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ABSTRACT
Coumarin moiety has played a center-stage role in designing a good number of fluorescent and

fascinating heterocyclic architectures. Coumaryl-labelled/tagged amino acids have received
special interest due to their sensitivity to pH and solvent polarity that makes them excellent
fluorescent molecules to investigate numerous biological processes in living organisms.
Coequally, coumarin-appended and coumarin-fused heterocycles are considerd as valuable
targets in synthetic chemistry because of their broad range of applications in the field of material
and medicinal chemistry. The work disclosed in the present thesis entitled “Coumarin-
appended Amino Acids and Azaheterocycles: Design, Synthesis, Photophysical Studies and
Sensing Applications of Selected Compounds” was successfully executed in due diligence of
sustainable chemistry, and the thesis has been divided into five chapters

The first chapter of thesis is divided into two parts. Chapter 1A of the thesis presents a
straightforward Cu-catalyzed microwave-assisted protocol for the synthesis of N-coumaryl
amino acids by coupling 4-chlorocoumarin and a-L-amino acids in water. Interestingly, various
a-amino acids possessing polar and non-polar side chains showcased good reactivity, affording
their corresponding N-coumaryl amino acids in excellent yields. Absorption and fluorescence
spectra of all synthesized compounds were recorded, and quantum yields were computed. The
chemical applicability of the synthesized N-coumaryl amino acids as a fluorescent probe was
illustrated by coupling a representative N-coumaryl amino acid with a N-terminus dipeptide
under coupling conditions to afford N-coumaryl tripeptide in high yield. The methodology was
further extended to synthesize coumaryl-labelled lysine and tyrosine motifs under Cu-catalyzed
microwave-assisted conditions in water.

Chapter 1B of the thesis describes the application of click chemistry for synthesizing triazolyl
linked coumarin-amino acid hybrids using two strategies. Following first strategy, Cu-catalyzed
azide—alkyne cycloaddition (CuUAAC) reaction between clickable protected amino acyl O-
propargyl esters and 4-azido-2H-chromen-2-one (or 7-hydroxy-4-azidomethyl-2H-chromen-2-
one) comfortably afforded 4-triazolyl (or 4-triazolylmethyl) linked coumarin-amino acid/peptide
hybrids in good-to-excellent yields. While following the second strategy, Cu-catalyzed [3+2]
cycloaddition reaction between clickable 4-methyl-7-(prop-2-ynyloxy)-2H-chromen-2-one (or 4-
(prop-2-ynyloxy)-2H-chromen-2-one) and o-azido esters furnished two series of 7-O-

triazolylmethyl and 4-O-triazolylmethyl coumarin-amino acid hybrids in 82-90% yields. The



synthesized compounds exhibited good fluorescence properties, and their chemical applicability
as fluorescent labels was successfully exemplified by coupling them with appropriate C- or N-
terminus amino acids, furnishing corresponding triazolyl linked coumarin-peptide hybrids in
high yields.

The second chapter of thesis is also divided into two parts. Chapter 2A of the thesis discloses
the synthesis of two coumarin-derived indole-based probes, which were identified as efficient
sensors for selective detection of Hg?* and Li* in organo-aqueous media. Among these, N-((7-
hydroxy-2-oxo-2H-chromen-4-yl)methyl)-2-(1H-indol-3-yl)acetamide  displayed remarkable
selectivity towards Hg®* sensing in H.O-DMF mixture as a turn-off fluorescence response,
whereas  N-((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)-1H-indole-2-carboxamide  showed
remarkable selectivity towards Li* sensing in H.O-CH3CN as a turn-on fluorescence response.
The most probable binding site of complexing Hg?* and Li* to the respective probes was
explained on the basis of detailed UV-Vis spectroscopic studies, Benesi-Hildebrand plots, H
NMR titrations and DFT calculations.

Chapter 2B of the thesis discloses the synthesis of two coumarin-derived imidazolium salts and
one benzimidazolium salt, which were identified as efficient sensors for selective detection of
picric acid in aqueous medium. The detection limits of the probes for picric acid sensing were
calculated to be 107 nM, 87 nM and 208 nM, respectively. Based on the UV-Vis studies, and
time resolved fluorescence results, the formation of ground-state charge-transfer complex
formation appears to be predominant mechanism in solution, which also got support from DFT
calculations.

The third chapter of thesis discloses an efficient, one-pot Cu-catalyzed tandem protocol for the
synthesis of fluorescent 3-benzyl-2-phenyl-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-ones
from 4-chloro-3-formylcoumarin and benzylamines by in situ intramolecular cross-
dehydrogenative C(sp®)-N bond formation under ligand-free ambient conditions. This synthesis
was easily scalable, and an array of benzylamines delivered coumarin-fused pyrimidine in
moderate-to-good yields. Detailed investigations were performed to propose the mechanism of
this unprecedented reaction. The synthesized coumarin-fused pyrimidines exhibited interesting
photophysical properties and high quantum yields, and would be potential candidates for

facilitating suitable studies in medicinal chemistry and material science.



The fourth chapter of thesis discloses a concise cascade strategy for the synthesis of 6H-
chromeno[4,3-b]quinolin-6-ones from 4-hydroxycoumarins and arylhydrazine hydrochlorides in
DMSO. The synthetic strategy relies on dual role of ammonium acetate in generating 4-
(aminophenyl)coumarin from 4-hydroxycoumarin and arylhydrazine via aryl radical formation,
and C(sp?)-H formylation of coumarin using DMSO as a methine source. The strategy was
scalable, and an array of arylhydrazine hydrochlorides delivered chromene-fused quinolinones in
good-to-excellent yields. A detailed mechanistic investigation was performed to understand the
mechanism of this unique process. All the synthesized coumarin-fused quinolinones exhibited
interesting photophysical properties.

Finally, in the fifth chapter of the thesis, a summary of the work conducted is presented along

with future scope of the research work.
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BLYP Becke exchange and Lee-Yang-Parr correlation
functional

Bn Benzyl

Boc tert-butyloxycarbonyl

BODIPY Boron-dipyrromethene

BSA Bovin serum albumin

Cat. Catalytic
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CCD Charge coupled device

CDC Cross-Dehydrogenative coupling
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CuAAC Copper-catalyzed azide-alkyne cycloaddition
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DABCO 1,4-Diazabicyclo[2.2.2]octane

DABSO 1,4-Diazabicyclo[2.2.2]octane bis(sulfur dioxide)

DAST Diethylaminosulfur trifluoride

DBU 1,8-Diazabicyclo[5.4.0Jundec-7-ene

DBU 1,8-Diazabicyclo[5.4.0Jundec-7-ene

DCC N, N'-Dicyclohexylcarbodiimide

DCE 1,2-Dichloroethane

DCM Dichloromethane

DCM Dichloromethane

DCP Dicumyl peroxide
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DEAM
DEDA
DFT
DIAD
DIEA
DIPEA
DL
DLP
DMA
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DMAc
DMAP
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DME
DME
DMF
DMSO
DMSO-dg
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DTC

E

ECP
EDC-HCI

EDGs
EDT
El

equiv

Doublet of doublet

Diethyl acetamidomalonate
7,7-Dimethyleicosadienoic acid
Density functional theory
Diisopropylazodicarboxylate
Diisopropylethylamine
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Dilauroylperoxide
N,N-Dimethylacetamide
Dimethylacetamide
Dimethylacetamide

4-Dimethylaminopyridine

(6,7-dimethoxy-4-coumaryl) alanine

Dimethoxyethane
Dimethoxyethane
N,N-Dimethylformamide
Dimethylsulfoxide
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Deoxyribonucleic acid

Deoxyribonucleic acid
Deoxyribonucleic acid
Dithiocarbamate

Energy

Effective core potential
1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimidehydrochloride
Electron-donating groups
Ethanedithiol

Electron ionization

Equivalent



ESI Electron spray ionization (MS)

ESIPT Excited state intramolecular proton transfer

ESPT Excited state proton transfer

Er Energy transfer efficiency

EtOAC Ethyl acetate

EtOH Ethanol

EWGs Electron-withdrawing groups

Fmoc Fluorenylmethyloxycarbonyl

FmocNHS 9-Fluorenylmethoxycarbonyl-N-
hydroxysuccinimide

FRET Fluorscence resonance energy transfer

g Gram

GABA y-aminobutyric acid

GIn Glutamine

Glu Glutamate

Gly Glycine

h Hours

Het-Ar Heteroaryl

HETCOR Heteronuclear correlation

His Histidine

HMTA Hexamethylenetetramine

HOBt Hydroxybenzotriazole

HOMO Highest occupied molecular orbital

HPLC High-performance liquid chromatography

HRMS High-resolution mass spectra

Hz Hertz

IBX 2-lodoxybenzoic acid

IC Internal conversion

ICT Internal charge transfer

IEF-PCM Integral Equation Formalism- Polarizable

Continuum Model
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ISC
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LUMO
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mg
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Literature
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Molar
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meta-Chloroperoxybenzoic acid
Methionine
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Minutes
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Chloromethyl methyl ether
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Normality

Nitro-aromatic compounds
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NIR
nm
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NMR
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0
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ORTEP
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SDS
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N-heterocyclic carbene
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3-N-methyl morpholine
N-Methyl-2-pyrrolidone
Nuclear magnetic resonance
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Ortho

1,2-Dichlorobenzene

Oak ridge thermal ellipsoid plot
Triflouromethanesulfonate
picric acid

Photo-induced electron transfer
Protecting group

Phenyl iodonium diacetate
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Parts per billion

Parts per million

Pounds per square inch
p-Toluenesulfonic acid
Pyridine

Rectus

Room temperature
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Singlet

Sinister

Self-consistent reaction field
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Sn
S-V

TAC
TBAB
TBABr
TBHP
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TCEP
TCEP
TCSPC
TEA
TEMPO
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TFA
TFAA
THF
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TICT
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TMS
TMSCI
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TOF
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Serine

Single electron transfer
Nucleophilic substitution
Stern-VVolmer

Triplet

Temperature

Time to amplitude convertor
Tetrabutylammonium bromide
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tert-Butyl hydroperoxide

tert-Butyl peroxybenzoate
tris-Carboxyethylphosphine
Tris(2-carboxyethyl)phosphine
Time correlated single photon counting
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Triethylsilane

Trifluoroacetic acid

Trifluoroacetic anhydride
Tetrahydrofuran
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Twisted intramolecular charge transfer
Triisopropylsilane
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Tetramethylethylenediamine
Tetramethylsilane

Trimethylsilyl chloride
2,4,6-trinitrotoluene

Quadrupole time-of-flight
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Ultraviolet-Visible
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Val Valine
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A Delta
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Chapter 1A

1A.1 Background

Biomolecular recognition is the central event of each signaling step in biology. Amino acids and
peptides, the integral fragments of proteins, stand-alone hormones, cytokines, toxins, and
antimicrobials are the effectors of most signal transduction processes.1? Among these, synthetic
peptides regulate almost all receptor responses. Also, amino acids, peptides, and proteins are
ubiquitous molecules that play key roles in modulating structure, and functioning of living cells.*
* However, impairing of amino acid metabolism in the body may lead to various disease
conditions (e.g. phenylketonuria). To counter this, several peptide based drugs have been
developed, and successfully applied in treating certain human diseases.>® Some selective
examples of peptide based drugs include: (i) Goserelin (marketed as Zoladex) used for treating
breast and prostate cancers,’ (ii) Glatiramer acetate (marketed as Copaxone) used for multiple
sclerosis,® (iii) Epifibatide (marketed as Integrilin) used for acute coronary syndrome and
unstable angina,® and (iv) Octreotide (marketed as Sandostatin) used for the treatment of cancer*®
(Figure 1A.1.1).
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Figure 1A.1.1: Selective examples of peptide based drugs
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At present, the approved peptide based drugs are generating reasonable revenues in commercial
sector, and the peptide drug market is growing twice as fast in the worldwide drug market.
Currently, 60-70 peptide drugs are approved in the global market, and about 100-200 are in
clinical trials. Moreover, several peptide-based pharmaceuticals have been developed as useful
therapeutic agents that possess high potency, selectivity and accumulate in lower concentration
in tissues.!* Thus, investigating and understanding biologically relevant interactions and
processes, such as receptor—ligand binding, protein structures, protein folding, protein—protein
interactions, and enzyme activity relationship using labelling techniques has become an
established exercise in biochemical research.'® In other words, biologically active peptides serve
as an interesting starting point in drug discovery processes.®16-1/

In the past, several labelling methods® for tracking biomolecules using isotope markers,®
colorimetric biosensors,? photochromic compounds,?* biomaterials,?? electrochemical sensors, >

fluorogen®* and fluorescent labels? have been explored (Figure 1A.1.2).

/ Isotope markers Colorimetric \
biosensors
Fluorescent labels
Photochromic
compounds
Fluorogen labels
Electrochemical Biomaterials
\ sensors /

Figure 1A.1.2: Existing labelling methods for tracking biomolecules

Labelling Methods

Among these, labelling by a fluorescent probe is at the forefront due to its high selectivity, easy-
handling and non-destructive nature. Over the years, “a fluorescent tag” also known as a “label”
or “probe” has been broadly explored in molecular biology and biotechnology for tracking amino
acids via chemical attachment.?® Fluorescent labelling is generally accomplished by using a
reactive derivative of the fluorophore that selectively binds to a functional group present in the
target molecule. Though certain amino acids such as tryptophan, phenylalanine and tyrosine have
intrinsic fluorescence, yet extrinsic labels provide far greater advantages for observing biological
processes.?’28 Ideally, a fluorescent labelled amino acid/peptide can be visualized or counted
through photobleaching.
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In recent years, much advancement has been made in the area of amino acid/peptide labelling?® at
the expense of a variety of fluorophores including fluorescein,®® rhodamine,® coumarin,®2
cyanine,® Alexa Fluor 405 dyes,* BODIPY dyes,® green fluorescent protein,®® and inorganic
particles such as quantum dots®’ (Figure 1A.1.3). However, some of these are associated with the
drawbacks, such as (i) relatively long, flexible linkers between the probe and protein, which
questions whether the probe motions faithfully with the motion of the residue to which it is
attached, and (ii) multiple charges and relatively large surface areas that can perturb the local

structure or motion, and inhibits labelling at certain positions.3844

(0] O
o LJ
cl Coumarin O
HoN (0} NH
» I

Fluorescein

< H O

o NH

Green fluorescent protein

O
Quantum dots W jL\]:(HVCOOH BODIPY dyes
HO N N N _\/L

Figure 1A.1.3: Selective examples of fluorophores used in labelling studies

Among these, coumarin is an excellent example of a fluorescent label, providing the most
commercially acceptable fluorescent derivatives with the advantages of an extended spectral
range, high emission quantum yield, photostability and good solubility in many solvents.
Coumarin has two six-membered rings fused together, with one of the ring being a benzene ring,

and the other containing alkene functionality and an ester functional group (Figure 1A.1.3). It was
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first isolated from Tonka beans in 1820s, and synthetically prepared in 1868 by William Henry
Perkin.*® Due to ample availability in nature, it permits the basic process of life such as metabolism,
transmission of nerve impulses, and identification of biochemical reactions.*® Numerous
fluorescent coumarin derivatives have been reported, underlying photophysical mechanisms for
the observed fluorescence properties. The extensive use of coumarin as covalently attached
fluorescent label in biochemical processes has been progressively explored due to dependence of
its fluorescence behavior on various properties such as polarity,*” polarizability,*®
microviscosity,*® hydrogen bonding potential®® and pH.%! In addition, coumarins are ideal
fluorescent guests to probe the nature and binding capacity of host molecules. The polarity and the
constriction greatly affects the formation of twisted intramolecular charge transfer (TICT) states,
and the polarity changes the relative energy levels; all of which result insignificant and easily
measurable changes in the coumarin probe fluorescence.*

In particular, coumaryl-labelled amino acids have received special interest due to their sensitivity
to pH and solvent polarity that makes them excellent fluorescent molecules to investigate
numerous biological processes in living organisms (Figure 1A.1.4).53%¢

Study the defined site
in proteins in living
organisms

Site-specific labeling
of nascent proteins
on the translating

Study the FtsZ protein ribosome

Study the protein

\\
Coumaryl-labelled localization

Amino Acids

.
'
|

Study the dynamics

of protein—protein
interactions

Conformational changes in
Escherichia coli DHFR
Study the nucleic acid
sequencing Extracellular matrix

metalloprotease

Figure 1A.1.4: Applications of coumaryl-labelled amino acids in biochemical research

In view of the above importance, immense progress has been witnessed towards the synthesis and
application of coumaryl-labelled amino acids and peptides.>”-%° A comprehensive summary on the
existing strategies used to synthesize different coumaryl-labelled and coumaryl-tagged amino
acids and peptides is as follows:
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Wang et al. reported an excellent protocol for the preparation of a-L-(2-(7-hydroxycoumarin-4-
yl)ethylglycine (5), that was genetically incorporated at the defined site in proteins of living
organisms. In this approach, N-a-Cbz-L-glutamic acid a-benzyl ester (1) was first reacted with
ethyl magnesium malonate (2) to obtain a -keto ester (3), which on reaction with resorcinol (4)
in presence of methanesulfonic acid (MSA) afforded «-L-(2-(7-hydroxycoumarin-4-
yl)ethyl)glycine (5) in 50% yield (Scheme 1A.1.1).7°

o)

(e}
0 L
/N NTN
CbzHN,, 0 e} N\/) \3 CbzHN,,, OBn
: OBn )J\/U\ = N
+ EtO o/ Mg > o)
5 THF, rt., 18 h
COOH (e} OEt
1 2

3
HO OH
MSA
rt,2h

4
HO 0._0
=
H,N” >COOH
5, 50%

Scheme 1A.1.1: Synthesis of a-L-(2-(7-hydroxycoumarin-4-yl)ethylglycine (5)

Xu et al. followed a five-step protocol to prepare various coumaryl-labelled non-natural amino
acids derivatives (5), and explored their fluorescence properties (Scheme 1A.1.2). The strategy
was initiated by the synthesis of diethyl ((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)phosphonate
(7) from substituted resorcinols (4) and ethyl chloroacetoacetate (6) via formation of 4-
chloromethyl-7-hydroxy-2-oxo-2H-chromene, followed by phosphorylation using P(OEt)s using
catalytic KI. Thereafter, 7 upon Horner-Wadsworth-Emmons reaction with formaldehyde in
presence of NaH afforded 4-vinyl-7-hydroxy-2-oxo-2H-chromene (8), which on reaction with
diethyl acetamidomalonate (DEAM) vyielded malonate derivative (9). Finally, acid-mediated
hydrolysis, decarboxylation and deprotection of 9 afforded racemic (2-(7-hydroxycoumarin-4-
yl)ethylglycine (5) (Scheme 1A.1.2).%°
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HO OH 0o o _ HO o. o
o (i) H,S04, 0-5 °C, 3-4 h
D/ i \)J\)J\OEt >

R (i) P(OEt); (4.1 equiv) R Z
4 6 KI (5 mol %), 155 °C, N, atm OEt
2 7 s
R=F, Cl R
0" OEt
NaH (5 equiv)
CH50 (10 equiv)
THF, rt., 7 h
DEAM (4 equiv) Y
t-BuOK (3 equiv)
HO 0.0 o o 0._O TBABr(5mol %) HO 0.0
- -
R = Dioxane THF, 55°C, 18h R -
110 °C, 4 h “
H,N~ ~COOH OEt 8
2 NHAc
5, 83-95% OEt 4

Scheme 1A.1.2: Multistep synthesis of racemic (2-(7-hydroxycoumarin-4-yl)ethylglycine (5)
Brun et al. reported the coupling between 1-benzyl 7-ethyl (S)-2-((benzyloxy)carbonyl)amino)-5-
oxoheptanedioate (3) with 3-methoxyphenol (10) using MSA at room temperature to afford
enantiomerically pure a-L-(2-(7-methoxycoumarin-4-yl)ethyl)glycine methane sulfonic acid (11)
in 60% yield (Scheme 1A.1.3)."

o MeO 0__0
CbzHN,,
OBn /©\ MSA (25 equiv) =
+ ?
OEt MeO OH rt.,2h
S ®
O O 03SH;C HsN” “COOH
3 10 11, 60%

Scheme 1A.1.3: Synthesis of enantiomerically pure a-L-(2-(7-methoxycoumarin-4-yl)ethylglycine
methane sulfonic acid (11)

Moodie et al. documented a Pd-catalyzed strategy for coupling o-methoxyboronic acids (13) and
a glutamic acid derived (2)-vinyl triflate (12) to afford the cross-coupled product 14, which upon
deprotection and intramolecular cyclization using BBrz in DCM resulted in the formation of a-L-
(2-(7-substituted coumarin-4-yl)ethylglycine (5) derivatives (Scheme 1A.1.4).7
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0
CbzHN,, OMe OMe
7 OBn i S Pd(PPh;), (25 mol %) Ri-
+ L > = OEt
B(OH),  K3PO, (1.1 equiv)
DCM, 50 °C, 30 min 0
TN
13
OBn
0~ TOEt CbzHN
o
12 14
BBr3 (5.4 equiv)
DCM
-78°C, 2h
OO
R'y
N
H,N” ~COOH
5, 53-79%

Scheme 1A.1.4: Pd-catalyzed synthesis of a-L-(2-(7-hydroxycoumarin-4-yl)ethylglycines (5)
Sui et al. developed a two-step approach for the synthesis of chiral L-2-amino-3-(6,7-dimethoxy-
4-coumaryl)propionic acid (L-Adp) (18) in high stereoselectivity (>99.5%) by coupling 4-
bromomethyl-6,7-dimethoxycoumarin (15) with benzyl (2R,3S)-6-0x0-2,3-diphenylmorpholine-
4-carboxylate (16), followed Pd(Il) catalyzed reduction of the coupled product 17 (Scheme
1A.1.5). The authors studied the use of L-Adp as fluorophore quencher pair for peptide assays.”

