H} NMR (100 MHz, CDClz) & 178.8, 142.7, 138.3, 135.0, 133.3, 130.8,
130.5, 128.9, 123.9, 47.6, 42.0, 32.4, 26.1, 19.9, 15.0; IR(KBr)vmax/cm™* 2924 (C—H),
1621 (C=0), 1269 (C-0), 1429 (S—C), HRMS (ESI) m/z [M+H*] calcd C1sH16CIOS3
343.0046; found 343.0059.

Cl O CHs

7-Chloro-2-(ethylthio)-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]thiochro-
O GHj men-5-one (5¢): A yellow liquid (61 mg, Yield-89%)
| 'H NMR (400 MHz, CDCls) & 8.38 (d, J = 2.3 Hz, 1H),
s7 877 CHy  7.49 (dd, J = 8.5, 2.4 Hz, 1H), 7.37 (d, J = 8.5 Hz, 1H),
4.31 (dd, J = 10.1, 3.4 Hz, 1H), 3.66 (q, J = 7.2 Hz, 1H), 2.78 (dq, J = 7.4, 3.9 Hz, 2H),
2.71 — 2.64 (m, 1H), 2.14 (ddd, J = 14.0, 10.1, 7.9 Hz, 1H), 1.34 (d, J = 7.4 Hz, 3H),
1.28 (d, J = 6.8 Hz, 3H); *C{*H} NMR (100 MHz, CDCL3) § 176.3, 147.4, 134.3,
133.8, 132.6, 132.5, 131.5, 128.9, 126.3, 48.5, 41.4, 31.1, 26.6, 20.2, 14.9.
IR(KBr)vmax/cm™ 2925 (C—H), 1618 (C=0), 1382 (C-S), HRMS (ESI) m/z [M+H*]
calcd for C15sH16ClOS3 343.0046; found: 343.0057.

Cl

8-Chloro-2-(ethylthio)-4-methyl-3,4-dihydro-2H,5H-thiopyra-no[2,3-b]thiochro-

O CH, men-5-one (5d): An orange solid (58 mg, Yield-85%);
| mp 131 °C, *H NMR (500 MHz, CDCl3) § 8.33 (d, J =
Cl s” s > cH, 8.6 Hz, 1H), 7.40 (d, J = 8.1 Hz, 2H), 4.31 (dd, J = 9.9,

3.0 Hz, 1H), 3.65 (q, J = 7.1 Hz, 1H), 2.79 — 2.77 (m, 2H), 2.69-2.64 (m, 1H), 2.17 —
2.11 (m, 1H), 1.34 (t, J = 7.4 Hz, 3H), 1.29 (d, J = 6.8 Hz, 3H); 3C{*H} NMR (100
MHz, CDCl3) 6 176.7, 146.8,137.9, 137.5, 132.8, 130.9, 129.8, 128.0, 124.2, 48.6, 41.3,
31.0, 26.6, 20.2, 14.9: IR(KBr)vmax/cm™ 2925 (C—H), 1618 (C=0), 1382 (C-S), HRMS
(ESI) m/z [M+H"] calcd for C1sH16CIOS3 343.0046 found 343.0071.
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2-(Ethylthio)-4-methyl-7-(trifluoromethyl)-3,4-dihydro-2H,5H-thiopyrano[2,3b]
thiochromene-5-one (5e): A brown liquid (55 mg, Yield-73%) 1H NMR (400 MHz,
o Cchy CDCI3) & 8.68 (s, 1H), 7.73 (dd, J = 8.4, 1.9 Hz, 1H),
FiC 7.54 (d, J = 8.4 Hz, 1H), 4.33 (dd, J = 10.0, 3.4 Hz, 1H),
\(:fsj\)sj\s/\cm 3.71 — 3.62 (m, 1H), 2.83 — 2.74 (m, 2H), 2.72 — 2.65
(m, 1H), 2.20 — 2.12 (m, 1H), 1.34 (t, J = 7.4 Hz, 3H),
1.30 (d, J = 6.8 Hz, 3H); 13C{1H} NMR (100 MHz, CDCI3) 6 176.4, 147.4, 139.8,
133.0, 131.4,129.7 (q, J = 33 Hz),127.2 (q, J = 3 Hz) 126.7(q, J=4 Hz), 125.7,123.7 (q,
J =270 Hz) 48.6, 41.2, 31.0, 26.6, 20.1, 14.8. IR(KBr)vmax/cm-12926 (C—H),1625

(C=0),1454 (C-S) HRMS (ESI) m/z [M+H+] calcd for C16H16Fs0Ss; 377.0310; found
377.0338

2-Butoxy-4-methyl-3,4dihydro-2H,5H-thiopyrano[2,3-b] chromen-5-one (6a):A

q CHs brown, liquid (48 mg, Yield-80%) 1H NMR (400 MHz,

| CDCI3) 5 8.18 (dd, J = 8.3, 1.6 Hz, 1H), 7.61 — 7.56 (m,

0787 07" CHy  1H), 7.37 - 7.32 (M, 2H), 5.25 (t, J = 3.5 Hz, 1H), 3.86-

3.83, (m, 1H), 3.55 — 3.47 (m, 1H), 3.43-3.38, (m, 1H), 2.42-2.37 (m, 1H), 2.14-2.08,

(m, 1H), 1.61 — 1.56 (m, 2H), 1.45 — 1.40 (m, 2H), 1.39 (d, J = 7.2 Hz, 3H), 0.92 (t, J =

7.4 Hz, 3H). 13C{1H} NMR (100 MHz, CDCI3) 5 174.2, 162.2, 156.3, 133.0, 126.1,

124.8, 1235, 1205, 117.2, 845, 70.4, 350, 315 254, 195 19.4,

13.9.IR(KBr)vmax/cm-1 2950 (C— H),1603(C=0), 1264(C— O),HRMS (ESI):m/z
[M+H]+ calcd for C17H2:03S, 305.1206; found; 305.1205.

2-Butoxy-7-chloro-4-methyl-3,4-dihydro-2H,5H-thiopyrano [2,3-b]Jchromen-5-one

O CHj (6b): A golden yellow, liquid (52 mg, Yield-78%)

| 'H NMR (400 MHz, CDCls) § 8.12 (d, J = 2.6 Hz,

07 s No™"cH, 1H), 7.51 (dd, J = 8.9, 2.6 Hz, 1H), 7.29 (dd, J =

8.9, 1.9 Hz, 1H), 5.25 (t, J = 3.0 Hz, 1H), 3.84 (dt, J = 8.8, 6.5 Hz, 1H), 3.50 — 3.44 (m,

1H), 3.39 (dt, J = 8.9, 6.2 Hz, 1H), 2.39 (dt, J = 14.3, 3.0 Hz, 1H), 2.11 — 2.06, (m, 1H),

1.62 —1.54 (m, 2H), 1.42 — 1.37 (m, 2H) 1.36 (d, J = 7.2 Hz, 3H), 0.89 (t, J = 7.4 Hz,

3H). BC{*H} NMR (100 MHz, CDCl3) & 172.9, 162.8, 154.5, 133.1, 130.6, 125.5,

124.4, 120.6, 118.9, 84.5, 70.5, 34.9, 31.5, 25.4, 19.4 (2C), 13.8. IR(KBr)vmad/cm™™

2930(C—H), 1603(C=0), 1255 (C-0), HRMS (ESI):m/z [M+H]" calcd for C17H20CIO3S,
339.0816; found:339.0816.

Cl
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7-Bromo-2-butoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano [2,3-b]chromen-5-

one (6¢): A brown, liquid (58 mg, Yield-77%) *H NMR (500 MHz, CDCls) § 8.29 (s,

Q CHs 1H), 7.66 (d, J = 8.7 Hz, 1H), 7.24 (d, J = 8.9 Hz,

| 1H), 5.25 (s, 1H), 3.85 (g, J = 6.9 Hz, 1H), 3.52 —

0787 N0""CHy 345 (m, 1H), 3.40 (q, J = 7.8, 7.1 Hz, 1H), 2.40

(dt, J=14.5,3.0 Hz, 1H), 2.12 —2.09 (m, 1H), 1.63 — 1.61(m, 2H), 1.42 — 1.39 (m, 2H),

1.37 (d, J = 7.3 Hz, 3H), 0.92 (t, J = 7.4 Hz, 3H). *C{*H} NMR (100 MHz, CDCls) §

174.2, 162.2, 156.3, 133.0, 126.1, 124.8, 123.5, 120.5, 117.2, 84.5, 70.4, 35.0, 31.5,

25.4, 19.5, 19.4, 13.9. IR(KBr)vmax/cm™ 2985(C—H),1605(C=0),1262 (C—-0), HRMS
(ESI):m/z [M+H]" calcd forCi7H20BrOsS, 383.0311;found:383.0312, 385.0294.

Br:

2-Butoxy-8-fluoro-4-methyl-3,4dihydro-2H,5H-thiopyrano [2,3-b]Jchromene-5-one
Q" /pHs (6d): A brown, liquid (45 mg Yield-71%) 'H NMR
| (500 MHz, CDCls) 6 8.17 (dd, J = 8.9, 6.4 Hz, 1H),
F 0”87 07" cHq 7.08 — 7.00 (m, 2H), 5.24 (t, J = 3.1 Hz, 1H), 3.84
(dt, J = 8.6, 6.6 Hz, 1H), 3.52 — 3.43 (m, 1H), 3.39 (dt, J = 8.8, 6.2 Hz, 1H), 2.39 (dt, J
= 14.3, 2.9 Hz, 1H), 2.11-2.09 (m, 1H), 1.58 (dt, J = 13.3, 6.6 Hz, 2H), 1.45-1.38 (m,
2H), 1.37 (d, J = 7.1 Hz, 3H), 0.91 (t, J = 7.4 Hz, 3H). *C{*H} NMR (125 MHz, CDCls)
3 173.3, 165.2(d, J = 253 Hz), 162.5, 157.0 (d, J = 13 Hz), 128.5(d, J = 10 Hz), 120.5,
120.3(d, J = 2.3 Hz), 113.5 (d, J = 22 Hz), 104.0 (d, J = 27 Hz), 84.5, 70.5, 34.9, 31.5,
25.4,19.5, 19.4, 13.8; IR(KBr)vmax/cm™ 2992(C—H), 1603(C=0), 1264(C—-0O), HRMS
(ESI):m/z [M+H]" calcd for C17H20FO3S, 323.1112;found:323.1112.

2-1sobutoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b] chromen-5-one (6e):

O CHs A vyellow, liquid (46 mg, Yield-77%) H NMR (500

MHz, CDClz) & 8.19 — 8.16 (m, 1H), 7.59-7.56 (m, 1H),

o | s N0 CH; 7.35-7.32 (m, 2H), 5.24 (t, J = 3.2 Hz, 1H), 3.63 (dd, J =

CH,4 8.6, 6.6 Hz, 1H), 3.51 (td, J = 7.6, 4.0 Hz, 1H), 3.17 (dd,

J =85, 6.1 Hz, 1H), 2.41 (dt, J = 14.3, 2.9 Hz, 1H), 2.13 — 2.08 (m, 1H), 1.93 — 1.85

(m, 1H), 1.39 (d, J = 7.2 Hz, 3H), 0.92 (dd, J = 6.8, 1.8 Hz, 6H). 3C{'H} NMR (125

MHz, CDCl3) 6 174.2,162.2,156.3,132.9, 126.1, 124.8, 123.5, 120.5, 117.2, 84.6, 77 .4,

34.9, 28.5, 25.3, 19.6, 19.4, 19.4. IR(KBr)vmax/cm?2925 (C—H),1603(C=0),1260 (C—
0), HRMS (ESI):m/z [M+H]" calcd for C17H2103S, 305.1206; found; 305.1206.
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7-Chloro-2-isobutoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano [2,3-b]Jchromen-5-

one (6f): A brown, liquid (54 mg, Yield-80%) 'H NMR (400 MHz, CDClI338) 8.13 (d, J

O  CHj = 2.6 Hz, 1H), 7.52 (dd, J = 8.9, 2.6 Hz, 1H), 7.31 (s,

Cl 1H), 5.25 (t, J = 3.0 Hz, 1H), 3.63 (dd, J = 8.5, 6.6 Hz,

o | s o/\(CH3 1H), 3.51 — 3.45 (m, 1H), 3.18 (dd, J = 8.5, 6.1 Hz,

CHs  1H), 2.41 (dt, J = 14.3, 2.9 Hz, 1H), 2.12 — 2.06 (m,

1H), 1.93 — 1.84 (m, 1H), 1.38 (d, J = 7.2 Hz, 3H), 0.92 (dd, J = 6.6, 1.9 Hz, 6H).

BC{*H} NMR (100 MHz, CDCls) § 173.0, 162.8, 154.5, 133.1, 130.6, 125.5, 124.4,

120.6, 119.0, 84.7, 34.8, 28.5, 25.4, 19.5, 19.4 (2C), 19.3.IR(KBr)vmax/cm™* 2975(C—

H),1604(C=0), 1263 (C-©), HRMS (ESI):m/z [M+H]" calcd for Ci7H20ClO3S,
339.0816; found:339.0817.

7-Fluoro-2-isobutoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano [2,3-b]chromen-5-

O CHs one (6g):A brown, liquid (45 mg, Yield-70%) H

| NMR (500 MHz, CDCls) 6 7.81 (dd, J = 8.3, 3.0 Hz,

07" s o/YCH3 1H), 7.35 (dd, J = 9.1, 4.2 Hz, 1H), 7.30 (dt, J = 9.1,

CHs 4.5 Hz, 1H), 5.25 (t, J = 2.9 Hz, 1H), 3.63 (dd, J = 8.5,

6.6 Hz, 1H), 3.51 — 3.48 (m, 1H), 3.18 (dd, J = 8.5, 6.1 Hz, 1H), 2.44 — 2.39 (m, 1H),

2.1-2.07 (m, 1H), 1.89 (dt, J = 13.2, 6.6 Hz, 1H), 1.39 (d, J = 7.2 Hz, 3H), 0.92 (dd, J

= 6.7, 2.4 Hz, 6H). 3C{*H} NMR (125 MHz, CDCl3) § 173.3 (d, J = 2.5 Hz), 162.8,

159.3 (d, J =243.7 Hz), 152.4 (d, J = 2.5 Hz), 124.6 (d, J = 7.5 Hz), 121.0(d, J=25

Hz), 120.07, 119.1 (d, J = 7.5 Hz), 111.0 (d, J=23.7 Hz) 84.7, 77.5, 34.9, 28.5, 25.4,

19.6, 19.4, 19.4; IR(KBr)vma/cm™ 2759(C— H), 1604(C=0), 1265(C— O) HRMS
(ESI):m/z [M+H]" calcd for, C17H20FO3S,323.1112; found: 323.1112.

7-Bromo-2-isobutoxy-4-methyl-3,4-dihydro-2H,5H-thiopyran o[2,3-b]Jchromen-5-

O CH, one (6h): A brown, liquid (68 mg, Yield-90%) H

| NMR (500 MHz, CDCl3)5 8.29 (d, J = 10.1 Hz, 1H),

o7 s O/\rCHS 7.68 — 7.63 (M, 1H), 7.24 — 7.23 (m, 1H), 5.24 (dd, J

6h, 90% CHy =709 4.8 Hz, 1H), 3.62 (dt, J = 10.0, 5.0 Hz, 1H),

3.51 — 3.45 (m, 1H), 3.18 (dt, J = 10.0, 5.0 Hz, 1H), 2.44 — 2.39 (m, 1H), 2.13 — 2.07

(m, 1H), 1.92 — 1.83 (m, 1H), 1.38 (d, J = 7.2 Hz, 3H), 0.92 (d, J = 2.7 Hz, 6H). BC{*H}

NMR (100 MHz, CDCl3) 6173.0, 162.8, 154.5, 133.1, 130.6, 125.5, 124.4, 120.6, 119.0,

Br:
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84.7, 34.8, 285, 254, 195 19.4 (2C), 19.3. IR(KBr)vma/cm? 2985(C—
H),1605(C=0),1262 (C— O), HRMS (ESI):m/z [M+H]" calcd forCi7HaoBrOss,
383.0311;found:383.0311, 383.0292.

7-Bromo-4-methyl-2-propoxy-3,4-dihydroxy-2H,5H-thio pyrano[2,3-b]Jchromen-
O  CH, 5-one (6i): A brown, solid (59 mg, Yield-76%), mp
Br 99 °C 'H NMR (500 MHz, CDCl3) 6 8.29 (d, J = 2.4
\Cfok/l(;\o/\/cm Hz, 1H), 7.66 (dd, J = 8.8, 2.4 Hz, 1H), 7.24 (d, J =
8.9 Hz, 1H), 5.26 (t, J = 3.1 Hz, 1H), 3.83 — 3.77 (m,
1H), 3.52 — 3.45 (m, 1H), 3.37 (dt, J = 8.7, 6.3 Hz, 1H), 2.40 (dt, J = 14.3, 2.9 Hz, 1H),
2.12 -2.07 (m, 1H), 1.67 — 1.62 (m, 2H), 1.37 (d, J =7.2 Hz, 3H), 0.93 (d, J = 7.4 Hz,
3H). ¥C{*H} NMR (125 MHz, CDCl3) & 172.8, 162.8, 155.0, 135.9, 128.8, 124.8,
120.7, 119.2, 118.0, 84.5, 72.4, 34.9, 25.5, 22.8, 19.5, 10.8. IR(KBr)vmax/cm™ 2975(C—
H),1603(C=0), 1263(C— 0O), HRMS (ESI):m/z [M+H]" calcd for
C16H18Br03S,369.0155; found: 369.0155, 371.0135.

7-Fluoro-4-methyl-2-propoxy-3,4-dihydro-2H,5H-thiopyrano [2,3-b]Jchromen-5-
O CHj one (6j): A yellow, liquid (42 mg, Yield-69%) H
F\th NMR (400 MHz, CDCl3) & 8.48 (dd, J = 9.0, 5.9 Hz,
o | s o ~CHs 1H), 7.18 — 7.09 (m, 2H), 5.17 (t, J = 3.2 Hz, 1H),

3.77 (dt, J = 8.7, 6.6 Hz, 1H), 3.71 — 3.63 (m, 1H), 3.37 (dt, J = 8.8, 6.2 Hz, 1H), 2.47
(dt, J=14.3,3.0 Hz, 1H), 2.18 — 2.11 (m, 1H), 1.68 — 1.61 (m, 2H), 1.32 (d, J = 7.2 Hz,
3H), 0.94 (t, J = 7.4 Hz, 3H). 3C{'*H} NMR (100 MHz, CDCls) & 175.5, 163.7 (d, J
=253 Hz), 145.3, 138.6(d, J =9.7 Hz), 132.5 (d, J =9.5 Hz), 127.2(d, J = 2.3 Hz), 131.9,
115.7 (d, J = 22.2 Hz), 110.7 (d, J = 24 Hz), 83.2, 72.3, 35.5, 26.2, 22.8, 18.8, 10.8. 8

IR(KBF)vimax/cm™2995(C~H),1606(C=0), 1264(C—-0), HRMS (ESI):m/z [M+H]* calcd
for C1sH18FO3S, 309.0955; found: 309.0957.

8-Fluoro-4-methyl-2-propoxy-3,4-dihydro-2H,5H-thiopyrano [2,3-b]Jchromen-5-
0 one (6k): A golden yellow, liquid (44.5 mg Yield-

m 72%) 1H NMR (500 MHz, CDCI3) 5 7.81 (dd, J = 8.3,
F 07 N7 oM 3.0 Hz, 1H), 7.37 — 7.28 (m, 2H), 5.26 (t, J = 3.3 Hz,

1H), 3.80 (dt, J = 8.8, 6.6 Hz, 1H), 3.54 — 3.46 (m, 1H), 3.37 (dt, J = 8.7, 6.3 Hz, 1H),
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2.41 (dt,J=14.4,2.9 Hz, 1H), 2.1 —2.09 (m, 1H), 1.64 —1.61 (m, 2H), 1.38 (d, J = 7.2
Hz, 3H), 0.94 (t, J = 7.4 Hz, 3H) 13C{1H} NMR (125 MHz, Chloroform-d) 6173.4 (d,
J=2.1 Hz), 162.8, 160.3 (d, J = 244 Hz) 152.5, 124.6 (d, J =7 Hz) 121.0 (d,J =25
Hz), 120.09, 119.3 (d, J = 7 Hz), 111.0 (d, J =23 Hz), 84.5, 72.3, 34.9, 25.4, 22.8, 19.5,
10.8. IR(KBr)vmax/cm-12995(C— H),1606(C=0), 1264(C— O),HRMS (ESI):m/z
[M+H]+ calcd for C16H18FO3S, 309.0955; found: 309.0957.

2-Ethoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b]Jchromen-5-one (61): A

O CHj brown, liquid (45 mg, Yield-83%) 'H NMR (500 MHz,

| CDCl3) 6 8.17 (dd, J = 8.1, 1.6 Hz, 1H), 7.60 — 7.56, (m,

07 >s” Yo" cH, 1H), 7.36 — 7.32 (m, 2H), 5.26 (t, J = 3.0 Hz, 1H), 3.94-

3.88, (m, 1H), 3.52 — 3.44 (m, 2H), 2.43 — 2.38 (m, 1H), 2.14 — 2.09, (m, 1H), 1.39 (d,

J =7.2 Hz, 3H), 1.24 (t, J = 7.0 Hz, 3H). ®C{*H} NMR (125 MHz, CDCls) & 174.2,

162.1, 156.2, 133.0, 126.1, 124.8, 123.5, 120.5, 117.2, 84.1, 66.0, 35.0, 25.4, 19.5, 15.0.

IR(KBr)vmax/cm™ 2930, (C—H),1605(C=0),1254 (C—0), HRMS (ESI):m/z [M+H]*
calcd for C15H1703S, 277.0893; found: 277.0893.

7-Chloro-2-ethoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano [2,3-b]chromen-5-one

O  CH; (6m): A brown, solid (46 mg, Yield-75%) mp 120 °C
Cl\@fjfj\ 'H NMR (500 MHz, CDCls) 6 8.13 (d, J = 2.6 Hz, 1H),

0" >s” Yo" >cH, 7.52(dd,J=8.9, 2.6 Hz, 1H), 7.30 (d, J = 8.9 Hz, 1H),
5.26 (t, J = 3.1 Hz, 1H), 3.92 — 3.88 (m, 1H), 3.49 — 3.44 (m, 2H), 2.42 — 2.38 (m, 1H),
2.13 —2.08 (m, 1H), 1.38 (d, J = 7.2 Hz, 3H), 1.25 (t, J =7.4Hz, 3H). *C{*H} NMR
(125 MHz, CDCl3) 6 173.0, 162.7, 154.5, 133.1, 130.6, 125.5, 124.4, 120.6, 118.9, 84.1,

66.1, 34.9, 25.5, 19.4, 15.0. IR(KBr)vmax/cm™ 2928(C—H),1603(C=0),1258 (C—-O0),
HRMS (ESI):m/z [M+H]" calcd for C15H16CIO3S, 311.0503; found; 311.0503.

7-Bromo-2-ethoxy-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b] chromen-5-one
TR (6n): A Brown, solid (57 mg, Yield-81%) mp 126 °C
| 'H NMR (500 MHz, CDCls3) 6 8.29 (d, J = 2.4 Hz, 1H),
0" Ns7 Yo" > cH,
7.66 (dd, J =8.8, 2.4 Hz, 1H), 7.24 (d, J = 8.9 Hz, 1H),
5.26 (t, J =3.0 Hz, 1H), 3.93 — 3.87 (m, 1H), 3.49 — 3.44 (m, 2H), 2.40 (dt, J = 14.3, 3.0
Hz, 1H), 2.13-2.08 (m, 1H), 1.37 (d, J = 7.2

Br
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Hz, 3H), 1.25 (t, J = 7.0 Hz, 3H). 3C{*H} NMR (125 MHz, CDCls3) 5 172.8, 162.7,
155.0, 135.9, 128.7, 124.8, 120.7, 119.2, 118.0, 84.1, 66.1, 34.9, 25.5, 19.4, 15.0.
IR(KBr)vmax/cmt 2976(C—H),1605(C=0),1258(C—0), HRMS (ESI):m/z [M+H]* calcd
for C15H16Br0sS,354.9998; found:354.9998, 356.9980.

2-Ethoxy-8-fluoro-4-methyl-3,4-dihydro-2H,5H-thiopyrano[2,3-b] chromen-5-one

Q  CHs (60): A brown, liquid (42 mg, Yield-72%) *H NMR (500
| MHz, CDCls) § 8.18 (dd, J = 8.8, 6.4 Hz, 1H), 7.09 —
F 078707 CHs  7.01 (m, 2H), 5.26 (t, J = 3.0 Hz, 1H), 3.91 (td, J = 7.1,

1.7 Hz, 1H), 3.50 — 3.43 (m, 2H), 2.40 (dt, J = 14.3, 3.2 Hz, 1H), 2.12 — 2.08 (m, 1H),
1.38 (d, J = 7.2 Hz, 3H), 1.26 (d, t = 7.1 Hz, 3H). *C{*H} NMR (125 MHz, CDCl3) §
173.4, 165.2 (d, J = 252.2 Hz) 162.4, 157.1, 128.5 (d, J = 10 Hz), 120.5, 120.3 (d, J =
2.5Hz), 113.5(d, J = 22.2 Hz), 104.0 (d, J = 25.3 Hz), 84.1, 66.1, 35.0, 25.4, 19.5, 15.0;
IR(KBr)vmax/cm™ 2952 (C—H),1603(C=0),1264 (C—O), HRMS (ESI):m/z [M+H]" calcd
for C15sH16FO3S, 295.0799; found: 295.0799.

7-Chloro-2-((1-ethylthio)ethyl)thio)-4H-chromene-4-one (7a): A light yellow, solid
0 (50 mg, Yield-83%) mp 143 0C, 1H NMR (500 MHz,
C'm CHs CDCI3) 6 8.09 (d, J=2.6 Hz, 1H), 7.56 (dd, J =8.8, 2.6
o S)\S/\CH3 Hz, 1H), 7.36 (d, J = 8.9 Hz, 1H), 6.35 (s, 1H), 4.65 (q,
J=6.9 Hz, 1H), 2.82 — 2.69 (m, 2H), 1.77 (d, J = 7.0 Hz, 3H), 1.29 (t, J = 7.4 Hz, 3H).
13C{1H} NMR (125 MHz, CDCI3) 6 174.9, 167.2, 155.3, 133.7, 131.4, 125.4, 124.7,
119.1, 111.1, 47.0, 25.9, 23.5, 14.4. IR(KBr)vmax/cm-12925(C—H),1606(C=0), 1432
(C-S), HRMS (ESI):m/z [M+H]+ calcd for C13H14ClO2S2 301.0118; found 301.0118.