Ph o d-
MeO© OC bz )\,Ph SN MeO 0._0
N Na -
= +

MeO H(O MeO = Chz
Br e} 4, _N__Ph
THF, -78 °C, 2 h
15 16 17 /I/i I
(0] (@] Ph

PdCl, (0.7 equiv)
H, (50 psi)
THF, 24 h
MeO (0] O

MeO =

"/, NH2
18, 81% r
COOH

Scheme 1A.1.5: Synthesis of L-2-amino-3-(6,7-dimethoxy-4-coumaryl)propionic acid (18)
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Wang et al. described an asymmetric multistep approach for the synthesis of Boc protected 6,7-
dimethoxy coumaryl-labelled alanine (Dmca) starting from commercially available 6,7-
dimethoxy-4-methylcoumarin (19). The strategy initiated with the oxidation of 19 using selenium
dioxide to yield 6,7-dimethoxy-2-oxo-2H-chromene-4-carbaldehyde (20), which on Horner-
Emmons olefination with (MeO).P(O)CH(NHBoc)CO2Me under basic conditions afforded
dehydro amino acid methyl ester (21). Asymmetric hydrogenation of 21 using rhodium based
chiral catalysts afforded enantiomerically pure Dmca (22a & 22b) in appreciable yields (Scheme
1A.1.6).%

Se0, (MeO),P(O)CH(NHBoc)CO,Me
/ g
MeO Xylene, reflux = DBU, DCM, 5 h MeO Z 0

19 20 CHO A OMe
21 NHBoc
H, (65 psi)
[((R,R)-Et-Du-PHOS)-Rh]Tf
or
H, (65 psi) MeOH, 24 h
[((S,S)-Et-Du-PHOS)-Rh]Tf
Y
MeO (e} O MeO (0] O
or
MeO e MeO Z 0
" “OMe OMe
NHBoc NHBoc
22b, 99% 22a, 96%

Scheme 1A.1.6: Enantioselective synthesis of Boc protected coumaryl-labelled alanine (Dmca)
(22a-b)

Bennett et al. reported a multistep synthesis of racemic Fmoc protected (6,7-dimethoxy-4-
coumaryl)alanine (25), and used it for quantitative detection of synthetic peptides in HPLC, and
in minimal essential media (MEM). The strategy initiated with coupling of 4-chloromethyl-6,7-
dimethoxycoumarin (23) with diethyl acetamidomalonate (DEAM) using NaH to produce
malonate derivative (24), which on acid-mediated hydrolysis, decarboxylation, deprotection and
subsequent coupling with 9-fluorenylmethoxycarbonyl-N-hydroxysuccinimide (FmocNHS)

afforded racemic Fmoc protected (6,7-dimethoxy-4-coumaryl)alanine (25) (Scheme 1A.1.7).4
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MeO 0._0O

DEAM, NaH 6 N HCI MeO o__0
MeO = > —_— P
DMF, r.t., 12 h reflux, 18 h  MeO
Cl N2 atm OEt NH2
23 18
COOH
FmocNHS

DIPEA (2 equiv)
CH3CN : H,0 (1:1)

rt., 18 h
MeO (0] O
MeO Z
NHFmoc
0,
25, 66% COOH

Scheme 1A.1.7: Synthesis of racemic Fmoc protected (6,7-dimethoxy-4-coumaryl)alanine (25)
Yao et al. reported the synthesis of self-immobilizing and fluorogenic phosphotyrosine (pTyr)
mimic, coumaryl-labelled alanine (31), which found applications in bioimaging and fluorescence-
activated cell sorting. The synthesis was initiated by the coupling of (S)-1-allyl 6-methyl 2-(((9H-
fluoren-9-yl)methoxy)carbonylamino)-4-oxohexanedioate (26) with resorcinol (4) under acidic
conditions to yield 7-hydroxy Fmoc-protected coumaryl-labelled alanine allyl ester (27). Further,
a four-step methodology involving, a) formylation using Duff reaction, b) phosphorylation using
di(2-nitrobenzyl) chlorophosphate [(RO).POCI], c) aldehyde reduction, and fluorination using
diethylaminosulfur trifluoride (DAST) were performed to afford 30. Finally, pd-catalyzed allyl
deprotection of 30, followed by benzyl deprotection using triethyl amine and catalytic thiophenol
afforded the desired product 31 in 45% yield (Scheme 1A.1.8).7

OH 0 HO 0._0
MeO MSA HMTA/ACOH
+ OAllyl — 5 Z -
O O NHFmoc rt,4h Ts0°c.ah
OH
OAllyl OAIlVI
4 NHFmoc Y

26 27 28 NHFmoc

.. (RO),POCI

Nto_ NEt3 (2.5 equiv)
R= @/ DMAP (1 mg)
§’ DCM, rt,, 5h
HO. __O F < %
oP” RO: © RO‘P/O CHO
RO%S o RO™ (i) NaBH, (0.25 equiv) Ro/c') 0__0O
. i) Na .25 equiv
(i) Pd(PPh3)4 (1 mol %) EtOH - SCM (1_1q)
_— Phenylsilane (0.25 equiv) 0 .°C 5 min. P
- DCM, r.t.,, 5h - : (0]
COOH (i) Thiophenol (1 mol %) OAllyl (ii) DAST (2 equw.) OAllyl
31,45% NHFmoc NEt3(2.5equiv),rt, 1h 30 NHEmoc DCM, 0 °C, 10 min 29 NHFmoc

Scheme 1A.1.8: Synthesis of phosphotyrosine (pTyr) mimic, coumaryl-labelled alanine (31)
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Katritzky group synthesized N°-(7-substituted coumarin-3-carboxyl)-L-Fmoc lysine (Fmoc-
Lys(MC)-OH) (34a-b) by coupling commercially available N*-Fmoc-L-lysine (33) with prior
activated 2,5-dioxopyrrolidin-1-yl 7-substituted 2-oxo-2H-chromene-3-carboxylate (32a-b) in
DMF at room temperature (Scheme 1A.1.9). The synthesized derivatives were used as potential

tools for cell imaging.”

1

R 0 0 HOOC NHFmoc R (0] (0]
H
0 ? DIPEA (1.1 equiv) 5 N

DMF, rt., 2 h o

NH, COOH

32a-b 33 34a-b, 50-64% NHFmoc

Scheme 1A.1.9: Synthesis of N-(7-substituted coumarin-3-carboxyl)-L-Fmoc lysine (34)
Malkar et al. synthesized N¢-[(7-methoxycoumarin-4-yl)acetyl]-L-lysine (37) by coupling 7-
methoxycoumarin-4-ylacetic acid (35), with copper chelated L-lysine (36) using coupling reagent
DCC followed by washing with Chelex 100 (H*) resin (Scheme 1A.1.10).7

MeO 0.__0 (i) DCC (1 equiv), HOBt (1 equiv) MeO 0.0
DIPEA (1 equiv) _
/\/\I DMF : CH3CN (1:2), rt., 3 h _ u
N COOH
H2N N/C (i) Chelex 100 (H* form) resin \/\/\‘/

COOH
H,0 : MeOH (2:3), r.t.,, 12 h o) NH,

35 36 37,33%

Scheme 1A.1.10: Synthesis of N*-[(7-methoxycoumarin-4-yl)acetyl]-L-lysine (37)

Luo et al. documented a three-step protocol for synthesizing coumaryl-labelled lysine conjugates
that found applications in protein lacalization, and optical activation of protein function. The
multistep synthesis was initiated by the protection of 7-hydroxy coumarin alcohol (38) with
chloromethyl methyl ether (MOMCI) in the presence of DIPEA to yield protected coumarin
alcohol (39) derivative, which upon activation using nitrophenylchloroformate furnished coumarin
carbonate (40) derivative. Finally, 40 on coupling with Boc-Lysine (41) in DMF, followed by
deprotection using TFA in the presence of triethylsilane (TES) as a cation scavenger afforded

coumarin lysine trifluoroacetic acid salts (42) (Scheme 1A.1.11). 77

11



Chapter 1A

MOMCI

HO 0.__0 MOMO 0._0
MOMO 0._0
DIPEA (5 equiv) CICOOCgH,NO,
= > -
X DCM, r.t., 12 h X = DIPEA (5 equiv) X Z o
( DCM, rit., 12 h
n=12 nOH O~on (noJ\o
X =Br, H
38 39 40
COOH NO,
i) DMF, 12-30 h
BocHN NH, | () DMF.
41 (ii) TES (1.5 equiv)
TFA : DCM (1:1)

HO o) 0 rt., 45 min

42, 59-64% ( OJ\H/\/\/-\COOH
Scheme 1A.1.11: Synthesis of coumaryl-labelled lysine trifluoroacetic acid salts (42)
Very recently, Shukla et al. documented a multistep synthesis of fluorinated coumaryl-labelled
lysine derivatives, and studied their photophysical properties.”® The synthesis was initiated by the
protection of phenolic hydroxyl group of ethyl 2-(7-hydroxy-2-oxo-2H-chromen-4-yl)acetates
with benzyl alcohol (43) under Mitsunobu conditions to yield benzylated coumaryl esters (44),
which on lithium hydroxide-mediated hydrolysis and subsequent reduction with BHs3-SMe>
produced coumaryl alcohols (45). 45 on further activation with N,N’-disuccinimidyl carbonate
(Su0)2CO afforded OSu-carbonates (46), which on coupling with Cbz-protected lysine benzyl
ester (47), followed by benzyl and Cbz deprotection using (Hz- Pd/C) and aq. HCI furnished the
desired products (48) in 86-94% vyields (Scheme 1A.1.12).7®

(|) LiOH-H,0 (3.2 equiv) R!
Dioxane : H,0 (5:1) BnO 0._0
_ BnOH rt, 17h -
DEDA (1 4 equiv) 2 =
PPh3 (1.5 equiv) (“) Bty Shea (1.1 equiv) R 3
THF, r.t., 5-15 min rt.1eh R on

45

R?=F, R'=H, R3

1 2 - 3 -
R,R*=F R"=H (Su0),CO | DMAP (0.15 equiv)

R' RZ R®=F R o o NHCbz DCM, r.t, 15h

HO O~0 C|H3N/\M/3\[r08” R'

e _ e BnO 0_0

R? (i) NaHCO; (2 equiv) R2 =
o. _0O Dioxane : H,O (8:2), r.t.,, 0.5 h R3 o.__0
e © " Oii) Hy, Pd/C (10 mol %)/HCI D@
48,86-04% TN~ A WNHCL e 0 (9:1), rt, 6 h 46 O‘;i/>
COOH
o

Scheme 1A.1.12: Synthesis of fluorinated coumaryl-labelled lysine (48) derivatives
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Schmidt et al. documented a Pd-catalyzed allylic alkylation reaction of coumaryl activated allylic
carbonates (49) with zinc chelated glycine-enolate (50) to afford novel coumaryl-labelled a-amino
acids (51) in 63-80% yields (Scheme 1A.1.13)."°

Ot-Bu  T[allyl(PdCI], (1 mol %)
n f( PPh; (4.5 mol %)

THF, r.t., 12 h

N\ /
TFA” 2N

49 50

Scheme 1A.1.13: Pd-catalyzed synthesis of coumaryl-labelled a«-amino acids (51)

Song et al. reported the synthesis of coumaryl-labelled Arg-Gly-Asp-Cys conjugate, in three-steps
by first coupling of 7-dimethylaminocoumarin-4-acetic acid (52) with N-Boc-1,8-diamino 3,6-
dioxaoctane (53) to yield Boc-coumarin-carbamate (54). Thereafter, coupling of 54 with 3- N-
methyl morpholine (NMM) in DMF using TFA afforded coumarin 3-(maleimido)propionamide
(55), which was finally used for the labelling of Arg-Gly-Asp-Cys-SH (RGD-C) (56) in MeOH at
room temperature to give coumaryl-labelled Arg-Gly-Asp-Cys conjugate (57) (Scheme
1A.1.14).8

Me,N o0.__0O
MesN o0.__0O EDC-HCI (1.2 equiv)
> %
= o DMAP (0.2 equiv) H
NHB:
+ HN o~ oc DCM. rt., 6 h N%/\o%\/NHBoc
2
(e}
54

COOH
52 53

NMM
TFA, DMF
rt,5h

HS

: y
HOOC™ “NH-Asp-Gly-Arg  Me,N 0._0
Me,N 0._0 _ 56
S—, — (o]
P> O, "FNH-ASP-GW-AFQ MeOH, r.t, 1 h H H \
H H COOH N{\/\OTVN N
N N N
{\/\Oﬁ’z\/ o) 2 TO(\/ 0
o] o] o 55

57

Scheme 1A.1.14: Synthesis of coumaryl-labelled Arg-Gly-Asp-Cys conjugate (57)
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Apart from these reports, a few more coumaryl-appended amino acids has been synthesized. For
example, Katritzky et al. documented the synthesis of N-coumaryl-labelled NY-Fmoc-L-lysine
(60) by coupling coumarinoyl benzotriazole (58) with N-Fmoc-L-lysine (59) in aqueous CHsCN
at 20 °C, (Scheme 1A.1.15)%°

0._0O
H,N__COOH
00 2N NEt, (1.1 equiv) H
: > _A__N__COOH
AN Bt T CH4CN : H,0 (2:1) e
5

o) 20°C,1h

NHFmoc

58 59 0
60, 79% NHFmoc

Scheme 1A.1.15: Synthesis of N°-coumaryl-labelled N-Fmoc-L-lysine (60)

Jin et al. disclosed a convergent synthesis of 7-aminocoumaryl-appended unnatural amino acid
(64) by Pd-catalyzed Buchwald—Hartwig cross-coupling of its corresponding 7-O-triflate
derivative (61) with benzophenone imine (62), followed by acidic hydrolysis (Scheme. 1A.1.16).
The authors used the amino functionalized coumaryl-appended product (64) for specific protein

labelling in living cells.>*

TfO 0__0 NH Pd(OAc), (10 mol %) Ph._N 0__0 °
o 9 (R-(+)BINAP (10mol %) | H
Pz NMJ\ + O O » Ph % N‘HJ\OM
', OMe Cs,CO;3 (2.5 equiv) A e
o} o}
61 63

THF, reflux, 4 h
62 N2 atm

HCI (5 mol %)
THF : H,0 (1:1)
rt, 48 h

H,N 0__0
‘ o)
= MJ\OMe
O 4

64, 76%

Scheme 1A.1.16: Synthesis of the 7-aminocoumaryl-appended unnatural amino acid (64)

Though numerous synthetic strategies are known for coumaryl-labelled and coumaryl-appended
amino acids, yet most of the synthetic strategies developed in past involves multistep synthesis
with many protection/deprotection steps, provide moderate yields, uses expensive reagents, and
also requires tedious purification procedures either by preparative TLC/HPLC or by column

chromatography. Thus, developing alternate strategies for the synthesis of coumaryl-
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tagged/coumaryl-labelled amino acids is highly desirable. Inspired by the fascinating applications
of coumaryl-labelled amino acids/peptides, we anticipated to synthesize novel coumaryl-tagged
and coumaryl-labelled amino acids/peptides under Cu-catalyzed conditions.

1A.2 Introduction

More than half basket of the present chemical inventory consists of molecules with carbon-
heteroatom (C-N/C-O/C-S) bonds in their structural periphery. The construction of the C-N/C-
O bond is of significant importance, as it opens new avenues for numerous pharmaceuticals,
agrochemicals and biologically active compounds. Diverse compounds such as alkaloids,?!
antibiotics,% essential amino acids,® vitamins,® haemoglobin,® porphyrins,® hormones,®’ and
different oligomers® (nucleic acids, proteins)® contain C-N/C-O bonds in their skeleton.*0-%
Despite significant advancements in the existing C-N/C-O bond forming strategies, the
construction of the C—N/C-O bond still remains a major challenge for organic chemists, due to
harsh reaction conditions or the use of expensive Pd catalysts.®*% In this regard, noticeable
progress has been made through the employment of different Cu-catalysts, effectively replacing
the traditional approaches (Scheme 1A.2.1).%7-102

\; """""""""" ) Copper \ """""""""" )
1 Aliphatic/Aromatic/ . > :Aliphatic/Aromatic/ E
Heteroaromatic , R'—NH, Heteroaromatic :

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

X =1, CI, Br, F or pseudohalide Y =NH, O

Scheme 1A.2.1: A general representation of Cu-catalyzed C—N/C-O coupling reactions

The utility of copper salts towards the formation of C-N bonds was explored in early 1900 century
by Fritz Ullmann and Irma Goldberg. The coupling reaction between aromatic halides and
nucleophiles (amines and phenols) in presence of copper has been referred as an Ullmann coupling
reaction. To date, this reaction has shown pivotal applications in organic synthesis.*?*-1% Since the
first mechanistic hypothesis began to come into view, several mechanisms between 1960 and 1990
were proposed.'9-19 Whereas it was generally agreed that the reaction mechanism of the Ullmann
reaction is extensively deliberate and supposed to proceed through two probable catalytic
pathways, path (i) & path (ii) (Scheme 1A.2.2).1% Path (i) initiated with the coordination of the

nucleophile to the Cu-catalyst to produce more reactive complex (A), which on oxidative addition
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of aryl halide affords B. Finally, B on reductive elimination yields the aminated product. In path
(i1), copper first coordinates to the aromatic ring of the aryl halide via oxidative addition to give
more electrophilic intermediate (A’), which eventually reacts with nucleophile in presence of base
to generate intermediate Br. B’ eventually affords the final product C upon reductive elimination
(Scheme 1A.2.2, Path (i) & (ii)).1%

) HNu+ base (Path (ii)
Path (i) \ ArY
CuX | CuX
/ base HX E / o o
CuY E Oxidative addition
CuNu | CuY
Reductive elimination (A) : o Rouy
1 Reductive elimination A
/™ ArY : (A)
Product (é;Nu NCuy Oxidative addition E ArNu HNu+ base
- ! Product (C)  ArNey \y
Nu 1
| base HX
(B) | (B8) Y

Scheme 1A.2.2: Acceptable mechanistic pathways for Ullmann cross-coupling reaction
As described, Ullmann initally documented an amination reaction between aniline (65) and 2-
chlorobenzoic acid (66) using stoichiometric amount of Cu powder under reflux condition to afford
2-phenylaminobenzoic acid (67) (Scheme 1A.2.3 (i)). In 1905, the author further presented a Cu-
catalyzed reaction between phenol (68) and 2-bromobenzene (69) at 210 °C to furnish
oxydibenzene (70) in 90 % yield (Scheme 1A.2.3 (ii)).1%8-110

(i) Ullmann, 1903

cl
COOH
NH, COOH  Cu (1.1 equiv) @
+ 210 °C NH
65 66

67, 90%

(ii) Ullmann, 1905

Br
OH Cu (0.2 mol %), KOH
| - O
210 °C, 2-2.5 h, @
68 69

70, 90%

Scheme 1A.2.3: Cu-catalyzed Ullmann C-N/C-O coupling reactions
Thereafter, Goldberg reported the direct amination and amidation of 2-aminobenzoic acid (71) and

2-hydroxybenzamide (73) with bromobenzene (69) to obtain 72 and 74, respectively using copper
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catalyst in nitrobenzene at 210 °C (Scheme 1A.2.4) 11112
(i) Goldberg, 1906

COOH
COOH N Br Cu catalyst (:[
(:[ K,CO;3, nitrobenzene NH
NH, 210°C,3h
7 69

72, 50%

(i) Goldberg, 1906

0 1,0
Br Cu catalyst
oo O ges
NaOAc, nitrobenzene H
OH 210°C,3h OH
73 69

74, 56%

Scheme 1A.2.4: Examples of Cu-catalyzed amination and amidation reactions

Incidentally, up to early 20" century Cu-catalyzed Ullmann coupling reaction has not been fully
explored in organic synthesis due to certain allied drawbacks, including high reaction temperatures
(normally above 150 °C), necessity of stoichiometric amount of copper, and limited reaction
Scopelll3-1l4

However, with the rise in the understanding of the mechanism and introduction of different novel
ligands, modified catalytic systems foster the expansion of Ullmann cross-coupling reactions to
different substrates with excellent functional group tolerance. In the last decade, pioneer efforts
have been devoted by Ma and other scientists to resolve the problem associated with Cu-catalyzed
Ullmann coupling by using special ligands under milder reaction condition. In this realm, a-amino
acids such as L-proline and N,N-dimethylglycine, have been exponentially used to facilitate the
rate of most typical Cu-catalyzed Ullmann reactions at comparatively lower temperature with
broader substrate tolerance.'*>% In addition, Ma group has beautifully exemplified a C-N bond
forming protocol for preparing enantiomerically pure N-aryl-amino acids (77 & 78) in moderate-
to-good yields by coupling different a-amino acids (75) and f-amino acids (76) with substituted
aryl halides (69) under Cu-catalyzed conditions (Scheme 1A.2.5). The use of comparatively lower
reaction temperature was attributed to the chelation assistance provided by amino acid via the

formation of chelated copper ions and amino acids complex.*"18
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Hoocl HOOC._ _NH
Y
R H,N" TR R 75 R
76 X o
HN&COOH Cul (10 mol %) Cul (10 mol %) PN
K,CO3 (150 mol %) @ K2CO3 (150 mol %) HN" "COOH
- Y >
v DME,100 °C, 24 h DME, 90 °C, 48 h v
69
78, 31-87% 77, 60-92%

Scheme 1A.2.5: Cu-catalyzed reaction of aryl halides (69) with a-amino acids (75) and f-amino
acids (76)

In conjunction to this, the same authors further explored a similar C-N bond forming strategy
between 2-iodophenylmethanol (79) and L-valine (75) to produce N-arylated-L-valine derivative
(80), which is an essential intermediate for the multistep synthesis of benzolactam-V8s scaffold
(81) (protein kinase activators) (Scheme 1A.2.6).118

A~
Cul (10 mol %) HOOC™ "NH N NH
@/\OH K,CO3 (150 mol %) ©/\OH i
- OH
COOH DMA, 90 °C, 48 h =

80, 86%

81, 88%
Benzolactam-V8s

Scheme 1A.2.6: Application of Cu-catalyzed strategy to prepare intermediate 80 required to
synthesize benzolactam-V8s (81)

In recent years, microwave heating in combination with water has become an ally of choice for a
swifter rate of cross-coupling reactions, for constructing C-N and C-O bonds in a clean and greener
way.1%120 Interestingly, different Cu-catalyzed arylation reactions have been explored in water
and acknowledged due to ample availability, non-toxic and, non-flammable nature of water.'?!