6-Bromo-2-((1-(ethylthio)ethyl)thio)-4H-chromene-
0

B 4-one (7b): A golden yellow, liquid (58 mg, yield - 85%)

\©\)j\ )C\H?’/\ 1H NMR (400 MHz, CDCI3) & 8.27 (d, J = 2.5 Hz, 1H),

0" ST ST CHs 7.72(dd, J = 8.9, 2.5 Hz, 1H), 7.30 (d, J = 8.8 Hz, 1H),

6.36 (s, 1H), 4.66 (g, J = 6.9 Hz, 1H), 2.85 — 2.67 (m, 2H), 1.78 (d, J = 6.9 Hz, 3H), 1.30

(t, J = 7.4 Hz, 3H). 13C{1H} NMR (100 MHz, CDCI3) & 174.8, 167.2, 155.7, 136.6,

128.7, 125.1, 119.4, 119.0, 111.2, 47.0, 25.9, 23.5, 14.4. IR(KBr)vmax/cm-1 2926(C—

H),1606(C=0), (C— S)1425, HRMS (ESI):m/z [M+H]+ calcd for,Ci1sH1BrO:Sz,
344.9613;found: 344.9613, 346.9591.
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2-((1-(Ethylthio)ethyl)thio)-6-fluoro-4H-chromen-4-one (7c): A light orange, liquid
0 (48 mg, Yield-85%) 'H NMR (500 MHz, CDCls3) & 7.81
/@\)i CHj, (dd, J =8.1, 2.5 Hz, 1H), 7.43 (dd, J = 9.1, 4.1 Hz, 1H),
E o SJ\S,/\CH3 7.39 - 7.35 (m, 1H), 6.37 (s, 1H), 4.67 (q, J = 6.8 Hz, 1H),
2.78 (ddt, J = 34.6, 12.7, 7.1 Hz, 2H), 1.80 (d, J = 6.9 Hz, 3H), 1.32 (t, J = 7.4 Hz, 3H).
1B3C{*H} NMR (100 MHz, CDCls) § 175.4 (d, J = 2.68 Hz), 167.2, 159.7 (d, J = 245
Hz),153.2, 121.7(d, J = 25 Hz), 119.6, 119.5, 111.1 (d, J = 23 Hz) 110.7, 47.0, 25.9,

23.6, 14.4; IR(KBI)vmax/cm™ 2969(C—H),1615(C=0),1424(C-S), HRMS (ESI):m/z
[M+H]* calcd for C13H14F02S2,285.0414; found:285.0411.
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Figure 1. ORTEP Diagram of compound 3c

Table 6. Crystal data and structure refinement for compound 3(c).

TH-4093_216122051

Entry Identification Code Compound 3c
01 Empirical formula C17H18 ClO2S;
02 Formula weight 370.961
03 Temperature 297 K
04 Wavelength 0.71073
05 Crystal system Triclinic
06 Space group P-1

a 7.8588 (8)
07 Cell length b 10.3914 (8)
¢ 11.7530 (8)
a 113.777 (2)
08 Cell angle 97.924 (2)
v 96.258 (2)
09 Cell volume 855.48 (12)
10 Density 1.374
11 Completeness to theta 99.14
-15<=h<=15,
12 Index ranges -6<=k<=6,
-20<=I<=19
13 Theta range 2.2-26.3
14 Cell formula units Z 12
15 CCDC no 2311054
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Figure 2. ORTEP Diagram of compound 5d

Table 7. Crystal data and structure refinement for compound 5(d).

Experimental Section

Entry Identification Code Compound 5d
01 Empirical formula C1sH15 CIOSs
02 Formula weight 342.90
03 Temperature 296 K
04 Wavelength 0.71073
05 Crystal system Triclinic
06 Space group P2l/c

a10.9013 (4)
07 Cell length b 4.3678 (2)
¢ 32.5560 (13)
A 90
09 Cell angle B 93.691 (1)
v 90
10 Cell volume 1546.93 (11)
11 Density 1.472
12 Completeness to theta 99.3
-15<=h<=15,
13 Index ranges -6<=k<=6,
-20<=1<=19
14 Theta range 1.254- 25.964
15 Cell formula units Z 4
16 CCDC no 2311048
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Figure 5. HRMS of compound 3a

Sample Name Position Instrument Name User Name
Inj Vol InjPosition SampleType IRM Calibration Status
Data Filename ACQ Method Comment Acquired Time
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Chapter IV

Reactivity study of 4-hydroxydithiocoumarin with Isocyanide:
Regioselective Synthesis of (E)-3-((alkylamino)methylene)-
2thioxothiochroman 4-one Derivatives and their Regioselective

Cycloaddition with Alkynes

< Catalyst-free < Regioselective cycloaddition reaction . /RZ
HN
< Highly atom economy < Shorter reaction time =
< Quantum Mechanical study 1N N
, E _ o R'v P ||
-22.05 o’H\N/R ll s” N s E
kcal/mol | 5 6
— — 9 Examples, 83-91%
o RI_E N E 10 mol%
TN Z g L-proline CO,R?
S 3
R P Toluene 3 Toluene, Reflux 0N CO,R
S g
+ (1-1.5 h) 20 Examples, 88-98% < R2
. @_@ RT O X R1_|\ N~
R*-N—C % T H
0 A S S
1 R S | SAN/RZ E = -CO,Me , -CO,Et, and -CO,Buf
kcal/mol 4

J. Org. Chem., 2025, 90, 8857-8868.

[ Introduction ]

[Results and Discussions]

[ Expirmental ]
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CHAPTER IV Introduction

4.0 Introduction:

Organosulfur compounds are being investigated in various research areas because of their
remarkable biological and pharmaceutical importance, as well as their utility in diverse organic
transformations.* Compounds derived from 4-hydroxycoumarin, such as the naturally
occurring dicoumarol®® and the non-natural warfarin’®, exhibit anticoagulant activities. The
analogues of  4-hydroxycoumarin, such as 4-hydroxythiocoumarin and 4-
hydroxydithiocoumarin, exhibit a structural resemblance and are utilised in various organic
transformations. In the first chapter, we discussed the three-resonating structure of 4-
hydroxydithiocoumarin in detail. Through DFT energy calculations, it was found that the 4-
hydroxy | form is more energetically stable than the active methylene Il form and its thiol 111

form, as shown in Figure 1 below.

! -0.93 keal/mol |
OH

(0] o]
+4.73 +3.80
Xy kcal/mol kcal/mol |
S S S S S SH

Figure 1. Three tautomeric forms of 4-hydroxycoumarin. The structure (I) is the most stable form.
The calculations were carried out using the B3LYP/6-31+G(d,p) level of DFT. All the energy
values are estimated using the free energy (G) values. The relative energies of the reaction path
are provided in kcal/mol.

It is well known in the literature that many of the reactants act as either an electrophile or a
nucleophile, depending upon the other reactant. For example, meta-chloroperbenzoic acid (m-
CPBA) acts as an electrophile® in the epoxidation of olefins. On the other hand, it also acts as
a nucleophile!® in Baeyer-Villiger oxidation of cyclic ketones. Based on this fact, our aim is to
investigate the reaction behaviour between 4-hydroxydithiocoumarin bearing three
nucleophilic centres and the isocyanide, which also acts as a nucleophile, as evidenced in the
Passerini reaction.!! In this chapter, we want to disclose that isocyanide has a dual role: it acts
as a base for the deprotonation of 4-hydroxydithiocoumarin and in situ converts itself into an
electrophile and catalyses the reaction in the forward direction. We successfully synthesised
several alkyl aminomethylene (3) derivatives in toluene under catalyst-free conditions at room
temperature. In the present work, there are two possible routes to obtain two different product
types: S-alkylated or C-alkylated. Notably, we get only the C-alkylated product as described in

Scheme 1.
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R2
O HN~
N 7
RZ R
S S
Toluene rt 3

Scheme 1. Reaction of 4-hydroxydithiocoumarin with isocyanide

Since 1838, isocyanide has captured the interest of synthetic chemists because its terminal
carbon atom can behave both as a nucleophile and an electrophile (a-addition).*?2 This unique
characteristic makes isocyanide a highly attractive starting material for the synthesis of new

molecules. Isocyanides can also exist in two resonating forms (Figure 2).

@
:C=N—R =-=—>» (C=N-—R
50-55% 24-29%

New J. Chem. 2012, 36, 1137-1140. Chem. Rev. 2021, 121, 17, 10742—-10788

Figure 2. Two most important resonance forms of isocyanide account for 84% of the weight of
all resonance forms

Numerous new molecules have been synthesised in the pharmaceutical industry by utilising
isocyanides in various multicomponent reactions (MCRs).!* Moreover, isocyanide-based
MCRs, such as the Passerini'! and Ugi reactions, are well documented for diversity-oriented
synthesis.™ A literature survey revealed that isocyanide has been utilised in a multi-component
reaction with 4-hydroxycoumarin and vinyl acetate in the presence of DABCO,® resulting in

a furan ring formation at the C3 position of 4-hydroxycoumarin and an aminomethylene by-

product (Scheme 2).
OH
N DABCO O HN
(30 mol %)
S G
)l\ 79% 10-28%

Scheme 2. Multi-component reaction of 4-hydroxycoumarin with isocyanide and vinyl acetate

Similarly, Park and Lee reported 1’ almost identical (aminomethylene) products using 4-
hydroxythiocoumarin, amines, and triethyl orthoformate, as shown in Scheme 3. A three-
component synthesis of 3-aminomethylene-thiochroman-2,4-dione derivatives by the

condensation reactions of amines,a-amino acids, and ureas, with 4-hydroxythiocoumarin,

TH-4093 216122051 88|Page



CHAPTER IV Introduction

respectively, in the presence of triethyl orthoformate using Isopropyl alcohol under reflux

conditions.

.R
OH RNH, O HN

A CH(OEt); =
—_—
S o i-PrOH, Reflux s o

Scheme 3. Three-component synthesis of aminomethylene thiochromone derivatives using 4-
hydroxycoumarin, amines, and orthoformate

V. Edmont and his co-workers also demonstrate the synthesis of aminomethylene derivatives
by the reaction of pyridinone, aniline, and orthoformate in a DMF/AcOH (3:1) solvent mixture
at 103 °C. The synthesised aminomethylene derivatives were further utilised for the preparation
of aldehydes, demonstrating their post-synthetic applicability as shown in Scheme 4.8

NH, HN :

0
CH(OEt), K,CO; )l
© DMF/ACOH (1:3) Z H,0, 100 °C
+ > ‘

e ———
103 °C

Scheme 4. Synthesis of aminomethylene derivatives, aryl amines, and orthoformate

The literature reviewed above indicates that aminomethylene compounds can also be used for
post-synthetic applications. As V. Edmont et al. demonstrate, the utility of these versatile
intermediates for the preparation of aldehydes and other functionalized heterocycles is evident.
Similarly, inspired by these reports, we have demonstrated the post-synthetic applications of
aminomethylene compounds 3 by employing them as a diene system in Diels-Alder reactions
and in N-alkylation reactions followed by cyclisation, in an effort to construct novel

organosulfur heterocyclic frameworks.
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4.1 Results and Discussion:

In this chapter, our current work demonstrates the reaction between 4-hydroxydithiocoumarin
and isocyanide, despite both serving as nucleophiles. We report the successful outcome of this
reaction, as shown in Scheme 5. The post-synthetic application of the synthesised alkylamino
derivatives 3 is also demonstrated in this chapter, sections 4.5 and 4.6.

R?
0 OH N O HN
c =
PN o | RETY L] N
R2 | \|—R<+ _ N® i
NZST s ) s”s
4 Toluene, rt 2 3a-s

20 Examples

R'=-H (a), -5Cl (b), -6ClI (c), -7CI (d), -7F (e), -6CF5(f)
R? = Cyclohexyl (a), tert-Butyl (b), 1,1,3,3-Tetramethylbutyl (c), and 2-Morpholinoethyl (d)

Scheme 5. Reaction between 4-hydroxydithiocoumarin and isocyanide

In the beginning, various 4-hydroxydithiocoumarins (1a) and their derivatives, such as 7-F
(1b), 5-Cl (1c), 6-CI (1d), 7-Cl (1e), and 6-CF3 (1f) were prepared by following the reported
literature mentioned in Chapter I, Scheme 22. For the optimisation study, the reaction was
carried out by taking 4-hydroxydithiocoumarin (1a) (0.20 mmol) and cyclohexyl isocyanide
(2a) (0.20 mmol) in 1 mL of water in a 10 mL round-bottomed flask. The reaction mixture was
stirred at room temperature for one hour, as shown in Table 1, entry 1. No reaction occurred,
so the same reaction was refluxed for another hour. The reaction was then attempted in ethanol,
but no product was observed, as shown in Table 1, entry 2. Similarly, the reaction was
investigated at room temperature using various polar aprotic solvents, including DMF, 1,4-
dioxane, and DMA. A trace amount of product 3a was observed as depicted in Table 1, entries
3-5. Later, the reaction was performed in chlorobenzene and toluene at room temperature,
yielding fair results in both cases. Still, it was observed that the yield was almost quantitative
in toluene, as presented in Table 1, entries 6 and 7. The product (3a) was characterised using
various spectroscopic techniques, including *H and 3C NMR spectra, HRMS, and single-
crystal XRD. In the *H NMR spectrum of product 3a, the characteristic peaks at 6 3.59 (s, 1H),
2.08 (d, J = 8.9 Hz, 2H), 1.90-1.83 (m, 2H), 1.58 (d, J = 14.7 Hz, 3H), 1.49-1.39 (m, 2H), and
1.36-1.26 (m, 1H) indicate that cyclohexyl isocyanide is incorporated into the final product.
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One doublet proton is also observed at ¢ 9.48 (d, J = 14 Hz), indicating the C=CH proton
adjacent to the NH group. A broad peak for NH at & 13.10 (s, 1H) is observed in the spectrum.
Similarly, in 3C NMR, four signals appear in the aliphatic region, where one signal at § 59.2
corresponds to the carbon of cyclohexyl that is directly attached to nitrogen. Whereas ten
signals were observed for the aromatic carbon, two of them were very specific to the carbonyl
and exocyclic carbon adjacent to nitrogen, with 6 values of 178.1 and 202.1, respectively. In
addition, the m/z value was 304.0824 for [M + H]*, which agrees with the mass of product 3a.
Furthermore, the structure of compound 3a was determined through single-crystal XRD. the
ORTEP diagram of compound 3a, as well as H, 3C, and HRMS data, are presented at the end
of this chapter (Figure 2-5).

After optimising the reaction conditions, we examined various reactions of 4-
hydroxydithiocoumarin (1a) with substituents 7-F (1b), 5-Cl (1c), and 6-Cl (1d) with
cyclohexyl isocyanide (2a) under identical conditions. The desired products 3a-d were
obtained in almost quantitative yields of 96-98%, as shown in Table 2. Subsequently, the
reaction was scrutinised between 4-hydroxydithiocoumarin (1a) and various substituents,
including 7-F (1b), 5-Cl (1c), 6-Cl (1d), 6-CF3 (1f), and tert-butyl isocyanide (2b), yielding the
desired products 3e-i with excellent yields of 93-98%. Similarly, 4-hydroxydithiocoumarin
(1a), having substituents 5-Cl (1c), 6-Cl (1d), 7-Cl (1e), and 6-CF3 (1f), was subjected to 2-
morpholinoethyl isocyanide, affording products 3j-n with 88-93% vyield. Finally, 4-
hydroxydithiocoumarin (1a), having substituents 7-F (1b), 5-Cl (1c), 6-Cl (1d), 7-Cl (1e), and
6-CF3 (1f), was subjected to 1,1,3,3-tetramethylbutyl isocyanide (2d), yielding products 30-t.
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Table 1. Optimisation Table of the reaction conditions.®?

S

©_®
CLL, =0 == O L
S S S S

1a 2a 3a
Entry Temp ('C) Time (h) Solvent Yield (%0)®

1 RT 1=2 Water NR

2 RT 1-2 Ethanol NR

3 RT 1 DMF trace

4 RT 1 1-4 Dioxane trace

5 RT 1 DMA trace

6 RT 1 Chlorobenzene 68

7 RT 1 Toluene 98

4All the reactions were carried out using 4-hydroxydithiocoumarin (1a, 0.2 mmol), cyclohexyl
isocyanide (2a, 0.2 mmol). ® Isolated yield. RT: Room Temperature, NR: No reaction. DMF = N,
N-dimethyl formamide, DMA = N, N-dimethyl acetamide.
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Table 2. Substrate Scope

0 HN cl o HN
05h98% 1h97% 1h98% 1h 96%

0 HNJ<

OHN OHN
( J@ff Cﬁf @ff
S” S F

3e

1h, 93% 07h 98% (\ 1h,97% 07h 97%
J i N o
0 0
N
O HN o) HN/\/ \)CI b HN/\/N\) o HN/\/N\)
FsC = v
Cﬁf T

S S S| S & S S S

3i 3j 3Kk 3l
0.5 h, 98% 1.5 h, 90% 1h, 89% 1 h, 92%

@ Sk
HN/\/N\) 0 HN/\/N\) o) N N

1h 88% 03h 93% 1h 97% 1h, 90%

DR lEBT | P K

dﬁﬂf@&@f

1h, 97% 1 h 96% 07 h, 95% 1 h 90%

4All the reactions were carried out using 4-hydroxydithiocoumarin derivatives (1a-f, 0.2 mmol),
isocyanide derivatives (2a-d, 0.2 mmol) in toluene at room temperature. ° Isolated yield.
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4.2 Plausible Reaction Mechanism

(6] R

|
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AG= +1.12 ne
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s

Figure 2. 3D structures of Int-C, intermediate Int-D and TS-1 (provided without hydrogen atoms)

The proposed reaction mechanism is based on isolated products, the previously reported
literature, and DFT calculations.'®?° A plausible reaction mechanism for the regioselective
formation of 3 (instead of compound 4) has been proposed, based on clues from the energy
profile of the reaction evaluated using the DFT method B3LYP/6-31+G(d,p) with Gaussian
software. Scheme 6 shows the proposed mechanism and energy requirements at each step. The
4-hydroxythiocoumarin can exist in the two preferred states, enol (A) or thienol (A’). As shown

in Scheme 6, two products can be expected from this work. Product 3 is thermodynamically
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more favoured by 22.05 kcal/mol, whereas product 4 is an endergonic product by 1.12
kcal/mol. Thus, the regioselectivity in this reaction originates from the thermodynamic stability
of the product. The TS-1 for this formation is with C----C 2.33 A, in which the nucleophilic
carbon centre attacks the electrophilic carbon of isocyanide. IRC calculations have confirmed
that the identified transition state lies along the path connecting the substrates and the product.
This IRC study and the vibrational motions in TS-1 clearly indicate that the reaction originates
from A’. A complex intermediate, C, forms between A’ and B, with an endergonic free energy
of 4.83 kcal/mol. Intermediate D is marginally more stable than the complex intermediate C
by 0.92 kcal/mol. The barrier for C----C bond formation and simultaneous hydrogen transfer
from the S-H group of A’ is 21.3 kcal/mol. Intermediate D undergoes tautomerization to give
3 and is highly exergonic with a AG®° of 26.89 kcal/mol. The 3D structure of the transition state
(S1) clearly shows C---C bond formation and hydrogen migration (Figure 2).

It is noteworthy that the present protocol can be performed on a 1 mmol scale, and the

successful results are shown below.

OH O HN° :

B Q) @ Toluene Z
() e

S” S S” 7S

1a 2a 3a
1.0 mmol 1.0 mmol 82%,
249 mg

Large-scale reaction for the synthesis of 3a
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4.3 Post-synthetic Applications

Regioselective Cycloaddition reaction of (E)-3-((cyclohexylamino)methylene)-2-thioxo-

thiochrom an-4-one derivatives with acetylene dicarboxylates

R?
O HN CO,R3

o HNR
N L ;
RI_ + S COZR
S 3 |— R~ | |
COR T

3 5 S” ~s” “Cco,R®
L-Proline( 10 mol %) 6
Toluene, 0.5 h 9 Examples
Reflux

R3= Me (5a), Et (5b), and tert-Butyl (5c)
R2 = Cyclohexyl, tert-Butyl, and 1,1,3,3-Tetramethylbutyl

Scheme 7. L-Proline-catalysed cycloaddition reaction of the synthesised compound 3 with
alkynes

After synthesising product 3 and being encouraged by these successful results, we considered
exploring it further for cycloaddition reactions. As product 3 exhibits two diene systems
through which it can undergo a Diels-Alder reaction at two possible sites (i.e., via sulphur or
oxygen), as shown in Scheme 7, we wanted to investigate whether compound 3 undergoes a
cycloaddition reaction and, if so, which site is involved in the reaction. It was noted in the
literature?* that Moghaddam and his co-workers reported a regioselective domino
Knoevenagel-hetero-Diels-Alder reaction of 4-hydroxydithiocoumarin and O-acrylated
salicylaldehyde derivatives in water as solvent. With this goal in mind, the cycloaddition
reaction was examined with substrate 3a and methylacetylene dicarboxylate 5a inthe presence
of 10 mol% L-proline catalyst under reflux conditions in toluene.

The expected product, 6aa, was isolated in an 86% yield. The product (6aa) was characterised
using various spectroscopic techniques, including *H and *C NMR, HRMS, and XRD, as
shown in Figure 3. The tH NMR spectrum of product 6aa, with characteristic peaks at 6 3.86
(s, 3H) and 6 3.84 (s, 3H), confirms that acetylene dimethyl dicarboxylate is incorporated into
the final product. The peaks at 6 2.55 — 2.49 (m, 1H), 1.81 (t, J = 15.1 Hz, 2 H), 1.63 (d, J =
12.9 Hz, 2 H), 1.50 (d, J = 12.3 Hz, 1 H), 1.22 — 1.11 (m, 2 H), 1.08 (d, J = 12.2 Hz, 1 H), and
1.02 — 0.95 (m, 2 H), corresponding to 11 protons, indicate that cyclohexyl isocyanide is
incorporated into the final product, as observed in the spectra. Additionally, the m/z value of

446.1083 for [M + H]+ is consistent with the mass of product 6aa. The IR spectrum of the
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product showed a characteristic absorption at 3344 cm™, indicating the presence of an N-H
bond. For further confirmation of the structures, we have performed single-crystal XRD of
compound 6fb, and the crystal details are shown in Figure 6. Additionally, the *H, 13C, and

HRMS spectra of compound 6aa are presented in Figures 7-9 at the end of this chapter.

Initially, optimisation was done by varying the solvent, catalyst amount, and temperature. For
the experiments, we used 3a (0.15 mmol) and 5a (0.15 mmol) in a 10 mL round-bottom flask
with 1 mL of toluene, stirring for three hours at room temperature. A trace amount of product
6aa was observed in Table 3, entry 1. Then, the same reaction was refluxed for 2 hours, and
the yield increased by up to 30% (Table 3, entry 2). When 10 mol% L-proline was introduced
under the same reaction conditions, the reaction proceeded rapidly, yielding 86% (Table 3,
entry 3). Encouraged by the good results, the catalyst amount was further optimised. Increasing
the catalyst amount to 20 mol% did not improve yield, whereas decreasing it negatively
affected yield, as shown in Table 3, entries 4 and 5. After optimising the catalyst, we tested
different solvents (polar aprotic chlorobenzene and DMF, as well as polar protic solvents
methanol and water), but positive results were observed only with chlorobenzene (Table 3,
entries 6-9). In conclusion, the conditions described in Table 3, entry 3, provided the best
results for this reaction. The same reaction conditions were also carried out at room
temperature, where we observed that the reaction took longer and yielded less amount of
product (Table 3, entry 10). When we used K>COz instead of L-proline, we obtained the same
yield (85%), but the reaction took longer.
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Table 3. Optimisation table of the reaction conditions®®

O HN :

O HN CO,Me com
R1—:_\ = . || L-Proline( 10 mol%) R1—:\ | | 2iie
RS CO,Me Tom::ﬁlne's " Z 5787 coame
3a 53 6aa
Entry Temp (C) Time (h) (L_pgﬂtﬁé Sr%ol% Solvent Yield (%)°
1 RT 3 Nil Toluene Trace
2 110 1-3 Nil Toluene 30
3 110 0.5 10 Toluene 86
4 110 1 20 Toluene 85
5 110 1 b Toluene 67
6 132 1 10 Chlorobenzene 68
7 110 1 10 DMF Trace
8 64 1 10 Methanol NR
9 100 1 10 Water NR
10 RT 3 10 Toluene 50
11 110 2 K2CO3 (1 equiv.) Toluene 85

4All the reactions were carried out using (3a, 0.15 mmol), (5a, 0.15 mmol)in presence of 10 mol%
(L-proline). ® lIsolated yield. RT: Room Temperature, NR: No Reaction. DMF = N, N-
dimethylformamide.

To examine the substrate scope, we initially reacted 3a with acetylene dimethyl dicarboxylate
5a in the presence of an organic catalyst (L-Proline, 10 mol%) in toluene at 110 °C for 0.5
hours, yielding the regioselective cycloadduct 6aa, with the cycloaddition occurring at the
sulfur site. Similarly, when 3c, 3d, 3e, 3g, 3h, 3s, 3t were subjected to different acetylene
dicarboxylates 5a, 5b, and 5c, we obtained regioselective cycloadducts 6bc-ic with yields

ranging from 83-91% and are presented in Table 4.

TH-4093 216122051 98|Page



CHAPTER IV Results and Discussion

Table 4. Substrate scope for the cycloaddition reaction.

CO,Me CO, Bu! CO,Me

6aa, 86% 6bc, 34% Sca, 88%
CO,Et CO,Et CO,Et
6db, 87% 6eb, 88% 6fb, 91%
H\
o TN O °N
COzMe s~ >s” ~co,Me F s7 s co,But
6ga, 83% 6ha, 89 6ic, 86%

& All the reactions were carried out using (E)-3-((alkylamino)methylene)-2-thioxothiochroman-4-
one derivatives (0.15 mmol), acetylene dicarboxylate (0.15 mmol) in the presence of L-proline
(10 mol %). " Isolated yields. Reflux, toluene used as a solvent.

To understand the energetics of the reaction reported in Scheme 7, quantum-chemical
calculations have been performed using model molecules 3u and 5d. The formation of 6 is an
exergonic process by 4.76 kcal/mol. It follows a Diels-Alder reaction path, forming concerted
C---C and C---S bonds. A plausible reaction mechanism involving L-Proline has been
proposed, drawing on clues from earlier L-proline-catalysed cycloaddition reactions.???3 The
first step involves the formation of an imine complex, C1, which is endergonic by 24.1
kcal/mol, as suggested by earlier DFT studies on L-Proline-catalysed reactions.?* Second step
involves a [4+2] cycloaddition reaction to form intermediate complex C2 with an energy
barrier (via TS-2) of 33.5 kcal/mol. In the final step, C2 is hydrolysed to give the desired
product 6jd with an energy release of 29.4 kcal/mol (Scheme 8). NBO analysis of C1 showed
that the energy of HOMO increases marginally upon iminium ion formation and facilitates the

Diels-Alder reaction (Figure 13).

TH-4093 216122051 99|Page



CHAPTER IV Results and Discussion

A plausible reaction mechanism for the formation of cycloadducts

o

OH
H _Me N
O HN I COMe TS2
=~ +2441 Z +1.1
D ——
—— +
s S H,O S S E,=+33.5

CO,Me
3u ‘C1 5d
e S
"2.13&\‘ { "
S’ —
o \‘

M . N ":2.63 A
- e

TS-2

6jd

Scheme 8. Plausible mechanism of formation of 6jd in the presence of L-Proline. The
calculations were carried out using B3LYP/6-31+G(d,p) level of DFT. All energy values are
estimated from free energy (G) values. The relative energies of the reaction path are provided
in kilocalories per mole (kcal/mol).

However, in the case of 3j-n (morpholine) derivatives, no cycloadduct was observed under the
same conditions Scheme 9. We believe that the [4+2] addition reaction fails due to the morpholine
group's orientation or bulkiness.

(@)
o) HN/\/N\) CO,R3
— I L-Proline( 20 mol %) !
N | > No Desired Product
R1=+ P + s Toluene, 0.5 h
s S CO,R Reflux
3j-n 5

Scheme 9. No reaction cycloaddition occurs with morpholine derivatives
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N-alkylation followed by Cycloaddition reaction of (E)-3-((cyclohexylamino)methylene)-2-thioxo-
thiochroman-4-one derivatives with propargyl-bromide 7

R R.
O HN
= Br K,COs i N/\\\
. — / (4 equvi.) . | A
(4 equvi.) Acetone
SIS Reflux, 3 h S” S
3e 7 8

R= Tert-butyl, Cyclohexyl
// {/
0 N’O 0 NJ<
COOL - L
S S S S
8a, 70% 8e, 77%

Scheme 10. ? The reactions were carried out using “(E)-3-((cyclohexylamino)methylene)-2-
thioxothiochroman-4-one derivatives” (0.15 mmol), propargyl bromide (0.6 mmol). ° Isolated
yield. Reflux, acetone as solvent.

It is well known that propargyl bromide is a good alkylating agent. We subjected product 3e to
propargyl bromide 7 to check whether product 3e undergoes alkylation at the secondary amine
position or not. Interestingly, we obtained an N-alkylated product followed by a cycloaddition
product 8e, where two molecules of propargyl bromide 7 were consumed, as shown in Scheme
10. Spectroscopic techniques and mass spectrometry confirmed the identity of the product as
8e. In the proton NMR, the characteristic peak at 6 2.29 (s, 1H) indicates the propargyl sp
hybridised proton, and at ¢ 3.84 (d, J =17.0 Hz, 1H) and 3.66 (d, J = 17.1 Hz, 1H), these two
peaks represent the two protons of propargyl bromide that are adjacent to the nitrogen. At ¢
6.25 (s, 1H) and 6.00 (s, 1H), these two peaks represent the exocyclic double-bond protons. In
addition, the m/z value of 354.0981 for [M + H]" agrees with the mass of product 8e 354.0984.
The *H, BC, and HRMS spectral data of the compound 8e are shown in Figures 10-12.
Similarly, when the compound 3a was subjected to propargyl bromide, it gave rise to
compound 8a. Propargyl bromide 7 is used in an excess amount due to its volatile nature.To
explore the energy profile of the mechanism, a quantum chemical analysis of each step of the
mechanism, as shown in Scheme 11, using 3a leading to 8a, has been performed at the
B3LYP/6-31+(d,p) level. Two possible mechanisms can be suggested for this reaction: the first
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involves the use of a mild base, K2COs, and the other occurs in the absence of a base. The
quantum chemical study indicated that this reaction, in the absence of a base, is endergonic by
11.65 kcal/mol. However, the energy released during this overall reaction in the presence of
the base K>COs is -43.42 kcal/mol, indicating a highly exergonic process. Hence, the DFT
study supports the mechanism involving K2COs, which first abstracts the acidic NH proton of
3a, forming the intermediate G, which is exergonic by 7.09 kcal/mol. Intermediate G then
undergoes an Sy2 reaction with propargyl bromide 7, leading to N-C bond formation (an
endergonic process), and intermediate H is formed by the release of KBr, endergonic by 4.58
kcal/mol. In intermediate H, the nitrogen lone pair electron is delocalized towards the sulfur
end as a result of the sulfur-carbon © bond attacking the electrophilic center of the second

propargyl bromide, giving rise to intermediate | via a cycloaddition reaction, which is

Plausible Reaction Mechanism of the formation of compound 8a.

JLK I

. -’R
+4 58 0 N
-7.09 P
9.41 Br
R = Tert butyl kcal/mol
Acetone Reflux, 3 h
+11.65 kcal/mol (8a)
-9.7 kcal/mol (8e) : R. R
Without (0) N N
B o /\\\ -31.49 o H
N kcal/mol K,COs
L | - 7 | |
5SS KBr + KHCO, s” s
8 J Br

Scheme 11. The calculations were carried out using B3LYP/6-31+G(d,p) level of DFT. All
energy values are estimated from free energy (G) values. The relative energies of the reaction
path are provided in kcal/mol.

exergonic by 9.41 kcal/mol. K>COz3 abstracts the proton, and KHCOs, along with KBr, is
released to give the final product 8a with an exocyclic double bond. The final step of the
reaction is highly exergonic, characterised by an energy change of -31.49 kcal/mol.
Experimentally, the reaction did not occur in the absence of a base. DFT studies confirmed the
importance of a mild base, as the reaction is endergonic by 11.65 kcal/mol in its absence.

Similarly, a DFT calculation for 8e also shows that the reaction is exergonic.
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4.4 Conclusions

In conclusion, the reaction between 4-hydroxydithiocoumarin and isocyanide successfully
provided regioselectively substituted (E)-3-aminomethylene-2-thioxothiochroman-4-one
derivatives (3). This catalyst-free, highly atom-economical reaction proceeded with high
regioselectivity, quantitative yields, and shorter reaction time. Furthermore, the reaction of
compound 3 with 1,4-acetylene dicarboxylate esters 5 produced cycloadducts 6 in good yields,
also with high regioselectivity. Interestingly, when substrate 3a was reacted with propargyl
bromide in the presence of potassium carbonate in acetone, an unexpected product 8a was
formed. The quantum chemical studies justified the regioselective product formation in 3 and
6. The key features of this work include the absence of catalysts, high atom economy,
regioselectivity, quantitative yields, and shorter reaction times, making it an efficient and

attractive approach for synthesising these valuable heterocyclic compounds.

4.5 Experimental section

General procedure for the synthesis of (3a-t)

A mixture of 4-hydroxydithiocoumarin, 1 (0.39 g, 0.20 mmol), and isocyanide, 2 (22.8
uL, 0.20 mmol), was prepared in 1 mL of toluene in a 10 mL round-bottomed flask. The
reaction flask was then kept on a stirrer for constant stirring at room temperature. At
times, the reaction was monitored by TLC. After an hour, the reaction was over. Toluene
was removed from the reaction mixture in a rotatory evaporator, and the crude residue
was extracted with ethyl acetate (2 x 10 mL) and washed with water (2 x 5 mL). The
organic layer was dried over anhydrous sodium sulfate (Na>SOa). Finally, the organic
layer was concentrated in a rotatory evaporator, and the crude residue was purified
through silica gel column chromatography (mesh 60-120). The desired products 3a-3i
and 3m-3t were isolated during chromatographic separation by eluting with a mixture
of ethyl acetate/ petroleum ether (05 :95), whereas the compounds 3j-3n were eluted
with ethyl acetate/petroleum ether mixture (15 : 85). A similar procedure was followed
in all other cases. Further, the isolated product 3a was recrystallised using a mixture of
solvents, DMSO and DCM (1:1). The isocyanides used in our thesis work such tert-
butyl, Cyclohexyl and 2-morpholinoethyl isocyanide were purchased from Sigma-

Aldrich and 1,1,3,3-tetramethylbutyl isocyanide from BLD Pharma Chemicals.
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General procedure for synthesising (6aa-6ic)

A mixture of product 3a (0.15 mmol) and acetylene dicarboxylate (0.15 mmol) was
taken in 1 mL of toluene in a 10 mL round-bottomed flask. Subsequently, the organ-
catalyst L-proline (1.72 mg, 0.015 mmol) was added to the reaction mixture. The
reaction flask was fitted with a reflux condenser and placed in a pre-heated oil bath at
110 °C with constant stirring. The reaction was complete after thirty minutes, as
monitored by TLC. Toluene was removed from the reaction mixture in a rotatory
evaporator, and the crude residue was extracted with ethyl acetate (2 x 10 mL) and
washed with water (2 x 5 mL). The organic layer was dried over anhydrous sodium
sulfate (Na2S04). Finally, the organic layer was concentrated in a rotatory evaporator,
and the crude residue was purified through silica gel column chromatography (mesh 60—
120). The desired products 6aa-6ic were separated using a mixture of solvents, ethyl
acetate/petroleum ether mixture (10:90). The isolated product 6fb was recrystallised

using a mixture of solvents, chloroform and hexane (1:1).

General procedure for synthesising (8a,8e)

A mixture of product 3a (53 mg, 0.15 mmol) and propargyl bromide 7 (46 pL, 0.60
mmol) was taken in 1 mL of acetone in a 10 mL round-bottomed flask. Subsequently,
(0.6 mmol) K>CO3 was added to the reaction mixture. The reaction flask was then kept
on astirrer at reflux temperature. After 3 hours, the reaction was complete, as monitored
by TLC at regular intervals. Acetone was removed from the reaction mixture in a
rotatory evaporator, and the crude residue was extracted with ethyl acetate (2 x 10 mL)
and washed with water (2 x 5 mL). The organic layer was dried over anhydrous sodium
sulfate (Na>-SOa). Finally, the organic layer was concentrated in a rotatory evaporator,
and the crude residue was purified through silica gel column chromatography (mesh 60—
120). The desired product 8a was eluted with a solvent mixture of ethyl
acetate/petroleum ether (10:90). A Similar polarity of solvent system was used to

separate 8e.

Quantum chemical methods

Quantum chemical calculations were performed using the Gaussian 16 suite of

programs.?®> Geometry optimization of all compounds, intermediates, and transition
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states along two pathways were performed by DFT using the B3LYP method.?’2° The
basis set employed was 6-31+G(d,p). The frequency calculations were performed on all
structures to verify the nature of the stationary points (minima or saddle points). IRC

calculations were carried out to confirm the reaction path. NBO analysis.

4.6 Characterisation Table:

(E)-3-((cyclohexylamino)methylene)-2-thioxothiochroman-4-one (3a). An orange solid (59

mg, 98%), mp118-120 °C, *H NMR (500 MHz, CDCls-d) & 13.10 (s,

o HN/O 1H), 9.48 (d, J = 14.0 Hz, 1H), 8.38 —8.27 (m, 1H), 7.50 (t, J = 7.2 Hz,

= 1H), 7.38 (t, J = 7.6 Hz, 1H), 7.23 (d, J = 7.9 Hz, 1H), 3.59 (s, 1H),

2.08 (d, J =8.9 Hz, 2H), 1.90 — 1.83 (m, 2H), 1.58 (d, J = 14.7 Hz, 3H),

1.49 — 1.39 (m, 2H), 1.36 — 1.26 (m, 1H). 3C{*H} NMR (125 MHz,

CDCl3) 5 202.1, 178.1, 160.5, 139.2, 132.8, 129.4, 128.3, 127.5, 123.1, 118.5, 59.5, 32.1, 24.5,

23.8. IR(KBr)vmax/cm™ 3150 (N-H), 2923(C—H),1606(C=0), HRMS (ESI):m/z [M+H]* calcd
for C16H17NOS, 304.0824; found 304.0824.

S S

(E)-3-((cyclohexylamino)methylene)-7-fluoro-2-thioxothio  chro-man-4-one (3b). A

yellow solid (62 mg, 97%) mp 109-110 °C, *H NMR (500 MHz,

o HN/O DMSO-de) 6 12.97 (s, 1H), 9.21 (d, J = 14.9 Hz, 1H), 8.30 — 8.25

Z (m, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.31 (t, J = 7.6 Hz, 1H), 3.81 (s,

1H), 1.96 (d, J = 9.6 Hz, 2H), 1.72 (d, J = 12.7 Hz, 2H), 1.59 — 1.51

(m, 3H), 1.37 (q, J = 11.7 Hz, 2H), 1.22 (d, J = 11.9 Hz, 1H).

B3C{*H} NMR (125 MHz, DMSO-ds) 5 201.7, 177.2, 164.1 (d, J = 252.6 Hz), 160.5, 141.8 (d,

J=9.9Hz),131.6 (d, J =10.2 Hz), 126.3, 118.3, 115.3 (d, J = 22.5 Hz), 109.6 (d, J = 25.2 Hz),

59.6, 32.1, 24.5, 23.9. IR(KBI)vmax/cm*3150 (N-H), 2995 (C— H),1609(C=0), HRMS
(ESI):m/z [M+H]" calcd for C16H16FNOS; 322.0730; found 322.0730.

F S S

(E)-5-chloro-3-((cyclohexylamino)methylene)-2-thioxothiochro- man-4-one (3c). A

DMSO-ds) & 12.83 (s, 1H), 9.09 (d, J = 15.2 Hz, 1H), 7.56 — 7.52 (m,
Z 1H), 7.49 (d, J = 7.2 Hz, 1H), 7.44 (d, J = 7.5 Hz, 1H), 3.82 (1H), 1.96

(d, J=10.6 Hz, 2H), 1.78 — 1.69 (m, 2H), 1.61 — 1.51 (m, 3H), 1.37 (g,

J = 11.4 Hz, 2H), 1.28 — 1.19 (m, 1H). BC{!H} NMR (125 MHz,

DMSO-dg) & 198.8, 177.6, 160.0, 141.7, 134.7, 132.5, 131.2, 125.8, 122.6, 119.7, 59.57, 32.0,

/O yellow solid (67 mg, 98%) mp 118-120 °C, 'H NMR (500 MHz,
Cl O HN

S” S
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24.4, 23.8. IR(KBr)vmax/cm™*3160 (N-H), 2995 (C—-H),1609(C=0), HRMS (ESI):m/z [M+H]*
calcd for C16H16CINOS, 338.0435; found 338.0436.

(E)-6-chloro-3-((cyclohexylamino)methylene)-2-thioxothio-chroman-4-one  (3d). A

brown crystalline solid (66 mg, 96%) mp 200-202 °C, 'H NMR

o HN/O (500 MHz, DMSO-de) & 12.97 (s, 1H), 9.24 (d, J = 15.0 Hz, 1H),

cl _ 8.15 (s, 1H), 7.71 (d, J = 8.4 Hz, 1H), 7.54 (d, J = 8.5 Hz, 1H), 3.83

(s, 1H), 1.98 (d, J = 11.4 Hz, 2H), 1.74 (d, J = 12.1 Hz, 2H), 1.63

—1.51 (m, 3H), 1.38 (g, J = 11.3 Hz, 2H), 1.28 — 1.19 (m, 1H).

BC{*H} NMR (125 MHz, DMSO-ds) §201.5, 176.6, 160.5, 137.9, 132.4, 132.0, 130.8, 127.3,

125.3, 118.2, 59.6, 31.9, 24.4, 23.8 IR(KBr)vmad/cm™ 3153(N-H), 2992(C—H), 1603(C=0),
HRMS (ESI):m/z [M+H]" calcd for C16H1sCINOS, 338.0435; found 338.0435

S S

(E)-3-((tert-butylamino)methylene)-2-thioxothiochroman-4-one (3e). A grey crystalline
J< solid (42 mg, 93%) mp 126-128 °C, *H NMR (500 MHz, DMSO-ds) &

O HN 13.31 (s, 1H), 9.29 (s, 1H), 8.24 (d, J = 8.0 Hz, 1H), 7.63 (t, J = 7.5 Hz,

1H), 7.48 (t, J = 7.6 Hz, 1H), 7.45 (d, J = 7.9 Hz, 1H), 1.46 (s, 9H).

S= 3 BC{!H} NMR (125 MHz, DMSO-dg) & 202.2, 178.2, 158.3, 139.3,

132.9, 129.4, 128.3, 127.6, 123.2, 118.1, 57.2, 28.4. 8 IR(KBr)vmax/cm™ 3154(N-H), 2992(C-
H), 1603(C=0), HRMS (ESI):m/z [M+H]" calcd for C14H1sNOS, 278.0668; found 278.0664.

=

(E)-3-((tert-butylamino)methylene)-7-fluoro-2-thioxothiochroman-4-one (3f). A yellow
solid (63 mg, 98%) mp 184-186 "C. *H NMR (500 MHz, DMSO-ds)

Q HE 8 13.26 (d, J = 13.3 Hz, 1H), 9.26 (d, J = 15.2 Hz, 1H), 8.33 — 8.26
S
(m, 1H), 7.47 (d, J = 8.7 Hz, 1H), 7.34 (t, J = 8.5 Hz, 1H), 1.47 (s,
F SIS 9H). 3)C{*H} NMR (125 MHz, DMSO-ds) & 201.7 177.1, 164.0 (d, J

= 252 Hz, ), 158.2, 141.7 (d, J = 10 Hz,), 131.4 (d, J = 10Hz, ), 126.2, 117.8, 115.2 (d, J = 21
Hz, ), 115.17, 109.6 (d, J = 25 Hz, ), 57, 28.2. 8 IR(KBr)vmadcm™ 3159(N-H), 2993(C—H),
1606(C=0), HRMS (ESI):m/z [M+H]" calcd for C14H1sFNOS; 296.0574; found 296.0574.

(E)-3-((tert-butylamino)methylene)-5-chloro-2-thioxothiochroman-4-one(3g) . A yellow
solid (66 mg, 97%) mp 126-128 °C, *H NMR (500 MHz, DMSO-ds) &

cl O EN 13.15 (s, 1H), 9.11 (d, J = 15.4 Hz, 1H), 7.54 (t, J = 7.8 Hz, 1H), 7.49 (d,
J = 6.7 Hz, 1H), 7.43 (d, J = 7.7 Hz, 1H), 1.47 (s, 9H). BC{*H} NMR
S (125 MHz, DMSO-ds) 8 198.9, 177.6, 157.9, 141.8, 134.7, 132.5, 131.3,
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125.7,122.6,119.2, 57.1, 28.3. IR(KBr)vmax/cm™ 3170 (N-H), 2990(C—H), 1601(C=0), HRMS
(ESI):m/z [M+H]" calcd for C14H1sCINOS, 312.0278; found 312.0278.

(E)-3-((tert-butylamino)methylene)-7-chloro-2-thioxothiochroman-4-one(3h). A grey

J< crystalline solid (60 mg, 97%) mp 127-129 °C, *H NMR (500 MHz,

O HN DMSO-de) § 13.23 (d, J = 15.7 Hz, 1H), 9.27 (d, J = 15.3 Hz, 1H),

8.16 (d, J = 2.0 Hz, 1H), 7.71 (d, J = 10.6 Hz, 1H), 7.55 (d, J = 8.5

s” s Hz, 1H), 1.47 (s, 9H). *C{*H} NMR (125 MHz, DMSO-dg) 5 202.1,

177.1, 158.7, 138.4, 132.9, 132.5, 131.3, 127.7, 125.8, 118.2, 57.7, 28.7. IR(KBr)vmadcm™

3160(N-H), 2993(C-H), 1605(C=0), HRMS (ESI):m/z [M+H]" calcd for C14HisCINOS;
3120282; found 312.0282.

Cl =

(E)-3-((tert-butylamino)methylene)-2-thioxo-6-(trifluoromethyl) thiochroman-4-one(3i) .

J< A light-yellow solid (67 mg, 98%) mp 191-193 °C, *H NMR (500

MHz, Chloroform-d) 8 13.32 (s, 1H), 9.49 (s, 1H), 8.57 (s, 1H), 7.68

(d, J = 8.2 Hz, 1H), 7.32 (d, J = 8.3 Hz, 1H), 1.54 (s, 9H). *C{ *H}

S S NMR (125 MHz, CDCl3) 6 178.3, 159.1, 144.0, 130.3, 129.3 (q, J

= 33.2 Hz), 128.3, 128.3, 126.0, 123.7(q, J = 270.2 Hz), 123.5,118.6, 56.9, 29.5.

IR(KBr)vmax/cm™ 3165(N-H), 2995 (C—H), 1606(C=0), HRMS (ESI):m/z [M+H]" calcd for
C1sH1sF3NOS, 346.0538; found 346.0538

O HN
FsC

(E)-3-(((2-morpholinoethyl)amino)methylene)-2-thioxothio chroman-4-one(3j). A brown

(\o solid (66 mg, 90%) mp 87-89 °C, *H NMR (400 MHz, DMSO-

o e~ de) 0 12.70 (s, 1H), 9.19 (d, J = 11.4 Hz, 1H), 8.23 (d, J = 7.9 Hz,

P 1H), 7.63 — 7.59 (m, 1H), 7.47 (d, J = 7.3 Hz, 1H), 7.42 (d, J =

7.9 Hz, 1H), 3.78 (s, 2H), 3.60 (s, 4H), 2.62 (s, 2H), 2.50 (s, 4H).

BC{'H} NMR (100 MHz, DMSO-ds) & 202.4, 178.1, 163.3,

139.3, 132.8, 129.6, 128.4, 127.5, 123.1, 118.8, 56.4, 52.9, 46.8. IR(KBIr)vmax/cm™ 3150 (N-

H), 2992 (C-H), 1610(C=0), HRMS (ESI):m/z [M+H]" calcd for C1sH19N20,S> 335.0882;
found 335.0878

§” S
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(E)-5-chloro-3-(((2-morpholinoethyl)amino)methylene)-2-thioxothiochroman-4-one(3Kk).

A brown solid (65 mg, 89%) mp 127-129 °C, *H NMR (500 MHz, DMSO-dg) § 12.45 (s, 1H),

(\o 9.03(d,J=15.2Hz, 1H), 7.51 (t, J=7.8 Hz, 1H), 7.45(d,J = 7.4

cl o HN/\/N\) Hz, 1H), 7.40 (d, J = 7.7 Hz, 1H), 3.77 (s, 2H), 3.59 (s, 4H), 2.61

Z (s, 2H), 2.48 (s, 4H). BC{H}

g NMR (125 MHz, DMSO-dg) 6 177.6, 162.6, 141.8, 134.6, 132.3,

131.2, 125.9, 122.5, 120.0, 66.0, 56.3, 52.7, 46.7. IR(KBr)vmax/cm™ 3160 (N-H), 2990(C—H),
1612(C=0), HRMS (ESI):m/z [M+H]" calcd for C16H1sCIN20.S, 369.0493; found 369.0493

(E)-6-chloro-3-(((2-morpholinoethyl)amino)methylene)-2-thioxothiochroman-4-one(3l).
£ Brown liquid, (67 mg, 92%), 'H NMR (500 MHz,
é HN/\/N\) Chloroform-d) 6 12.63 (s, 1H), 9.18 (d, J = 14.4 Hz, 1H),
cl P 8.18 (d, J = 8.4 Hz, 1H), 7.63 (s, 1H), 7.49 (d, J = 8.6 Hz,
1H), 3.84 (s, 2H), 3.64 (s, 4H), 2.74 (s, 2H), 2.60 (s, 4H).
BC{'H} NMR (125 MHz, Chloroform-d) & 202.0, 177.0,
163.2,140.9, 137.7, 130.1, 128.2, 127.3, 122.3, 118.7, 65.7, 56.1, 52.6, 46.5. IR(KBr)vmax/cm"
13160 (N-H), 2990(C-H), 1612(C=0), HRMS (ESI):m/z [M+H]" calcd for C16H1sCIN20,S;

369.0493; found 369.0492

S S

(E)-7-chloro-3-(((2-morpholinoethyl)amino)methylene)-2-thioxothiochroman-4-one
(\o (3m). A brown solid (64 mg, 88%) mp 134-136 °C, H
o HN/\/N\) NMR (500 MHz, DMSO-de) 6 12.65 (s, 1H), 9.17 (d, J =
_ 14.7 Hz, 1H), 8.19 (d, J = 8.6 Hz, 1H), 7.65 - 7.62 (m, 1H),
7.49 (d, J = 10.0 Hz, 1H), 3.81 (s, 2H), 3.62 (s, 4H), 2.67
(s, 2H), 2.60 — 2.51 (m, 4H). “C{*H} NMR (125 MHz,
DMSO-ds) 6 201.9, 177.0, 163.1, 141.0, 137.7, 130.1, 128.2, 127.3, 122.3, 118.6, 56.2, 52.7,
46.6. IR(KBr)vmax/cm™ 3155 (N-H), 2993(C—H), 1610(C=0), HRMS (ESI):m/z [M+H]* calcd
for C16H18CIN202S2 369.0493; found 369.0493.

Cl S S
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(E)-3-(((2-morpholinoethyl)amino)methylene)-2-thioxo-6-(trifluoromethyl) Thiochrom-
an-4-one (3n). A yellow solid (74 mg, 93%) mp 137-139 °C, *H NMR (500 MHz, DMSO-ds)
(\o 3 12.65 (s, 1H), 9.19 (d, J = 14.7 Hz, 1H), 8.40 (s, 1H),
o HN/\/N\) 7.92 (d, J = 8.3 Hz, 1H), 7.68 (d, J = 8.3 Hz, 1H), 3.84 —
FsC Z 3.79 (m, 2H), 3.62 — 3.58 (m, 4H), 2.61 (s, 2H), 2.47 (s,
g 4H). BC{*H} NMR (125 MHz, DMSO-ds) & 201.5, 176.5,
163.0, 143.6, 129.8, 128.7(d, J = 3.2 Hz), 128.5, 127.4 (d, J = 32.4 Hz), 124.5, 123.7 (d, J =
270.4 Hz), 118.7, 66.2, 56.2, 52.8, 46.9. IR(KBr)vma/cm™? 3155 (N-H), 2993(C- H),
1610(C=0), HRMS (ESI):m/z [M+H]" calcd for C17H18F3N20.S, 403.0756; found 403.0757.