In this realm, Yadav et al. reported a convergent intermolecular Cu-catalyzed base-free C-N
coupling reaction for the synthesis of N-arylated products 83 from aryl halides (69) and
amines/amides/imides (82) and p-lactams (84) in H.O under microwave irradiation at 85-90 °C
(Scheme 1A.2.7). A similar intramolecular strategy was applied to derivatives pB-lactum (84) in
H20 to obtain cyclic amide (85) in 72% yield.??
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X NR2R3
Cu powder (5 mol %
T ReRoNN L Powder °)>
H,O0, MW 100 W
R’ 85-90 °C, 6-10 min R
69 82 83, 71-91%
o O
Br Cu powder (5 mol %) N
5 H,0, MW 100 W 0
90 °C, 10 min
84 85, 72%

Scheme 1A.2.7: Cu-catalyzed aqueous MW protocol for inter- and intramolecular N-arylation of
aryl halides (69 and 84)

Notably, Larhed et al. presented a Cu-catalyzed protocol for the N-arylation of free and protected
amino acids (86) with a broad range of substituted aryl bromides (69) under aqueous microwave

conditions in short reaction time, with fairly good yields (Scheme 1A.2.8).123

RZOfO
Br 1

0 Cul (10 mol %), K1 (0.2 mL) R* NH
R NH, K,COj3 (2 equiv) .
R, H,0, MW 100 W, 140-185 °C
R 20-40 min R
69 86 87, 10-78%

Scheme 1A.2.8: Cu-catalyzed agueous MW-assisted protocol for N-arylation of amino acids (86)
Interestingly, the direct C-N bond forming strategies for the coupling of coumarin moiety and a-
amino acids remain unexplored to date. Thus, we envisioned to develop a mild, efficient and
greener protocol for the synthesis of N-coumaryl amino acids through Cu-catalyzed C-N coupling
in water, and extend the methodology towards the synthesis of coumaryl-labelled amino acids.
1A.3 Results and Discussion

Our investigation commenced with optimizing the reaction conditions for coupling 4-
chlorocoumarin (88a) and L-alanine (75a) as model substrates (Table 1A.3.1). Usually, the
formation of a C-N bond at 4™ position of coumarin proceeds by substitution of chloro/methoxy
group by appropriate N-nucleophiles in methanol/DMF in presence or absence of a base.'?*
However, under base-free and catalyst-free conditions, no product formation was observed for the

reaction between 4-chlorocoumarin (88a) and L-alanine (75a) in a variety of solvents, such as
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DMSO, H,O, DMF, EtOH (Table 1A.3.1, entry 1). Employment of K>CO3z (2 equiv) resulted in
the formation of 30% isolated yield of 89a in DMSO at 100 °C after16 h, while comparatively
lesser yields was obtained in other solvents (Table 1A.3.1, entries 2-5). Interestingly, the use of
copper sulfate (5 mol %) resulted in the formation of the desired product 89a in 42% yield in
DMSO after 14 h at 100 °C (Table 1A.3.1, entry 6). No further amelioration in the yield of 89a
was noticed by increasing the reaction time upto 24 h (Table 1A.3.1, entry 7).

Table 1A.3.1: Selected optimization of reaction conditions @ for the synthesis of 89a

NP H,N._COOH Base/catalyst 00

= + : Solvent =

& Reaction conditions HN.__COOH

88a 75a 89a_
Entry Base Catalyst/ Solvent T Time  Yield®
ligand (°C) (%)
1. - - DMSO/H20/ 80 to 100 16 h -
DMF/ EtOH

2 K:COs - DMSO 100 16 h 30
3 KoCOs - H.0 90 16 h 20
4. K:COs - DMF 100 16 h 15
5. K:COs - EtOH 80 16 h trace
6 K2COs  CuS04-5H,0 DMSO 100 14 h 42
7 KoCOs  CuS04-5H,0 DMSO 100 24 h 43
8. K2CO3  CuBr DMSO 100 20 h 55
9. K.COs  CuCl DMSO 100 20 h 44
10. KxCOz CuCl, DMSO 100 20 h 40
11.  KxCOs Cu(OAc): DMSO 100 20 h 56
12.  K:COz Cul DMSO 100 14 h 60
13. K:COz  Cul H20 90 12 h 74
14. KCOs3 - H20 80 (MW) 20min 25
15. Ka2COs Cul H20 80 (MW) 10 min 92
16. NaCOs; Cul H20 80 (MW) 10 min 72
17. Cs;COs Cul H20 80 (MW) 10 min 78
18.¢ KyCOz Cul H20 80 (MW) 10 min 64
199 KyCOs  Cul/L-proline H.0 80 (MW) 10 min 60
20.9 K,COs; Cul/ethylene glycol H20 80 (MW) 10 min 45
219 K,COs; Cul/1,10- H.0 80 (MW) 10 min 60

phenanthroline
2 Reaction conditions: 88a (0.55 mmol), 75a (0.66 mmol), base (2 equiv of base), catalyst (5 mol

%), Solvent (1.5 mL); "Isolated yield; (1 equiv of base); Use of ligands (5 mol %), gave extra
spots on TLC; MW: Microwave radiations at 100 W.
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Next, the use of various copper catalysts including CuBr, CuCl, CuCl,, Cu(OAc)2, Cul were
investigated (Table 1A.3.1, entries 8-12); of them Cul was found to be most efficient under
described conditions, affording 89a in 60% yield in DMSO after 14 h at 100 °C. Gratifyingly
replacing DMSO with water using Cul (5 mol %) at 90 °C yielded 74% of 89a in 12 h (Table
1A.3.1, entry 13). To expedite the methodology, the same reaction when performed under
microwave irradition resulted in the formation of 89a in 92% vyield, using the Cul/K>CO3 in 10
min at 80 °C (Table 1A.3.1, entry 15). However, the absence of Cul from the reaction mixture
leads to isolation of only 25% of 89a in water under microwave irradiation (Table 1A.3.1, entry
14). Replacement of K>CO3 with Na,COs and Cs>COz produced discouraging results (Table
1A.3.1, entries 16-17). While the use of 1 equiv of base reduces the yield of 89a to 64% under
similar microwave-assisted conditions in water (Table 1A.3.1, entry 18). Surprisingly, the usage
of additional ligand did not added any amelioration in the yield of 89a (Table 1A.3.1, entries 19-
21), rather the isolated yields of 89a decreased as multiple spots were observed on the TLC.

With the optimized conditions in hand, the generality of the developed strategy was studied with
a variety of variety of a-L-amino acids. The reaction of 4-chlorocoumarin (88a) with 75a-h under
optimized conditions comfortably afforded N-coumaryl amino acids (89a-h) in 82-96% yields.
These include a-amino acids with polar and non-polar side chain such as L-Ala, L-Val, L-lle, L-
Met, L-Trp, L-Ser, L-Phe and L-Tyr. It is noteworthy that amino acids with aliphatic side chain
(L-Met, L-Ala, L-Val, and L-Ile) showed higher reactivity than the aromatic amino acids (L-Phe,
L-Trp and L-Tyr). We next applied this Cu-catalyzed protocol for the coupling of a-amino acids
(75) with 4-chloro-7-diethylaminocoumarin (88b) under optimized conditions to afford N-(7-
diethylaminocoumaryl) amino acids (89i-m) in 82-91% yields. A small variation in the reactivity
of 88b was observed as compared to 88a. Interestingly, 89i-m displayed greater fluorescent
behavior as compared to 89a-h, when visualized on TLC under UV lamp (Scheme 1A.3.1). The
coupling of 88a was also performed with racemic alanine under optimized condition to afford
corresponding racemic product 89a + 89a’. The normal-phase HPLC-UV chromatography of
compound 89a was carried using i-PrOH/hexanes as eluents on a Chiralcel OD-H column.
Compound 89a showed one major peak with retention time (16.9 min), which was nearly the same
as the retention time for one of the two peaks revealed by the racemic mixture 89a + 89a’ (16.2
and 19.5 min) (Figure 1A.3.1 & 1A.3.2). Clearly, the peak at 16.2 min is for the L-isomer 89a, and
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the peak at 19.5 min is for the D-isomer 89a'. The above analysis confirmed that chiral integrity

of the amino acid is retained during this micowave assisted Cu-catalyzed C-N coupling process.

R! 0.__0 o :
+ HaN__COOH Cul (5 mol %), K,CO3 (2 equD/)
Z =2 H,0, MW 100 W, 80 °C
cl 10-15 min ~_-COOH
88a: R'=H 75a-h R2
88b: R' = NEt,
89a-m
0.__0 0.__0 0.__0
HN___ COOH HN\{COOH HN.___COOH ~COOH
= /_\ \r\
89a 89a + 89a’ 89b 89
. H 0, . c
10 min, 92% 10 min, 91% 10 min, 94% 10 min, 95%
0. .0 0.__0 0._0 0. 0
) b g o
HN.___COOH HN._COOH HN._ COOH HN___COOH
H T B 2
AN Ph ~ “NH “SOH
89%e
89d g 89f 89¢g
10 min, 96% 15 min, 86% 15 min, 84% 15 min, 82%
0.0 Et,N 0._0 Et,N 0._0
Et,N
COOH
- HN.__ COOH HN._ _COOH
Y Y ~Co0H
L ' - e
goh OH 89i 89 89k S\
; 0 12 min, 90% 10 min, 919
12 min, 84% 14 min, 88% o min %
Et,N 0.__0 EtoN 0.0
7 =
~_-COOH HN\/COOH
891  “Ph 89m “sH
15 min, 82% 20 min, 83%

Scheme 1A.3.1: Substrate scope of amino acids (75a-h) and 4-chloro coumarin (88a-b) for the N-

coumaryl amino acids (89a-m)
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Figure 1A.3.2: HPLC analysis of 89a + 89a’

All the synthesized compounds were purified by recrystalization from ethanol, and characterized
by detailed spectroscopic analysis. The *H NMR spectrum of 89a showed two characteristic
singlets, for one proton each at 6 12.95 and 5.03 for the COOH, and C-3 H respectively, along
with other expected signals, evidencing the coupling of alanine at the 4-position of coumarin
nucleus.

The H and *3C NMR spectra of 89a are depicted in Figure 1A.3.3 and Figure 1A.3.4, respectively.

e
=4 O P P O e O [t B = S = O O D W e — T
= IR IRERSHNARSR O=2SINS s
=t e I e e i e et e b —_ s

0] 0]
/
HN vCOOH
e L/u _L i | 1 I
= SRE = B2 = =
= =% = = b
13.5 120 10.5 9.0 a0 70 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0
1 (pem)

Figure 1A.3.3: 'H NMR spectrum of 89a in DMSO—ds
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Figure 1A.3.4: 3C NMR spectrum of 89a in DMSO—ds
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Based on the proposed mechanism of Cu(l)-catalyzed coupling of aryl halides with a-amino

acids,'*8 this reaction is believed to proceed through the chelation of a cuprous ion with a-amino

acid (75) salt to form chelate A, which upon coordination with 4-chlorocoumarin (88) yielded the

n-complex B. Thereafter, base-assisted intramolecular nucleophilic substitution at the 4™ position

of the coumaryl moiety in B gives the product via the formation of C & D (Scheme 1A.3.2).
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R
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Scheme 1A.3.2: Plausible mechanism
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Furthermore, the developed strategy was employed to couple y-aminobutyric acid (GABA), a chief
inhibitory neurotransmitter in mammalian CNS that plays a vital role in embryonic development
and adult neurogenesis.'?® Neurological disorders such as epilepsy, anxiety disorders, and
schizophrenia are caused due to disturbance in GABAergic inhibition.'?” The robust participation
of y-aminobutyric acid (GABA) in the physiological functioning makes it important to tag it to
synthetic fluorophores for understanding the mechanism of its action. Delightfully, the reaction of
4-chlorocoumarin (88a) with y-aminobutyric acid (90a) under similar microwave-assisted Cu-
catalyzed conditions in water at 80 °C gave N-coumaryl y-aminobutyric acid (91a) in 96% yield
(Scheme 1A.3.3). Similarly, 12-aminolauric acid (90b), an interesting fatty acid derivative that
plays a crucial role in the formation of membranes, lipoproteins and other lipid based molecular
assemblies. Pleasingly, the reaction of 90b with 4-chlorocoumarin (88a) under similar conditions
afforded N-coumaryl 12-aminolauric acid (91b) in 90% yield (Scheme 1A.3.3).

00 Cul (5 mol %), K,COs (2 equiv) 0. 0
H,N_ , COOH >
Z TN H,0, MW 100 W, 80 °C Z
Cl 15 min HN\H,COOH

n

88a 90a-b 91a:n =3: 96%
91b: n = 11: 90%

Scheme 1A.3.3: Synthesis of N-coumaryl y-aminobutyric acid & 12-aminolauric acid via C-N
bond coupling in water

To evaluate the potential use of N-coumaryl amino acids (89) as fluorescent probes, absorption
and fluorescence spectra of the synthesized compounds were recorded in MeOH. The wavelengths
of the absorption maxima (Aabs) and fluorescence emission maxima (Aem), together with their
quantum vyield for compounds 89i-m, were measured in MeOH and tabulated in Table 1A.3.2.
Overall, 89a-h showed absorption maxima in the wavelength region of 287-293 nm, while 89i-m
showed absorption maxima in the wavelength region of 348-351 nm. As expected, electron-
donating group (NEt2) at the 7-position in the coumarin nucleus strongly modulated the
fluorescence by affecting the energy of the molecule’s two lowest excited states,’? and thus
compounds 89i-m showed higher quantum vyields, and a bathochromic shift of fluorescence
maxima (Figure 1A.3.5; ¢ & d) as compared to 89a-h (Figure 1A.3.5; a & b).

25



Chapter 1A

Table 1A.3.2: Absorption and fluorescence data of N-coumaryl amino acids (89a-m)?

Compound AAbs AEM Quantum Yield

(nm) (nm) (@)
89a 289 360° 0.012
89b 292 380° 0.059
89c 293 378°P 0.066
89d 291 3820 0.111
8% 291 364° 0.141
89f 291 462° 0.030
899 291 411° 0.087
89h 287 404" 0.220
89i 348 416° 0.480
89j 350 416° 0.410
89k 351 417°¢ 0.300
89l 351 417° 0.510
89m 351 418° 0.200

aMeasured in MeOH (5x10°° M) at 25 °C; "Excited at 320 nm; °Excited at 360 nm; “Measured with

quinine sulfate in 0.1 N H2SO4 as standard.
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Figure 1A.3.5: UV absorption spectra of 89a-h (a) and 89i-m (c), and emission spectra of 89a-h
(b) and 89i-m (d) in MeOH (5x10° M) at 25 °C

Further, the chemical applicability of N-coumaryl amino acids as fluorescent probe was illustrated

by reacting 89l

with  N-terminus dipeptide,
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EDC-HCI/HOBt in DMF to afford N-coumaryl tripeptide 93 in 80% vyield (Scheme 1A.3.4). The
above transformation illustrated the capabillity of N-coumaryl amino acids to be used as ideal
probes for site-specific labelling for investigating in vitro and in vivo biologically relevant

processes.

Et,N 0.__0
EDC-HCI (1.5 equiv)

O
HOBLt (1 equiv)
=
+ Cl H3Njﬁ( \)kOMe NEt; (2.1 equiv) _ HN\)J\ /g( \)kOM
HN._COOH DMF, rt., 11 h )

© o

92 93, 80%
Scheme 1A.3. 4 Coupling of N-coumaryl amino acid (89l) with N-terminus dipeptide (92)

Et,N

Since the inclusion of a fluorescent labelled amino acid at definite site in proteins is an important
strategy for understanding the mechanism of biologically relevant processes,*? we envisaged to
synthesize two fluorescent labelled amino acids, tyrosine and lysine using our optimized protocol.
The endeavour to employ our strategy to a basic-amino acid, urge us to carry the reaction of Boc-
protected a-N-lysine (41) with 88a under optimized Cu-catalyzed microwave-assisted conditions
in water. Interestingly in 15 min, the corresponding Boc protected coumaryl labelled lysine (94)
was obtained in 80% vyield, which on Boc deprotection with HCl/dioxane yielded coumaryl-
labelled lysine as a hydrochloride salt (95) in 92% yield (Scheme 1A.3.5).

NH,
BocHN™ “COOH 0._0 0.0
o) 0 a1
. =
Cul (5 mol %), K,COj5 (2 equiv) = HCl/Dioxane
Z - HN rt, 3h HN
& H,0, MW 100 W, 80 °C,15 min
COOH COOH
o
88a 94, 80% NHBoc 95, 92% NH; CI

Scheme 1A.3.5: Cu-catalyzed synthesis of coumaryl-labelled lysine (95) in water

Selective modification of tyrosine residue is predominantly attractive because surface accessible
tyrosine is rather scarce in natural proteins,2%3 and thus selective tagging of tyrosine can lead to
site-specific labelling.3213! Thus, the optimized protocol was extended towards the C-O coupling
between Boc-protected a-N-tyrosine (96) and 88a-b under described conditions to afford 97a-b
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in 82-84% yield, which on Boc deprotection with HCl/dioxane yielded coumaryl-labelled tyrosine
conjugates (98a-b) as a hydrochloride salts in 93-96% yields (Scheme 1A.3.6).

IQOH
BocHN™ “COOH R! o. _O R’ 0__0O
R OO 96 HCI/Di
- _ loXane P>
% -
Cul (5 mol %), K,COj3 (2 equiv) 5 rt, 2-3h 5
Cl H,0, MW 100 W, 80 °C,12-15 min \©\)C\OOH mOH -
®
NHBoc NH; CI

88a=R'=H 97a, 84% 98a, 96%
88b = R'= NEt, 97b, 82% 98b, 93%

Scheme 1A.3.6: Cu-catalyzed synthesis of coumaryl-labelled tyrosine (98) in water

Absorption and fluorescence studies on coumaryl-labelled lysine (94 & 95) and tyrosine
conjugates (97a-b & 98a-b) were performed, and the results are summarized in Table 1A.3.3 and
Figure 1A.3.6; a & b.

Table 1A.3.3: Absorption and fluorescence data of coumaryl-labelled lysine and tyrosine?