(E)-2-thioxo-3-(((2,4,4-trimethylpentan-2-yl)amino)methylene) thiochroman-4-one (30).
A brown sticky (64 mg, 97%), *H NMR (500 MHz, DMSO-ds) &

0 HN><)< 13.44 (s, 1H), 9.31 (d, J = 15.1 Hz, 1H), 8.24 (d, J = 8.0 Hz, 1H),
df 7.62 (d, J = 7.9 Hz, 1H), 7.50 — 7.44 (m, 3H), 1.78 (s, 2H), 1.52 (s,
s g 6H), 0.95 (s, 9H). BC{*H} NMR (125 MHz, DMSO-ds) & 202.2,

178.0, 158.4, 139.2, 132.7, 129.3, 128.2, 127.4, 123.1, 118.0, 60.1, 53.6, 31.4, 31.0, 28.3.

IR(KBr)vmax/cm™ 3152 (N-H), 2992(C—H), 1600(C=0), HRMS (ESI):m/z [M+H]* calcd for
C18H24NOS:> ; 334.1294 found 334.1295

(E)-5-chloro-2-thioxo-3-(((2,4,4-trimethylpentan-2-yl)amino) methylene)thiochroman- 4-
X)< one(3p). A brown solid (66 mg, 90%) mp 177-179 °C, *H NMR

Cl O HN
s (500 MHz, DMSO-ds) 5 13.25 (d, J = 14.7 Hz, 1H), 9.10 (d, J =
15.4 Hz, 1H), 7.54 (t, J = 7.8 Hz, 1H), 7.49 (d, J = 7.8 Hz, 1H),

S S

7.43 (d, J = 7.8 Hz, 1H), 1.78 (s, 2H), 1.51 (s, 6H), 0.95 (s, 9H).
13C{'H} NMR (125 MHz, DMSO-de) 5 198.8, 177.7, 158.0, 141.7, 134.7,132.5, 131.3, 125.7,
122.7, 119.3, 60.2, 53.6, 315, 31.1, 28.3. IR(KBrvma/cm™ 3151 (N-H), 2995(C— H),
1611(C=0), HRMS (ESI):m/z [M+H]" calcd for C1sH23CINOS; ; 368.0904 found 368.0903

(E)-6-chloro-2-thioxo-3-(((2,4,4-trimethylpentan-2-yl)amino) methylene) thiochroman-4-
><)< one(3q). A yellow crystalline solid (71 mg, 97%) mp 99-101 °C,

cl i EN 'H NMR (500 MHz, DMSO-dg) § 13.35 (d, J = 14.6 Hz, 1H),
\©\)f 9.28 (d, J = 15.2 Hz, 1H), 8.13 (d, J = 2.1 Hz, 1H), 7.68 (dd, J
5 = 8.5, 2.2 Hz, 1H), 7.51 (d, J = 8.5 Hz, 1H), 1.78 (s, 2H), 1.52

(s, 6H), 0.96 (s, 9H). *C{*H} NMR (125 MHz, DMSO-ds) 5 201.7, 176.7, 158.4, 138.0, 132.5,
132.1, 130.7, 127.3, 125.3, 117.8, 60.3, 53.6, 31.5, 31.1, 28.2. IR(KBr)vmad/cm? 3151 (N-H),
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2994(C—H), 1610(C=0), HRMS (ESI):m/z [M+H]* calcd for C1sH2sCINOS; ; 368.0904 found
368.0903

(E)-7-chloro-2-thioxo-3-(((2,4,4-trimethylpentan-2-yl)amino) methylene)thiochroman-4-

><)< one(3r). A light yellow solid (70 mg, 96%) mp 105-107 °C, H
O HN NMR (500 MHz, DMSO-dg) 6 13.37 (d, J = 14.8 Hz, 1H), 9.28

Z
/@\)r (d, J = 15.2 Hz, 1H), 8.22 (d, J = 8.6 Hz, 1H), 7.70 (d, J = 1.6
cl s s Hz, 1H), 7.52 (d, J = 10.3 Hz, 1H), 1.79 (s, 2H), 1.52 (s, 6H),
3
b 86% 0.96 (s, 9H). 3C{*H} NMR (125 MHz, DMSO-ds) & 201.8,

177.2, 158.4, 141.0, 137.8, 130.1, 128.0, 127.5, 122.5, 118.0, 60.3, 53.6, 31.5, 31.0, 28.2.
IR(KBr)vmax/cm™ 3150 (N-H), 2995(C—H), 1609(C=0), HRMS (ESI):m/z [M+H]" calcd for
C1sH2sCINOS; ; 368.0904 found 368.0904

(E)-2-thioxo-6-(trifluoromethyl)-3-(((2,4,4-trimethylpentan-2-yl) amino)methylene) thio
><)< chroman-4-one(3s). A yellow crystalline solid (76 mg, 95%)

o g iN mp 105-107 °C, 'H NMR (500 MHz, DMSO-ds) & 13.34 (d, J
\©\)f = 14.8 Hz, 1H), 9.27 (d, J = 15.2 Hz, 1H), 8.40 (s, 1H), 7.93
S@s (d, J=8.3 Hz, 1H), 7.69 (d, J = 8.3 Hz, 1H), 1.79 (s, 2H), 1.52

(s, 6H), 0.96 (s, 9H). *C{*H} NMR (125 MHz, DMSO-ds) §202.2, 177.2,158.9, 144.1, 130.0,
128.9 (q,J=3.7Hz,), 128.0 (q, J =32 Hz, ), 125.2 (q, J = 2.5Hz, ), 125.1, 124.1 (q, J = 271.2

Hz, ), 118.5, 6.0.9, 54.0, 31.9, 31.5, 28.6. IR(KBr)vma/cm™ 3151 (N-H), 2999(C— H),
1615(C=0), HRMS (ESI):m/z [M+H]" calcd for C19H23F3NOS; ; 402.1168 found 402.1168

(E)-6-fluoro-2-thioxo-3-(((2,4,4-trimethylpentan-2-yl)amino) methylene)thiochroman-4-
><)< one(3t). A yellow crystalline (63 mg, 90%) mp 120-122 °C, *H

/d%\l NMR (500 MHz, DMSO-ds) 6 13.37 (d, J = 14.6 Hz, 1H), 9.27
(d, J=15.1 Hz, 1H), 8.28 (dd, J = 8.9, 5.9 Hz, 1H), 7.46 (dd, J =

F s 8.9, 2.3 Hz, 1H), 7.32 (td, J = 8.7, 2.4 Hz, 1H), 1.78 (s, 2H), 1.51

(s, 6H), 0.95 (s, 9H). *C{'H} NMR (125 MHz, DMSO-ds) 5 201.9, 177.23, 164.1 (d, J = 251.2
Hz,), 158.4, 141.8 (d, J = 10 Hz, ), 131.5 (d, J = 10 Hz, ), 126.2(d, J = 10 Hz, ), 117.9, 115.2

(d,J=22Hz,), 109.6 (d, J =25 Hz, ), 60.3, 53.6, 31.5, 31.1, 28.3. IR(KBr)vmax/cm™ 3166 (N-
H), 2997(C—H), 1617(C=0), HRMS (ESI):m/z [M+H]" calcd for C1sH22FNOS; ; 352.1205
found 352.1205
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Dimethyl4-(cyclohexylamino)-5-oxo0-4H,5H-thiopyrano[2,3-b]thiochromene-2,3-dicarb-
oxylate (6aa). A brown solid (56 mg, 86%) mp 101-103 °C'H
Q NMR (500 MHz, Chloroform-d) & 8.46 (d, J = 8.0 Hz, 1H), 7.56
0 AN (t, J=7.4 Hz, 1H), 7.51 - 7.44 (m, 2H), 5.76 (s, 1H), 3.85 (d, J =
Cf‘jﬁiwz'\ﬂe 6.4 Hz, 6H), 2.55 — 2.49 (m, 1H), 1.81 (t, J = 15.1 Hz, 2H), 1.63
s | s | come (@ J=129Hz 2H), 150 (d, J = 123 Hz, 1H), 1.22 - 1.11 (m,
2H), 1.08 (d, J =12.2 Hz, 1H), 1.02 - 0.95 (m, 2H). *C{*H} NMR
(125 MHz, Chloroform-d) 6 176.4, 166.3, 163.2, 145.1, 136.2, 135.6, 131.9, 130.7, 129.9,
129.7,128.2,127.8, 125.3, 53.5, 53.4, 52.9, 48.1, 33.9, 33.7, 26.0, 25.0, 24.9. IR(KBr)vmax/cm
13344 (N-H), 2942(C-H), 1721(C=0), 1605(C=0), HRMS (ESI):m/z [M+H]* calcd for

C22H24NOsS2; 446.1083 found 446.1083.

Di-tert-butyl-6-chloro-4-(cyclohexylamino)-5-oxo-4H,5H-thiopyrano[2,3-b]thiochromene

Q -2,3-dicarboxylate(6bc). A yellow solid (45 mg, 84%) mp 73-

H 75°C, *H NMR (500 MHz, Chloroform-d) § 7.51 (dd, J=7.4, 1.7

co,But Hz, 1H), 7.44 — 7.38 (m, 2H), 5.72 (s, 1H), 2.46 (ddt, J = 10.1,

m 7.4,3.6 Hz, 1H), 1.92 (d, J = 12.2 Hz, 1H), 1.77 (d, J = 12.4 Hz,

ST ST NCOBY i 1 67 (s, 2H), 1,57 (5, 9H), 1.54 (s, 9H), 1.21 (ddd, J = 25.5,

13.9, 6.0 Hz, 2H), 1.15 — 1.07 (m, 2H), 1.05 — 0.98 (m, 2H). ®C{*H} NMR (125 MHz,

Chloroform-d) 6 176.3, 164.6, 161.4, 141.6, 138.0, 136.2, 135.9, 131.0, 130.7, 129.3, 129.1,

124.1, 83.9, 82.6, 52.9, 48.7, 33.5, 32.9, 27.7, 27.6, 25.7, 24.5, 24.5. IR(KBr)vmax/cm™ 3341

(N-H), 2965(C- H), 1725 (C=0), 1615(C=0), HRMS (ESI):m/z [M+H]" calcd for
C28H35CINOsS2; 564.1623 found 564.1623.

Dimethyl-4-(tert-butylamino)-7-chloro-5-oxo-4H,5H-thiopyrano[2,3-b]thiochromene-

H >L 2,3-dicarbox-ylate (6ca). A brown solid (59 mg, 88%) mp 83-
O ~

N 85 °C, 'H NMR (500 MHz, Chloroform-d) § 8.47 (d, J = 2.0
cl COo,Me
mj[ Hz, 1H), 7.57 (dd, J = 8.6, 1.8 Hz, 1H), 7.45 (d, J = 8.6 Hz,
S S

COMe  1H), 5.82 (s, 1H), 3.87 (d, J = 3.9 Hz, 6H), 1.47 (s, 1H).1.06

(s, 9H). *C{*H} NMR (125 MHz, Chloroform-d) & 175.4, 165.6, 163.6, 146.1, 134.4, 133.8,
132.6, 132.3, 131.1, 130.7, 129.4, 126.9, 53.6, 52.9, 51.1, 46.2, 30.2. IR(KBr)vmax/cm* 3343
(N-H), 2950(C- H), 1715 (C=0), 1613(C=0), HRMS (ESI:m/z [M+H]* calcd for
C20H20CINOsSy; 454.0539 found 454.0539.
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Diethyl-4-(tert-butylamino)-5-oxo-4H,5H-thiopyrano[2,3-b] thiochromene-2,3-dicarbox-
ylate (6db). A dark brown liquid, (58 mg, 87), *H NMR (400 MHz,

O N Chloroform-d) 6 8.50 (d, J = 9.0 Hz, 1H), 7.60 (td, J = 7.5, 1.5 Hz,
mmza 1H), 7.55 — 7.49 (m, 2H), 5.85 (s, 1H), 4.32 (g, J = 7.1 Hz, 4H),
s” 87 Nco,Et 1.37 — 1.33 (m, 6H), 1.07 (s, 9H). ®°C{*H} NMR (125 MHz,
Chloroform-d) 8 176.6, 165.3, 163.3, 146.0, 135.7, 131.9, 131.5, 130.8, 30.2, 129.8, 129.6,
128.2,127.9, 125.5, 62.9, 62.1, 51.0, 46.3, 14.1, 14.0. IR(KBr)vmax/cm™ 3335 (N-H), 2963(C—

H), 1717(C=0), 1603(C=0), HRMS (ESI):m/z [M+H]* calcd for CaHzsNOsS;; 448.1242
found 448.1242.

Diethyl-6-chloro-4-(cyclohexylamino)-5-oxo-4H,5H-thiopyrano[2,3-b]thiochromene-2,3-
Q dicarbo-xylate (6eb). A brown liquid (66 mg, 88%), *H NMR
H.

(500 MHz, Chloroform-d) 6 8.43 (d, J = 8.6 Hz, 1H), 7.52 —
0

o m&wza 7.44 (m, 2H), 5.76 (s, 1H), 4.33 (g, J = 6.8 Hz, 4H), 2.59 — 2.53

i | (m, 1H), 1.88 (d, J = 12.1 Hz, 1H), 1.81 (d, J = 12.1 Hz, 1H),

S” 8" COEt 169164 (m, 2H), 1.54 (d, J = 12.3 Hz, 1H), 1.35 (dt, J =

7.1, 3.6 Hz, 6H), 1.22 — 1.15 (m, 2H), 1.14 — 1.07 (m, 1H), 1.01 (q, J = 11.6 Hz, 2H). *C{*H}

NMR (125 MHz, Chloroform-d) & 175.8, 165.9, 162.7, 145.3, 138.7, 137.1, 136.6, 131.4,

129.8, 129.3, 128.7, 128.6, 124.8, 63.0, 62.2, 53.6, 48.3, 34.0, 33.7, 26.0, 25.1, 24.9, 14.1,

14.06. IR(KBr)vmax/cm™ 3313 (N-H), 2955(C-H), 1715 (C=0), 1603(C=0), HRMS (ESI):m/z
[M+H]" calcd for Ca4H27CINOsS2; 508.1014 found 508.1010.

Diethyl4-(tert-butylamino)-6-chloro-5-oxo-4H,5H-thiopyrano[2,3-b]thiochromene-2,3-
dicarboxylate (6fb) A yellow crystalline (65mg, 91%) mp 120-
¢l o N 122 °C,*H NMR (500 MHz, Chloroform-d) 6 7.51 (dd, J=7.2, 1.8
Cﬁﬁcoza Hz, 1H), 7.45 —-7.39 (m, 2H), 5.69 (s, 1H), 4.32 (p, J = 6.9 Hz, 4H),
s7 87 SCOLEt 1.35 (dd, J = 10.6, 7.1 Hz, 6H), 1.04 (s, 9H). BC{*H} NMR (125
MHz, Chloroform-d) & 177.3, 165.4, 163.1, 142.0, 138.2, 136.0, 137.3, 131.8, 131.4, 131.2,
129.9, 128.8, 124.5, 62.9, 62.1, 51.3, 30.1, 14.1, 14.0. IR(KBr)vmax/cm™ 3345 (N-H), 2992 (C-

H), 1727(C=0), 1601(C=0), HRMS (ESI):m/z [M+H]" calcd for C2oH20CINOsS; 482.0857
found 4820853.
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Dimethyl-4-(tert-butylamino)-8-chloro-5-oxo-4H,5H-thiopyrano[2,3-b]thiochromene-
2,3-dicarbo-xylate (6ga). A brown viscous liquid (56 mg,
)< 83'H NMR (500 MHz, Chloroform-d) & 8.43 (d, J = 8.6 Hz,
/@\)YICOZM(Q 1H), 7.51—7.46 (m, 2H), 5.83 (s, 1H), 3.87 (d, J = 6.3 Hz, 6H),
| | 1.80 (s, 1H), 1.06 (s, 9H). *C{*H} NMR (125 MHz,
cl ST ST COMe chioroform-d) & 175.8, 168.3, 165.6, 163.6, 145.7, 138.7,
137.0, 131.3, 131.2, 130.8, 129.8, 128.6, 124.8, 53.6, 52.9, 51.1, 30.2. IR(KBr)vmax/cm™ 3343

(N-H), 2994(C- H), 1723(C=0), 1601(C=0), HRMS (ESI):m/z [M+H]" calcd for
C20H20CINOsS, 454.0544 found 454.0544.

Dimethyl-5-oxo-7-(trifluoromethyl)-4-((2,4,4-trimethylpentan-2-yl)amino)-4H,5H-thio
pyrano[2,3-b]thiochromene-2,3-dicarboxylate (6ha). A

; yellow solid (72 mg, 89%) mp 116-118 °C, 'H NMR (400
O °N

F.C wcwe MHz, Chloroform-d),s 8.78 (s, 1H), 7.82 (d, J = 10.2 Hz, 1H),

T 7.64 (d, J = 8.4 Hz, 1H), 5.85 (s, 1H), 3.88 (d, J = 4.6 Hz, 6H),

S 87 COxMe 160 (s, 1H), 1.30 (d, J = 4.8 Hz, 2H), 1.16 (s, 3H), 1.08 (s,

3H), 0.87 (s, 9H). *C{*H} NMR (150 MHz, Chloroform-d) & 175.6, 165.6, 163.6, 146.1,

139.3, 131.5, 131.3, 130.3 (g, J = 33 Hz), 128.0, (q, J = 3 Hz), 127.1(q, J = 4.5 Hz), 126.5,

123.5, (q, J = 271.5 Hz), 55.7, 55.0, 53.6, 53.0, 45.8, 31.8, 29.6, 29.3. IR(KBr)vmax/cm™ 3353

(N-H), 2994(C- H), 1717(C=0), 1601(C=0), HRMS (ESI):m/z [M+H]* calcd for
CasH2sFsNOsS; ; 544.1421 found 544.1421.

Di-tert-butyl-8-fluoro-5-oxo-4-((2,4,4-trimethylpentan-2-yl)amino)-4H,5H-thiopyrano
[2,3-b]thio-chromene-2,3-dicarboxylate (6ic) A yellow
solid (67 mg, 86%) mp 101-103 °C, *H NMR (500 MHz,
/@\)YS:COZBJ Chloroform-d) 6 8.51 (dd, J=8.8, 5.8 Hz, 1H), 7.24 — 7.18 (m,
|| 2H), 5.82 (s, 1H), 1.57 (s, 9H), 1.54 (s, 9H), 1.30 (d, J = 7.2
F 87787 NCOBU Hz, 2H), 1.17 (s, 3H), 1.10 (s, 3H), 0.86 (s, 9H). BC{'H} NMR
(125 MHz, Chloroform-d) 6 175.7, 164.3, 162.2, 145.8, 138.0, 132.8, 132.7, 131.4, 128.3,
116.3, 116.2, 111.6, 111.4, 84.2, 83.0, 55.4, 54.8, 46.2, 31.8, 31.6, 29.7, 29.5, 28.1, 28.0.

IR(KBr)vma/cm™ 3327 (N-H), 2996(C— H), 1726(C=0), 1604(C=0), HRMS (ESI):m/z
[M+H]* calcd for CaoHaFNOsS; ; 578.2405 found 578.2380.
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4-(tert-butyl(prop-2-yn-1-yl)amino)-2-methylene-2H,5H-thiopyrano[2,3-b]thiochromen-

5-one (8e). A yellow liquid (40 mg, 77%), *H NMR (500 MHz,

O\QN/\\\ Chloroform-d) & 8.50 (d, J = 7.5 Hz, 1H), 7.59 (t, J = 8.3 Hz, 2H), 7.55
S — 7.50 (m, 1H), 7.05 (s, 1H), 6.25 (s, 1H), 6.00 (s, 1H), 3.84 (d, J =

S | s 17.0 Hz, 1H), 3.66 (d, J = 17.1 Hz, 1H), 2.29 (s, 1H), 1.51 (s, 9H).
8e, 77% BC{*H} NMR (125 MHz, Chloroform-d) 5 177.9, 152.3, 136.1, 131.4,

131.1, 130.8, 129.8, 127.9, 125.5, 124.8, 121.2, 113.2, 107.5, 78.2, 72.9, 57.4, 31.1, 21.0.
IR(KBI)vmax/cm™ 2996(C—H), 1726(C=0), 1604(C=0), HRMS (ESI):m/z [M+H]" calcd for
C20H19NOS:> ; 354.0981 found 354.0984.

4-(Cyclohexyl(prop-2-yn-1-yl)amino)-2-methylene-2H,5H-thiopyrano[2,3-b]thiochrom-
en-5-one (8a)A dark brown viscous liquid (39 mg, 70%), *H NMR
o N,\\\ |(:300 MHz, Chlorofcirm-d) §8.50 (d, J = 7.9 Hz, 1H), 7.61 (q, J = 8.1
N z, 2H), 7.53 (t, J = 7.2 Hz, 1H), 6.94 (s, 1H), 6.29 (s, 1H), 6.07 (s,
Qij\)sl 1H), 3.83 (d, J = 17.1 Hz, 1H), 3.62 (d, J = 17.1 Hz, 1H), 3.44 (t, J =
8a, 70% 11.4 Hz, 1H), 2.25 (dd, J = 25.4, 6.8 Hz, 2H), 2.01 (d, J = 13.0 Hz, 1H),
1.78 (dd, J = 25.9, 10.1 Hz, 2H), 1.66 (s, 1H), 1.56 (d, J = 12.2 Hz, 2H), 1.20 (m, , 3H). *C{'H}
NMR (125 MHz, Chloroform-d) 6 177.2, 152.9, 136.3, 131.4, 130.7, 129.7, 128.0, 127.8,

1255, 124.7, 118.4, 110.5, 108.2, 78.2, 77.3, , 72.8, 56.4, 35.6, 34.1, 26.1, 26.0, 25.6, 21.2.
HRMS (ESI):m/z [M+H]* calcd for C22H2,NOS; ; 380.1137 found 380.1137.
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Figure 2. ORTEP Diagram of compound 3a

Experimental section

Table S1. Crystal data and structure refinement for compound 3a

TH-4093_216122051

Entry Identification Code Compound 3a
01 Empirical formula C16H17 NOS>
02 Formula weight 303.43
03 Temperature 295 K
04 Wavelength 0.71073
05 Crystal system monoclinic
06 Space group (PRl2 1/c\lY

a11.9640 (5)
07 Cell length b 6.2363 (2)
c 20.3162 (8)
a 90
08 Cell angle B 93.020 (1)
v 90
09 Cell volume 1513.71 (10)
10 Density 1.331
11 Completeness to theta 0.987
-16<=h<=186,
12 Index ranges -8<=k<=8,
-27<=1<=27
13 Theta range 0.0680-0.0746
14 Cell formula units Z 4
15 CCDC no 2388159
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Figure 3. *H NMR (500 MHz, CDCls) spectrum of compound 3a
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Figure 4. BC{*H} NMR (125 MHz, DMSO-ds) spectrum of compound 3a
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Figure 5. HRMS of compound 3a
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Figure 6. ORTEP Diagram of compound 6fb

Experimental section

Table S1. Crystal data and structure refinement for compound (6fb).

Entry Identification Code Compound 6fb
01 Empirical formula C22H24 CI N OsS;
02 Formula weight 481.99
03 Temperature 295 K
04 Wavelength 0.71073
05 Crystal system monoclinic
06 Space group P12l/m 1’

a11.6563 (10)
07 Cell length b 6.0816 (5)
c 32.504 (3)
a 90
08 Cell angle 93.888 (3)
v 90
9 Cell volume 2298.9 (3)
10 Density 1.393
11 Completeness to theta 0.897
-13<=h<=13,
12 Index ranges -7<=k<=7,
-38<=I<=38
13 Theta range 2.48- 25.04
14 Cell formula units Z 4
15 CCDC no 2388163
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Figure 7. *H NMR (500 MHz, CDCls) spectrum of compound 6aa
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Figure 8.°C{*H} NMR (125 MHz, CDCI3) spectrum of compound 6aa.
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Figure 9. HRMS of Compound 6aa.
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Figure 10. 'H NMR (400 MHz, CDCIS3) spectrum of compound 8e.
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Figure 11. C NMR (125 MHz, CDCI3) spectrum of compound 8e
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Figure 12. HRMS of compound 8e.
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Figure 13. HOMO-LUMO energies of diene and dienophile
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Chapter V

Green Synthesis of 4-Hydroxydithiocoumarin-Imidazole Bis-Heterocycle

Scaffold, and its Antiproliferative Study and Unusual Single XRD Pattern

( ] )
: > High atom Economy (83%) > Psuedo-five Component reaction

. i > O Catalyst free C» No chromatography separation needed
socyanide
NH,OAc ¥ > Formation of two C-C and two C-N bonds

C> Unusual Singel Crystal-XRD structure

4-Hydroxydithiocoumarin

Org. Chem. Front.,2026, 13, 2841-2857
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CHAPTER V Introduction

5.0 Introduction:

Bis-heterocycles (BHCs) are organic compounds that contain two heterocyclic moieties
within a single molecule.! These rings can be identical or different and are often
connected via a covalent bond, a linker, or fused.? The involvement of two heterocycles
in a single unit enhances functional groups' overall activities and orthogonal reactivity,
rather than a discrete unit.®># Consequently, BHCs show a vast spectrum in medicinal
chemistry, pharmaceutical, and the development of new anticancer drugs.>® Owning
these applications, scientists have constructed various (BHCs) via Multicomponent
reactions (MCRs) approaches, a few of which are mentioned in section 4.1.9-11. MCRs
are considered a powerful synthetic toolbox for accomplishing complex organic
frameworks within a single step.*?*® In a typical (MCR), more than two reactants are
combined in a single pot to produce the desired product, incorporating all the building
block moieties, enabling it to generate a wide variety of chemical entities simply by
changing the starting materials. Some critical features of MCR are high atom efficiency,
one-pot operation, ease of handling, creation of orthogonal reactive functional groups,

and contributions to sustainability.t%:

5.1 Synthesis of Bis-heterocycles Imidazole derivatives via multicomponent
reactions (MCRsS)

Ghomeshi et al. demonstrated the synthesis of bis-heterocycles (coumarin-imidazole) 18
through a three-component reaction from 4-formylcoumarin, benzil and ammonium
acetate in acetic acid medium as solvent at reflux conditions. The reaction proceeds
through the condensation of benzil and 4-formylcoumarin with ammonium acetate,

followed by cyclisation and oxidation to furnish the desired product as shown in Scheme

1.
H O
Ph O AcOH N Ph
+ N + NH;OAc ——» 0 /4 l
Ph 0 Reflux / N
0~ o 4 H Ph

Scheme 1. Synthesis of bis-heterocycles (Coumarin-Imidazole) derivatives
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In 2017, G. R. Ortiz and his co-workers reported a series of C2-bound julolidin-imidazo[1,2-
a]pyridine benzoheterocyclic compounds (BHCs) using a microwave-assisted Groebke—
Blackburn—Bienaymé reaction (GBBR).!® The reaction involved the stepwise addition of
2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ijJquinoline-9-carbaldehyde, 2-aminopyridine deriva-
tives, and isocyanides in anhydrous methanol, with 2-chloroacetic acid as a catalyst Scheme 2.