Compound AAbs AEM Quantum Yield

(nm) (nm) (@)°

94 289 308° 0.0051

95 290 394° 0.0054

97a 266 384° 0.0021

98a 277 406° 0.0023
97b 362 446° 0.42
98b 362 448° 0.43

aMeasured in MeOH (5x10°° M) at 25 °C; "Excited at 320 nm; °Excited at 360 nm; “Measured with

quinine sulfate in 0.1 N H2SO4 as standard.
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Figure 1A.3.6: UV absorption spectra of 94, 95, 97a-b and 98a-b (a) and emission spectra of 94,
95, 97a-b and 98a-b (b) in MeOH (5x10° M) at 25 °C
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Finally, to illustrate a practical application of these coumaryl-labelled amino acids as potential
fluorescent labels, we planned to synthesize a fluorescent labelled synthetic derivative of opioid
tetrapeptide, Endomorphin-2. Endomorphin-2 is an endogenous selective agonist of the u-opioid
receptor (Tyr-Pro-Phe-Phe-NH;) found naturally in the spinal cord of many animals.®? The
agonist action of Endomorphin-2 at the u-opioid receptors plays pivotal role in physiological
functioning in human and many animals.'® The peptide bond reaction of C-terminus coumaryl
labelled tyrosine (97b) with N-terminus tripeptide, HCI-NH2-L-Pro-L-Phe-L-Phe-OMe (99)
proceeded comfortably in presence of EDC-HCI/HOBt in DMF to afford coumaryl-labelled
Endomorphin-2 derivative (100) in 70% yield (Scheme 1A.3.7).

EtoN
EtoN
\©;/vr EDC-HCI (1.5 equiv)

HOBt (1 equiv)

e} CI (’D(N\/H( JL NEts (2.1 equiv)
DMF, r.t.,, 12 h OMe
BocHN @( Jl\

BocHN™ "COOH

97b 99 100, 70%

Scheme 1A.3.7: Chemical applicability of coumaryl-labelled tyrosine towards the synthesis of
coumaryl-labelled Endomorphin-2 derivative (100)

In summary, we have developed a mild, efficient, and environmentally benign protocol for the
synthesis of N-coumaryl amino acids via microwave-assisted Cu-catalyzed Ullmann-type coupling
between 4-chlorocoumarin and N-terminus unprotected amino acids in water. The methodology
afforded good-to-excellent yields of a series of N-coumaryl amino acids that exhibited excellent
photophyscial properties. The synthesized N-coumaryl amino acids could be used as fluorescent
probes for coupling any N-terminus peptide of choice to yield fluorescent labelled peptides.
Further, C-O and C-N coupling of 4-chlorocoumarin under similar Cu-catalyzed conditions in
water afforded coumaryl-labelled tyrosine and lysine motifs. In addition, the chemical applicability
of coumaryl-labelled tyrosine was explored to synthesize a derivative of coumaryl-labelled

Endomorphin-2 derivative.
1A.4 Experimental Section

General materials and methods
All chemicals were obtained from commercial suppliers and used without further purification.

Nuclear Magnetic Resonance spectra were recorded on Bruker 400 spectrometer. All *H NMR
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experiments were recorded in DMSO—de with TMS as a standard in ¢ units, parts per million
(ppm), and were measured relative to residual DMSO (2.5 ppm) in the deuterated solvent. All 13C
NMR spectra were reported in ppm relative to ppm [de] DMSO (39.5 ppm). All coupling constants
J were reported in Hz. The following abbreviations were used to describe peak splitting patterns
when appropriate: s = singlet, d = doublet, t = triplet, dd = doublet of doublet, m = multiplet and
brs = broad singlet. High-resolution mass spectrometry (HRMS) was performed with an Agilent
6210 instrument using time-of-flight (TOF-MS) with electro spray ionization (ESI). Melting points
were determined on a capillary point apparatus equipped with a digital thermometer and are
uncorrected. Microwave reactions were carried in a CEM Discover BenchMate reactor in 10 mL
pressure vials at 80 W. Absorption spectra were recorded using dual beam Thermo Evolution 201
UV/Vis/NIR spectrophotometer and fluorescence spectra were recorded using a Shimadzu RF-
5301PC spectrofluorometer. The data were analyzed using related software. The concentration of
compound in all the solutions was 5x107° M. Fluorescence quantum yield (¢) values were obtained
by the following equation. The fluorescence quantum yields were calculated by comparing the
total fluorescence intensity (F) under the whole spectrum range by taking standard compound

quinine sulfate (prepared as 0.1 N H2SO4 solution, ¢s = 0.55).

F Ab 773

=9 FAb77I

Where, Ab, Absorbance at a particular wavelength; F, fluorescence spectrum area; and , refraction
index. The subscripts in the symbols refer to the standard (s) and to the sample (i). HPLC analysis
was performed on Water-2998 Instrument by using stationary phase chiral column chiralcel OD-
H and i-PrOH/hexanes as solvent system. Specific rotation was measured through RUDOLPH
Polarimeter.

General procedure for the synthesis of N-coumaryl amino acids

Unprotected a-amino acid (75) (1.32 mmol/0.94 mmol, 1.2 equiv) or unnatural amino acid (90)
(2.32 mmol, 1.2 equiv) dissolved in water (1 mL) was added to a mixture of 4-chlorocoumarin/4-
chloro-7-diethylaminocoumarin (88a-b) (1.1 mmol/0.79 mmol, 1 equiv), KoCOs3 (2.2 mmol/1.58
mmol) and Cul (0.05 mmol/0.03 mmol) in a microwave vial contaning water (3 mL). The reaction
mixture was heated at 80 ‘C for 10-15 min under microwave irradiation till the disappearance of
the starting material (TLC). The reaction mixture was added dropwise to an ice-bath, and

concentrated HCI was then added to adjust the pH to 2-3 under cooling conditions to precipitate a
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solid. The precipitate was filtered, washed with cold water (3 x 10 mL), and recrystallized from

ethanol to afford pure N-coumaryl amino acids (89a-m, 91a-b).
(2-Ox0-2H-chromen-4-yl)-L-alanine (89a): White solid; yield: 236 mg (92%); mp: 244245 °C;

0] )

8

HN COOH

-v

[0]%®p =37 (¢ = 1.0, MeOH): *H NMR (400 MHz, DMSO—ds) 6 12.95
(s, 1H), 8.21 — 8.14 (m, 1H), 7.58 (dd, J = 9.9, 3.9 Hz, 2H), 7.35 — 7.26
(m, 2H), 5.03 (s, 1H), 4.24 (q, J = 7.1 Hz, 1H), 1.50 (d, J = 7.1 Hz, 3H);
13C NMR (100 MHz, DMSO-dg) & 174.1, 161.9, 153.5, 153.4, 132.5,
123.8, 123.3, 117.4, 114.7, 83.4, 51.3, 17.5; HRMS (ESI-TOF) (m/2)

calculated C12H12NO4™ : 234.0766; found 234.0762 [M+H]".
(2-Oxo0-2H-chromen-4-yl)alanine (89a + 89a'): White solid; yield: 232 mg (91%); mp: 256258

O

g

HN COOH

Y

°C; [0]®0 = 0 (¢ = 1.0, MeOH); *H NMR (400 MHz, DMSO—dg) 6
12.95 (s, 1H), 8.21 — 8.14 (m, 1H), 7.58 (dd, J = 9.9, 3.9 Hz, 2H),
7.35—7.26 (m, 2H), 5.03 (s, 1H), 4.24 (p, J = 7.1 Hz, 1H), 1.50 (d,
J = 7.1 Hz, 3H); C NMR (100 MHz, DMSO—dg) ¢ 174.0, 161.8,
153.5, 153.4, 132.5, 123.7, 123.3, 117.4, 114.7, 83.4, 51.3, 17.5;

234.0759 [M+H]".

HRMS (ESI-TOF) (m/z) calculated C12H12NO4™ : 234.0766; found

(2-Oxo0-2H-chromen-4-yl)-L-valine (89b): White solid; yield: 269 mg (94%); mp: 260—261 °C;

0]

I3

HN COOH

~
AN

[0]®p = —117 (c = 1.0, MeOH); *H NMR (400 MHz, DMSO—ds) ¢
12.97 (s, 1H), 8.28 (dd, J = 8.1, 1.2 Hz, 1H), 7.62 — 7.55 (m, 1H), 7.39
(d, = 7.8 Hz, 1H), 7.35 — 7.27 (m, 2H), 5.12 (s, 1H), 3.78 (t, J = 8.1
Hz, 1H), 2.31 — 2.24 (m, 1H), 1.03 — 0.96 (m, 6H); *C NMR (100
MHz, DMSO-ds) ¢ 173.2, 161.8, 153.8, 153.5, 132.53, 123.8, 123.4,

117.3, 114.7, 83.6, 62.7, 29.9, 19.5; HRMS (ESI-TOF) (m/z) calculated C14H1NO4* : 262.1079;

found 262.1064 [M+H]".

(2-Ox0-2H-chromen-4-yl)-L-isoleucine (89c): White solid; yield: 287 mg (95%); mp: 236238

°C; [a]*®p = —94 (¢ = 1.0, MeOH); *H NMR (400 MHz, DMSO—ds) 0
13.00 (s, 1H), 8.28 (dd, J = 8.1, 1.3 Hz, 1H), 7.61 — 7.43 (m, 1H), 7.42
(d, J = 7.8 Hz, 1H), 7.34 — 7.28 (m, 2H), 5.10 (s, 1H), 3.81 (t, J=8.1
Hz, 1H), 2.13 — 2.06 (m, 1H), 1.63 — 1.55 (m, 1H), 1.33 — 1.23 (m,
1H), 0.95 (d, J = 6.8 Hz, 3H), 0.85 (t, J = 7.4 Hz, 3H); *C NMR (100
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MHz, DMSO-de) 0 173.2, 161.8, 153.7, 153.5, 132.6, 123.8, 123.4, 117.3, 114.6, 83.5, 61.2, 35.7,
25.8, 15.7, 11.1; HRMS (ESI-TOF) (m/z) calculated C16H20NO4" : 290.1392; found 290.1378
[M+H]*.

(2-Ox0-2H-chromen-4-yl)-L-methionine (89d): White solid; yield: 309 mg (96%); mp: 215—

o o 217 °C; [a]®®p = -36 (¢ = 1.0, MeOH); *H NMR (400 MHz, DMSO-—
P ds) 0 13.15 (s, 1H), 8.25 —8.11 (m, 1H), 7.70 (d, J = 7.5 Hz, 1H), 7.65
— 7.56 (m, 1H), 7.32 (dd, J = 11.0, 8.1 Hz, 2H), 5.10 (s, 1H), 4.41 —

HN.__COOH
: 4.23 (m, 1H), 3.01 — 2.89 (m, 1H), 2.85 — 2.74 (m, 1H), 2.56 (s, 3H),
N—s” | 232 (d, J = 8.4 Hz, 2H); *C NMR (100 MHz, DMSO-dg) 6 172.9,

161.9, 153.8, 153.48, 132.7, 123.9, 123.3, 117.4, 114.8, 83.6, 50.1, 30.5, 25.0, 15.0; HRMS (ESI-
TOF) (m/z) calculated C14H16NO4S™ : 294.0800; found 294.0789 [M+H]".
(2-Ox0-2H-chromen-4-yl)-L-phenylalanine (89e): White solid; yield: 292 mg (86%); mp: 236—

5 o 238 °C; [4]%%p = —2 (¢ = 1.0, MeOH); 'H NMR (400 MHz, DMSO-ds)
P 08.14 (d, J = 7.7 Hz, 1H), 7.67 (d, J = 7.8 Hz, 1H), 7.60 (t, J = 7.4 Hz,
WN_coon 1H), 7.38 — 7.30 (m, 3H), 7.29 — 7.24 (m, 3H), 7.20 — 7.14 (m, 1H),
: 5.12 (s, 1H), 4.51 — 4.40 (m, 1H), 3.25 (d, J = 8.7 Hz, 2H); 3C NMR

~N
Ph (100 MHz, DMSO-ds) 6 173.1, 161.8, 153.7, 153.4, 138.1, 132.6,

129.5, 128.7, 127.0, 123.9, 123.1, 117.4, 114.6, 83.5, 57.4, 36.8; HRMS (ESI-TOF) (m/z)
calculated C1gH16NO4" : 310.1079; found 310.1062 [M+H]".
(2-Ox0-2H-chromen-4-yl)-L-tryptophan (89f): White solid; yield: 321 mg (84%); mp: 220—

0.0 221 °C; [a]®p = —132 (c = 1.0, MeOH); 'H NMR (400 MHz,
P DMSO-ds) 6 10.77 (s, 1H), 8.05 (d, J = 7.1 Hz, 1H), 7.64 (s, 1H),
HN__COOH 7.59 (d, J = 7.2 Hz, 1H), 7.55 — 7.48 (m, 1H), 7.29 — 7.21 (m, 4H),
: 7.05—6.96 (m, 1H), 6.94 — 6.85 (m, 1H), 5.05 (s, 1H), 4.23 —4.16
N (m, 1H), 3.41 (d, J = 15.0 Hz, 2H); 3C NMR (100 MHz, DMSO—

de) 6 172.9, 161.9, 153.5, 153.3, 136.5, 132.2, 127.8, 127.1, 124.2,

123.6, 122.9, 121.2, 118.7, 117.3, 114.9, 111.8, 111.2, 82.6, 58.0,
27.4; HRMS (ESI-TOF) (m/z) calculated C20H17N204" : 349.1188; found 349.1167 [M+H]".
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(2-Ox0-2H-chromen-4-yl)-L-serine (89g): White solid; yield: 224 mg (82%); mp: 225-226 °C;

[0]%b = 28 (c = 1.0, MeOH): H NMR (400 MHz, DMSO—d¢) & 8.13
(d, J = 8.0 Hz, 1H), 7.60 (t, J = 7.7 Hz, 1H), 7.37 — 7.28 (m, 3H), 5.09
(s, 1H), 4.28 — 4.21 (m, 1H), 3.89 (d, J = 5.2 Hz, 2H); 3C NMR (100
MHz, DMSO-ds) 6 171.7, 161.8, 153.5, 153.5, 132.6, 123.8, 123.0,
117.4, 114.7, 83.4, 61.4, 58.7; HRMS (ESI-TOF) (m/z) calculated

C12H12NOs* : 250.0715; found 250.0703 [M+H]".
(2-Ox0-2H-chromen-4-yl)-L-tyrosine (89h): White solid; yield: 300 mg (84%); mp: 246248

0._0
=

HN._COOH

Q.

°C; [a]®p=-12 (c = 1.0, MeOH); *H NMR (400 MHz, DMSO—ds)
§ 13.03 (s, 1H), 9.22 (s, 1H), 8.15 (d, J = 8.2 Hz, 1H), 7.65 — 7.53
(m, 2H), 7.35 - 7.24 (m, 2H), 7.13 (d, J = 7.3 Hz, 2H), 6.62 (d, J =
7.6 Hz, 2H), 5.05 (s, 1H), 4.35 — 4.27 (m, 1H), 3.11 (d, J = 5.9 Hz,
2H); 1*C NMR (100 MHz, DMSO-dg) 6 173.1, 161.7, 156.4, 153.6,
153.4, 132.5, 130.4, 128.0, 123.8, 123.2, 117.3, 115.5, 114.7, 83.4,

57.9, 36.1; HRMS (ESI-TOF) (m/z) calculated C1sH1sNOs" : 326.1028; found 326.1007 [M+H]".
(7-(Diethylamino)-2-oxo-2H-chromen-4-yl)-L-alanine (89i): White solid; yield: 211 mg (88%);

Et,N 0._0O
=

HN\/COOH

mp: 215-217 °C; []®p = +28 (¢ = 1.0, MeOH); *H NMR (400
MHz, DMSO-—ds) 0 12.83 (s, 1H), 7.87 (d, J = 9.1 Hz, 1H), 7.26 (d,
J=7.3Hz, 1H), 6.62 (dd, J = 9.1, 2.5 Hz, 1H), 6.37 (d, J = 2.5 Hz,
1H), 4.73 (s, 1H), 4.14 (quin., J = 7.0 Hz, 1H), 3.38 (q, J = 7.0 Hz,
4H), 1.47 (d, J = 7.1 Hz, 3H), 1.09 (t, J = 7.0 Hz, 6H); 13C NMR

(100 MHz, DMSO—ds) 6 179.1, 167.4, 160.6, 159.0, 155.4, 129.0, 112.8, 107.3, 102.1, 84.4, 55.9,
49.0, 22.4, 17.5; HRMS (ESI-TOF) (m/z) calculated C16H21N204" : 305.1496; found 305.1510

(7-(Diethylamino)-2-oxo-2H-chromen-4-yl)-L-valine (89j): White solid; yield: 201 mg (90%);

[M+H]".
Et,N 0__0
=
HN.__COOH
AN

mp: 216218 °C; [0]®p = —18 (¢ = 1.0, MeOH); H NMR (400
MHz, DMSO—ds) 6 13.04 (s, 1H), 7.96 (d, J = 9.1 Hz, 1H), 7.12
(d, J=7.7 Hz, 1H), 6.65 — 6.58 (m, 1H), 6.37 (d, J = 2.1 Hz, 1H),
4.83 (s, 1H), 3.67 (t, J = 8.0 Hz, 1H), 3.38 (q, J = 6.8 Hz, 4H),
2.24 (dd, J = 14.0, 6.9 Hz, 1H), 1.09 (t, J = 6.9 Hz, 6H), 1.00 —
0.95 (m, 6H); **C NMR (100 MHz, DMSO—ds) J 173.5, 162.6,
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155.8, 154.5, 150.7, 124.3, 108.1, 102.6, 97.4, 79.7, 62.6, 44.3, 30.0, 20.0, 19.5, 12.8; HRMS (ESI-
TOF) (m/z) calculated C1gH2sN204" : 333.1814; found 333.1843 [M+H]".
(7-(Diethylamino)-2-oxo-2H-chromen-4-yl)-L-methionine (89k): White solid; yield: 261 mg

Et,N

(91%); mp: 186188 °C; [a]®p = —13 (c = 1.0, MeOH); *H NMR
(400 MHz, DMSO—ds) 6 7.87 (d, J = 9.1 Hz, 1H), 7.28 (d, J = 7.8
Hz, 1H), 6.63 (dd, J = 9.1, 2.0 Hz, 1H), 6.37 (d, J = 2.1 Hz, 1H),
4.76 (s, 1H), 4.22 — 4.10 (m, 1H), 3.38 (q, J = 6.8 Hz, 4H), 2.65 —
2.51 (m, 2H), 2.22 — 2.07 (m, 2H), 2.03 (s, 3 H), 1.09 (t, J = 6.9
Hz, 6H); *C NMR (100 MHz, DMSO-ds) ¢ 173.6, 162.6, 155.8,

154.6, 150.7, 124.2, 108.1, 102.6, 97.4, 79.6, 54.9, 44.3, 31.0, 30.5, 15.0, 12.8; HRMS (ESI-TOF)
(m/z) calculated C1gH25N204S™ : 365.1528; found 365.1536 [M+H]".
(7-(Diethylamino)-2-oxo-2H-chromen-4-yl)-L-phenylalanine (891): White solid; yield: 246 mg

Et,N

(82%); mp: 208-211 °C; [0]®p = —12 (¢ = 1.0, MeOH); *H NMR
(400 MHz, DMSO—ds) 6 7.82 (d, J = 9.2 Hz, 1H), 7.38 — 7.31 (m,
3H), 7.26 — 7.19 (m, 2H), 7.17 — 7.10 (m, 1H), 6.62 (dd, J = 9.1, 2.4
Hz, 1H), 6.33 (d, J = 2.4 Hz, 1H), 4.78 (s, 1H), 4.28 (dd, J = 14.2,
8.0 Hz, 1H), 3.36 (g, J = 6.9 Hz, 4H), 3.22 — 3.16 (m, 2H), 1.07 (,
J = 6.9 Hz, 6H); 3C NMR (100 MHz, DMSO-ds) J 173.4, 162.6,

155.8, 154.3, 150.7, 138.3, 129.5, 128.6, 126.8, 124.1, 108.1, 102.5, 97.4, 79.6, 57.60, 44.3, 37.0,
12.8; HRMS (ESI-TOF) (m/z) calculated C22H2sN204" : 381.1807; found 381.1821 [M+H]".
(7-(Diethylamino)-2-oxo-2H-chromen-4-yl)-L-cysteine (89m): White solid; yield: 220 mg

Et,N

(83%); mp: 196-199 °C; [a]®p = +56 (¢ = 1.0, MeOH); *H NMR
(400 MHz, DMSO—dg) 6 7.77 (d, J = 9.1 Hz, 1H), 7.43 (d, J = 7.7
Hz, 1H), 6.61 (d, J = 8.8 Hz, 1H), 6.32 (s, 1H), 4.83 (s, 1H), 4.39
(dd, J = 12.5, 8.0 Hz, 1H), 3.37 (q, J = 6.8 Hz, 4H), 3.32 — 3.28 (m,
1H), 3.26 — 3.21 (m, 1H), 1.09 (t, J = 6.7 Hz, 6H); **C NMR (100
MHz, DMSO—dg) 6 172.3, 162.7, 155.7, 154.4, 150.6, 124.1, 108.1,

102.3, 97.2, 79.7, 54.8, 44.3, 38.8, 12.8; HRMS (ESI-TOF) (m/z) calculated C16H21N204S™ :
337.1212; found 337.1230 [M+H]".
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4-((2-Ox0-2H-chromen-4-yl)amino)butanoic acid (91a): White solid; yield: 244 mg (96%);
mp: 201-205 °C; *H NMR (400 MHz, DMSO—ds) 6 12.13 (s, 1H), 8.02

(0] O
(d, J = 7.9 Hz, 1H), 7.65 (t, J = 5.1 Hz, 1H), 7.59 — 7.52 (m, 1H), 7.28
=
(t, J = 7.8 Hz, 2H), 5.16 (s, 1H), 3.24 (dd, J = 13.1, 6.6 Hz, 2H), 2.33 (1,
HN ().COOH 3
g J=7.2 Hz, 2H), 1.87 — 1.77 (m, 2H); 3C NMR (100 MHz, DMSO~—ds)

0 174.6, 162.0, 153.6, 153.6, 132.3, 123.7, 122.9, 117.4, 114.9, 81.8,
42.1, 31.4, 23.3; HRMS (ESI-TOF) (m/z) calculated C13H14aNO4* : 248.0922; found 248.0913
[M+H]*.

12-((2-Oxo0-2H-chromen-4-yl)amino)dodecanoic acid (91b): White solid; yield: 355 mg (90%);
mp: 163-166 °C; 'H NMR (400 MHz, DMSO—ds) & 11.66 (s, 1H), 8.04

(0] (0]
(d, J = 10.3 Hz, 1H), 7.70 — 7.51 (m, 2H), 7.28 (d, J = 8.2 Hz, 2H), 5.10
=
(s, 1H), 3.27 — 3.14 (m, 2H), 2.24 — 2.02 (m, 2H), 1.63-1.58 (m, 2H),
HN#%COOH
) 151 — 1.43 (m, 2H), 1.21 — 1.08 (m, 14H): 3C NMR (100 MHz,

DMSO-ds) 0 175.0, 162.0, 153.5, 152.3, 132.2, 123.7, 122.9, 117.4,
115.0, 81.6, 42.8, 38.8, 35.9, 34.2,29.4, 29.2, 29.1, 27.9, 27.0, 25.8, 25.0; HRMS (ESI-TOF) (m/z)
calculated C21H30NO4" : 360.2174; found 360.2163 [M+H]".
General procedure for the linear elongation of C-terminus N-coumaryl amino acids:
Synthesis of N-coumaryl tripeptide
To astirred solution of 891 (0.132 g, 0.36 mmol) in DMF, triethyl amine (0.1 mL, 0.75 mmol) was
added at 0 °C, and subsequently EDC-HCI (0.85 g, 0.45 mmol), HOBt (0.48 g, 0.36 mmol) and
was added. The reaction mixture was stirred for 15 min at 0 °C. Later HCI-NH>—L-Phe-L-Leu-
OMe (92) (0.100 g, 0.30 mmol) was added, and the reaction mixture was stirred at room
temperature for 11 h. The completion of the reaction was monitored by TLC. After the completion
of the reaction, crushed-ice was added that resulted in the precipitation of the product, which was

filtrated, washed with cold water and recrystallized from ethanol to give pure 93.

35



Chapter 1A

Methyl (7-(diethylamino)-2-oxo-2H-chromen-4-yl)-L-phenylalanyl-L-phenylalanyl-L-

)} leucinate (93): White solid; yield: 156 mg
(80%); mp: 163-166 °C; *H NMR (400 MHz,
DMSO-ds) 0 8.54 (d, J =7.9 Hz, 1H), 8.45 (d, J

= Ph
0 0 _ _
H = 7.9 Hz, 1H), 7.80 (d, J = 8.7 Hz, 1H), 7.31 (d,
HN:QJ\”/EWNQJ\OMG

Et,N 0.__0O

J=17.1Hz, 1H), 7.25-7.07 (m, 10H), 6.59 (d, J
\© © \( = 8.6 Hz, 1H), 6.30 (s, 1H), 4.77 (s, 1H), 4.60 —

452 (m, 1H), 4.33 — 4.24 (m, 2H), 3.59 (s, 3H),
3.40 (m, overlapped by moisture of DMSO, 4H),
2.97 — 2.88 (M, 2H), 2.82 — 2.72 (m, 2H), 1.55 —1.50 (m, 2H), 1.33 (d, J = 7.3 Hz, 1H), 1.06 (t, J
=5.8 Hz, 6H), 0.85—0.78 (m, 6H); *C NMR (100 MHz, DMSO-ds) 6 173.2, 171.5, 171.4, 162.7,
155.7, 154.1, 150.6, 138.6, 137.9, 137.8, 129.7, 129.6, 129.5, 128.6, 126.7, 124.3, 108.1, 102.4,
97.2,79.6,57.7,54.1, 52.4,50.7, 44.3, 37.7, 24.7, 23.2, 22.1, 21.7, 12.7; HRMS (ESI-TOF) (m/2)
calculated C37H43N4Os" : 639.3182; found 639.3193 [M—CHs]".

Typical procedure for the synthesis of coumaryl-labelled lysine

Boc a-N-lysine (41) (1.32 mmol) dissolved in water (1 mL) was added to a mixture of 4-
chlorocoumarin (88a) (1.1 mmol), K2COs (2.2 mmol) and Cul (0.05 mmol) in water (3 mL). The
reaction mixture was heated at 80 °C for 15 min under microwave irradiation till the disappearance
of the starting material. The reaction mixture was added dropwise to an ice-bath, and concentrated
HCI was then added to adjust the pH to 2-3 under cooling conditions to precipitate a solid. The
precipitate was filtered, washed with cold-water (3 x 10 mL) and recrystallized from ethanol to
give pure coumaryl-labelled Boc-protected lysine (94).

A solution of dioxane-HCI was added dropwise to 94 (0.150 g) dissolved in dioxane at 0 °C. The
reaction was stirred at room temperature for 3 h, and monitored via TLC. After the completion,
the reaction mixture was completely concentrated, washed with diethyl ether and filtered-off to

yield 95 as pure product.
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N2-(tert-Butoxycarbonyl)-N6-(2-oxo0-2H-chromen-4-yl)-L-lysine (94): White solid; yield: 343
( o o Y mg (80%); mp: 270272 °C; [a]® b = +58 (¢ = 1.0, MeOH);
IH NMR (400 MHz, DMSO—ds) 6 8.22 (brs, 1H), 7.61-7.33

= (m, 4H), 6.78 (s, 1H), 5.04 (s, 1H), 4.21 — 4.02 (m, 1H), 2.96
HN —2.84 (m, 2H), 1.99 — 1.83 (m, 2H), 1.48 — 1.21 (m, 13H);
COOH | 3¥C NMR (100 MHz, DMSO-ds) § 172.0, 162.0, 156.1,

NHBoG 154.0, 153.5, 132.6, 123.9, 123.4, 117.4, 114.7, 83.2, 77.9,

(. J

56.6, 39.3, 30.9, 29.5, 28.7, 23.7; HRMS (ESI-TOF) (m/z)
calculated C2oH27N206" : 391.1869; found 391.1822 [M+H]".
(S)-1-carboxy-5-((2-o0xo-2H-chromen-4-yl)amino)pentan-1-aminium chloride (95): White

( 0. .0 1 solid; yield: 115 mg (92%); mp: 210-212 °C; 'H NMR (400
©/\; MHz, DMSO-—de) 9 8.30 (d, J = 7.8 Hz, 1H), 7.96 (brs, 3H), 7.64
o (d,J=7.5Hz, 1H), 7.58 (t, J = 7.5 Hz, 1H), 7.38 — 7.24 (m, 2H),

coonl 503 (5 1H),4.12-4.06 (m, 1H), 280 - 2.74 (m, 2H), 2.03 - 1.93

T (m, 1H), 1.90 — 1.77 (m, 1H), 1.66 — 1.52 (m, 2H), 1.48 — 1.31

L ® O ] (m,2H);¥C NMR (100 MHz, DMSO-ds) 6 173.5, 162.0, 154.0,
153.4,132.6,123.9,123.7,117.4,114.7,83.2, 56.3, 38.8, 30.5, 26.9, 23.3; HRMS (ESI-TOF) (m/z)
calculated C1sH20CIN2O4" : 327.1111; found 327.1161 [M+H]".

Typical procedure for the synthesis of coumaryl-labelled tyrosine

Boc N-tyrosine (96) (1.3 mmol/0.94 mmol) dissolved in water (1 mL) was added to a mixture of
88a-b (1.1 mmol/0.79 mmol), KoCOs (2.2 mmol/1.58 mmol) and Cul (0.05 mmol/0.03 mmol) in
water (3 mL). The reaction mixture was heated at 80 “C for 12-15 min under microwave irradiation
till the disappearance of the starting material. The reaction mixture was then added dropwise to an
ice-bath, and concentrated HCI was then added to adjust the pH to 2-3 under cooling conditions to
precipitate a solid. The precipitate was filtered, and washed with cold-water (3 x 10 mL), and
recrystallized from ethanol to give pure coumaryl-labelled Boc-protected tyrosine (97a-b).

A solution of dioxane-HCI was added dropwise to 97a-b (0.150 g) dissolved in dioxane at 0 °C.
The reaction was stirred at room temperature for 2-3 h and monitored via TLC. After the
completion, the reaction mixture was completely concentrated, washed with diethyl ether and

filtered-off to yield 98a-b as pure product.
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(S)-2-((tert-Butoxycarbonyl)amino)-3-(4-((2-oxo-2H-chromen-4-yl)oxy)phenyl)propanoic
acid (97a): White solid; yield: 392 mg (84%); mp: 180—183 °C; [a]®p = —4 (c = 1.0, MeOH); *H

o O
T
NHBoc

NMR (400 MHz, DMSO—ds) 6 8.02 (d, J = 7.0 Hz, 1H), 7.80
—7.69 (M, 1H), 7.47 — 7.40 (m, 4H), 7.25 (d, J = 5.4 Hz, 2H),
6.89 (d, J = 4.4 Hz, 1H), 5.14 (s, 1H), 4.18 — 4.09 (m, 1H),
3.14 — 3.09 (m, 1H), 2.95 — 2.85 (m, 1H), 1.32 (s, 9H); 3C
NMR (100 MHz, DMSO-ds) J 166.4, 161.6, 155.7, 153.5,
151.0, 137.6, 133.9, 131.8, 130.5, 125.0, 123.4, 121.2, 117.1,

115.3, 93.1, 78.3, 55.80, 36.9, 28.6; HRMS (ESI-TOF) (m/z) calculated C23H24NO7" : 426.1552;
found 426.1568 [M+H]".
(S)-2-((tert-Butoxycarbonyl)amino)-3-(4-((7-(diethylamino)-2-oxo0-2H-chromen-
4yl)oxy)phenyl)propanoic acid (97b): White solid; yield: 321 mg (82%); mp: 233-235 °C; [a]®b

Et,N 0._0O
|69

NHBoc

y  =-128 (c = 1.0, MeOH); *H NMR (400 MHz, DMSO—
de) 0 7.72 (d, J = 9.0 Hz, 1H), 7.36 (d, J = 7.1 Hz, 2H),
7.19 (d, J = 7.7 Hz, 2H), 7.01 (d, J = 7.9 Hz, 1H), 6.95
—6.82 (m, 1H), 6.56 (s, 1H), 4.75 (s, 1H), 4.13 — 4.04
(m, 1H), 3.40 (m, overlapped by moisture of DMSO,
4H), 3.12 — 3.08 (m, 1H), 2.89 — 2.83 (m, 1H), 1.32 (s,

9H) 1.13(t, J = 6.7 Hz, 6H); 3C NMR (100 MHz, DMSO—ds) 5 174.1, 167.3, 162.6, 156.2, 155.7,
151.7,151.2,137.2,131.6,121.3, 115.3, 109.2, 102.8, 96.9, 87.6, 78.4, 52.5, 44.6, 36.8, 28.6, 12.7;
HRMS (ESI-TOF) (m/z) calculated C27H33sN207" : 497.2280; found 497.2296 [M+H]".

(S)-2-Amino-3-(4-((2-oxo-2H-chromen-4-yl)oxy)phenyl)propanoic acid hydrochloride (98a):
White solid; yield: 121 mg (96%); mp: 226—228 °C; [a]®p = +10 (¢ = 1.0, MeOH); *H NMR (400

-

o0.__0O
CCy

© COOH
® O
NH; CI

N

Ci1gH16NOs"

MHz, DMSO—ds)  8.39 (brs, 3H), 8.04 (d, J = 7.2 Hz, 1H),
7.76 (t, J = 7.7 Hz, 1H), 7.48 — 7.43 (m, 4H), 7.33 (d, J =
8.3 Hz, 2H), 5.34 (s, 1H), 4.17 (t, J = 5.9 Hz, 1H), 3.27 (dd,
J=14.0, 5.3 Hz, 1H), 3.15 (dd, J = 14.0, 7.3 Hz, 1H); 13C
NMR (100 MHz, DMSO-ds) ¢ 170.9, 166.5, 161.8, 153.5,
151.7, 134.7, 133.9, 132.2, 125.0, 123.4, 121.9, 117.0,
115.2,93.4,54.2, 35.6; HRMS (ESI-TOF) (m/z) calculated

: 326.1028; found 326.1096 [M—CI]*.
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(S)-2-Amino-3-(4-((7-(diethylamino)-2-oxo-2H-chromen-4-yl)oxy)phenyl)propanoic acid
hydrochloride (98b): White solid; yield: 121 mg (93%); mp: 191-193 °C; [a]**p = +238 (c = 1.0,
( )} MeOH); 'H NMR (400 MHz, DMSO-ds) J 8.43
Et,N O. _O (brs, 3H), 7.74 (d, J = 9.0 Hz, 1H), 7.44 (d, J = 8.4
Hz, 2H), 7.28 (d, J = 8.4 Hz, 2H), 6.77 (d, J = 11.0
Hz, 1H), 6.57 (s, 1H), 4.93 (s, 1H), 4.29 — 4.20 (m,

Om@?H 5 1H), 3.45 (g, J = 6.9 Hz, 4H), 3.25 — 3.20 (m, 1H),
NH; Cl| 3.17 —3.12 (m, 1H), 1.13 (t, J = 6.9 Hz, 6H); **C
) ~ NMR (100 MHz, DMSO-ds) § 170.8, 167.3, 162.8,
156.2, 152.0, 151.7, 133.7, 132.0, 122.0, 115.8, 109.3, 102.7, 96.9, 87.8, 53.6, 44.6, 35.4, 12.7;
HRMS (ESI-TOF) (m/z) calculated C22H25N20s" : 397.1763; found 397.1742 [M—CI]".

Typical procedure for the synthesis of coumaryl-labelled Endomorphin-2 derivative

Compound 100 was synthesized by coupling 97b (0.129 g, 0.26 mmol) with HCI-NH,-L-Pro-L-
Phe-L-Phe-OMe (99)**® (0.100 g, 0.21 mmol) following the procedure employed earlier for the

=

synthesis of 93.

Methyl ((S)-2-((tert-butoxycarbonyl)amino)-3-(4-((7-(diethylamino)-2-oxo-2H-chromen-4-
yl)oxy)phenyl)propanoyl)-L-prolyl-L-phenylalanyl-L-phenylalaninate (100): White solid,;
( ) yield: 132 mg (70%); mp: 150—
152 °C; 'H NMR (400 MHz,

Et,N 0__0
\©/\Z DMSO-ds) 5 8.40 (d, J = 7.4 Hz,
[ 1H), 7.72 (d, J = 9.0 Hz, 1H), 7.40
(dd, J = 19.8, 8.4 Hz, 2H), 7.29 —
ij oMe| 7.12 (m, 14H), 6.76 (d, J = 10.0
BocHN N - N Hz, 1H), 6.56 (s, 1H), 4.7 (s, 1H)
- O ] y . ] ] . ] y
(@)
° S

451 — 4.46 (M, 2H), 4.43 — 4.28
(m, 2H), 3.56 (s, 3H), 3.45 (d, J =
6.7 Hz, 4H), 3.10 — 2.89 (m, 5H), 2.81 — 2.76 (m, 3H), 1.86 — 1.82 (m, 1H), 1.87 — 1.77 (m, 2H),
1.74 — 1.65 (m, 1H), 1.29 (s, 9H), 1.14 (t, J = 6.9 Hz, 6H); *C NMR (100 MHz, DMSO—ds) 6
172.1, 171.6, 171.4, 170.8, 167.3, 162.6, 156.3, 155.7, 151.7, 151.2, 138.0, 137.5, 136.9, 131.9,
131.8,129.7, 129.5, 129.5, 128.7, 128.5, 127.0, 126.7, 124.3, 121.4, 109.2, 102.8, 97.0, 87.7, 78.5,
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60.0, 55.4, 54.1, 54.0, 52.3, 47.2, 44.6, 37.8, 37.1, 36.5, 28.6, 12.7; HRMS (ESI-TOF) (m/z)
calculated Cs1HsoNsO10" : 902.4340; found 902.4325 [M+H]".
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Chapter 1B

1B.1 Introduction

Amino acids and peptides display various physiological actions in living cells, and thus act as
hormones, enzyme inhibitors and neurotransmitters. However their clinical applications are
limited due to their rapid hydrolysis by peptidase enzymes. To overcome this, peptides have been
replaced by peptidomimetics that are small peptide-like molecules possessing esters, thioesters,
thioamides, hydrazides, ureas, or a variety of heterocycles including tetrazoles, imidazoles,

oxazoles and triazoles as substitute of amide bond (Figure. 1B.1.1).*
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Figure 1B.1.1: Representative examples of peptidomimetics modified peptides used for
mimicking peptides

The demand for modified peptides obtained by bioisosteric replacement of an amide bond by
such functionalities is driving extensive research effort in the field of drug discovery due to their
improved stability profiles and pharmacokinetic properties. Many structural modifications of
peptides guided by rational design and molecular modeling have been proposed to develop novel
synthetic approaches for their synthesis. In addition, several key synthetic strategies such as
solid-phase synthesis of non-peptide libraries extended the range of chemical space covered with
peptidomimetics. For e.g., Pepstatin, the first synthetic renin inhibitor (N-acyl-pentapeptide,
isovaleryl-L-valyl-L-valyl-statyl-L-alanyl-statine)® was replaced by first-generation peptide

analogs (e.g. H-142)® due to their low potency and poor solubility. Due to poor bioavailability,
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short duration of action, and low potencies, none of the first-generation analogs completed
clinical investigations, and thus were replaced by second-generation renin inhibiters (e.g.
Remikiren)’ that resisted degradation by peptidases, and exhibited great efficacy in vivo towards
hypertension and inhibitors for liver enzyme renin. However, due to short half-life on oral

8-13

delivery, it has been recently replaced by Aliskiren,”* which is a third-generation orally active

renin inhibitor that is currently marketed (Figure 1B.1.2).