R3
CH,CICOOH,
H (0.25 equiv.) HN X
N > N NN~
@)
r"NH  R?

Scheme 2. Synthesis of Imidazole derivative via GBBR one-pot variants

_Z—O |

Mozhgan Masoudi et al. synthesised a new class of bis(imidazolyl)pyrrole derivatives by
reacting pyrrole or indole with aryl glyoxal monohydrates and N-aryl amidines in ethanol using
FeCls as a catalyst at room temperature,? as depicted in Scheme 3. The reaction proceeds via
electrophilic aromatic substitution, FeClz-promoted dehydration, and cyclisation with N-aryl

amidines, yielding the bis(imidazolyl)pyrrole product under mild conditions.

@ L X o X ore
Ph \ FeCly, 10 mol % NN
* * HN N N H N

Ethanol rt, 7 h
R? R?

Scheme 3. Synthesis of bis-Imidazole derivative using pyrrole, aryl glyoxalmonohydrates and
N-aryl amidines in the presence of FeCls

Sparks et al. in 2004 developed a microwave-assisted synthesis of tri-substituted imidazoles
by reacting a keto-oxime and an aldehyde with NHsOAc in AcOH at 200 °C for 20 min21, as
shown in Scheme 4. The reaction proceeds through the formation of an N-hydroxyimidazole
intermediate, which undergoes an in situ thermal reduction of the N—O bond to generate 2,4,5-

triaryl-imidazoles in moderate to good yields (up to 70%).
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Ph

Ph XN Ar MW, 200 °C

1
OH

Ph O H (o) AcOH N
I + ¥ + NH0Ac —— o Ar_</I

N

H

Ph

Scheme 4. Synthesis of trisubstituted Imidazole derivative using Keto-oxime aldehyde and
ammonium acetate

Wang, Y. et al. reported the synthesis of fused imidazole bis-heterocycles through an
MCR using phenanthrene-9,10-dione, an aryl amine, and formyl-coumarin with acetic
acid as the medium. The reaction was heated at 120 °C for 12 hours, and the yields were
about 50% after purification by column chromatography, as shown in Scheme 5.

"M\
H_O NH, O @
O NH,OAc N
el - OO
0 l\ AcOH, 120 °C, 12 h N\
l\ll\ 0" o O H Y

Dyes Pigments 2020, 173, 107958.

Scheme 5. Synthesis of fused Imidazole derivative phenanthrene-9,10-dione, aryl amine, and
formyl-coumarin in acetic acid

In 2020, Nipate et al. established an eco-friendly, multicomponent one-pot synthesis of
substituted imidazole derivatives catalysed by B-cyclodextrin (B-CD), using a three-
component reaction between aldehydes, isatin, and ammonium acetate in H-O—EtOH at
80 °C. B-CD, a biodegradable and recyclable supramolecular catalyst, efficiently
promoted the formation of 1,8-dihydroimidazo[2,3-b]indoles in high yields, as shown

in Scheme 6. 2

2 O H N
~
-CD), H,0/C,H5s0H
@E‘S‘ZO+ + NHOAc M PEOR }-NH
N 80 °C
N
H

H

Scheme 6. Synthesis fused Imidazole derivative using aldehydes, isatin, and ammonium acetate
in H,O—EtOH at 80 °C in the presence of 3-CD
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In addition to the above-mentioned protocols, a substantial body of literature exists on the
synthesis of imidazole derivatives using as a various reactive precursors.?2° In most cases,
they have used an expensive catalyst to promote the reaction. Whereas, in some cases, they
have used benzil, which resembles diketones, and synthesised only a fused imidazole bis-
heterocyclic system. In the current study, we propose a convenient and straightforward
synthetic strategy for the synthesis of highly substituted Bis-heterocycle (BHC) imidazole
derivatives using 4-hydroxydithiocoumarin, via a pseudo-5-component reaction in a single
step. The key features, such as catalyst-free, high atom economy, low E-factor, easy to handle,
good yield, no column chromatography required for separations, and shorter reaction time,
overcome the drawbacks reported in earlier literature and make the current protocol a very
efficient and attractive procedure for synthesising tetra-substituted Bis-Imidazole derivatives.
The synthesised compounds were also examined for biological applications, and we found that

51 and 5m showed antiproliferative activity against TNBC cells.

5.2 Results and Discussion:

As discussed in Chapter 1, 4-Hydroxydithiocoumarin, a thio-analogue of 4-
hydroxycoumarin bearing three nucleophilic sites, serves as a versatile synthetic
precursor for the construction of sulfur-containing heterocycles. Our group further
summarized its reactivity profile in a 2021 review.?® Moreover, in chapter 1V, we
explained the reactivity of 4-hydroxydithiocoumarin with another nucleophile,
isocyanide, to form an alkyl amino derivative, regioselectively at the C3 position of 4-
hydroxydithiocoumarin. Taking cues from earlier results, we propose a retro-synthetic
analysis to construct a highly substituted imidazole-bound bis-heterocycle using 4-
hydroxydithiocoumarin, as shown in Scheme 7.

Guided by this idea, we established the present protocol, in which we are investigating
the reactivity of 4-hydroxydithiocoumarin in the MCR domains with isocyanide,
arylaldehyde, and ammonium acetate. Literature reports indicate that 4-
hydroxydithiocoumarin reacts with aryl aldehydes via a Knoevenagel intermediate to
give pentacyclic products. In contrast, reactions with isocyanides typically yield
alkylamino derivatives, as already discussed in Chapter I, Scheme 10, and Chapter 1V,

Scheme 5, respectively.
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M :@ff —'JOLT
100 < @fﬁ

NH,OAc
Scheme 7. Retrosynthesis analysis of 4-Hydroxydithiocoumarin-Imidazole Bis-Heterocycle Scaffold

Herein, we investigate the competitive reaction between an isocyanide and an aryl
aldehyde in the presence of 4-hydroxydithiocoumarin. Notably, it is found that the
isocyanide dominates the reactivity of the aryl aldehyde under our reaction conditions
with 4-hydroxydithiocoumarin, directing the reaction through an alkylamino methylene
intermediate and leading to the formation of an imidazole bis-heterocyclic product, as
depicted in Scheme 8.

/2

— R3
Present work R2

OH N

ACN S =X
e
+ ||| ‘R -
s s Q“/R
N

5

Imidazole bis-heterocycle

R'=-H (1a), -7CI (1b), -7F (1c), and 6CF5 (1d) R2= tert-butyl, Cyclohexyl, and 1,1,3,3-Tetramethylbutyl isocyanide
R®=H, CI, F, OH, and OMe

Scheme 8. Synthesis of imidazole Bis-heterocycle from 4-hydroxydithiocoumarin via pseudo
five-component reaction

Isocyanide is also a key precursor used extensively by Ugi 2’ and Paserniri 28 in MCR
reactions to synthesise peptide scaffolds. In the present era, it is well-renowned by the
title of (ICMR) isocyanide multicomponent reaction.

For the current study, 4-hydroxydithiocoumarins (1a) and their derivatives, such as 7-F
(1b), 7-Cl (1c), and 6-CF3 (1d), 4-hydroxydithocoumarin derivatives were prepared in
our laboratory by following the previously reported procedure mentioned in Chapter I,

Scheme 20. For the current studies, 0.20 mmol 4-hydroxydithiocoumarin 1a, 0.20 mmol
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tert-butyl isocyanide 2, 0.40 mmol tolu-aldehyde 3, and 0.20 mmol ammonium acetate
4 were chosen as model substrates. The reactants were added one by one, and the
mixture was dissolved in 1mL of acetonitrile in a round-bottomed flask and stirred at
room temperature for 24 hours (Table 1, entry 1), but no result was observed. Later, the
same reaction mixture was heated at 50°C for 12 hours with constant stirring. The
desired product 5b was isolated in 30% yield, along with unreacted 4-
hydroxydithiocoumarin and tolualdehyde, as shown in Table 2, entry 2.

The anticipated product is then characterized using various spectroscopic techniques,
including *H and 3C NMR, IR spectra, and HRMS. In the 'H NMR, a singlet is observed
for nine protons at & 1.50, which indicates the incorporation of tert-butyl isocyanide in
the final product. Similarly, we observed two singlets for six protons at § 2.21 and 2.44,
respectively, indicating that two units of tolualdehyde are incorporated into the final
product 5b and accounting for 14 protons in the aromatic region. In C NMR, four
signals were observed in the aliphatic range: two for the methyl groups on the
benzaldehyde, and two for the tertbutyl and quaternary carbons of the isocyanide at &
21.0, 20.7, 30.5, and 63.6, respectively. The observed mass also agreed with the
experimental mass, as recorded using HRMS (m/z [M+H]" calcd. for C3oH29N203Sy,
497.1716; found, 497.1715). The *H, 13C spectra and HRMS data of compound 5n are
presented in Figures 11-13. Single-crystal X-ray Diffraction is also reported for the
synthesised compounds 5b, 5g, and 50, which are presented at the end of this chapter
(Figure 8-10). The crystal structure reveals that the molecule is asymmetrical, with the
oxygen atom of the 4-hydroxydithiocoumarin unit interacting with the imidazole
nitrogen of a neighbouring molecule, thereby forming a helical structure via
intermolecular hydrogen bonding. In addition, the crystal structure reveals that the N3
of imidazole is quaternary and carries a positive charge. In contrast, the oxygen is
negatively charged and is further stabilised by another molecule, as shown in Figure
la-c. The isolated compound can exist in two possible isomeric forms (x and x") through
proton transfer from the N3 position of the imidazole ring to the oxygen atom of 4-
hydroxydithiocoumarin, as shown in Figure 2. The bond length of a carbonyl group is

usually about 1.21 A. However, in this case, from the single-crystal data, it is observed
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that the carbonyl bond length is 1.25 A, which is slightly longer than expected and may

be due to enol—keto tautomerization (x' to x’); therefore, we concluded that the product

exists in the solid state in the form of (x). Meanwhile, in DMSO solvent, it can exist in

(x") forms, which is justified via *H and **C NMR spectra.

(a)

(c)

Figure 1. (a) Helical structure of the compound 5b. (b) Chem-Draw diagram showing the
interaction of oxygen with the nitrogen of the imidazole of another molecule and hydrogen
bonding. (c) Crystal structure of compound 5b showing interaction of nitrogen with oxygen as
well as hydrogen bonding.
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132 |Page



CHAPTER V Results and discussion

CHj

Figure 2. Two possible isomeric forms of compound 5b (x and x")

After characterisation to determine suitable reaction conditions, we increased the
temperature to the reflux point and, optimistically, obtained 80% of the desired product
(Table 1, entry 3). As the temperature increases, the yield also increases. Furthermore,
different polar aprotic solvents, such as DMSO, DMF, and DCM, were examined to
optimise the reaction conditions, but the results were unsuccessful (Table 1, entries 4-6).
Finally, the reaction was investigated in polar protic greener solvents, such as water and
ethanol, but it didn't proceed (Table 1, entries 8-9). After analysing the temperature and
solvent optimisation, we conclude that the best condition for this protocol is listed in

Table 1, entry 3.
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Table 1. Optimization Table and reaction conditions.2P

Me
OH / OH N\
S ,L ® H ACN NS
e ),-—@—Me + NHOAc ——>
s S ce (o) Reflux, 4 h S S
80 %
1 2 3 4 5b Me
Entry Solvent Temperature Time (h) % Yield ®

1. ACN RT 24 NR
2. ACN 50 °C 2 30
3. ACN Reflux 3 80
4. DMSO RT-120°C 1-4 NR
5. DMF RT-120°C 1-4 Trace
6. DCM Reflux 4 NR
7. Toluene RT-110°C 1-4 Trace
8. H.0 100 °C 4 NR
9. Ethanol Reflux 1-4 NR

4All the reactions were performed using (0.2 mmol) 4-hydroxydithiocoumarin(1a), (0.2 mmol)
tert-butyl isocyanide(2a), (0.2 mmol) ammonium acetate(4), and (0.2 mmol) aryl aldehyde(3a)
in 1 mL acetonitrile. Isolated yield. RT: Room Temperature, NR: No reaction. DMF = N, N-
dimethylformamide.
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Table 2. Substrate Scope 2P

Me
OH R OH NN
2
| NS
3 ®N H (R ACN N
R4 + ICII + + 2 NH0Ac ——>
S S ] o Reflux, 4h s S
1 2 3 4 5,80 %
Me

R1=-H (1a), -7Cl (1b), -7F (1c), and 6CF; (1d) R, = tert-butyl, Cyclohexyl, and 1,1,3,3-Tetramethylbutyl isocyanide
R; = H, CI, F, OH,and OMe

Me Cl OMe

5a, 89% 5b, 80% Me 5¢c, 87% Cl OMe

5e, 80%

5i, 80%

5p, 90%

5m, 88%

5n, 97% OMe
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2 All the reactions were performed using 4-hydroxydithiocoumarin derivatives(1) (0.2 mmol),
isocyanide(2), ammonium acetate 4 (0.2 mmol), and aryl aldehyde (3) (0.4 mmol) in 1 mL
acetonitrile at reflux temperature. Isolated yield.?

To explore the substrate scope, several reactions were performed under the optimised
conditions (Table 2, entry 3). Initially, 4-hydroxydithiocoumarin was reacted with tert-
butyl isocyanide and a series of aryl aldehydes bearing either electron-withdrawing or
electron-donating substituents, affording the corresponding products 5a—e in good
yields (78-87%). Similarly, when 7-F (1b), 7-Cl (1c), and 6-CFz (1d), along with tert-
butyl isocyanide, were reacted with different aryl aldehydes, they furnished the
anticipated products 5f-j in good yields (70-88%b). In the case of bulky aryl aldehydes
such as 9-anthracenecarboxyaldehyde, 1-naphthaldehyde, and 2-naphthaldehyde, only
2-naphthaldehyde yields the desired product 5j-m (85-88%0).
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Notably, no desired product was obtained in the former two cases, which may be due to
steric hindrance, and also in the case of nitro aryl aldehydes, no desired product was
obtained.

Furthermore, cyclohexyl isocyanide was used instead of tert-butyl isocyanide to explore
how different starting materials react. By changing both 4-hydroxydithiocoumarin and the
arylaldehyde, we successfully synthesized compounds 5n-y with yields ranging from 87-
97%. The reaction was also investigated with 1,1,3,3-tetramethyl isocyanide, and only 5z
could be synthesized in this case. Similarly, a heteroaldehyde (pyrrole-2-carbaldehyde)
was used, and polyheterocycle molecule 5b’ was obtained with 82% yield.

Table 3. Possible mechanism

Step |
| -
1 fo} £ |;|
'Ph” ~H * N T J —~ahA "
‘ Ph” ~H
‘ gF sy Ph
Stepll . B ____________ S ———— S
Y| H 5( NH
U H 2
oH ©_© St HSN, o R M o
c=3 N ® “pp
N 2 ~ Ph = )L
SHs s s s
1 A BS
Iminium ion M/z =106.0652 Recorded M/z = 106.0652 l

Intermediate A M/z =278.0668 Recorded M/z =278.0668
Intermediate B M/z = 383.1247 Recorded M/z = 383.1247

Intermediate D M/z =471.1559 Recorded M/z = 471.1557 o) CN%’I:\

Schematic diagram of Reaction pathway
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This mechanism is established based on previously reported literature, mass intermediates
observed in HRMS, and the isolated product obtained during the experiment.

In the first step, upon heating, ammonium acetate generates NHs, which reacts with an aryl
aldehyde to form an imine intermediate, as shown in Table 3. The imine abstract proton from
the 4-hydroxydithiocoumarin gives rise to the iminium ion. In the second step, 4-
hydroxydithiocoumarin reacts with isocyanide 2 to form intermediate A, which then undergoes

a nucleophilic addition to the iminium ion generated in the first step, forming intermediate B.

Intermediate B reacts with another molecule of aryl aldehyde through its amine group to form
intermediate C, which subsequently transforms into intermediate D. Intermediate D then
undergoes oxidation to yield intermediate E, which, upon tautomerization, affords the final

product 5a.

5.3. Biological application
The biological study was carried out with our collaborator, Professor S. S. Ghosh and his
research scholar, Pijush Kanti Khanra, at the IIT Guwahati in the Department of Bioscience

and Bioengineering.
Material and methods

5.3a. Target Prediction of the mother compound, 5a

The Swiss target prediction web server (https://www.swisstargetprediction.ch/) was employed
to identify potential macromolecular targets of the synthesized mother compound 5a. The
SMILES identifier of 5a was generated from its 3D SDF structure and subsequently used as

input for target prediction analysis.

5.3b. Bioinformatic gene expression analysis

To assess the cancer-relevance of the predicted macromolecular targets, multiple bioinformatic
platforms were used. EnrichR (https://maayanlab.cloud/Enrichr/), SDF
(https://ualcan.path.uab.edu/) and DepMap (https://depmap.org/portal/) were used to assess
gene—cancer correlations. Gene dependencies following CNR1 knockout were retrieved from
the DepMap database, and the functional roles of affected genes were further explored using
KEGG ontology enrichment and Reactome pathway analyses. In addition, UALCAN was

utilized to perform patient survival analyses based on CNR1 expression levels in breast cancer,
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as well as to evaluate the differential expression of the top 15 predicted target genes in TCGA
TNBC samples.

5.3c. STRING correlation analysis

For correlation analysis between the two gene clusters associated with PI3K/Akt and MAPK
signalling—derived from the set of genes affected by CNR1 knockout (DepMap dataset)—the
STRING database (https://string-db.org/) was utilised. Correlation robustness was assessed
using STRING confidence scores, where genes connected by a single string were considered
to exhibit a medium confidence level (score > 0.5), while genes connected by two or more

strings were classified as having high confidence (score > 0.7).

5.3d Preparation of CNR1 macromolecule and ligands, followed by molecular docking

The crystal structure of Cannabinoid Receptor 1 (CNR1; PDB ID: 7V3Z) was retrieved from
the RCSB Protein Data Bank (RCSB PDB: Homepage) and pre-processed using BIOVIA
Discovery Studio Visualizer to remove water molecules and non-essential ligands, as
previously described by Khanra et al. 2025 ?°. Ligand preparation involved converting the
synthesised compounds from the “.mol” format to the three-dimensional “.sdf” format.
Molecular docking was performed using PyRx 0.9.2, following the established protocols of
Khanra et al. (2025, 29), to evaluate the binding affinities of 28 synthesised ligands against
CNRL1. Post-docking analyses, including hydrogen bond mapping and amino acid interaction
profiling, were conducted for the top five compounds using BIOVIA Discovery Studio

Visualizer.

5.3e. Pharmacokinetic property prediction and drug-likeness property analysis

Drug-likeness and pharmacokinetic properties were systematically evaluated for the
synthesized mother compound 5a and the top five derivatives with the highest docking scores.
Pharmacokinetic profiling was performed in silico using pkCSM
(https://biosig.lab.uq.edu.au/pkcsm/prediction), which predicts parameters encompassing

absorption, distribution, metabolism, excretion, and toxicity (ADMET).

Following ADMET characterization, the drug-likeness of the mother compound 5a was further
assessed using SwissADME (http://www.swissadme.ch/). By providing the canonical SMILES
of 5a as input, key descriptors—including Lipinski’s rule of five, PAINS alerts, topological
polar surface area (TPSA), and bioavailability score—were determined, thereby offering

insights into its suitability as a potential therapeutic candidate.
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5.3f. Cell culture conditions

The human breast cancer cell lines MDA-MB-231 (triple-negative breast cancer, TNBC) was
procured from the National Centre for Cell Science (NCCS, Pune, India). Cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose; Sigma-Aldrich, USA)
supplemented with additional ingredients including sodium bicarbonate, 10% fetal bovine
serum (FBS; Gibco, USA) and 100 pg/mL penicillin and 100 pg/mL streptomycin (Thermo
Fisher Scientific, USA). Cultures were maintained at 37 °C in a humidified incubator under an
atmosphere of 5% CO..

5.3g. Cell viability assay

To validate the in silico docking results, the anticancer activity of the lead compounds was
assessed using an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide]
cell viability assay in MDA-MB-231 TNBC cells. Based on docking outcomes, compounds 5I
and 5m, which exhibited the highest binding affinities to CNR1, were selected for evaluation.
Cells were seeded at a density of 5 x 102 cells per well in 96-well plates (Thermo Scientific™)
and allowed to adhere for ~30 h before treatment. Dose—response studies were performed using
concentrations of 5, 10, 15, 20, 30, 40, and 50 uM for 51, and 9, 25, 40, 55, 70, 80, and 90 uM
for 5m. Untreated controls were included for normalization, with viability set at 100%. 48
hours after treatment, the MTT assay was performed as previously described. Viable cells
reduced MTT to the insoluble formazan via NADPH oxidoreductase activity, and the crystals
were solubilised in DMSO prior to absorbance measurements at 570 and 630 nm. Cell viability
(%) was calculated relative to untreated controls using the formula reported by Sen et al.
2023.%0 Cell viability (%)=([ [(Abs] 570- [Abs] 630) treated cells] )/([( [Abs] _570-

[Abs] _(630)) control cells]) X 100 ICso optimization and data normalization were

determined by nonlinear regression analysis (log[inhibitor] vs. normalised response, variable

slope) in GraphPad Prism (version 6), following established protocols by Khanra et al. 2025.2°

5.3h. Reactive oxygen species (ROS) generation assay

Following ICso optimization for compounds 5| and 5m, MDA-MB-231 cells were seeded at a
density of 2 x 10° cells per well in 6-well plates under four conditions: untreated—unstained,
untreated-stained, 5I-treated, and 5m-treated. Upon reaching ~70% confluency, cells were
treated with 51 or 5m at their respective ICso concentrations, while controls remained untreated.

After 24 h, cells were incubated with 10 uM DCFDA (2',7'-dichlorofluorescein diacetate) for
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30 min under cell culture conditions. The untreated—unstained group served as the negative
staining control. In the presence of hydroxyl, peroxyl, and related ROS, DCFDA was oxidized
to DCF (2',7'-dichlorofluorescein), producing green fluorescence.®® Fluorescent images were
acquired using the ZOE™ Fluorescent Cell Imager (Bio-Rad) with a green filter, under fixed
imaging parameters (gain: 16, exposure: 380 ms, intensity: 94, contrast: 17). Images were saved

in “.tif” format, and fluorescence intensity was quantified using “ImageJ” software.

5.3i. Live-dead imaging

For live—dead analysis, MDA-MB-231 cells were seeded at 2 x 10° cells per well in 6-well
plates under identical conditions to the ROS assay (untreated—unstained, untreated-stained, 5I-
treated, 5m-treated). Following 48 h of treatment with 51 or 5m at their ICso concentrations,
adherent cells were stained with a dual-staining mixture of Calcein AM (4 uM) and propidium
iodide (PI, 4 uM) for 30 min at cell culture conditions. The untreated—unstained condition
served as a negative staining control. Calcein AM fluoresces green upon intracellular esterase
activity in intact cytoplasm, marking viable cells, whereas PI enters compromised membranes
and intercalates with nuclear DNA, identifying dead cells®!. After incubation, the stained cells
were imaged using the ZOE Fluorescent Cell Imager (Bio-Rad), equipped with green and red
fluorescence filters. Green fluorescence indicated live cells, while red fluorescence
corresponded to dead populations. Images were captured in “.tif” format under fixed image
setting parameters (gain: 19, exposure: 340 ms, intensity: 51, contrast: 23). Quantification of
fold changes in live and dead populations across treatment conditions was performed using

“Imagel” software.

5.3]. Statistical significance analysis

Statistical analyses were performed to assess the significance of data from cell viability, ROS
generation, and live—dead assays. All computations were conducted using GraphPad Prism
(v6.0.0; GraphPad Software, San Diego, CA, USA). Experiments included at least two
independent biological replicates, with technical triplicates where applicable. Data are
presented as mean * standard error of the mean (SEM). For multiple comparisons within a
dataset, one-way ANOVA was applied. A p-value < 0.05 was considered statistically

significant.
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5.3k. Results

5.3l. Target prediction and macromolecular selection

6.7%
6.7% 26.7%

20.0%
6.7%

6.7%

6.7%

0,
BT gy

@ Family A G protein-coupled receptor Ligand-gated ion channel ~ [Z] Other cytosolic protein
[[] Kinase [C] Other ion channel [l Protease

[C] Electrochemical transporter W Eraser [C] Other nuclear protein
[] Membrane receptor

Figure 3. The Pi-diagram, illustrating the probability distribution of interactions between the
ligand compound 5a and various families of target macromolecules. Each segment is color-coded
to represent a specific macromolecular class, highlighting the relative likelihood of 5a binding
across different targets.

Target prediction of compound 5a, based on its canonical SMILES, revealed a predominant
enrichment for G protein—coupled receptors (26.7%), followed by kinases (20%). Other
predicted categories, including transporters, membrane receptors, ion channels, proteases, and
nuclear proteins, each accounted for 6.7% Figure 3. Nineteen targets exhibited >10% binding
probability, with cannabinoid receptor 1 (CNR1) emerging as the most prominent candidate,

supported by 816 annotated three-dimensional activity records, alongside other GPCRs.
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5.3m. Bioinformatics-driven gene expression analysis of CNR1 and other predicted

targets in the context of cancer aggravation

To investigate the role of CNR1 in cancer signalling, genes affected by CNR1 knockout were
retrieved from the DepMap dataset and analyzed using the EnrichR platform. KEGG pathway
enrichment Figure 4A and Reactome pathway analysis Figure 4C revealed significant
associations with cancer-related signalling and transduction pathways. Notably, many of the
affected genes were enriched in the MAPK and PI3K—AKkt signalling cascades, as well as in
cancer metabolism, underscoring the regulatory contribution of CNR1 to tumour progression.
Consistent with these findings, STRING correlation mapping Figure 4D demonstrated strong
associations between CNR1 and genes in both the PI3K—Akt and MAPK pathways. The left
cluster of Figure 4D corresponds to genes from the PI3K—Akt signalling pathway, while the
right cluster represents genes from the MAPK signalling pathway, as identified through KEGG
enrichment in Figure 4A. Consistent with these findings, STRING correlation mapping Figure
4D demonstrated strong associations between CNR1 and genes in both the PI3K-Akt and
MAPK pathways.