COOH
W ﬁ g':)L Jﬁf ¢ H-Pro-His-Pro. N\)J\ \)\ue His-Lys-OH
0]
Y\NH
Pepstatin (First synthetic renin inhibitor) H-142 (First-generation renin inhibitor)
e
N=\ O

%«AJ:?M

M okbet &W

Remikiren (Second-generation renin inhibitor) Aliskiren (Third-generation renin inhibitor)

Figure 1B.1.2: Representative examples of peptidomimetics used as renin inhibitors

Strikingly, a triazole ring has been considered as a non-classical bioisostere of the peptide bond.
Its functions to act as a helical component,* a g-turn unit,"® and a cis or trans-prolyl ratio
modifier in linear peptidomimetics*? have been studied by few researchers. Further, triazole-
based peptidomimetics have received considerable interest due to similarity of their electronic
and structural characteristics with that of an amide bond (Figure 1B.1.3). Contentedly, both
1,2,3-triazole and amide bond are planar, of similar size, possess a high dipolar moment, and
feature similar H-bonding capabilities.*®*" In contrast to amide bond, the 1,2,3-triazole moiety is
resistant to be cleaved by proteases. All these characteristics ascertain 1,2,3-triazole to be an
attractive amide-bond surrogate for peptide backbone engineering with increased hydrolytic
stability. Moreover, inclusion of 1,4- and 1,5-disubstituted 1,2,3-triazoles into peptide backbone
provides a direct access to “linear” and “bent” peptide surrogates, respectively. However, there
are some significant structural discrepancies between trans-amide bond and 1,4-disubstituted
triazole, or cis-amide bond and 1,5-didisubstituted 1,2,3-triazole surrogates in peptides, most

notably an increased distance between the amino acid side chains of approximately 25%.
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Triazole-modified peptidomimetics
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A <

trans-amide bond cis-amide bond

Figure 1B.1.3: Structural comparison of trans-amide and cis-amide with 1,4- and 1,5-
disubstituted 1,2,3-triazoles, respectively

Thus, 1,2,3-triazole-modified peptidomimetics are attractive non-natural molecules for drug
discovery because of their versatile pharmacological profile.”>*®# For example, triazole-
modified peptidomimetics have been used as tyrosinase inhibitor,™ anticancer agents,>* PDZ
domain inhibitor,®® g—turn inducer*> and AMPA receptor ligand® (Figure 1B.1.4). Moreover,
they have been an integral component of protein-like oligomers and non-peptidic protein
mimetic foldamers.?*%* In addition, stable analogues of glycoamino acids and glycopeptides in
which the non-sugar acetal-heteroatom has been replaced by a triazole moiety, are reported with
exceptional medical and nutritional applications.**?**" Consequently, triazole nucleus has been
recognized in many natural products, and exhibited numerous pharmaceutical activities,
including antiseptic, analgesic, anticonvulsant, antibiotic, antiallergic, antiinflammatory, diuretic,
fungicidal, insecticidal, herbicidal, antibacterial, antiviral, antidepressant, antimicrobial,

antitumor, antihypertensive and antimigraine.?®
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OH
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Figure 1B.1.4: Selective examples of biological active triazole-modified peptidomimetics

Due to diverse applications of triazoles, much attention has been devoted towards their
construction by various research groups. In this realm, the cycloaddition reaction between an
organic azide and alkyne that was discovered in early 20th century, proved to be a backbone for
constructing triazolyl-linked dendrimers, DNA-cleaving agents, and structural components of
highly branched polymers, especially in liquid crystals and so on.®*3® Surprisingly, the
cycloaddition reaction didn’t gain much attention until 1960s when Huisgen and coworkers
explored this reaction, and carried out a comprehensive study to unveil the mechanism of the
reaction.’”*° Interestingly, in 2001 Sharpless introduced the term ‘click chemistry’ for the
reactions that are easy to perform, yield no byproducts, remain unaffected by the nature of
groups being connected, and able to performed under mild conditions and in water as a solvent
of choice.”’ In broader sense, click chemistry reactions are considered as a “state of art” for
chemists because of valuable features, including shorter reaction time, and excellent selectivity.**
Additionally, it can be conducted over a pH range from 3 to 12, with high atom-economy, large
thermodynamic driving force (>84 kJ/mol) to favor a single reaction product.”® In mid-90s, it
was reported that thermal cycloaddition of an alkyne and azide leads to the formation of a
mixture of regioisomers. Later, it was established that copper and ruthenium catalysis* display
high regioselective behavior for the [3+2] cycloaddition between phenyl azide (1) and phenyl
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acetylene (2) to exclusively afford 1,4- and 1,5-diphenyl triazoles (3 & 4), respectively (Scheme
1B.1.1).%

I?IH
o Q
y N Ru catalyst N Cu catalyst N
N~ N
N
1 2

1,5-diphenyl triazole 1,4-diphenyl triazole
Scheme 1B.1.1: Metal catalyzed [3+2] cycloaddition for the synthesis 1,4- and 1,5-diphenyl
1,2,3-triazoles
Among these strategies, Cu-catalyzed azide-alkyne cycloaddition (CUAAC) is a premier example
of click chemistry** that has been explored for building covalent connections between complex
molecular architectures.*” More than 1000 research articles have been published on CUAAC
since the Meldal and Fokin—Sharpless publications of 2002, which described the most favorable
reaction conditions.”> CUAAC remains unaffected by a variety of functional groups, and can be
achieved using a variety of Cu(l) catalysts and solvents, including aqueous medium. Some of the
examples of commonly used pre-catalysts for CUAAC are: (i) a Cu(ll) salt together with a
reducing agent, (ii) a Cu(l) salt together with a base or amine ligand and a reducing agent in
order to inhibit aerobic oxidation to Cu(ll), (iii) a Cu(0) (wire, turnings, powder, or
nanoparticles), the surface of which forms the required Cu(l) species, (iv) cupric salts or
complexes such as Cu(OAc), in absence of a reductant.*®*” Although ligands are usually not
necessary to carry out the CUAAC reaction, they have reported to enhance the reaction rate.

In spite of its simple outlook, its mechanism remains debatable, and has been proposed on the
basis of density functional theory (DFT) calculations and kinetic studies (Scheme 1B.1.2).48%°
Initially, a bimetallic mechanism was proposed in which the alkynyl was coordinated to one Cu
center to form copper-acetylide coordination complex, whereas the azide attacked a second one.
After reinvestigation, another related mechanism was suggested which was believed to be
initiated by the generation of active Cu(l) catalyst from Cu(l) salts or Cu(Il) salts using sodium
ascorbate as the reducing agent. DFT calculations have shown that nitrogen-based ligands can
stabilize the Cu(l) oxidation state under aerobic, aqueous conditions, and promote the desired
transformation (Scheme 1B.1.2).°%*! In 2013, Worrell et al. showed that two Cu(l) atoms of the
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catalytic complex become equivalent and can hike, however the way of binding of the azide to

the Cu(I) n-complexes has not been established experimentally.*

N="% ®
_ N-R? R'-=—CulL,
R UL copper(l) acetylide
Uln2
2
® oR
N=N-N
N\
N ~Culy RI——~Cul,.,
R'I

copper (1) metallacycle

Scheme 1B.1.2: Generalized mechanism for CUAAC reaction

Strikingly, 1,4-disubstituted 1,2,3-triazoles possess interesting chemical properties such as
tolerance to acidic, basic, oxidative, and reductive conditions, which have been explored for
preparing calixarenes, rotaxanes, dendrimers, polymers, carbohydrate clusters, and studying
carbohydrate conjugation by triazole ligation.’®#23°* |nterestingly, the diverse fluorescence
properties of the triazolyl linked conjugates resulted by CuAAC between aryl/heteroaryl
acetylenes and azides have immensely contributed to the success of CUAAC (Figure 1B.1.5).%
This is due to increased emission intensity and variation in emission wavelength properties of the

conjugates, desirable to act as fluorogenic probes for bioimaging.

é N AR R
- / N CuAAC o) | Ar/Het.py !
N/\ 1

Non-fluorescent starting materials Fluorescent product

Figure 1B.1.5: Generalized representation of fluorogenic CUAAC
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Under this domain, coumarins have exhibited interesting fluorescence properties, and a high
degree of sensitivity to their local environment, including polarity and viscosity. This sensitivity
has led to their widespread application as sensitive fluorescent probes for a wide range of
homogeneous and heterogeneous materials.

In 2004, Sivakumar et al. synthesized triazolyl linked coumarin-aryl hybrids (6) by CuAAC
between non-fluorescent 3-azidocoumarins (5) and aryl acetylenes (2) in a mixture of water and

ethanol at room temperature (Scheme 1B.1.3).>

R1 e) 0 R1 (@) o
@—E N mRZ CuSO,-5H,0 (5 mol %) @\(\
Ny X Sodium ascorbate (10 mol %) _ N N R?
) s EtOH : H,O (1:1), r.t., 24 h N=N
6, 62-86%

Scheme 1B.1.3: Synthesis of triazolyl linked coumarin-aryl hybrids (6)

Similarly, Key et al. reported the synthesis of 7-(1-benzyl-1H-1,2,3-triazol-4-yl)-4-methyl-2H-
chromen-2-one (9) by CUACC between 7-alkynyl-4-methyl coumarin (7) and benzyl azide (8)
in water and methanol (1:1) using triethylamine and Cul (Scheme 1B.1.4). The authors also
studied the photophysical properties of the synthesized compounds and inferred that triazole

formation enhances the fluorescence and induce shifts in emission wavelength.*®

R o. .0 N Cul (20 mol %) Q N=N
TEA (2 equiv) N

> = O (@)
+ MeOH : H,O (1:1)
r.t., 2-24 h —

8 9, 44-87%

Scheme 1B.1.4: Synthesis of 7-(1-benzyl-1H-1,2,3-triazol-4-yl)-4-methyl-2H-chromen-2-one

9)

Thereafter, the scope of CUAAC reaction has been explored for the synthesis of numerous 1,2-3-
triazolyl linked coumarin-alkyl/aryl/heteroaryl hybrids that have exhibited versatile biological
activities including, antitumor, antitubercular, antiinflammatory, anticancer, and antifungal
activities. For example, compound (i) is a potent 5-lipoxygenase (5-LO) inhibitor,”” coumarin-
triazole-dithiocarbamate hybrid (ii) is a LSD1 inhibitor,®® coumarin-triazole-thiophene hybrid

(i) is a non-peptidic protease inhibitor,”® coumarin-triazole-coumarin hybrid (iv) is an
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antitubercular & antimicrobial agent,®® coumarin-triazole-chalcone hybrid (v) is an anticancer
agent,®! and coumarin-triazole-aryl hybrid is an antiinflammatory agent®? (Figure 1B.1.6).

O O &\NH N\N n-B
NN
Fgc COOH
III

(i §:§

5-L0 |nh|b|tor LSD1 inhibitor Non-peptidic protease Inhibitor
o.__0O fo) 0
=
_ o) P
MeO ° %N’@
T { ) NN
N=N O NN o
i (v) \ (vi)
Antitubercular & antimicrobial agent Anticancer agent MeQ Antiinflammatory agent

MeO O

Figure 1B.1.6: Selective examples of bioactive triazolyl linked coumarin-alkyl/alyl/heteroaryl
hybrids
Also, CUAAC has also been explored to prepare coumarin-appended bioconjugates, to label

63,64

various biomolecules in cells®®*® and even animals® by linking them with functionalized

coumarins via triazole ring. As a result, the synthesis of coumarin-appended carbohydrates,

66,67 69,70

nucleosides, proteins,®®  peptides and amino acids’*"® have received eye-catching
interest. For example, Pai et al. synthesized triazolyl linked coumarin-glyco conjugate (11)
from alkynyl functionalized glycosaccharide (10) and 7-hydroxy-3-azidocoumarin (5) in water
and methanol (1:1), using sodium ascorbate and CuSQO,4-5H,O at room temperature. The
synthesized conjugate was studied for their antibacterial activities against a series of gram +ve,

gram -ve bacteria. (Scheme 1B.1.5).”

(@)
(0] 0]
///\ /iz\)i, HO O._0O  CuS0,-5H,0 (75 mol %) l\\l
© © ¥ m Sodium ascorbate (20 mol %) N=N o
N3 MeOH : H,O (1:1), rt,12h @/\ (0]
O
10 5 04%
11, 75-94%

Scheme 1B.1.5: Synthesis of triazolyl linked coumarin-glyco conjugate (11)
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Ferreira et al. prepared a peptide-coumarin conjugate (13) via Cu-catalyzed azide—alkyne
cycloaddition (CuACC) between resin bounded alkynyl functionalized UBI31-38 peptide (12)
and 3-azidocoumarin derivative (5). The conjugate (13) was assayed for in vitro cytotoxicity and
antifungal activity against Cryptococcus gattii and Cryptococcus neoformans. The conjugate
exhibited increased antifungal efficacy when compared with the individual peptide, coumarin, or
triazole moieties (Scheme 1B.1.6)."
(i) CuS0O4-5H,0 (30 mol %) EtN o. .0
O Resin E Sodium ascorbate (60 mol %) 2 \©/\I
. t,N 0._0
N-UBI 31-38 \©/\I DCM : H,0 (1:1), rt, 48 h__ 7 o
H ’ Z SN, (i) (TFA/ H,0 / TIS / EDT) NW

12 5 (94.0/2.5/2.5/1.0) 13, 55% HN—-UBI 31-38
rt.,3h

Scheme 1B.1.6: Synthesis of triazolyl linked coumarin-peptide conjugate (13)

\

Kellner et al. documented the synthesis of triazolyl linked coumarin-appended alexafluor 647
and fluorescein conjugates (16a-b) by CUAAC between azido-functionalized coumarin-appended
uridine (UN3C) (14) and alkynyl functionalized alexafluor 647 and fluorescein (15a-b),
respectively. The conjugates were synthesized in moderate-to-good yields, and were used to
monitor t-RNA configuration (Scheme 1B.1.7).”

0._O Ns .
oy 14<
0s_0O N\N’/N
| /’L CuSO4-5H,0 (0.5 mM) «
HO N~ SO =fluorescein Sodium ascorbate (5 mM) _ O
+ or Urea : PAGE (1:9 o .
= AlexaFluor647 4 5, (1:9) | /I\L R= fluorescein
o or
OH OH N0  AlexaFluor 647
14 15a-b HO e 16a-b

Scheme 1B.1.7: Synthesis of triazolyl linked coumarin-alexafluor 647 and fluorescein (16a-b)
conjugates

Dirks et al. documented the coupling of 3-azidocoumarin (17) with alkynyl-functionalized
bovin serum albumin (BSA) (18) under click reaction conditions to afford a highly fluorescent
coumarin-labelled bovin serum albumin (19), which exemplified an excellent example of

protein—polymer conjugation (Scheme 1B.1.8).”
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= o 0.__0O
N ~O 0._0 = R
CuS0O4-5H50 (30 mol %)
= + > = N/N\\
N3 s N

odium ascorbate (45 mol %) —
THF, 18 h

17 18 19

Scheme 1B.1.8: Labelling of alkynyl-functionalized BSA (18) with azidocoumarin (17)

Lim et al. described the synthesis and application of triazolyl linked coumarin-labelled peptides
towards selective detection of Cu?* and CN" ion in DMF. Two triazolyl linked coumarin-labelled
fluorescent probes (21) were synthesized in 55-58% vyields by clicking 3-azidocoumarin (5) with
alkynyl-functionalized peptide (20) using CuSO4-5H,O and sodium ascorbate in tert-butyl
alcohol and water solution (v/v = 1:1) at 50 °C (Scheme 1B.1.9).”’

CuS0O4-5H,0 (0.01 equiv) m ;
Y o HN
N N

Sodium ascorbate (0.04 equiv)

RO 0._o 0 Q
m B HzN)K/Njf\N)K/ H,0 : -BUOH (1:1), 50 °C, 15 h \7 Nt
_ N
N3 o) S ’( N

N
0
o
5 20 OMe 21, 55-58% V

HoN
R =H, Me

Scheme 1B.1.9: Labelling of peptide (20) with substituted 3-azidocoumarin (5)

Beatty et al. documented the bio-orthogonal labelling of unnatural amino acid,
homopropargylglycine (Hpg) (22) with non-fluorescent 3-azido-7-hydroxycoumarin (5) using
CuSO4-5H,0 at 4 °C in presence of tris(carboxyethyl)phosphine (TCEP) to afford triazolyl
linked coumarin-labelled amino acid (23), which was used for fluorescence visualization of

mammalian proteins (Scheme 1B.1.10).”

PN
\@/\I CuS0,-5H,0 (0.05 equiv) NN
TCEP (0.2 equiv) =

Na HzN COOH 4°C, 12 h

23
COOH
H,N

Fluorescence visualization of
mammalian proteins
Scheme 1B.1.10: Labelling of unnatural amino acid (Hpg) (22) with 3-azido-7-hydroxycoumarin
(%)
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Li et al. reported the reaction of 3-azidocoumarin (5) with benzyl N-(tert-butoxycarbonyl)-O-
(prop-2-yn-1-yl)-L-serinate (24) under Cu-catalyzed conditions to afford triazolyl linked
coumarin-serine conjugates (25) in 80-88% vyield (Scheme 1B.1.11). The photophysical
properties of the synthesized derivatives were studied.”
o BocHN_  OBn
R1\©/\OIO BocHN\_)J\OBn CuS0,-5H,0 (0.02 equiv) R1\©/\OIO NS
Z N, + :\o o~z Sodiunagf\/(f?rajg((ﬂ.f;lequiv) = N/\§,/O
rt, 12h

s 24 25, 80-88%
Scheme 1B.1.11: Labelling of serine derivative (24) with substituted 3-azidocoumarin (5)
Mertens et al. reported the synthesis of triazolyl linked coumarin-labelled modified amino acids
(28) by clicking azido-functionalized modified amino acids (27) with 7-O-alkynyl-
functionalized coumarin (26) under Cu-catalyzed conditions in a mixture of water and DMSO at
80 °C (Scheme 1B.1.12). The authors also studied the absorption and fluorescence properties of

synthesized compounds in MeOH.®

0.0 CuS0y4-5H,0 (0.05 equiv) o0.__0
/\)\ jR\/ N (o]
= "n0O Sodium ascorbate (0.1 equiv) NW
2 = R + N3 \ = R
BocHN H,O : DMSO (1:1), 80 °C, 16 h BocHN— =1
O R le)
26 27 28, 26-90%

Scheme 1B.1.12: Synthesis of triazolyl linked coumarin-labelled amino acids (28)

In view of the above discussion, we envisioned that augmenting triazole moiety between
coumarin-amino acids will yield triazolyl linked coumarin-amino acid hybrids with interesting
fluorescence properties that may be used for studying various biological interactions in labelling
studies.

1B.2 Results and Discussion

We envisioned exploring the application of click chemistry for synthesizing the targeted
molecules following two strategies. The first strategy aimed to click alkynyl-functionalized
amino acid with azido-functionalized coumarin, while, the second strategy aimed to click azido-
functionalized amino acid with alkynyl-functionalized coumarin. The work commenced with the
synthesis of azido-functionalized coumarins, 7-hydroxy-4-azidomethyl-2H-chromen-2-one (30a)

and 4-azido-2H-chromen-2-one (30b) which were synthesized by the reaction of NaN3 with 7-
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hydroxy-4-chloromethyl-2H-chromen-2-one (29a) and 4-chloro-2H-chromen-2-one (29b),

respectively, following literature procedures (Scheme 1B.2.1).3-%

X 020 NaN; 2equiv) X 0.0
= DMF, r.t., 5-12 h \Q;Z

Y z
29a X = OH; Y = CH,CI 30a X = OH; Y = CH,N;
29b X =H: Y =Cl 30b X =H;Z=Ns

Scheme 1B.2.1: Synthesis of azido-functionalized coumarins (30a-b)

In order to employ the first strategy, esterification of different protected amino acids (32a—g) was
carried with propargyl bromide (31) using K,CO3 in DMF at room temprature to yield protected
amino acyl O-propargyl esters (33a—g) (Table 1B.1.1). In addition, two novel dipeptidoyl O-
propargyl esters (35a) and (35b) were also synthesized by the esterification of Z-protected
peptides (34a) and (34b), with propargyl bromide (37) respectively (Table 1B.2.1).28%

Table 1B.2.1: Synthesis of protected amino acyl O-propargyl esters (33 & 35)

PgHN.__COOH
: 0
R 32a-
g PgHN:QJ\ o\
K>CO3 (1.5 equiv) R
DMF, r.t., 8-12 h 33a-g, 86-98%
§/\Br
Ph
31 H
CbzHN N~ -COOH Ph .
O R -
| 34a-b CszNj\ny\;)J\O/\
K,CO5 (1.5 equiv) o) =
DMF, r.t., 10-12 h
35a-b, 96-98%
S. No. : . . Yield® mp
Protected Amino acids/peptides Product (%) °C)

1. Boc-L-Phe-OH (32a) 33a 90 Oil
2. Cbz-L-Ala-OH (32b) 33b 86 58-60
3. Cbz-L-Phe-OH (32c) 33c 88 64-66
4. Fmoc-L-Phe-OH (32d) 33d 96 90-92
5. Fmoc-L-Leu-OH (32¢) 33e 98 96-97
6. Fmoc-L-1le-OH (32f) 33f 97 102-103
7. Boc-L-Ala-OH (329g) 339 87 QOil
8. Cbz-L-Phe-L-Trp-OH (34a) 35a 98 120-122
9 Cbz-L-Phe-L-Ala-OH (34b) 35b 96 126-128

%Isolated yield
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We next attempted the Cu-catalyzed azide—alkyne cycloaddition (CUAAC) reaction between
clickable alkynyl-functionalized amino acids/peptides and azido-functionalized coumarins.
Gratifyingly, 7-hydroxy-4-azidomethyl-2H-chromen-2-one (30a) on cycloaddition with different
protected a-amino acyl O-propargyl esters 33a—f, using CuSO,4-5H,0 and sodium ascorbate at
room temperature, yielded their corresponding triazolyl linked coumarin-amino acids hybrids
36a—f in 84-92% vyield in 8-12 h (Table 2B.2.2). Furthermore, 7-hydroxy-4-azidomethyl-2H-
chromen-2-one (30a) on cycloaddition with dipeptidoyl O-propargyl ester (35a) or (35b) under
similar reaction conditions yielded 7-hydroxy-4-triazolylmethyl coumarin-peptide hybrids in 72-
74% yields (37a-b) (Table 1B.2.2).

Table 1B.2.2: Synthesis of 7-hydroxy-4-triazolylmethyl coumarin-amino acid/peptide hybrids
(36 & 37)

PgHN\)J\

33a-f NHPg
CuS0O4:5H,0 (1 mol %) ’(

Sodium ascorbate (10 mol %)
HO 0.0 EtOH : H,O (1:1), rt.,8-12h N “N 36a-f, 84-92%
= Ph
N CszNj\H/N\)J\O/\ HO 0._0 0. NHCbz
30a O R' 35a.b NH
CuS0y4-5H,0 (1 mol %) ‘(
Sodium ascorbate (10 mol %) N
EtOH : H,O (1:1), r.t, 10-12h "N 37a-b, 72-74%
S. No. Protected amino acyl O-propargyl Yield® mp
esters Product (%) (°C)
1. Boc-L-Phe-OCH,C=CH (33a) 36a 85 143-145
2. Cbz-L-Ala-OCH,C=CH (33b) 36b 92 147-149
3. Cbz-L-Phe-OCH,C=CH (33c) 36¢ 87 150-152
4. Fmoc-L-Phe-OCH,C=CH (33d) 36d 86 148-150
5. Fmoc-L-Leu-OCH,C=CH (33e) 36e 84 146-148
6. Fmoc-L-Ile-OCH,C=CH (33f) 36f 85 143-146
7. Cbz-L-Phe-L-Trp-OCH,C=CH (35a) 37a 72 155-158
8. Cbz-L-Phe-L-Ala-OCH,C=CH (35b) 37b 74 153-155

%Isolated yield
We next extended the methodology for synthesizing few triazolyl derivatives of 30b. The

cycloaddition of 4-azido-2H-chromen-2-one (30b) with protected amino acyl O-propargy! esters,
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33a—d and 33g, using CuSO4-5H,0 and sodium ascorbate yielded the corrosponding 4-triazolyl
coumarin-amino acid hybrids (38a—d & 38g), in 81-93% yields (Table 1B.2.3). Similarly, 4-
azido-2H-chromen-2-one (30b) on cycloaddition with dipeptidoyl O-propargyl ester (35a) under
similar reaction conditions yielded 4-triazolyl coumarin-dipeptide hybrids (39a) in 78% yield
(Table 1B.2.3).

Table 1B.2.3: Synthesis of 4-triazolyl linked coumarin-amino acid/peptide hybrids (38 &

39)
O
0__0O
PgHN&J\
B N ©/\Z
33a-d, 33g

-~ N

CuSO,-5H,0 (1 mol %) N OMHPQ
o. .0 Sodium ascorbate (10 mol %) N o R
EtOH : H,O (1:1), r.t.,,6-10 h
38a-d, 389, 81-93%
=
Ph o
Ns H
N
30b CbZHNj\'r \E)J\O
O R' 354 /(NHCbZ

CuS0,4-5H,0 (1 mol %)

Sodium ascorbate (10 mol %) \\ HN
EtOH : H,O (1:1), r.t, 10 h
39a, 78%
S. No. Protected amino acyl O-propargyl Yield® mp
esters Product (%) (°C)
1. Boc-L-Phe-OCH,C=CH (33a) 38a 85 138-140
2. Cbz-L-Ala-OCH,C=CH (33b) 38b 91 139-142
3. Cbz-L-Phe-OCH,C=CH (33c) 38c 93 143-145
4. Fmoc-L-Phe-OCH,C=CH (33d) 38d 89 134-136
5. Boc-L-Ala-OCH,C=CH (339) 389 81 133-135
6. Cbz-L-Phe-L-Trp-OCH,C=CH (35a) 39%a 78 150-152

%Isolated yield

For exemplifying the second strategy, two alkynyl-functionalized coumarins namely, 4-methyl-
7-(prop-2-ynyloxy)-2H-chromen-2-one (41a) and 4-(prop-2-ynyloxy)-2H-chromen-2-one (41b)
were prepared by O-alkylation of 4-methyl-7-hydroxy-2H-chromen-2-one (40a) and 4-hydroxy-
2H-chromene-2-one (40b), respectively, with propargyl bromide (31) using K,CO3 in CH3CN at

room temperature following literature procedures.®
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HO 0._0 @) 0.__0O
= Iﬂ 7~
40a . §/\Br K>CO3 (1.5 equiv) 41a, 88%

CH4CN, r.t.,, 8-12 h

o__0O 31 0__0O
Uy CCy
OH O/

40b 41b, 83%

Scheme 1B.2.2: Synthesis of alkynyl-functionalized coumarins (41a-b)
In addition, a-azido esters (43a—c) were synthesized by the reaction of triflic azide (prepared in
situ) with a-amino esters (42a-c), following literature procedures (Table 1B.2.4).2%%’

Table 1B.2.4: Synthesis of a-azido esters 43

o Tf,0 (2 equiv) o
NaN3 (10 equiv) N
HN ot CuSO,-5H,0 (0.1 equiv) 3?21\0R1
R2 K,CO3 (1.5 equiv) R
42a-c MeOH : H,O (2:1), r.t.,, 12 h 43a-c, 80-88%

S. No. : Yield® mp
a-Amino esters (42a-c) Product (%) °C)

1. L-Gly-OEt (42a) 43a 88 Qil

2. L-Phe-OMe (42b) 43b 84 Oil

3 L-Trp-OMe (42c) 43c 80 Oil

solated yield

Thereafter, Cu-catalyzed cycloaddition reaction was carried between clickable alkynyl-
functionalized coumarins and «a-azido esters. Pleasingly, the reaction of 4-methyl-7-(prop-2-
ynyloxy)-2H-chromen-2-one (41a) and 4-(prop-2-ynyloxy)-2H-chromen-2-one (41b) with
clickable a-azido esters 43a—c using CuSO4-5H,O and sodium ascorbate vyielded 7-O-
triazolylmethyl and 4-O-triazolylmethyl coumarin-amino acid hybrids, 44a—f in 82-90% yields
(Table 1B.2.5).
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Table 1B.2.5: Synthesis of 7-O-triazolylmethyl and 4-O-triazolylmethyl coumarin-amino acid
hybrids 44

CuS0,-5H,0 (1 mol %) =
Sodium ascorbate (10 mol %) 44a-c, 82-88%
O EtOH : H,O (1:1), r.t., 8-10 h
N3\_)J\OR1 ] o o
R2
R!= Et, Me sy OF 0.0 R;/é)w
2 _
R?= H, CHaPh, Indolyl = enah 571 mol %) P AR
Sodium ascorbate (10 mol %) O\/[ ,:N
EtOH : H,O (1:1), r.t., 6-8 h N
44d-f, 85-90%
S. No. : Reactant 2 Yield® mp
a-Azido ester (Reactant 1) Product (%) °C)
1. N3-L-Gly-OFEt (43a) 41a 44a 88 129-132
2. N3-L-Phe-OMe (43b) 41a 44b 85 133-135
3. N3-L-Trp-OMe (43c) 4la 44¢ 82 138-140
4. N;-L-Gly-OFEt (43a) 41b 44d 90 128-130
5, N3-L-Phe-OMe (43Db) 41b 44 87 130-132
6 N3-L-Trp-OMe (43c) 41b A4f 85 134-136

a Isoiated yield

All the products were characterized by their detailed spectral studies ("H NMR, **C NMR, and
high-resolution mass spectrometry (HRMS). The absence of any minor or duplicate signals in the
'H NMR spectra of triazolyl linked coumarin-dipeptide hybrids (37a-b, 39a), and their univocal
correspondence to the expected structures showed them not to be a mixture of any possible
diastereoisomers (that might have resulted due to two chiral centres of dipeptide).

As a representative example, the *H and **C NMR spectra of 36¢ is depicted in Figure 1B.2.1
and Figure 1B.2.2, respectively.

63



Chapter 1B
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Figure 1B.2.2: **C NMR spectrum of 36¢ in DMSO-ds

To further demonstrate the chemical utility of the synthesized triazolyl linked coumarin-amino

acid hybrids as fluorescent labels, their linear elongation by coupling them with appropriate C-

or N-terminus amino acid in solution phase was attempted. As a model example, 38g on reaction

with dioxane/HCI yielded unprotected 4-triazolyl linked coumarin-amino acid as a hydrochloride
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salt (45) in 68%, which on further reaction with Boc-L-phenylalanine (32a) using
EDC-HCI/HOBt in DMF afforded 46 in 86% yield (Scheme 1B.2.3). The absence of any minor
or duplicate signals in the *H NMR spectrum of 46, and their univocal correspondence to the
expected structure revealed the absence of any possible diasterecisomers or epimers mixtures.

o0 00 BocHN.__cooH 00
Pz 7 z = BocHN
~
. ® O Ph
NS o NHBoc HCVDioxane - N N, 32a NS o BN Ph
;;l_/z' H rt,2h N / H EDC-HCI (1.5 equiv) N H o]
O (0] HOBt (1.2 equiv)
38g 45, 68% NEt3 (2.5 equiv) 46, 86%
DMF, r.t,8h

Scheme 1B.2.3: Coupling of 4-triazolyl linked coumarin-amino acid hybrid (38g) with C-
terminus amino acid (32a)

Similar chemical applicability of 7-O-triazolylmethyl coumarin-amino acid hybrids as
fluorescent label was demonstrated using one of its derivatives viz. 44a. Hydrolysis of 44a with
20% NaOH solution in ethanol followed by acidic workup gave 47 in 85% yield, which on
reaction with L-phenylalanine methyl ester (42b) using EDC-HCI/HOBt in DMF afforded 48 in
90% yield (Scheme 1B.2.4).

HOOCj

0._0 20% NaOH N/N]v
N 0 0.0
m EtOH, r.t, 3 h N
=
44a %

47, 85

o)
H,N EDC-HCI (1.5 equi
2 \_)J\OMe ( faquw)
z HOBt (1.2 equiv)
“Ph NEt; (2.5 equiv)
Ph 42b | DMF, rt, 6 h
Voo —NH
e
(0] O%N

Scheme 1B.2.4: Coupling of 7-O-triazolylmethyl linked coumarin-amino acid hybrids (44a)

with N-terminus amino acid (42b)
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The steady-state absorption and emission parameters of newly synthesized derivatives of
coumarin were studied in tetrahydrofuran (THF) solvent. In addition, we were also studied UV-
Visible absorption and fluorescence spectra of few representative conjugates in polar protic

methanol (MeOH) solvent. The absorption maxima (Aaps), emission maxima (Agm), Stokes shift

(\/_a1 —V; ), extinction coefficient (g) and quantum yields (®) of compounds 36a-f, 37a-b, 38a-d,

389, 39a and 44a-f in THF and MeOH solvents are listed in Table 1B.2.6 (Figure 1B.2.3; a-f).
Table 1B.2.6: Photophysical studies?® of 36, 37, 38, 39 & 44

Compound  Solvent Aabs AEm’ Va-Vf € Quantum
(hm) (hm) (cm™) M 'em’) Yield® (@)

36a THF 323 388 5186.6 7860 0.136
36b THF 323 388 5199.9 18500 0.140
36¢ THF 323 387 5120.0 9120 0.162
36d THF 266 389 5252.8 16460 0.184

MeOH 265 411 6250.1 13840 0.220
36e THF 266 388 5119.9 20860 0.150
36f THF 266 387 5119.9 19700 0.143
37a THF 324 388 5120.0 4960 0.190
37b THF 275 388 5186.6 13780 0.161
38a THF 280 383 5003.3 27580 0.018
38b THF 280 383 5071.9 9620 0.025
38¢ THF 280 383 5101.2 26900 0.048
38d THF 267 381 5042.9 12860 0.091

MeOH 265 411 6343.1 5820 0.140
38g THF 280 413 7036.9 17640 0.009
39a THF 281 383 5476.8 9400 0.096
44a THF 318 380 4992.7 6360 0.201
44b THF 318 380 5061.3 17500 0.240

MeOH 316 392 6134.8 23600 0.302
44c THF 280 381 5336.8 32000 0.280
44d THF 275 382 5090.7 31200 0.038
44e THF 275 382 5535.9 11600 0.082

MeOH 265 401 6004.5 5640 0.120
44f THF 275 382 5535.9 32400 0.096

*Measured in THF (or MeOH) (5x10™ M) at 25 °C; "Excited at 325 nm; “Measured with quinine
sulfate in 0.1 N H,SO4 as standard.
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Figure 1B.2.3: UV absorption spectra of 36a-f, 37a-b (a), 38a-d, 38g, 39a (c) and 44a-f (e) and
emission spectra of 36a-f, 37a-b (b), 38a-d, 38g, 39a (d) and 44a-f () in THF (5x10° M) at 25

°C

Finally, the absorption and emission spectra of 46 and 48 was recorded in THF in order to

compare and contrast different spectroscopic data with the 38g and 44a, and the related

spectroscopic data are summarized in Table 1B.2.7.

Table 1B.2.7: Photophysical studies® of 4-triazolyl and 7-O-triazolylmethyl coumarin-amino

acid hybrid with C-terminus amino acid and N-terminus amino acid 38g, 46, 44a, 48

Compound Solvent Mabs Aem’ Va-ve € Quantum
(hm) (hm) €M) M'em') Yield® (@)

38¢g THF 280 384 7036.9 17640 0.009

46 THF 281 381 5071.9 10800 0.110

44a THF 318 380 4962.7 6360 0.201

48 THF 265 382 5306.3 19500 0.340

®Measured in THF (5x10™ M) at 25 °C; "Excited at 325 nm; *Measured with quinine sulfate in

0.1 N H,S0, as standard.
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In summary, we have synthesized a library of triazolyl linked coumarin-amino acid and peptide
hybrids in good-to-excellent yields. The synthesized compounds exhibited good fluorescence
properties. The design further allows the linear elongation of triazolyl based hybrids to
fluorescent tagged peptides or peptidomimetics by coupling them with appropriate C- or N-
terminus amino acids. Compounds with an electron-donating group at C-7 position of coumarin
showed high quantum yields (0.009-0.34) that could be suitable for use in peptide assays. The
potential applications of these molecules include wide range of investigating cellular processes
and other aspects of biological mechanism and function.

1B.3 Experimental Section

General materials and methods

All chemicals were obtained from commercial suppliers, and used without further purification.
Melting points were determined in open capillary tubes on a MPA120-automated melting point
apparatus, and are uncorrected. Reactions were monitored using thin layer chromatography
(TLC) on 0.2 mm silica gel F254 plates (Merck). The chemical structures of final products and
intermediates were characterized by nuclear magnetic resonance spectra (‘*H NMR, *C NMR)
determined on a Bruker NMR spectrometer 300 or 400 MHz, 75 (or 100 MHz). *C NMR
spectra are fully decoupled. Chemical shifts were reported in parts per million (ppm) using
deuterated solvent peak or tetramethylsilane as internal standard. HRMS was performed on an
Agilent 6210 instrument using time-of-flight mass spectrometry (TOF-MS) with electrospray
ionization (ESI). Electronic absorption spectra were taken using dual beam Thermo Evolution
201 UV/Vis/INIR spectrophotometer and fluorescence spectra were recorded using Shimadzu
RF-5301PC spectrofluorometer. The data were analyzed using the related software. The
concentration of the coumarin derivatives in all the solutions prepared in solvents THF and
MeOH was 5 x10™° M. Fluorescence quantum yield (¢) values were obtained by the following
equation. The fluorescence quantum yields were calculated by comparing the total fluorescence
intensity (F) under the whole spectrum range by taking standard compound quinine sulfate
(prepared as 0.1 N H,SQOy4 solution, ¢ps = 0.55).

F Ab 775

=9 F, Ab.7.2

Where, Ab, Absorbance at a particular wavelength; F, fluorescence spectrum area; and #,
refraction index. The subscripts in the symbols refer to the standard (s) and to the sample (i).
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Synthesis of protected amino acyl or dipeptidoyl O-propargy! esters

N-Protected amino acid or dipeptide (32a—g or 34a-b) (0.100g, 1 equiv) was dissolved in
anhydrous DMF (10 mL) and the solution was cooled to —10 °C. Anhydrous K,COj3 (1.5 equiv)
was added to the solution, and the stirring continued until a syrup-like solution formed.
Propargyl bromide (31) (2 equiv, 80% solution in toluene) was added dropwise to the reaction
mixture, and the stirring continued at —10 °C for 1 h. The reaction mixture was then stirred at
room temperature for 8-12 h and monitored via TLC, until the disappearance of the starting
material. The reaction mixture was then added dropwise in an ice-bath, and the precipitated
white solid was collected by filtration and washed with cold water (3 x 20 mL) to yield pure 33
or 35. Compounds 33a-g was characterized by comparison of their physical & spectroscopic data
with that reported in literature.®*%

Prop-2-yn-1-yl ((benzyloxy)carbonyl)-L-phenylalanyl-L-tryptophanate (35a): White solid;
yield: 0.110 g (98%); mp: 120-122 °C; *H NMR (400 MHz,

Ph
j\”/H o DMSO-ds + CDCls) 6 10.84 (s, 1H), 8.44 (brs, 1H), 7.52 (s,
N
CbzHN : 0/\
I
~NH

1H), 7.41 — 7.12 (m, 13H), 7.11 — 6.95 (m, 2H), 5.02 — 4.85 (m,
2H), 4.75 — 4.58 (m, 3H), 4.34 (brs, 1H), 3.38 (brs, 1H), 3.18 (d,
J = 20.1 Hz, 2H), 3.01 (d, J = 11.9 Hz, 1H), 2.74 (s, 1H); **C
NMR (100 MHz, DMSO—ds + CDCl3) ¢ 171.7, 170.8, 155.7,
137.9, 136.8, 136.0, 129.1, 128.1, 127.8, 127.5, 127.4, 127.0, 126.1, 123.7, 120.9, 118.4, 117.9,
111.3,108.9, 77.7, 77.5, 65.3, 55.8, 52.9, 52.2, 37.5, 26.8.
Prop-2-yn-1-yl ((benzyloxy)carbonyl)-L-phenylalanyl-L-alaninate (35b): White solid; yield:
) . 0.105 g (96%); mp: 126-128 °C; 'H NMR (300 MHz,
Ph y 0 DMSO-dg) 6 8.54 (d, J = 6.0 Hz, 1H), 7.48 (d, J = 8.1 Hz, 1H),
CszNj\n/N\i)ko\ 7.37 — 7.09 (m, 10H), 4.90 (s, 2H), 4.70 (s, 2H), 4.30 (dd, J =
o ° 13.1, 6.8 Hz, 2H), 3.55 (s, 1H), 3.00 (d, J = 13.2 Hz, 1H), 2.71
(t, J = 12.1 Hz, 1H), 1.31 (d, J = 6.5 Hz, 3H); **C NMR (75
MHz, DMSO-dg) 6 172.3, 156.4, 138.7, 137.5, 129.7, 128.8, 128.6, 128.2, 128.0, 126.8, 78.7,
78.5, 65.7, 56.4, 52.9, 48.1, 37.9, 17.2.
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General procedure for the synthesis of 7-hydroxy-4-triazolylmethyl or 4-triazolyl linked
coumarin-amino acid/peptide hybrids

To a solution of 4-azidomethyl-7-hydroxycoumarin (30a) or 4-azidocoumarin (30b) (1 equiv) in
EtOH : H,O (1:1), protected amino acyl/dipeptidoyl O-propargyl ester (33 or 35), (1 equiv) was
added followed by addition of CuSO4-5H,0 (0.01 equiv) and sodium ascorbate (0.1 equiv). The
reaction mixture was stirred at room temperature for 6-12 h and monitored via TLC. After
completion of the reaction, the reaction mixture was concentrated, diluted with water and
ammonium hydroxide (2-3 mL), and extracted into dichloromethane (3 x 20 mL). Organic layer
was separated, dried over anhydrous sodium sulfate and concentrated to evaporate the volatiles.
The crude compound was recrystallized from ethanol to yield pure 36a—f, 37a-b, 38a—d, 38g, or
39a.
(1-((7-Hydroxy-2-o0x0-2H-chromen-4-yl)methyl)-1H-1,2,3-triazol-4-yl)methyl
(tert-butoxycarbonyl)-L-phenylalaninate (36a): White solid; yield: 0.201 g (85%);
mp: 143-145 °C; 'H NMR (400 MHz, DMSO-dg) ¢

HO 0__0 Ph
/ 10.65 (s,1H), 8.21 (s, 1H), 7.71 (d, J = 8.7 Hz, 1H), 7.27
% “ —NHBoc
O’( ~ 7.16 (m, 6H), 6.83 (dd, J = 8.7, 7.1 Hz, 1H), 6.76 (s,
el
=N

1H), 5.90 (s, 2H), 5.62 (brs, 1H), 5.25 — 5.12 (m, 2H),
424 — 414 (m, 1H), 2.98 (dd, J = 13.8, 5.0 Hz, 1H),
2.86 (dd, J = 13.5, 5.01 Hz, 1H), 1.29 (s, 9H); *C NMR (100 MHz, DMSO—dg + CDCls) ¢
171.8, 161.6, 159.8, 155.3, 155.1, 150.2, 142.1, 137.3, 129.0, 128.0, 126.3, 125.9, 125.7, 113.1,
109.4, 109.3, 102.5, 78.2, 57.6, 55.2, 49.1, 36.3, 28.0; HRMS (ESI-TOF) m/z calculated
C27H28N407Na” : 543.1837; found 543.1850 [M+Na]".