Effect of CNR1 expression level on BRCA patient survival

>

x

E I
s I
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g
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Signal Transduction by Growth Factor Receptors and Second Messengers

Figure 4. Regulatory impact of genes affected by CNR1 knockout (DepMap dataset) on cancer
and cancer-associated signalling pathways, as identified by KEGG ontology enrichment (panel
A) and Reactome pathway analysis (panel C). Panel B illustrates the survival patterns of breast
cancer patients stratified by differential CNR1 expression, while panel D shows the transcript per
million (TPM) expression levels of CNR1 across different stages of TCGA breast cancer samples
compared with normal tissues.
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The left cluster of Figure 4D corresponds to genes from the PI3K—Akt signalling pathway,
while the right cluster represents genes from the MAPK signalling pathway, as identified
through KEGG enrichment in Figure 4A. Importantly, CNR1 served as a connecting node,
linking the “PI3K—Akt signalling pathway” cluster via AKT1 and CREB1, and bridging the
“MAPK signalling pathway “cluster through FOS. This robust clustering pattern validates the
KEGG enrichment results Figure 4A and highlights the integrative role of CNR1 in
coordinating PI3K-Akt and MAPK signalling in cancer progression.

In addition to CNR1, analysis of 14 other genes (Supplementary Table S2) revealed marked
upregulation, particularly in triple-negative breast cancer (TNBC) TCGA samples Figure 5.
Genes including CNR2, GPR55, GPR18, GLRA1L, ALOX5aP, RCE1, SLC6A9, SIRT2, and
TSPO exhibited elevated expression relative to normal tissues. Key oncogenes, such as EGFR,
KDR, MDM2, SIRT2, and ERBB2—encoding epidermal growth factor receptor (ErbB-1),
vascular endothelial growth factor receptor 2, p53-binding protein Mdm2, NAD-dependent
deacetylase sirtuin 2, and receptor protein-tyrosine kinase ErbB-2, respectively—have
established roles in TNBC progression and its hallmark features.®® Survival analysis further
indicated that higher CNR1 expression correlates with poor prognosis: patients with elevated
CNR1 levels survived up to ~4,000 days, whereas those with lower expression survived over
~8,000 days Figure 4B.
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Figure 5. Differential expression of the top 15 predicted target genes across TNBC samples

compared with normal tissues, luminal,

and HER2* TCGA cohorts. Expression patterns are

displayed using distinct color codes to highlight subtype-specific variations.
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Table 4. Key amino acid interactions of CNR1 with the five top-ranked compounds,
highlighting critical binding residues involved in ligand recognition.

Name of Number | Interacting No. of Types of additional
the of residue(s) | additional interactions and pertinent
synthesized | hydrogen | formed interactions amino acid residues
compounds | bonds HB(s)
(HBs)
5k 1 Tyr 296 14 Van der Waals (GIn 1045, Pro

1123, Gly 1144, Val 1143, Glu
1122, lle 297, Ala 211, Tyr 292),
Pi-Pi (Tyr 215, Phe 1121) Pi-
alkyl (Ala 293, lle 212), Pi-cation

(His 219)
5 2 Tyr 296, 12 Van der Waals (GIn 1045, Pro
Tyr 215 1123, Gly 1144, Val 1143, Glu

1122, lle 297, Ala 211, Tyr 292),
Pi-Pi (Phe 1121) Pi-alkyl (Ala
293, lle 212), Pi-cation (His 219)
5m 2 Tyr 296, 11 Van der Waals (Pro 1123, Gly
GIn 1045 1144, Val 1143, Glu 1122, lle
297,Ala 211, Tyr 292), Pi-Pi (Phe
1121) Pi-Alkyl (Ala 293, lle
212), Pi-cation (His 219)

Sw 0 18 Van der Waals (Phe 1124, Gly
1125, Glu 1122, Val 1127, Gly
1039, Tyr 1109, lle 1038, Gly
1073, lle 1072, Leu 1100, Met
1099), Pi-sigma (Leu 1126) Pi-
alkyl (Lys 300, Pro 1123, Arg
1040), Pi-cation (Lys 1046, Asp
1042)

5x 0 14 Van der Waals (GIn 1045, Tyr
1120, Pro 1123, GIn 1045, Glu
1122, Arg 1147, Val 1143, Gly
1144, Tyr 292, lle 297), Pi-Pi
(Tyr 296) Pi-alkyl (Ala 293),
Unfavorable donor-donor (Tyr
215), Pi-cation (His 219, Phe
1121)

TH-4093_ 216122051 l47]Page



CHAPTER V I Biological Application

@ ” BN s LYS1046
Atz 2

adiy

% Ly 11 SUNIDER
sy SNt 22
4112%y ¢
PlEN24

{T PRONZ3

.....

i

w
& Al
alioey ax0

$#

HIS219 ARG1147
TYR215

&
Interactions B P stacked
[T van der waals B PP T-shaped E =
I Conventional Hydrogen Bond [ et Acceptor Hydrogen Donor
= - Bond
Pi-Sigma

Figure 6. In silico 2D interaction profiles of docked ligands 5k (1), 51 (11), 5m (111), 5w (1V), and
5x (V) within the binding pocket of CNR1 (panel A). Panel B illustrates the corresponding amino
acid interactions and bond types, depicted using distinct color codes. Panel C shows hydrogen
bond cloud formations adjacent to the interaction zones for each of the five ligands.
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5.30. ADMET pharmacokinetic profiling analysis

ADMET (absorption, distribution,

Biological Application

metabolism, excretion, and toxicity) profiling was

performed to evaluate the pharmacokinetic characteristics of the synthesized compounds. The

five top-performing candidates, identified by their superior docking scores, were subjected to

ADMET analysis, the results of which are summarized in Table 5.

Property Model Name Compounds
5k 51 5m 5w 5X
Absorption Water solubility (log mol/L) -2.894 -2.894 -2.893 -2.913 -2.912
Caco2 permeability (log Papp  0.786 0.78 0.837 0.098 0.091
in 10 cm/s)
Human intestinal absorption 87.273 86.483 87.419 85.396 84.433
(%)
Skin Permeability (log Kp) ~ -2.735  -2.735 -2.735 2735  -2.735
P-glycoprotein substrate Yes Yes Yes No No
P-glycoprotein inhibitor Yes Yes Yes Yes Yes
Distribution Plasma protein binding 0.367 0.365 0.37 0.352 0.349
(fraction unbound in Fu)
Volume distribution (L/ kg) -0.212 -0.223 -0.205 -0.219 -0.227
BBB penetration (log BB) 0.189 0.168 0.042 0.699 0.679
Metabolism CYP2D6 substrate No No No No No
CYP3A4 substrate Yes Yes Yes Yes Yes
CYP1A2 inhibitor Yes Yes Yes Yes Yes
CYP2C19 inhibitor No No No No No
CYP2C9 inhibitor No No No Yes Yes
CYP2D6 inhibitor Yes Yes Yes Yes Yes
CYP3A4 inhibitor No No No No No
Excretion Total Clearance [Log (ml/ 0.365 0.256 0.266 0.449 0.34
min/ kg]
Renal OCT2 substrate No No No Yes Yes
Toxicity AMES toxicity No No Yes No Yes
Excretion Total Clearance [Log (ml/ 0.365 0.256 0.266 0.449 0.34
min/ kg]
Max. tolerated dose (human)  0.438 0.438 0.438 0.438 0.438
[log (mg/kg/day)]
hERG I inhibitor No No No No No
149 |Page
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Rat oral acute toxicity 2.535 2.542 2.522 2.482 2.491
(LD50) [mol/kg]
Hepatotoxicity Yes No Yes No No
Skin Sensitization No No No No No

5.3p. Absorption property

The absorption behavior of the selected compounds was evaluated using multiple parameters,
including water solubility, human intestinal absorption (HIA), P-glycoprotein (P-gp) substrate
and inhibitor properties, Caco-2 cell permeability, and skin permeability. Among these, Caco-
2 permeability showed the most evident differences across compounds. Compounds with
logarithmic Caco-2 permeability values

greater than —0.9 are generally considered highly permeable with favorable bioavailability.
Based on this threshold, compounds 5k, 5I, and 5m exhibited moderate permeability indices.
Consistent with this trend, the compounds followed the order 5m > 5k > 51 > 5w > 5x for HIA.
Notably, compounds with HIA values exceeding 90% are regarded as having high intestinal
absorption 3 whereas the tested candidates displayed moderate absorption potential. In terms
of P-gp interactions, three compounds (5k, 5I, and 5m) were identified as substrates, yet all
five acted as inhibitors of P-gp activity. This dual property is particularly relevant, as inhibition
of P-gp can mitigate efflux-mediated multidrug resistance °.Collectively, these findings
suggest that the five shortlisted compounds hold strong potential as candidates against drug-
resistant TNBC cells, reinforcing their capability for further in vitro evaluation to substantiate

their anticancer efficacy.

5.3g. Distribution throughout the body

A VDss value above 0.45 indicates extensive tissue distribution, whereas values below —0.15
reflect limited distribution. The tested compounds exhibited moderate VVDss values, suggesting
balanced distribution across body fluids. Plasma protein binding analysis revealed
unbounddrug fractions of ~0.35-0.37, which fall within the acceptable range of 0.02-1.0 for
drug-like compounds 34.values, suggesting balanced distribution across body fluids. Plasma
protein binding analysis revealed unbound drug fractions of ~0.35-0.37, which fall within the
acceptable range of 0.02-1.0 for drug-like compounds *. These values imply that the
compounds are less likely to remain bound to plasma proteins and more prone to hepatic and
intestinal metabolism, thereby reducing systemic circulation persistence 2°. BBB permeability

assessment demonstrated compound-specific variation. Compounds 5x and 5w exhibited
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logBB values exceeding 0.3, indicative of high BBB penetration and potential central nervous
system toxicity. By contrast, compound 5m showed minimal BBB permeability (logBB =
0.0042), making it a more favorable therapeutic candidate owing to its poor brain distribution

and reduced risk of neurotoxicity .

5.3r. Metabolism

Cytochrome P450 (CYP) enzymes play a central role in drug metabolism3* acting both as
substrates and inhibitors that influence pharmacokinetic behavior and therapeutic specificity.
As summarized in Table 2, none of the five tested compounds were identified as CYP2D6
substrates, while all were predicted to be metabolized by CYP3A4, indicating that CYP3A4 is
the primary enzyme mediating their biotransformation. Notably, all five compounds inhibited
CYP1A2, a cytochrome isoform implicated in tumor-promoting activity ¥, thereby suggesting
a potential anticancer benefit beyond their primary mechanism of action. In contrast, no
inhibitory activity was observed against CYP2C19, highlighting the compounds’ selective and

specific interactions with cytochrome isoforms.
5.3s. Excretion

Organic cation transporter 2 (OCT2) is a key renal uptake transporter that facilitates the
clearance of excretory metabolites from the kidney. Drug-like candidates that undergo renal
clearance typically display negligible substrate affinity for OCT2%4. In contrast, predictive
results indicated substrate affinity for compounds 5x and 5w, whereas 5k, 5l, and 5m showed
no such interaction, supporting the prioritization of 51 and 5m for in vitro validation studies.
Assessment of total excretory clearance further revealed that all five compounds exhibited

moderate clearance rates, with 5w displaying the highest predicted clearance value.

5.3t. Toxicity profiling

Toxicity profiling revealed that compound 51 exhibited the most favourable safety profile,
showing no evidence of AMES mutagenicity, hepatotoxicity, or skin sensitisation. Importantly,
none of the five compounds demonstrated inhibitory activity against the hERG (human ether-
a-go-go) channel, a critical regulator of the cardiac action potential, thereby minimising the
risk of cardiotoxicity. Assessment of dosage safety indicated that all five compounds remained
below the threshold of concern for the maximum tolerated dose [log (MTD) > 0.477], with
predicted values averaging ~0.438 log(mg/kg/day). Furthermore, all candidates displayed high
LD50 values, consistent with low acute toxicity, in line with prior observations by Bhattacharya
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et al. (2024.34 Collectively, these results underscore the favourable toxicity profiles of the five

shortlisted compounds, with 51 emerging as the safest candidate.

5.3u. Drug likeness property and bioactivity analysis of the synthesized mother

compound:

Drug-likeness profiling was conducted to assess the pharmacokinetic suitability of the
synthesized mother compound (5a). As summarized in supplementary table S4, 5a satisfied
Lipinski’s rule of five with one violation and exhibited an optimal oral bioavailability score of
0.55, placing it within the desirable drug-like chemical space. Consistent with Lipinski, Veber,
and Egan criteria, the topological polar surface area (TPSA) of 5a was within the recommended
threshold (<140 A?), supporting favourable oral absorption. *83° Further analysis revealed that
5a possessed two hydrogen bond acceptors and one hydrogen bond donor, along with a LogP
value of 3.86. This lipophilicity index (LogP < 5) reflects an appropriate balance between
solubility and membrane permeability, reinforcing its classification as a drug-like candidate.
Collectively, these findings suggest that 5a exhibits favourable drug-likeness properties and

merits further development. 3
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1.4 In vitro anti-cancer activity evaluation of 51 and 5m via decreasing cell viability
gradients and heightening reactive oxygen species (ROS) generation
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51 S |

Figure 7 : Dose-dependent reduction in cell viability (%) of MDA-MB-231 cells treated with 5I (panels
A, B) and 5m (panels C, D). Panel E shows the increase in ROS generation under 5I- and 5m-treated
conditions compared with the untreated control (UC). The induction of ROS is further validated by the
fold-change in ROS flux (panel F). Data represent mean + SEM from at least two independent
experiments. Statistical significance: ns, not significant (p > 0.05); *p < 0.05; **p <0.01; ***p <0.001;

#xk%xp < 0.0001.

Following virtual screening, two lead compounds (51 and 5m), identified by their highest
binding affinities (lowest binding energy), were selected for in vitro validation. Cytotoxicity
was assessed in MDA-MB-231 triple-negative breast cancer (TNBC) cells, a model known to
overexpress CNR1.%° Dose—response analysis revealed half-maximal inhibitory concentrations
(ICs0) 0of 27.78 uM for 51 Figure. 7A and 45.86 uM for 5m Figure 7C, with 5] demonstrating
greater potency. Consistent with these values, cell viability decreased to ~30% upon 5I
treatment and ~20% with 5m at the highest tested concentrations Figure 7 B, D. Mechanistic
studies further indicated that 51 induced higher levels of intracellular reactive oxygen species
(ROS), with a 5.86-fold increase compared to untreated controls, whereas 5m elicited a 3.2-
fold increase after 24 h at their respective ICso concentrations Figure 7E, F; Supplementary
Table S5). These findings suggest that 51 exerts stronger cytotoxic effects, potentially mediated
through ROS-driven oxidative stress, which may lead to the activation of cell death pathways.*!
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5.3v. 2D live-dead imaging detected the declining cell density with increasing dead cell

numbers upon 1C50 dosage conditions of treatment groups
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Figure 8: Increase in Pl-stained dead cell populations and corresponding decrease in Calcein
AM-stained live cells following 5l and 5m treatments compared with the “untreated control”
(UC) (panel A). The merged image confirms the absence of overlap between live and dead cell
populations. Panels B and C validate these findings by quantifying the fold-change in live and
dead cell populations, respectively. Data represent mean + SEM from at least two independent

experiments. Statistical significance: ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; ***p
<0.001; ****p < 0.0001.

Consistent with the reduction in cell viability, both 5I- and 5m-treated groups exhibited a
marked increase in propidium iodide (PIl)-positive dead cells, with 1.58-fold and 1.52-fold
increases, respectively, compared with untreated controls (Supplementary Table S6; Figure 8.
6C). Conversely, Calcein AM staining revealed proportional decreases in live cell populations,
corresponding to 2.56-fold (51) and 3.3-fold (5m) reductions in viable cells, in line with the
cell viability curves (Figure 7, D; Figure 8 B). Together, these findings validate the 1Cso
concentrations of 51 and 5m and confirm their cytotoxic activity against MDA-MB-231 TNBC
cells.
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Discussions

This study elucidates the biological relevance of newly synthesized tasted compounds with
pronounced anti-cancer properties. In vitro analyses demonstrated robust inhibition of cellular
proliferation in aggressive triple-negative breast cancer (TNBC) cells. The MDA-MB-231 cell
line, a widely used TNBC model, harbours multiple point mutations that confer resistance to
standard chemotherapeutics such as mitoxantrone, #? doxorubicin, paclitaxel, ** cis-platin, 4
highlighting the therapeutic challenge posed by this cancer subtype. Among the synthesized
compounds, two lead candidates, 51 and 5m, exhibited significant anti-proliferative activity
with ICso values of 27.78 uM and 45.86 uM, respectively. This was accompanied by a 5.86-
fold and 3.2-fold increase in reactive oxygen species (ROS) production, implicating ROS-
mediated mediated cytotoxicity, may activate cell death machinery and subsequent decrease in
cell viability .*! The observed decline in viable cell populations alongside a concomitant
increase in dead cells further corroborates the cytotoxic potential of 51 and 5m, supporting ICso

optimization derived from cell viability assays.

Pharmacokinetic evaluation via ADMET profiling indicated a favourable toxicity profile for
51, while both 5l and 5m demonstrated suitable metabolic stability and moderate excretory
clearance. Notably, both compounds exhibited low plasma protein binding and negligible
blood-brain barrier permeability, suggesting minimal neurotoxicity and efficient systemic
distribution. 3* These features collectively reinforce their translational potential for in vivo
applications. Comprehensive bioinformatic analyses identified CNR1, a G-protein coupled
receptor implicated in TNBC progression and the amplification of cancer hallmarks “°, as the
putative target. Molecular docking studies revealed strong 2D binding interactions of 51 and
5m with CNR1, achieving the highest docking scores among the 28 tested compounds, thereby
validating the observed in vitro efficacy. Additionally, the mother compound, 5a, exhibited
favorable drug-likeness properties, with only one violation of Lipinski’s rule of five, no PAINS
alerts, optimal topological polar surface area (TPSA), and bioavailability scores consistent with
Lipinski, Veber, and Egan criteria.® Collectively, these findings highlight the therapeutic
potential of 51 and 5m, along with their mother scaffold 5a, as promising candidates for the
treatment of TNBC, providing a strong rationale for further preclinical and translational

investigations. Techniques such as *H NMR, *C NMR, IR, and mass spectrometry.
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5.4. Experimental section

Procedure for the synthesis of 3-(1-(tert-butyl)-2,4-diphenyl-1H-imidazol-5-yl)-4-
hydroxy-2H-thiochromene-2-thione derivatives

A mixture of 0.20 mmol (39 mg) 4-hydroxydithiocoumarin, 0.20 mmol (22 uL )tert-butyl
isocyanide, 0.20 mmol (15 mg) ammonium acetate, and 0.40 mmol (26 pL) tolualdehyde in 1
mL acetonitrile was stirred in a 25 mL round-bottomed flask at reflux temperature. The reaction
was monitored from time to time by using TLC. After three hours, the reaction was completed,
and the crude residue was filtered using filter paper 150 mm and washed thoroughly with 10
mL ethyl acetate and hexane 6:4 ratio, respectively. The desired product was isolated with an

80% vyield (79mg) and characterised by various spectroscopic techniques.

Conclusion:

In the current study, we proposed a convenient and easy synthetic strategy for the synthesis of
highly  substituted  Bis-heterocycle (BHC) imidazole derivatives using 4-
hydroxydithiocoumarin, isocyanide, ammonium acetate, and aldehydes. Moreover, we
observed that the reactivity of 4-hydroxydithiocoumarin, which is an ambient nucleophile, with
another nucleophile, isocyanide, to form an intermediate enamine regioselectively at the C3
position of 4-hydroxydithiocoumarin via in situ conversion of isocyanide to an electrophile.
Among the newly synthesised compounds, 51 and 5n exhibit anticancerous activity in TNBC
cell lines. An unusual pattern was also observed in a single-crystal XRD, resulting in a helical
structure. The key features of this protocol include catalyst-free, high atom economy, low E-
factor, ease of handling, good yield, no column chromatography required for separation, and
shorter reaction time, making it a very efficient and attractive procedure for synthesising tetra-
substituted Bis-Imidazole derivatives. Moreover, we also observed the dominance of the
reactivity of isocyanide over aryl aldehyde with 4-hydroxydithiocoumarin under our reaction

conditions.
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Characterisation Table:

3-(1-(tert-butyl)-2,4-diphenyl-1H-imidazol-5-yl)-2-thioxothiochroman-4-one (5a) 1 A

pale yellow crystalline solid (83 mg, 89%) mp 375-377 'C,'H NMR
(400 MHz, Chloroform-d) & 8.09 (d, J = 6.8 Hz, 1H), 7.75 (d, J =
7.1 Hz, 2H), 7.67 (dd, J = 14.6, 7.3 Hz, 3H), 7.58 — 7.54 (m, 2H),
7.51 — 7.46 (m, 1H), 7.38 (d, J = 7.4 Hz, 1H), 7.35 — 7.21 (m, 4H),
1.51 (s, 9H). 3C NMR (100 MHz, Chloroform-d) § 184.1, 174.9,
143.8, 140.5,131.4, 131.2, 131.0, 130.5, 130.3, 128.6, 128.3, 128.1,

127.2, 125.8, 122.9, 63.6, 30.6. IR(KBr)vma/cm™ 2943 (C— H), 1135 (C=S), HRMS
(ESI):m/z [M+H]" calcd. for C27H25N20S3, 469.1403 found 469.1404.

3-(1-(tert-butyl)-2,4-di-p-tolyl-1H-imidazol-5-yl)-4-hydroxy-2H-thiochromene-2-thione

Me

(5b) A light yellow solid (79 mg, 80%) mp 336-338 'C,*H NMR (400
MHz, DMSO-ds) 5 14.46 (s, 1H), 8.08 (dd, J = 8.0, 1.1 Hz, 1H), 7.62
(d, J =7.9 Hz, 2H), 7.50 — 7.40 (m, 5H), 7.38 — 7.29 (m, 2H), 7.09 (d,
J=8.1Hz, 2H), 2.44 (s, 3H), 2.21 (s, 3H), 1.50 (s, 9H). *C NMR (150
MHz, DMSO-ds) & 184.1, 174.8, 143.6, 141.1, 140.5, 137.7, 131.0,
130.8, 130.4, 130.3, 129.1, 128.8, 128.0, 127.1, 125.7, 122.8, 63.6,
30.5, 21.0, 20.7. IR(KBr)vmad/cmt 2953 (C-H), 1137 (C=S), HRMS

(ESI):m/z  [M+H]" calcd. for C3oH29N203S2, 497.1716 found 497.1715.

3-(1-(tert-butyl)-2,4-bis(4-chlorophenyl)-1H-imidazol-5-yl)-4-hydroxy-2H-thiochromene

Cl -2-thione (5¢) A light yellow solid (93 mg, 87%) mp 310-312°C, *H
NMR (500 MHz, DMSO-ds) 5 8.08 (d, J = 7.9 Hz, 1H), 7.66 (t, J =
OHXN ) 11.0 Hz, 4H), 7.55 (d, J = 8.4 Hz, 2H), 7.48 (t, J = 7.4 Hz, 1H), 7.36
<N (d,J=7.9Hz 1H), 7.35 - 7.26 (m, 3H), 1.46 (s, 9H). 3C NMR (100
= MHz, DMSO-de) 6 175.0, 152., 143.4, 140.7, 132.9, 130.5, 130.4,
50 S 128.7, 128.6, 128.2, 122.9, 78.3, 30.9. IR(KBr)vmax/cm™ 2933 (C-H),
Cl 1133 (C=S), HRMS (ESI):m/z [M+H]* calcd. for CasH23Cl2N20Sy,
537.0623 found 537.0621.
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3-(1-(tert-butyl)-2,4-bis(4-methoxyphenyl)-1H-imidazol-5-yl)-4-hydroxy-2H-thiochro-
mene-2-thione (5d) A light brown solid (82 mg, 78%) mp 388-
390 °C,'H NMR (400 MHz, Chloroform-d) & 14.58 (s, 1H), 8.09
(d, J=9.0 Hz, 1H), 7.56 (t, J = 7.8 Hz, 1H), 7.49 (t, J = 7.5 Hz,
1H), 7.38 (d, J = 7.6 Hz, 1H), 7.31 (dd, J = 17.1, 9.1 Hz, 5H), 7.17
(dd, J=22.2, 7.8 Hz, 2H), 6.86 — 6.76 (m, 1H), 3.87 (s, 3H), 3.59
(s, 3H), 1.54 (s, 9H). *C NMR (150 MHz, Chloroform-d) & 184.2,
SMle 174.8, 158.9, 140.5, 131.7, 130.5, 130.3, 129.9, 129.3, 128.0,
125.7,123.2,122.8,119.3, 116.8, 112.0, 64.0, 55.6, 54.7, 30.5. IR(KBr)vmax/cm™ 2929 (C-H),
1135 (C=S), HRMS (ESI):m/z [M+H]" calcd. for C3oH29N203S>, 529.1614 found 529.1596.

OMe

3-(1-(tert-butyl)-2,4-bis(4-fluorophenyl)-1H-imidazol-5-yl)-4-hydroxy-2H-thiochromene-
F 2-thione (5e) A light yellow solid (80 mg, 80%) mp 372-374 "C,'H

NMR (600 MHz, Chloroform-d) & 8.10 (d, J = 8.0 Hz, 1H), 7.91 —

>( 7.79 (m, 2H), 7.59 (dd, J = 8.8, 5.5 Hz, 2H), 7.55 — 7.46 (m, 3H),

oH 7.38 (d, J = 7.8 Hz, 1H), 7.35 — 7.30 (m, 1H), 7.18 (t, J = 8.8 Hz,

2H), 1.51 (s, 9H). 3C NMR (100 MHz, Chloroform-d) & 184.28,
174.91, 164.07 (d, J = 160.2 Hz), 162.38, 160.83, 142.77, 140.50,

F 133.68 (d, J = 9.0 Hz), 131.64, 130.59, 130.28, 129.54 (d, J = 8.3
Hz), 128.78 (d, J = 2.3 Hz), 125.86, 122.89 (d, J = 10.7 Hz), 122.86, 115.92 (d, J = 22.1 Hz),
115.41 (d, J = 21.7 Hz), 30.62.IR(KBr)vmad/cm 2943 (C-H), 1139 (C=S), HRMS (ESI):m/z

[M+H]" calcd. for C2gH23F2N20S2, 505.1214 found 505.1214.

NS
\

S” S

3-(1-(tert-butyl)-2,4-diphenyl-1H-imidazol-5-yl)-7-fluoro-4-hydroxy-2H-thiochromene-
2-thione 6 (5f) .A yellow solid (84 mg, 87%) mp 383-385 °C,'H

>L NMR (400 MHz, Chloroform-d) § 14.66 (s, 1H), 8.13 (dd, J = 8.9,

OH N\\N 6.1 Hz, 1H), 7.74 (d, J = 7.0 Hz, 2H), 7.67 — 7.61 (m, 2H), 7.55

= (dd, J = 8.2, 1.3 Hz, 2H), 7.30 (ddd, J = 19.5, 10.6, 4.8 Hz, 5H),

F s7s 7.18—7.13 (m, 1H), 1.50 (s, 9H). *C NMR (100 MHz, DMSO-ds)

0183.9,174.1,163.1 (d, J = 251.1 Hz), 143.8, 142.9, 142.8, 131.2,
131.1, 131.0, 128.6, 128.3, 127.2, 127.1, 122.9, 113.6 (d, J = 22.2 Hz), 109.0 (d, J = 24.0 Hz),
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63.8, 30.6. IR(KBr)vmax/cm™ 2942 (C—H), 1136 (C=S), HRMS (ESI):m/z [M+H]" calcd. for
C28H2FN20S;, 487.1309 found 487.1296.
3-(1-cyclohexyl-2,4-di-p-tolyl-1H-imidazol-5-yl)-7-fluoro-4-hydroxy-2H-thiochromene-
2-thione (5g) A yellow solid (95 mg, 88%) mp 363-365 “C,'H

" NMR (600 MHz, Chloroform-d) 6 8.12 (dd, J=8.9, 6.0 Hz, 1H),
Q 7.65 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 8.7 Hz, 2H), 7.33 — 7.31
o N\ (m, 1H), 7.19 — 7.14 (m, 3H), 6.86 (d, J = 8.6 Hz, 2H), 3.87 (s,
XS 3H), 3.69 (s, 3H), 1.50 (s, 9H).**C NMR (150 MHz, Chloroform-
. g d) & 183.7, 174.1, 163.8, 162.2, 160.2 (d, J = 295.1 Hz), 143.4,
142.9 (d, J = 9.3 Hz), 132.5, 131.0 (d, J = 9.4 Hz), 130.1, 128.6,

Me

127.2,123.0, 114.0, 113.7, 113.6, 113.5, 108.9 (d, J = 24.0 Hz),
55.5, 55.0, 50.9, 30.5. IR(KBr)vmax/cm™ 2925 (C—H), 1135 (C=S), HRMS (ESI):m/z [M+H]*
calcd. for C32H30FN20S;, 541.1778 found 529.1606.

3-(1-(tert-butyl)-2,4-bis(4-methoxyphenyl)-1H-imidazol-5-yl)-7-fluoro-2-thioxothioch-
'V'e-o roman-4-one(5h) A brown solid (90 mg, 83%) mp 383-385 H
'C ,NMR (500 MHz, DMSO-ds) 3 14.34 (s, 1H), 8.16 —8.09 (m,

>L 1H), 7.66 (d, J = 7.8 Hz, 2H), 7.46 (d, J = 8.3 Hz, 2H), 7.32 (d,
o N
NS

J=9.1 Hz, 1H), 7.16 (t, J = 9.8 Hz, 3H), 6.86 (d, J = 8.3 Hz,
/@ii‘\ 2H), 3.87 (s, 3H), 3.69 (s, 3H), 1.49 (s, 9H). 3C NMR (150
F s s . MHz, Chloroform-d) & 183.7, 174.1, 163.8, 162.2, 160.2 (d, J =

294.8 Hz), 143.4, 142.9 (d, J = 9.3 Hz), 132.5, 131.0 (d, J = 9.6
Hz), 130.1, 128.6, 127.2, 123.0, 114.0, 113.7, 113.6, 113.5,
108.9 (d, J = 24.2 Hz), 55.5, 55.08, 50.9, 30.5. IR(KBr)vmax/cm™ 2931 (C—H), 1132 (C=S),
HRMS (ESI):m/z [M+H]* calcd. for CsoH2sFN203S,, 547.1520 found 547.1513.

0
Me

TH-4093_ 216122051 160[Page



CHAPTER V

Experimental section

3-(1-(tert-butyl)-2,4-diphenyl-1H-imidazol-5-yl)-6-chloro-4-hydroxy-2H-thiochromene-

OH N
NS
.

2-thione. (5i)A light yellow solid (80 mg, 80%) mp 303-305 C
, 'H NMR (400 MHz, Chloroform-d) § 8.00 (d, J = 2.3 Hz, 1H),
7.61 (d, J=7.1Hz, 2H), 7.53 (dd, J = 9.5, 5.1 Hz, 5H), 7.51 —
7.48 (m, 1H),7.42 (d,J=8.5Hz, 1H), 7.22 - 7.11 (m, 3H), 1.45
(s, 9H). 13C NMR (100 MHz, DMSO-dg) § 173.8, 167.8, 133.3,
132.5, 131.3, 130.5, 129.7, 129.0, 128.6, 128.3, 127.6, 127.1,

125.3, 51.5, 31.3. IR(KBr)vmad/cm 2 2943 (C—H), 1139 (C=S), HRMS (ESI):m/z [M+H]" calcd.
for CasH24CIN,0S2, 503.1013 found 503.1001.

3-(1-(tert-butyl)-2,4-diphenyl-1H-imidazol-5-yl)-4-hydroxy-6-(trifluoromethyl)-2H-

OH N/
N
C "
3 N
S” s

thiochromene-2-thione (5j). A brownish crystalline solid (75
mg, 70%) mp 393-395 'C,'H NMR (400 MHz, DMSO-dg) &
8.64 (s, 1H), 8.24 (d, J = 8.6 Hz, 2H), 8.15 (dd, J = 8.5, 1.9 Hz,
2H), 7.89 — 7.85 (m, 1H), 7.41 — 7.30 (m, 2H), 7.26 — 7.17 (m,
4H), 6.92 (s, 1H), 1.20 (s, 9H).IR(KBr)vmax/cm™ 2943 (C—H),
1143 (C=S), HRMS (ESI):m/z [M+H]* calcd. for

Ca9H24F3N20S,, 537.1277 found 537.1254.Because of very low solubility **C was not able to

record.

3-(1-(tert-butyl)-2,4-di(naphthalen-2-yl)-1H-imidazol-5-yl)-4-hydroxy-2H-thiochromene-

o
Y

2-thione (5k). A yellow solid (97 mg, 86%) mp 378-380 'C,'H
NMR (600 MHz, Chloroform-d) 6 8.45 (s, 1H), 8.23 — 8.08 (m,
5H), 7.84 (dd, J = 22.1, 7.0 Hz, 3H), 7.77 — 7.67 (m, 4H), 7.52 —
7.44 (m, 3H), 7.40 (d, J = 7.8 Hz, 1H), 7.32 (t, J = 7.2 Hz, 1H),
1.58 (s, 9H). *C NMR (150 MHz, Chloroform-d) § 184.3, 175.0,
172.4, 143.9, 140.5, 133.4, 132.5, 132.3, 131.8, 131.2, 130.5,
130.3, 128.5, 128.1, 128.0, 127.8, 127.6, 127.5, 127.3, 126.5,

125.7, 124.8, 122.8, 64.3, 30.8. IR(KBr)vmax/cm™ 2925 (C-H), 1133 (C=S), HRMS (ESI):m/z
[M+H]" calcd. for CssH29N20S2, 569.1716 found 569.1710.
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3-(1-(tert-butyl)-2,4-di(naphthalen-2-yl)-1H-imidazol-5-yl)-7-chloro-4-hydroxy-2H-

Cl

thiochromene-2-thione (51). A yellow solid (102 mg, 85%)
mp 380-382 ‘C,'H NMR (500 MHz, Chloroform-d) § 9.55 (s,
1H), 8.93 (s, 1H), 8.61 (s, 1H), 8.54 — 8.41 (m, 1H), 8.13 —
7.97 (m, 4H), 7.85 (dd, J = 29.8, 7.0 Hz, 3H), 7.63 — 7.52 (m,
4H), 7.34 (d, J = 7.4 Hz, 1H), 7.07 (d, J = 34.4 Hz, 1H), 1.58
(s, 9H). 13C NMR (125 MHz, Chloroform-d) § 189.3, 178.9,
174.5, 147.4, 142.8, 141.2, 139.3, 138.5, 137.7, 137.4, 136.7,
135.0, 133.8, 133.7, 133.0, 132.8, 132.4, 131.9, 131.7, 131.4,

129.7, 127.1, 71.0, 30.8 .IR(KBr)vmax/cm™ 2930 (C—H), 1129 (C=S), HRMS (ESI):m/z
[M+H]" calcd. for C3sH2sCIN20S;, 603.1326 found 603.1304.

3-(1-(tert-butyl)-2,4-di(naphthalen-2-yl)-1H-imidazol-5-yl)-7-fluoro-4-hydroxy-2H-

QH/,<N \
<N
AN

thiochromene-2-thione (5m). A yellow solid (94 mg, 88%)
mp 369-371 °C, 'H NMR (400 MHz, DMSO-dg) & 14.92 (s,
1H), 8.46 (s, 1H), 8.22 — 8.11 (m, 4H), 7.84 (d, J = 8.8 Hz, 2H),
7.76 — 7.66 (m, 4H), 7.48 (dd, J = 6.1, 3.3 Hz, 2H), 7.35 (dd, J
=9.1, 2.5 Hz, 2H), 7.16 (td, J = 8.7, 2.5 Hz, 2H), 1.58 (s, 9H).
13C NMR (100 MHz, DMSO) & 184.7, 174.7, 164.8, 162.3,
144.4, 143.3, 143.2, 133.9, 132.9, 132.9, 131.7, 131.5, 131.4,

129.0, 128.8,128.7, 128.3, 128.2, 127.9, 127.6, 127.6, 127.2, 127.0, 125.2, 114.2, 114.0, 109.5,
109.3, 31.1. IR(KBr)vmadcm™ 2939 (C—H), 1137 (C=S), HRMS (ESI):m/z [M+H]* calcd. for
CasH2sFN20S2, 587.1622 found 158.1617.

3-(1-cyclohexyl-2,4-diphenyl-1H-imidazol-5-yl)-2-thioxothiochroman-4-one ~ (5n) A

OH Nm\
N

AN

s” s

yellow solid (95 mg, 97%) mp 306-308 'C, *H NMR (400 MHz,
Chloroform-d) § 8.09 (dd, J =8.0, 1.1 Hz, 1H), 7.83 — 7.76 (m, 2H),
7.72 (dd, J=14.9, 7.3 Hz, 3H), 7.65 — 7.60 (m, 2H), 7.54 — 7.48 (m,
1H), 7.42 (d, J = 7.3 Hz, 1H), 7.34 (qd, J = 6.2, 5.2, 3.3 Hz, 3H),
7.28 (t, J = 7.3 Hz, 1H), 4.03 — 3.89 (m, 1H), 1.99 (dd, J = 22.9,
11.7 Hz, 2H), 1.68 — 1.53 (m, 3H), 1.37 (q, J = 13.4, 12.4 Hz, 2H),

0.96 (dg, J = 23.6, 11.5, 10.0 Hz, 2H), 0.66 (g, J = 13.0 Hz, 1H). 3C NMR (100 MHz,
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Chloroform-d) & 185.4, 174.4, 142.8, 140.4, 131.8, 131.1, 131.1, 130.6, 130.2, 129.0, 128.6,
128.3,128.0, 126.5, 125.9, 123.0, 59.1, 32.6, 32.1, 25.8, 25.6, 24.6. IR(KBI)vmaxd/cmt 2933 (C—
H), 1133 (C=S), HRMS (ESI):m/z [M+H]" calcd. for C3oH27N20S2, 495.1559 found 497.1715.

3-(1-cyclohexyl-2,4-di-p-tolyl-1H-imidazol-5-yl)-4-hydroxy-2H-thiochromene-2-thione

CHs  (50), A brownish crystalline solid (98 mg, 94%) mp 393-395
°C,'H NMR (400 MHz, Chloroform-d) & 14.53 (s, 1H), 8.08 (dd,
J=8.0, 1.5 Hz, 1H), 7.65 (d, J = 7.9 Hz, 2H), 7.55 — 7.46 (m,
5H), 7.43 — 7.38 (m, 1H), 7.36 — 7.30 (m, 1H), 7.15 (d, J = 8.0
Hz, 2H), 3.96 (tt, J = 12.4, 3.4 Hz, 1H), 2.46 (s, 3H), 2.24 (s, 3H),
1.98 (dd, J = 18.8, 12.7 Hz, 2H), 1.71 — 1.53 (m, 3H), 1.40 (dq, J
=127, 8.8, 6.4 Hz, 2H), 0.97 (dddd, J = 26.3, 16.3, 12.7, 9.3 Hz,
2H), 0.77 — 0.61 (m, 1H). **C NMR (100 MHz, Chloroform-d) & 185.4, 174.4, 142.6, 141.8,
140.4, 138.0, 130.7, 130.6, 130.5, 130.2, 129.6, 129.2, 128.7, 128.0, 126.5, 125.9, 125.5, 123.0,
122.3,118.5,59.1, 32.5, 32.0, 25.8, 25.6, 24.6, 21.1, 20.8. IR(KBr)vmax/cm™ 2943 (C-H), 1143
(C=S), HRMS (ESI):m/z [M+H]" calcd. for C32H31N20S>, 523.1872 found 523.1872.

3-(1-cyclohexyl-2,4-bis(4-methoxyphenyl)-1H-imidazol-5-yl)-4-hydroxy-2H-thiochro-

e mene-2-thione (5p), A brownish crystalline solid (99 mg, 90%)

oM
Q mp 332-334 °C, 'H NMR (400 MHz, DMSO-ds) & 8.08 (d, J = 8.0
L Hz, 1H), 7.67 (d, J = 8.5 Hz, 2H), 7.52 (dd, J = 8.8, 6.8 Hz, 3H),
\
N
NS

OH

7.40 (d, J=7.8 Hz, 1H), 7.33 (t, J = 7.5 Hz, 1H), 7.21 (d, J = 8.7
Hz, 2H), 6.90 (d, J = 8.8 Hz, 2H), 3.94 (m, 5.5 Hz, 1H), 3.88 (s,
3H), 3.70 (s, 3H), 2.05 — 1.90 (m, 2H), 1.71 — 1.53 (m, 3H), 1.41

OMe (d, J=11.4 Hz, 2H), 1.08 - 0.87 (m, 2H), 0.69 (dt, J = 13.4, 3.5 Hz,
1H). 13C NMR (125 MHz, DMSO-d) & 185.3, 174.5, 161.5, 159.2, 142.5, 140.5, 132.2, 130.6,
130.3, 129.8, 128.1, 127.9, 123.0, 118.9, 114.4, 114.0, 59.0, 55.6, 55.1, 32.1, 25.8, 25.7, 24.7.
IR(KBrvmax/cm™ 2932 (C— H), 1133 (C=S), HRMS (ESI):m/z [M+H]" calcd. for
C32H31N203S,, 555.1771 found 555.1770.
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3-(1-cyclohexyl-2,4-bis(3-methoxyphenyl)-1H-imidazol-5-yl)-4-hydroxy-2H-thiochrom-
ene -2-thione (5q), A light yellow crystalline solid (106 mg,
OMe 96%) mp 314-316 °C, *H NMR (400 MHz, Chloroform-d) &
o 14.57 (s, 1H), 8.13 — 8.05 (m, 1H), 7.60 (t, J = 8.1 Hz, 1H),
7.54 — 7.48 (m, 1H), 7.42 (d, J = 7.3 Hz, 1H), 7.38 — 7.27
(m, 5H), 7.26 — 7.19 (m, 2H), 6.83 (d, J = 6.6 Hz, 1H), 3.99
OMe (t,J=12.3 Hz, 1H), 3.88 (s, 3H), 3.61 (s, 3H), 2.00 (dd, J =
21.7, 12.4 Hz, 2H), 1.64 (dd, J = 25.4, 14.9 Hz, 3H), 1.42 (d, J = 12.2 Hz, 2H), 0.98 (dq, J =
26.7,16.0, 14.0 Hz, 2H), 0.70 (g, J = 16.1 Hz, 1H). *C NMR (100 MHz, DMSO-ds) & 185.47,
174.62, 159.31, 142.65, 140.48, 131.27, 130.78, 130.42, 130.29, 129.76, 128.11, 126.08,
123.16, 122.83, 118.76, 117.76, 115.91, 114,53, 111.67, 59.36, 55.76, 54.89, 32.61, 32.12,

25.88, 25.75, 24.78. IR(KBr)vmax/cm™ 2927 (C—H), 1139 (C=S), HRMS (ESI):m/z [M+H]*
calcd. for C32H31N203S;, 555.1771 found 555.1767.

3-(2,4-bis(4-chlorophenyl)-1-cyclohexyl-1H-imidazol-5-yl)-4-hydroxy-2H-thiochromene-
Cl  2-thione (5r), A yellow crystalline solid (91 mg, 102%) mp 323-

326 "C, *H NMR (500 MHz, Chloroform-d) & 8.09 (d, J = 7.9 Hz,

Q 1H), 7.82 (d,J =7.0 Hz, 2H), 7.75 (d, J = 8.1 Hz, 2H), 7.61 (d, J =

OH N
\\N 8.2 Hz, 2H), 7.51 (t, J = 7.5 Hz, 1H), 7.43 (t, J = 8.4 Hz, 3H), 7.34
D
(t, J =7.5 Hz, 1H), 3.95 (t, J = 11.7 Hz, 1H), 1.97 (dd, J = 26.4,
S S5

11.0 Hz, 2H), 1.59 (d, J = 10.9 Hz, 3H), 1.38 (q, J = 12.7, 12.2 Hz,

Cl 2H), 0.98 (dg, J = 27.0, 12.8 Hz, 2H), 0.70 (g, J = 12.5 Hz, 1H).*3C

NMR (126 MHz, Chloroform-d) 6 185.5, 174.5, 142.1, 140.4, 136.6, 133.0, 132.5, 131.6,

130.7,130.2,129.2,128.7, 128.2, 128.1, 126.0, 123.1, 118.5, 59.2, 39.5, 32.6, 25.8, 25.7, 24.7.

IR(KBr)vmax/cm™ 2934 (C— H), 1140 (C=S), HRMS (ESI):m/z [M+H]* calcd. for
C30H25CI2N203S;, 563.0780 found 563.0780.
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3-(2,4-bis(3-chlorophenyl)-1-cyclohexyl-1H-imidazol-5-yl)-4-hydroxy-2H-thiochromene-
2-thione (5s)A yellow solid (110 mg, 98%) mp 369-371 °C, H

Cl' NMR (500 MHz, Chloroform-d) 4 8.09 (d, J =7.7 Hz, 1H), 7.87

QN { (s, 2H), 7.64 (s, 2H), 7.53 (q, J = 9.9, 9.3 Hz, 3H), 7.42 (d, J =

7.7 Hz, 1H), 7.34 (t, J = 7.2 Hz, 1H), 7.23 (t, J = 8.6 Hz, 2H),
3.94 (t,J=11.6 Hz, 1H), 1.98 (dd, J = 32.8, 10.6 Hz, 2H), 1.59
(d, J = 11.5 Hz, 3H), 1.36 (dt, J = 24.4, 12.7 Hz, 2H), 1.10 -
0.87 (m, 2H), 0.69 (g, J = 12.2 Hz, 1H). *C NMR (125 MHz, Chloroform-d) & 185.7, 174.6,
164.9,163.1,162.9,161.1, 141.9, 140.4, 133.5, 133.4, 131.1, 130.8, 130.2, 128.9, 128.8, 128.3,
128.1,126.0,123.1,121.8, 118.3, 116.4, 116.2, 115.8, 115.6, 59.3, 32.6, 32.2, 25.8, 25.7, 24.7.

IR(KBr)vmax/cm™ 2937 (C— H), 1135 (C=S), HRMS (ESI):m/z [M+H]* calcd. for
C30H25CI2N203S,, 563.0780 found 563.0768.

3-(1-cyclohexyl-2,4-bis(3-hydroxyphenyl)-1H-imidazol-5-yl)-4-hydroxy-2H-thiochrom-
ene-2-thione (5t) A yellow solid (93 mg, 89%) mp 336-338

Q > ’C, 'H NMR (500 MHz, DMSO-de) § 14.55 (s, 1H), 10.21 (s,

OH N\\N 1H), 9.57 (s, 1H), 8.09 (d, J = 7.7 Hz, 1H), 7.56 — 7.27 (m,

X 4H), 7.24 — 6.94 (m, 6H), 6.69 (s, 1H), 4.00 — 3.90 (m, 1H),

s s 2.00 - 1.89 (m, 2H), 1.65 (dd, J = 43.5, 11.6 Hz, 3H), 1.43 (d,
OH

J=11.2 Hz, 2H), 1.29 — 1.18 (m, 1H), 1.02 — 0.92 (m, 1H),
0.71 (g, J = 11.9, 11.5 Hz, 1H). 3C NMR (125 MHz, Chloroform-d) & *3C NMR (101 MHz,
DMSO) 6 185.3, 174.4, 157.5, 157.3, 157.2, 152.7, 142.6, 140.5, 130.9, 130.6, 130.3, 129.5,
128.0, 125.9, 123.0, 121.1, 118.9, 117.3, 117.0, 113.6, 59.2, 32.5, 31.9, 30.8, 25.7, 24.6.
IR(KBrvmax/cm™ 2929 (C- H), 1133 (C=S), HRMS (ESI):m/z [M+H]* calcd. for
C30H27N203S2, 527.1458 found 527.1445.

7-chloro-3-(1-cyclohexyl-2,4-diphenyl-1H-imidazol-5-yl)-2-thioxothio  chroman-4-one.

(5u)A pale yellow solid (91 mg, 87%) mp 336-338 ‘C, 'H NMR
Q /’ (500 MHz, Chloroform-d) 6 8.08 (d, J =8.0 Hz, 1H), 7.82 - 7.70
? N\\N (m, 4H), 7.61 (d, J = 8.3 Hz, 2H), 7.51 (t, J = 7.6 Hz, 1H), 7.40

(t, J =6.2 Hz, 3H), 7.33 (t, = 8.1 Hz, 2H), 3.93 (t, = 12.6 Hz,
1H), 1.96 (dd, J = 20.5, 12.4 Hz, 2H), 1.61 (g, J = 12.1, 10.0 Hz,

Cl
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3H), 1.40 (t, J = 12.0 Hz, 2H), 0.98 (dd, J = 30.2, 14.0 Hz, 2H), 0.71 (q, J = 13.3 Hz, 1H).3C
NMR (126 MHz, Chloroform-d) 6 185.1, 174.4, 142.1, 140.4, 132.4, 131.5, 131.0, 130.5,
130.2,129.0,128.5, 128.0, 127.8, 127.5, 127.1, 125.8, 123.0, 59.0, 32.5, 32.2, 25.8, 25.6, 24.6.
IR(KBr)vmax/cm™ 2929 (C— H), 1137 (C=S), HRMS (ESI):m/z [M+H]* calcd. for
C3oH26CIN20OS», 529.1170 found 529.1170.

3-(1-cyclohexyl-2,4-di-p-tolyl-1H-imidazol-5-yl)-7-fluoro-4-hydroxy-2H-thiochromene-
Me 2-thione (5v) A golden yellow solid (98 mg, 91%) mp 316-318
"C, 'H NMR (400 MHz, Chloroform-d) & 8.10 (dd, J = 8.9, 6.0
Hz, 1H), 7.58 (d, J = 7.6 Hz, 2H), 7.46 (dd, J = 17.7, 7.8 Hz,
4H), 7.33 (dd, J = 9.2, 2.6 Hz, 1H), 7.19 — 7.00 (m, 4H), 3.90
(s, 1H), 2.44 (s, 3H), 2.23 (s, 3H), 1.93 (s, 2H), 1.70 — 1.51 (m,
3H), 1.49 - 1.36 (m, 2H), 1.07 — 0.88 (m, 2H), 0.69 (q, J = 13.3
Hz, 1H). 3C NMR (126 MHz, DMSO) & 195.7, 185.4, 173.8,
163 (d, J = 251.2 Hz, 1C), 162.2, 142.8, 142.1, 138.3, 131.1,
130.6, 130.3, 129.7, 129.3, 128.8 (d, J = 3 Hz, 1C), 127.1, 126.6, 125.2, 118.3, 114.0 (d, J =
23.7 Hz, 1C), 109.2 (d, J = 23.7 Hz, 1C), 59.3, 32.6, 32.1, 25.8, 25.7, 24.7, 21.2, 20.8.
IR(KBr)vmax/cm™ 2927 (C—- H), 1135 (C=S), HRMS (ESI):m/z [M+H]* calcd. for
C32H30FN20S2, 541.1778 found 541.1710.

3-(1-cyclohexyl-2,4-di(naphthalen-2-yl)-1H-imidazol-5-yl)-4-hydroxy-2H-thiochromene-
2-thione (5x). A orange solid (103 mg, 87%) mp 356-358 °C, H

OO NMR (400 MHz, DMSO-ds) 6 14.98 (s, 1H), 8.53 (s, 1H), 8.24 (t,

J =12.6 Hz, 3H), 8.13 (dd, J = 10.5, 7.6 Hz, 2H), 7.94 — 7.82 (m,
3H), 7.81 — 7.70 (m, 4H), 7.51 (dd, J = 6.3, 3.2 Hz, 3H), 7.45 (d, J
=7.5Hz, 1H), 7.35 (t, J = 7.9 Hz, 1H), 4.11 (t, J = 12.3 Hz, 1H),
2.10 (t, J=11.3 Hz, 2H), 1.83 — 1.68 (m, 1H), 1.59 (t, J = 13.4 Hz,
2H), 1.48 (d, J = 12.3 Hz, 1H), 1.38 (d, J = 12.7 Hz, 1H), 1.00 (dd,
J =21.8, 12.8 Hz, 2H), 0.64 (g, J = 13.1 Hz, 1H). ®C NMR (101 MHz, DMSO-ds) & 185.7,
142.9,140.4,133.7,132.0, 131.9, 131.3, 130.6, 130.2, 128.7, 128.5, 128.2, 128.0, 127.9, 127.9,
127.6,127.6, 126.4, 125.9, 124.1,123.0, 118.4, 59.4, 25.7, 25.6, 24.6. . IR(KBr)vmax/cm™ 2926
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(C—H), 1143 (C=S), HRMS (ESI):m/z [M+H]* calcd. for CssHsoN20S,, 595.1873 found
595.1853.

7-chloro-3-(1-cyclohexyl-2,4-di(naphthalen-2-yl)-1H-imidazol-5-yl)-4-hydroxy-2H-thio
chromene-2-thione (5x) A orange solid (111 mg, 98%) mp 366-
368 'C, 'H NMR (400 MHz, Chloroform-d) & 8.50 (s, 1H), 8.22
OHQN (t, J=12.3 Hz, 3H), 8.12 (t, J=8.0 Hz, 2H), 7.93 - 7.81 (m, 3H),
7.79 — 7.68 (m, 4H), 7.54 — 7.42 (m, 4H), 7.36 — 7.31 (m, 1H),
4.09 (t, J =11.6 Hz, 1H), 2.07 (d, J =8.8 Hz, 2H), 1.75 (9, J =
11.1, 9.7 Hz, 1H), 1.65 — 1.33 (m, 4H), 0.98 (dq, J = 25.4, 12.8
Hz, 2H), 0.65 (t, J = 12.8 Hz, 1H). °C NMR (101 MHz,
Chloroform-d) & 174.62, 140.47, 133.72, 132.63, 132.11, 130.64, 130.60,  130.32, 128.72,
128.16, 128.07,127.98, 127.92, 127.61, 126.71, 126.56, 125.93, 124.25, 123.08, 59.32 (d, J =
1.6 Hz), 32.66, 32.21, 25.79, 25.68, 24.67. IR(KBr)vmax/cm™ 2927 (C-H), 1133 (C=S), HRMS
(ESI):m/z [M+H]" calcd. for CagH39CIN2OS, 629.1483 found 629.1450.

\

Cl

3-(1-cyclohexyl-2,4-di(naphthalen-2-yl)-1H-imidazol-5-yl)-7-fluoro-4-hydroxy-2H-thio
chromene-2-thione (5y). A yellow solid (110 mg, 90%) mp 306-
308 'C,'H NMR (500 MHz, Chloroform-d) § 15.06 (s, 1H), 8.48 (s,

on N 1H), 8.21 (d, J = 14.2 Hz, 2H), 8.18 — 8.09 (m, 2H), 7.87 (g, J =
N 7.8, 7.3 Hz, 3H), 7.73 (dt, J = 22.8, 7.4 Hz, 4H), 7.54 — 7.46 (m,
F s7s 2H), 7.38 (t, J = 10.2 Hz, 1H), 7.29 — 7.13 (m, 2H), 4.22 — 3.90 (m,

1H), 2.06 (d, J = 12.6 Hz, 2H), 1.74 (q, J = 12.9 Hz, 1H), 1.58 (t, J
= 16.7 Hz, 2H), 1.46 (q, J = 12.5 Hz, 1H), 1.38 (d, J = 12.8 Hz, 1H), 0.99 (dg, J = 26.0, 13.3
Hz, 2H), 0.72 — 0.58 (m, 1H). *C NMR (101 MHz, Chloroform-d) § 173.8, 163.1 (d, J = 251.0
Hz), 143.2,142.8 (d, J=9.2 Hz), 133.7,132.6, 132.4, 132.1, 131.4, 131.2, 131.0, 130.9, 128.7,
128.4,128.1, 127.9, 127.6, 127.1, 126.7, 126.5, 125.8, 124.2, 113.7 (d, J = 23.6 Hz), 109.2 (d,
J = 23.5 Hz), 59.4, 32.6, 32.2, 25.7, 25.6, 24.6. IR(KBr)vmax/cm™ 2929 (C—H), 1137 (C=S),
HRMS (ESI):m/z [M+H]" calcd. For C3sH3FN20S> 613.1778 Found 613.1778.
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3-(2,4-diphenyl-1-(2,4,4-trimethylpentan-2-yl)-1H-imidazol-5-yl)-2-thioxothio chroman-
4-one (5z)A orange solid (85 mg, 82%) mp 361-363 "C *H NMR (400

§ p MHz, DMSO-de) & 8.10 (d, J = 7.7 Hz, 1H), 7.76 — 7.71 (m, 2H), 7.69

o’ N — 7.64 (m, 2H), 7.61 — 7.53 (m, 3H), 7.50 — 7.46 (m, 1H), 7.38 (t, J =
@{\ﬁ 8.1 Hz, 1H), 7.34 — 7.30 (m, 2H), 7.27 (d, J = 7.5 Hz, 2H), 2.21 (d, J =
g @ 14.9 Hz, 1H), 1.96 (d, J = 14.9 Hz, 1H), 1.59 (d, J = 13.0 Hz, 6H), 0.82

(s, 9H). BC NMR (126 MHz, DMSO-ds) & 184.54, 175.43, 174.43,

144.09, 141.00, 131.49, 130.92, 130.89, 129.74, 129.06, 128.80, 128.68, 128.56, 127.78,

126.85, 126.25, 123.33, 123.27, 54.16, 31.82, 31.30, 30.57, 30.02. IR(KBr)vmax/cm™ 2937 (C—
H), 1142 (C=S), HRMS (ESI):m/z [M+H]* calcd. for Ca;H33N20Sz, 525.2029 found 525.2021.

3-(2,4-bis(4-bromophenyl)-1-(tert-butyl)-1H-imidazol-5-yl)-4-hydroxy-2H-thiochrom-
Br ene-2-thione (5a’). A yellow solid (91 mg, 82%) mp 351-353
‘C,'H NMR (400 MHz, Chloroform-d) & 14.94 (s, 1H), 8.10 (d, J
= 8.6 Hz, 1H), 7.86 (d, J = 8.4 Hz, 2H), 7.73 (d, J = 8.3 Hz, 2H),
~ 7.51 (q, J = 8.8 Hz, 5H), 7.41 — 7.29 (m, 2H), 1.51 (s, 9H). °C
(:(i(‘\ NMR (126 MHz, DMSO) 6 184.3, 174.8, 142.8, 140.4, 133.0,
i Q 132.2, 131.7, 131.3, 130.5, 130.2, 129.3, 128.8, 128.1, 125.8,
Br 125.1, 122.9, 122.5, 121.9, 64.0, 30.6. IR(KBr)vmax/cm™ 2924 (C-

H), 1136 (C=S), HRMS (ESI):m/z [M+H]" calcd. for C2sH2sN4OS,, 624.9613 found 624.9590
and 626.9573.

7-chloro-3-(1-cyclohexyl-2,4-diphenyl-1H-imidazol-5-yl)-4-hydroxy-2H-thiochrome-
\\ ne-2-thione (5b"). A yellow solid (91 mg, 82%) mp 321-323 °C,
N NH 1 NMR (400 MHz, DMSO-ds) & 14.67 (s, 1H), 8.35 — 8.28 (m,
oH N\\ 1H), 8.15 — 8.07 (m, 1H), 7.90 (dd, J = 4.9, 3.0 Hz, 1H), 7.72 —
Q:i(‘\ 7.66 (M, 1H), 7.58 — 7.54 (m, 1H), 7.50 (tt, J = 4.1, 2.0 Hz, 2H),
ST TS @H 7.41(d,J=7.6 Hz, 1H), 7.38 — 7.31 (m, 1H), 7.30 — 7.25 (m, 1H),
1.54 (s, 9H).13C NMR (101 MHz, DMSO) 5 183.8, 174.6, 140.4, 138.9, 131.8, 131.3, 130.6,
130.2,129.8,128.9, 128.5, 128.0, 127.7, 126.6, 125.9, 125.8, 125.5, 123.0, 122.9, 63.9, 30.1.

IR(KBrvmadcm™ 2924 (C— H), 1136 (C=S), HRMS (ESI):m/z [M+H]* calcd. for
CasH2sN4OS,, 447.1308 found 447.1308.
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Figure 8. Single Crystal XRD data of Compounds 5b, 5g, and 5o.

Experimental section

ORTEP Diagram of compound 5b with CCDC number 2488799.
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Entry Identification Code Compound 5b
01 Empirical formula C30H28 N20S;
02 Formula weight 496.66
03 Temperature 295 K
04 Wavelength 0.71073
05 Crystal system Triclinic
06 Space group p-1

a 9.5477 (3)
07 Cell length b 14.3505 (9)
€ 21.3607 (13)
a 103.134 (2)
08 Cell angle B 100.471 (2)
v 105.051 (2)
9 Cell volume 2660.7 (3)
10 Density 1.240 g/cm?®
11 Completeness to theta 0.997
h=12
12 Index ranges k=18
| =27
13 Theta (Max) 27.148
14 Cell formula units Z 4
15 CCDC no 2488799
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CHAPTER V

Figure 9. Single Crystal XRD data of Compounds 59

Experimental section

ORTEP Diagram of compound 5g with CCDC number 2488801

TH-4093_216122051

Entry Identification Code Compound 5g
01 Empirical formula Cs2H30 N20S2
02 Formula weight 522.70
03 Temperature 296 K
04 Wavelength 0.71073
05 Crystal system Monoclinic
06 Space group cl2/C1

a27.695 (11)
07 Cell length b 9.440 (3)
c 23.384 (9)
a 90
08 Cell angle B 170.081 (18)
v 90
09 Cell volume 5443 (4)
10 Density 1.276
11 Completeness to theta 0.991
h=32
12 Index ranges k=11
| =27
13 Theta (Max) 24.999
14 Cell formula units Z 8
15 CCDC no 2488801
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CHAPTER V

Figure 10. Single Crystal XRD data of Compounds 50

Experimental section

ORTEP Diagram of compound 50 with CCDC number 2488804.
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Entry Identification Code Compound 50
01 Empirical formula CzoH27 FN20S>
02 Formula weight 514.66
03 Temperature 298 K
04 Wavelength 0.71073
05 Crystal system Triclinic
06 Space group p-1

a 9.5308 (4)
07 Cell length b 14.4043 (6)
C 21.8666 (12)
a 106.748(2)
08 Cell angle B94.594 (2)
v 105.810 (1)
09 Cell volume 2724.6 (2)
10 Density 1.255 g/cm?®
11 Completeness to theta 0.998
h=11
12 Index ranges k=17
| =26
13 Theta (Max) 24.999
14 Cell formula units Z 4
15 CCDC no 2488804
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https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/79500af6-9893-f011-96d7-00505695f620
https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/79500af6-9893-f011-96d7-00505695f620

Experimental section

CHAPTER V

Figure 11. *H NMR (500 MHz, DMSO-ds) spectrum of compound 5n

ATK-A-CNA-TC-4MEO-1H.1.fid — ATK-A-CNA-TC-4MEO-1H
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Figure 12. B®C{*H} NMR (125 MHz, DMSO-ds) spectrum of compound 5n
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Figure 13. HRMS of compound 5n
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Figure 14. HRMS of Intermediate Iminium ion ,
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Figure 15. HRMS of Intermediate A
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Figure 16. HRMS of Intermediate B
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Figure 17. HRMS of Intermediate D
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CHAPTER VI | summary

Chapter VI

Summary

During my Doctoral Studies, | explored the reactivity of 4-hydroxydithiocoumarin with
different types of reactants, and various interesting results were obtained, summarised in

Figure 1 below.
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CHAPTER VI Future Scope

Future Scope

In the third chapter, we have successfully synthesised thiopyrano derivatives using
vinyl ethers. These successful results can be extended towards the synthesis of fused

thiophene derivatives by tuning the reaction conditions, as depicted in Scheme 1.

O OH O —
Vol I (l
I Y oL, S
s s s s
he2 | A OH
h=2 - ]

Scheme 1. Synthesis of Fused Thiophene and 2-Substituted Thiophene Derivatives

In addition, the present study can be further explored towards the synthesis of thiozole
derivatives. The thiozoles are important heterocyclic compounds, as they constitute the core
structure of several naturally occurring organosulfur compounds, such as penicillin and vitamin
B1 (thiamine), as illustrated in Figure 1 in Chapter I. 4-Hydroxydithiocoumarin can serve as

a potential precursor for the synthesis of a new class of thiozole derivatives, as shown in

Scheme 2.
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Scheme 2. Synthesis of Thiozole Derivatives
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The hitherto unreported synthesis of 2-aryl-2H,5H-thiopyrano[2,3-b]thiochromen-5-one derivatives was
achieved from 4-hydroxydithiocoumarin and cinnamaldehyde using 20 mol% L-proline, an environmen-

Received 15th December 2023, tally benign organocatalyst in methanol under reflux conditions. The current approach involves imine for-

Accepted 11th January 2024
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mation, followed by a Mannich reaction, instead of a 1,4-addition or thia-Michael reaction, and finally,
cyclization. The salient features of this method are mild reaction conditions, broad substrate scope, good
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Introduction

Sulfur-containing heterocyclic compounds are gaining more
attention from researchers because of their profound and
immense biological importance, and their potential as useful
precursors for drug design.'®“ Among organosulfur com-
pounds, thiochromene and thiopyran exhibit many biological
activities;** the former is used to synthesize drugs in medic-
inal chemistry.®> Our research group demonstrated the useful-
ness of 4-hydroxydithiocoumarin as the key starting material
for the synthesis of new molecules by exploring its reactivity
with various reactants, as well as their biological importance,
which has been reviewed recently.* Earlier, we noted that the
reaction of 4-hydroxydithiocoumarin and aromatic aldehyde
using 10 mol% t-proline as a catalyst generated a pentacyclic
molecule through the Knoevenagel reaction via a pseudo-
three-component reaction depicted in Scheme 1a.> We have
also observed that 4-hydroxydithiocoumarin reacts with
B-nitrostyrene, which acts as a Michael acceptor, to provide an
unusual oxime product as summarised in Scheme 1b.® The
present study intends is to investigate whether cinnamalde-
hyde will behave similar to aromatic aldehyde or the reaction
behavior will be like that of p-nitrostyrene products.
Interestingly, it was observed that the reactivity of cinnamalde-
hyde was found to be different from aromatic aldehyde, as well
as p-nitrostyrene, where a different product 3 was obtained,

Department of Chemistry, Indian Institute of Technology Guwahati, Guwahati-
781039, Assam, India. E-mail: atk@iitg.ac.in

tElectronic supplementary information (ESI) available. CCDC 2311036. For ESI
and crystallographic data in CIF or other electronic format see DOIL https:/doi.
01g/10.1039/d30b02051g
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TH-4093_216122051

yield, atom economy, and shorter reaction time.

which is described in the manuscript. Therefore, we tried to
explore the reactivity pattern of 4-hydroxydithiocoumarin by react-
ing it with a-f-unsaturated aldehyde using r-proline as an organo-
catalyst. Because of its versatile catalytic properties, it has recently
been used in various organic syntheses, particularly in MCRs,”*” as
an asymmetric catalyst in an aldol reaction,® and Mannich reac-
tion’ with excellent enantioselectivity,'*** regioselectivity,”" and
chemoselectivity.'” Cravotto et al. reported™® the synthesis of thio-
pyrano derivatives from 4-hydroxythiocoumarin and substituted
o,B-unsaturated aldehydes.

Previous work

OH O Ph O
(0] .
N\ L.proline
2 m * HJLF’h MecCN, reflux, 0 |
S* ™8
Scheme 1a
OH
X NO,
S ©/\’ KOy
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Present work
Scheme 1c
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Scheme 1 Comparison of previous work with present work.
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Copper-catalysed regioselective S-alkylation and
C-3(H) activation of 4-hydroxydithiocoumarins
and 4-hydroxy-2H-chromene-2-thione: easy access
to 4-methyl-3,4-dihydrothiopyran derivatives+
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A useful and expedient synthetic route for the synthesis of 4-methyl-3,4-dihydrothiopyran derivatives
(3a—p & 6a—0) was accomplished by employing 4-hydroxydithiocoumarins/4-hydroxy-2H-chromene-2-
thione and substituted vinyl ethers in the presence of 10 mol% Cu() iodide catalyst in toluene under reflux
conditions. Notably, the reaction between 4-hydroxydithiocoumarin and ethyl vinyl sulfide (4) provided
the cyclized products 5a—e, whereas the reaction between 4-hydroxy-2H-chromene-2-thione and ethyl
vinyl sulfide 4 gave only the hydrothiolation products 7a—c under identical reaction conditions. Similarly,
the reaction of 4-hydroxydithiocoumarin with phenyl vinyl ether also provided the hydrothiolation pro-
ducts 3q-s instead of the expected cyclized products under similar reaction conditions. The present
methodology involves the formation of two new C-C bonds and one C-S bond via regioselective

Received 26th June 2025, S-alkylation and C-3 activation of 4-hydroxydithiocoumarin/4-hydroxy-2H-chromene-2-thione in a

Accepted 1st August 2025
DOI: 10.1039/d5qo00949a

single step at the expense of one C—O/C-S bond. The current procedure possesses several positive fea-
tures, such as a broad substrate scope, high regioselectivity, moderate to good yields, high atom

rsc.li/frontiers-organic economy, mild reaction conditions, and a shorter reaction time.

Introduction

Due to the prevalence of C-S bonds in numerous biological
and pharmacological substances, there has been continuous
interest in developing mild and effective processes for the for-
mation of carbon-sulfur bonds." Recently, both C-S coupling
reactions and direct C-H functionalizations have been estab-
lished for C-S bond formation.” Classical approaches for the
construction of C-S bonds include either the direct coupling
of organic halides with thiols or the addition of thiols to unsa-
turated C-C bonds. However, the synthesis of C-S bonds
through hydrothiolation reactions and C(sp®)-H activation has
been less explored with electron-rich olefins, particularly vinyl
ethers (VEs). VEs have numerous synthetic applications as

“Department of Chemistry, Indian Institute of Technology Guwahati, Guwahati-
781039, Assam, India. E-mail: atk@iitg. ac.in, prof.atkhan@gmail.com,
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YDepartment of Medicinal Chemistry, National Institute of Pharmaceutical Education
and Research, S.A.S. Nagar, Mohali, 160062 Punjab, India.

E-mail: mehaksood88@gmail.com, pvbharatam@niper.ac.in

tThis work is dedicated to my postdoctoral mentor, Professor Goverdhan
Mehta, University Distinguished & Dr Kallam Anji Reddy Chair Professor,
University of Hyderabad, on the occasion of his 82nd birthday.
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monomers in polymer synthesis,® MCRs,* Diels-Alder reac-
tions,” and Claisen rearrangements.® They have also been
exploited in the synthesis of natural products, new physiologi-
cally active molecules, and heterocycles.” Montevecchi et al.
demonstrated the synthesis of a thioether from a pseudo-
heterocyclic thiol and vinyl ether in the presence of AIBN.® In
addition, Yamashita et al. reported the synthesis of a pyrazole
by using vinyl ether in the presence of a chiral Zr catalyst via
C-H activation.’ Still, the chemistry of vinyl ethers and their
sulfur equivalents is under investigation and can be explored
further to generate new transformations.'® On the other hand,
organosulfur compounds are abundant in nature and signifi-
cantly impact medicinal chemistry.>'" Among various organo-
sulfur compounds, thiopyran derivatives exhibit a wide variety
of biological activities, such as antimicrobial,'* antitumor,?
anticancer,"* and antiviral activities."* Over the past decade,
our group has been actively involved in synthesizing various
sulfur-containing biologically active hybrid molecules, using
4-hydroxydithiocoumarin as a key precursor, and its chemistry
has also been reviewed by our research group.'’ Developing a
more efficient route towards a-aryl thioethers from 4-hydroxy-
dithiocoumarin/4-hydroxy-2H-chromene-2-thione under environ-
mentally benign reaction conditions would be highly advan-
tageous. In 2020, our research group demonstrated the synthesis

This journal is © the Partner Organisations 2025
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ABSTRACT: The catalyst-free reaction between 4-hydroxydithio-
coumarin and isocyanide was investigated, yielding substituted (E)-
3-aminomethylene-2-thioxothiochroman-4-one derivatives (3) re-
gioselectively at the C-3 position of 4-hydroxydithiocoumarin.
Cycloaddition of product 3 with acetylene-1,4-dicarboxylate ester
afforded adduct 6 regioselectively in good yields. Substrates 3a and
3e reacted with propargyl bromide (7) in the presence of
potassium carbonate in acetone, giving the unusual products 8a
and 8e. DFT calculations explored the mechanism of 3e formation
and its reaction energy profile with alkynes. This protocol offers a
broad substrate scope, good yields, ease of handling, catalyst-free
conditions, high atom economy, regioselectivity, and a shorter

reaction time.

B INTRODUCTION

Organo-sulfur compounds are being investigated in different
research areas because of their remarkable biological and
pharmaceutical importance, as well as their utility in diverse
organic transformations.'”* Compounds derived from 4-
hydroxycoumarin, such as the naturally occurring dicoumarol™
and the non-natural warfarin,”® exhibit anticoagulant activities.
The analogs of 4-hydroxycoumarin (I), such as 4-hydroxythio-
coumarin (II) and 4-hydroxydithiocoumarin (III), bear a
structural resemblance (Figure 1).

4-Hydroxycoumarin 4-Hydroxythiocoumarin 4-Hydroxydithiocoumarin

Figure 1. Analogues of 4-hydroxycoumarin.

Since 2014, our research group has extensively investigated
the reactivity of 4-hydroxydithiocoumarin and demonstrated the
synthesis of numerous new chemical entities by exploiting C-3
and C=S positions.”~'* Recently, these successful results are
also summarized in a review article.'* 4-Hydroxydithiocoumarin
can exist in three possible tautomeric forms'® (Figure 2),
generating three nucleophilic sites when treated with a base.

Since 1838, isocyanide has captured the interest of synthetic
chemists because its terminal carbon atom can behave both as a

© 2025 American Chemical Society
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Figure 2. Three tautomeric forms of 4-hydroxycoumarin. III is the
most stable form. The calculations were carried out using the B3LYP/
6—31+G(d,p) level of DFT. All the energy values are estimated using
the free energy (G) values. The relative energies of the reaction path are

provided in kcal/mol.

+4.73
A kcal/mol

nucleophile and an electrophile (@-addition).'”"® This unique
characteristic makes isocyanide a highly attractive starting
material for creating new molecules. Isocyanides can also exist in
two resonating forms (Figure 3).

Numerous new molecules have been synthesized in the
pharmaceutical industry by utlhzlngig isocyanides in various
multicomponent reactions (MCRs) Moreover, isocyanide-
based MCRs, such as the Passerini’® and Ugi reactions, are well
documented for diversity-oriented synthesis.”"
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This study introduces a catalyst-free, highly efficient synthetic strategy for constructing hitherto unreported
tetra-substituted imidazole-bound bis-heterocyclic (BHC) derivatives via a pseudo-five-component reac-
tion. The method provides selective reactivity at the C3 position of 4-hydroxydithiocoumarin, rather than
the expected C=S, in which one equivalent each of 4-hydroxydithiocoumarin, isocyanide, and ammonium
acetate and two equivalents of aryl aldehyde participate to form two C-C and two C-N bonds in a single
operation. This protocol is distinguished by its remarkable atom economy (83.4%), an exceptionally low
environmental factor (E-factor = 0.19), and environmentally benign reaction conditions. Moreover, this one-
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pot process affords good yields without the need for column chromatographic separation, thereby reducing
the use of additional auxiliaries. Notably, the resulting BHC derivatives, 51 and 5m, exhibit promising antipro-
liferative activities, highlighting the potential impact of this sustainable synthetic approach. In addition, the

rsc.li/frontiers-organic

1. Introduction

Bis-heterocycles (BHCs) are organic compounds that contain
two heterocyclic moieties within a single molecule." These
rings can be identical or different and are often connected via
a covalent bond, a linker, or ring fusion.> The involvement of
two heterocycles, rather than a discrete unit, in a single unit
enhances the overall activity and orthogonal reactivity of func-
tional groups.>* Consequently, BHCs show vast applications in
medicinal chemistry, pharmaceutical sciences, and in the
development of new anticancer drugs.>® Owing to these appli-
cations, scientists have constructed various BHCs via multi-
component reaction (MCR) approaches.”™ MCRs are con-
sidered a powerful synthetic toolbox for the construction of
complex organic frameworks in a single step.”>"” In a typical
MCR, more than two reactants are combined in a single pot to
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newly developed product exhibits an unusual structural pattern, as observed by single-crystal XRD.

produce the desired product, thereby enabling the generation
of a wide variety of chemical entities simply by changing the
starting materials. Some critical advantages of MCR are high-
atom-efficiency, one-pot operation, ease of handling, creation
of orthogonal reactive functional groups, and contributions to
sustainability."®'” Wang, Y. et al. reported bis-heterocycles
through an MCR using phenanthrene-9,10-dione, an aryl
amine, and formyl-coumarin (Scheme 2a). Meanwhile,
Ghomeshi et al. demonstrated bis-heterocycles (coumarin-
imidazole) through a three-component reaction from 4-formyl-
coumarin, benzil and ammonium acetate, as shown in
Scheme 2b. 4-Hydroxydithiocoumarin is a known thio-ana-
logue of 4-hydroxycoumarin, bearing three prominent nucleo-
philic reactive sites.'® These multifunctional sites make
4-hydroxydithiocoumarin a fascinating and versatile building
block in various organic transformations to access sulfur-con-
taining heterocyclic compounds.'®>* Building on this, in
2021, our research group reviewed the reactivity switch of
4-hydroxydithiocoumarin, summarising nearly all prior reac-
tions.>®> Moreover, our previous study explored the reactivity of
4-hydroxydithiocoumarin, which is an ambient nucleophile,
with another nucleophile, isocyanide, to form alkylamino
methylene regioselectively at the C3 position of 4-hydroxy-
dithiocoumarin via two-component reactions, as shown in
Scheme 2c. In the literature, it is also reported that 4-hydroxy-
dithiocoumarin reacts with aryl aldehydes via a Knoevenagel
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