(1-((7-Hydroxy-2-o0x0-2H-chromen-4-yl)methyl)-1H-1,2,3-triazol-4-
yl)methyl ((benzyloxy)carbonyl)-L-alaninate(36b): White solid; yield: 0.200 g (92%);
mp: 147-149 °C; 'H NMR (400 MHz, DMSO—dg) &

HO (e} (0]
. 7.77 (s, 1H), 7.30 (d, J = 7.5 Hz, 1H), 7.22 — 7.14 (m,
7 O(NHCbZ 6H), 6.70 (d, J = 7.6 Hz, 1H), 6.61 (s, 1H), 5.62 — 5.55
r\\;:w o)
=N

(m, 2H), 5.51 (s, 2H), 5.20 — 5.13 (m, 1H), 5.01 — 4.90
(m, 2H), 4.27 — 4.17 (m, 1H), 1.26 (d, J = 6.5 Hz, 3H);
13C NMR (100 MHz, CDCl3) § 173.0, 161.5, 161.18, 156.1, 155.2, 148.9, 143.1, 136.0, 128.6,
128.3, 128.0, 125.5, 125.0, 114.0, 110.5, 109.7, 103.5, 67.1, 58.1, 50.3, 49.8, 18.0; HRMS (ESI-
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TOF) m/z calculated Cp4H24N4O7Na” : 501.1390; found 501.1381 [M+Na]™.

(1-((7-Hydroxy-2-o0x0-2H-chromen-4-yl)methyl)-1H-1,2,3-triazol-4-yl)methyl
((benzyloxy)carbonyl)-L-phenylalaninate (36c¢): White solid; yield: 0.220 g (87%); mp:
150-152 °C; *H NMR (400 MHz, DMSO-ds) ¢ 8.30 (s,

HO 00 i 1H), 7.90 (d, J = 8.1 Hz, 1H), 7.76 (d, J = 8.8 Hz, 1H),
4 O(NHC"Z 7.36 — 7.29 (m, 3H), 7.28 — 7.21 (m, 8H), 6.89 (dd, J =
NN o 8.7, 2.3 Hz, 1H), 6.81 (s, 1H), 5.97 (s, 2H), 5.64 (brs, 1H),

N:N

5.26 (s, 2H), 5.02 (s, 2H), 4.37 — 4.29 (m, 1H), 3.04 (dd, J
=13.8, 5.1 Hz, 1H), 2.88 (dd, J = 13.7, 5.01 Hz, 1H); *C NMR (100 MHz, DMSO-ds) 6 171.6,
161.7, 159.9, 155.9, 155.1, 150.4, 142.1, 137.2, 136.8, 129.0, 128.3, 128.2, 127.7, 127.5, 126.5,
126.1, 125.9, 113.2, 109.3, 109.3, 102.5, 65.4, 57.7, 55.5, 49.1, 36.3; HRMS (ESI-TOF) m/z
calculated C3oH2sN4O7Na" : 577.1693; found 577.1694 [M+Na]".
(1-((7-Hydroxy-2-o0x0-2H-chromen-4-yl)methyl)-1H-1,2,3-triazol-4-yl)methyl
(((9H-fluoren-9-yl)methoxy)carbonyl)-L-phenylalaninate (36d): White solid; yield: 0.252 g
(86%); mp: 148-150 °C; 'H NMR (300 MHz,
HO Op° i CDCly) 6 7.72 (d, J = 7.5 Hz, 2H), 7.61 (s, 1H), 7.53 —
W (NHFmOC 7.47 (M, 3H), 7.41 — 7.33 (M, 4H), 7.31 — 7.27 (m, 2H),
o)
NN:}J o) 7.22 — 7.16 (m, 3H), 7.04 (s, 1H), 6.83 (d, J = 8.5 Hz,
) 1H), 6.76 (s, 1H), 5.77 (brs, 1H), 5.60 — 5.38 (m, 2H),
5.32 — 5.17 (m, 2H), 4.61 (dd, J = 13.7, 7.6 Hz, 1H), 4.31 — 4.24 (m, 2H), 4.13 (t, J = 6.7 Hz,
1H), 3.15 - 3.00 (m, 2H); B3¢ NMR (75 MHz, CDCl3) 6 171.4, 162.0, 161.5, 160.8, 156.1, 155.8,
155.6, 148.3, 148.0, 143.6, 143.1, 141.3, 135.5, 129.3, 128.7, 127.8, 127.2, 120.0, 114.0, 111.5,
109.8, 103.9, 67.2, 58.2, 55.0, 47.1, 38.0, 29.8; HRMS (ESI-TOF) m/z calculated
Cs7H30N407Na’ : 665.2021; found 665.2007 [M+Na]".
(1-((7-Hydroxy-2-o0x0-2H-chromen-4-yl)methyl)-1H-1,2,3-triazol-4-yl)methyl
(((9H-fluoren-9-yl)methoxy)carbonyl)-L-leucinate (36e): White solid; yield: 0.233 g (84%);
mp: 146-148 °C; *H NMR (400 MHz, DMSO-dg) ¢

HO (@] (0]
>’ 8.30 (s, 1H), 7.90 (d, J = 7.4 Hz, 2H), 7.85 (t, J = 8.7
= O’(NHF”“’C Hz, 1H), 7.74 — 7.67 (m, 2H), 7.43 (t, J = 7.2 Hz, 2H),
EM o 7.38 — 7.30 (m, 2H), 6.84 (d, J = 8.5 Hz, 1H), 6.77 (s,

=N

1H), 6.29 (s, 1H), 5.92 (d, J = 10.5 Hz, 2H), 5.53 —
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5.51 (m, 1H), 5.28 — 5.18 (m, 2H), 4.36 — 4.19 (m, 2H), 4.12 — 4.01 (m, 1H), 3.39 (q, J = 6.8 Hz,
1H), 1.66 — 1.38 (m, 2H), 1.12 — 1.08 (m, 1H), 0.85 (2d, J = 5.5 Hz each, 6H); **C NMR (100
MHz, DMSO-dg) 0 172.6, 162.1, 159.9, 156.1, 155.1, 150.4, 143.8, 142.5, 142.2, 139.6, 126.0,
125.2, 121.3, 113.3, 109.7, 109.1, 108.9, 102.5, 65.6, 64.9, 57.5, 52.2, 49.1, 46.6, 24.1, 22.7,
21.1; HRMS (ESI-TOF) m/z calculated C34H3;N4O7Na” : 631.2189; found 631.2163 [M+Na]".
(1-((7-Hydroxy-2-o0x0-2H-chromen-4-yl)methyl)-1H-1,2,3-triazol-4-yl)methyl
(((9H-fluoren-9-yl)methoxy)carbonyl)-L-isoleucinate (36f): White solid; yield: 0.235 g
(85%); mp: 143-146 °C; 'H NMR (400 MHz,
HO 00 e DMSO-ds + CDCl3) 6 10.58 (s, 1H), 8.26 (s, 1H), 7.84
Cﬂg (NHFmOC (d, J = 7.5 Hz, 2H), 7.76 — 7.69 (m, 3H), 7.66 (d, J =
Nhfvo o 8.8 Hz, 1H), 7.40 (t, J = 7.4 Hz, 2H), 7.31 (t, J = 6.6
=N

Hz, 2H), 6.81 (dd, J = 8.7 Hz, 1H), 6.74 (d, J = 2.3 Hz,
1H), 5.87 (s, 2H), 5.55 (brs, 1H), 5.26 — 5.21 (m, 2H), 4.30 — 4.26 (m, 2H), 4.24 — 4.18 (m, 1H),
4.04 —3.99 (m, 1H), 1.84 — 1.75 (m, 1H), 1.42 — 1.33 (m, 1H), 1.24 (brs, 1H), 0.83 — 0.73 (m,
6H); **C NMR (100 MHz, DMSO-ds + CDCls) ¢ 171.5, 161.6, 159.8, 156.2, 155.1, 150.1,
143.7, 143.6, 142.2, 140.7, 127.5, 126.9, 125.8, 125.7, 125.2, 119.9, 113.1, 109.2, 109.2, 102.5,
65.7, 58,5, 57.2, 49.1, 46.6, 36.1, 24.8, 15.3, 10.9; HRMS (ESI-TOF) m/z calculated
Ca4H3,N4O7Na" : 631.2164; found 631.2164 [M+Na]".

(1-((7-Hydroxy-2-ox0-2H-chromen-4-yl)methyl)-1H-1,2,3-triazol-4-yl)methyl

((benzyloxy)carbonyl)-L-phenylalanyl-L-tryptophanate (37a): Yellow solid; yield: 0.243 g
H (72%); mp: 155-158 °C; *H NMR (300 MHz,

\N DMSO-dg) § 10.88 (s, 1H), 8.51 (d, J = 7.0 Hz,
1H), 8.14 (s, 1H), 7.69 (d, J = 8.6 Hz, 1H), 7.48 —

N

o O

HO 0] O
_— H \\——Ph
{ 8= 7.44 (m, 2H), 7.34 — 7.17 (m, 13H), 7.10 - 6.95
N/\>’/O NHCbz
l\\l:N

(m, 2H), 6.84 (d, J = 8.6 Hz, 1H), 6.77 (s, 1H),
5.88 (s, 2H), 5.54 (brs, 1H), 5.21 — 5.11 (m, 2H),
4.98 — 4.86 (m, 2H), 4.57 (dd, J = 12.4, 6.0 Hz, 1H), 4.32 (t, J = 7.4 Hz, 1H), 3.22 — 3.09 (m,
2H), 2.94 (d, J = 14.1 Hz, 1H), 2.67 (d, J = 14.0 Hz, 1H); *C NMR (75 MHz, DMSO-ds) &
172.4, 171.9, 162.3, 160.5, 156.3, 155.9, 155.6, 155.3, 151.3, 150.9, 142.7, 138.6, 137.5, 136.6,
129.7, 128.8, 128.5, 128.2, 128.0, 127.6, 126.7, 126.6, 126.3, 124.3, 121.5, 119.0, 118.5, 113.8,
112.0, 109.7, 103.10, 65.8, 58.3, 56.4, 53.7, 49.7, 38.0, 27.4; HRMS (ESI-TOF) m/z calculated
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Ca1H3sNsOgNa™ : 763.2480; found 763.2487 [M+Na]".

(1-((7-Hydroxy-2-o0x0-2H-chromen-4-yl)methyl)-1H-1,2,3-triazol-4-yl)methyl

((benzyloxy)carbonyl)-L-phenylalanyl-L-alaninate (37b): Yellow solid; yield: 0.211 g
(74%); mp: 153-155 °C; *H NMR (400 MHz,
DMSO-ds) ¢ 10.79 (s, 1H), 8.57 (s, 1H), 8.32 (s,

\©/\Er 1H), 7.70 (d, J = 8.3 Hz, 1H), 7.48 (d, J = 7.9

\
N =N

’( %\NHCbZ Hz, 1H), 7.38 — 7.17 (m, 10H), 6.85 (d, J = 8.2
Hz, 1H), 6.78 (s, 1H), 5.91 (s, 2H), 5.55 (brs,
1H), 5.28 — 5.17 (m, 2H), 4.94 (s, 2H), 4.34 — 4.28 (m, 2H), 2.99 (d, J = 13.6 Hz, 1H), 2.69 (t, J
= 13.8 Hz, 1H), 1.31 (brs, 3H); *C NMR (100 MHz, DMSO-dg) 6 172.2, 171.7, 161.8, 159.9,
155.8, 155.1, 150.4, 142.3, 138.1, 137.0, 129.2, 128.2, 128.0, 127.6, 127.4, 127.0, 127.0, 126.2,
126.0, 125.9, 113.2, 109.3, 109.1, 102.5, 65.1, 57.6, 55.7, 49.1, 47.6, 37.3, 16.7. HRMS (ESI-
TOF) m/z calculated C33H3;NsOgNa'" : 648.2085; found 648.2065 [M+Na]".
(1-(2-Ox0-2H-chromen-4-yl)-1H-1,2,3-triazol-4-yl)methyl
phenylalaninate (38a): White solid; yield: 0.222 g (85%); mp: 138-140 °C; *H NMR (300
MHz, CDClI;) ¢ 8.05 (s, 1H), 7.93 (d, J = 7.6 Hz, 1H), 7.77 (t,J
=7.7Hz, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.45 (t, J = 7.5 Hz, 1H),
7.36 — 7.27 (m, 3H), 7.19 (d, J = 6.8 Hz, 2H), 6.62 (s, 1H), 5.47
(s, 2H), 5.08 (d, J = 6.5 Hz, 1H), 4.68 (d, J = 6.0 Hz, 1H), 3.18
(d, J = 6.8 Hz, 2H), 1.47 (s, 9H); *C NMR (75 MHz, CDCls) 6
172.0, 159.6, 155.3, 154.4, 146.7, 135.8, 133.8, 129.4, 128.7,
127.3, 125.6, 125.2, 117.7, 114.3, 110.2, 80.4, 58.1, 54.7, 38.1, 28.4; HRMS (ESI-TOF) m/z
calculated CogH2sN4OgNa™ : 513.1751; found 513.1745 [M+Na]".
(1-(2-Ox0-2H-chromen-4-yl)-1H-1,2,3-triazol-4-yl)methyl(benzyloxy)carbonyl)-L-alaninate
(38b): White solid; yield: 0.218 g (91%); mp: 139-142 °C; *H NMR (300 MHz, CDCls)

(tert-butoxycarbonyl)-L-

~ §7.97 (s, 1H), 7.78 — 7.63 (m, 1H), 7.59 — 7.46 (m, 1H), 7.38 —
Uy

7.27 (m, 1H), 7.23 — 7.03 (m, 6H), 6.43 (s, 1H), 5.39 — 5.02 (m,

N

A\

N

i

Oj(-\NHCbz

0o

3H), 4.94 (s, 2H), 4.24 (d, J = 3.5 Hz, 1H), 1.29 (brs, 3H); °C
NMR (75 MHz, CDCl3) 6 173.1, 159.6, 156.4, 155.8, 154.4,
146.6, 136.5, 136.2, 133.7, 128.6, 128.2, 128.0, 125.6, 125.1,
117.7, 114.3, 110.2, 67.1, 58.2, 49.9, 18.2; HRMS (ESI-TOF)
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m/z calculated CasH2oN4sOgNa™ : 471.1282; found 471.1275 [M+Na]".
(1-(2-Ox0-2H-chromen-4-yl)-1H-1,2,3-triazol-4-yl)methyl((benzyloxy)carbonyl)-L-
phenylalaninate (38c): White solid; yield: 0.260 g (93%); mp: 143-145 °C; *H NMR (300
0. .0 MHz, CDClg) 0 7.84 (s, 1H), 7.76 (d, J = 7.9 Hz, 1H), 7.61 (t, J
©/\Z = 7.7 Hz, 1H), 7.40 (d, J = 8.4 Hz, 1H), 7.34 — 7.26 (m,4H), 7.19
—7.16 (m, 2H), 7.17 — 7.10 (m, 3H), 7.01 (d, J = 6.7 Hz, 2H),

_Ph
J

-

N
A\
N

-

o = 6.46 (s, 1H), 5.34 (brs, 2H), 5.20 (d, J = 7.9 Hz, 1H), 5.01 (s,
EﬁNHCbZ 2H), 4.61 (dd, J = 12.8, 6.2 Hz, 1H), 3.06 (d, J = 5.4 Hz, 2H):
3C NMR (75 MHz, CDCl3) § 171.6, 159.7, 159.4, 155.8, 154.4,
146.6, 143.4, 136.1, 135.4, 133.8, 129.4, 128.7, 128.3, 128.1, 127.4, 125.6, 125.2, 121.5, 117.7,
114.2, 110.2, 67.3, 58.2, 55.0, 38.1; HRMS (ESI-TOF) m/z calculated CagH24N4O¢Na" :
547.1599; found 547.1588 [M+Na]".
(1-(2-Ox0-2H-chromen-4-yl)-1H-1,2,3-triazol-4-yl)methyl (((9H-fluoren-9-
yl)methoxy)carbonyl)-L-phenylalaninate (38d): White solid; yield: 0.291 g (89%);
o o mp: 134-136 °C; *H NMR (300 MHz, CDCls) 6 7.90 (s,
©/\Z 1H), 7.76 (m, 4H), 7.63 (t, J = 7.5 Hz, 1H), 7.53 (d, J = 7.0
A\ /@ Hz, 2H), 7.43 — 7.38 (m, 4H), 7.33 — 7.27 (m, 3H), 7.24 —
N *LO : 7.17 (m, 2H), 7.14 — 7.04 (m, 1H), 6.50 (s, 1H), 5.50 — 5.35
Y NHFmoc (m, 2H), 5.34 — 5.25 (m, 1H), 4.71 (t, J = 6.1 Hz, 1H), 4.42
— 4.37 (m, 2H), 4.18 (d, J = 6.1 Hz, 1H), 3.15 (d, J = 6.2
Hz, 2H); 3¢ NMR (75 MHz, CDCl3) ¢ 171.5, 159.5, 155.6, 154.2, 146.4, 143.6, 141.3, 135.4,
134.7, 133.8, 133.6, 129.3, 128.8, 128.6, 127.7, 127.3, 127.1, 125.4, 124.9, 120.0, 117.6, 114.1,
110.1, 67.0, 58.2, 54.9, 47.1, 37.9; HRMS (ESI-TOF) m/z calculated C3sH2sNsOgNa* : 635.1919;
found 635.1901 [M+Na]".
(1-(2-Ox0-2H-chromen-4-yl)-1H-1,2,3-triazol-4-yl)methyl (tert-butoxycarbonyl)-L-
alaninate (38g): White solid; yield: 0.179 g (81%); mp: 133-135 °C; *H NMR (300 MHz,

o o CDCls) 6 8.16 (s, 1H), 7.87 (d, J = 7.8 Hz, 1H,), 7.67 (t, J =
@Z 7.8 Hz, 1H), 7.46 (d, J = 8.1 Hz, 1H), 7.36 (t, J = 7.8 Hz, 1H),
3\ 6.58 (s, 1H), 5.43 (g, J = 13.0 Hz, 2H), 5.01 (d, J = 4.8 Hz,
N&_LO 1H), 4.30 (t, J = 6.6 Hz, 1H), 1.42 (brs, 3H), 1.39 (s, 9H): 2*C
TAANHB“ NMR (75 MHz, CDCls) 6 1735, 159.6, 155.3, 154.4, 146.7,
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143.9, 133.7, 125.6, 125.2, 125.0, 117.7, 114.3, 110.2, 80.3, 58.1, 49.5, 28.4, 18.2; HRMS (ESI-
TOF) m/z calculated CxoH22N4O¢Na”™ : 437.1441; found 437.1432 [M+Na]".

(1-(2-Ox0-2H-chromen-4-yl)-1H-1,2,3-triazol-4-yl)methyl ((benzyloxy)carbonyl)-L-
phenylalanyl-L-tryptophanate (39a): Yellow solid; yield: 0.296 g (78%); mp: 150-152 °C;
'H NMR (400 MHz, DMSO—dg) 6 11.1 (s, 1H), 8.79 (brs,

© 2H), 7.94 (brs, 2H), 7.80 — 7.62 (m, 4H), 7.49 — 7.33 (m,
w 12H), 7.25 — 7.12 (m, 2H), 7.04 (s, 1H), 5.46 (s, 2H), 5.09
N;N L@ (s, 2H), 4.87 — 4.76 (m, 1H), 4.53 — 4.44 (m, 1H), 3.42 —

N O\H/\NH 3.27 (m, 2H), 3.13 — 3.04 (m, 1H), 2.86 — 2.75 (m, 1H); °C

© o}\[NHCbZ NMR (100 MHz, DMSO-ds) & 171.9, 171.3, 159.4, 155.8,

153.6, 1457, 142.6, 138.0, 136.9, 136.0, 133.5, 129.1,

128.2, 127.9, 127.6, 127.4, 127.0, 126.3, 125.4, 125.0, 123.8, 123.7, 121.0, 118.4, 118.0, 117.1,
114.20, 111.4, 110.6, 109.1, 65.2, 57.3, 55.8, 53.1, 37.3, 26.8; HRMS (ESI-TOF) m/z calculated
CaoH34NeO7Na" : 733.2369; found 733.2381 [M+Na]".
General procedure for the synthesis of 7-0- or 4- o-triazolyl methyl coumarin-amino acid
hybrids
To a solution of 4-methyl-7-(prop-2-ynyloxy)-coumarin (41a) or 4-(prop-2-ynyloxy)-coumarin
(41b) (0.100 g, 1 equiv), was added a-azidoester [43a—c, (1 equiv)] in EtOH : H,O (1:1). This
was followed by addition of CuSO4-5H,0 (0.01 equiv) and sodium ascorbate (0.1 equiv). The
reaction mixture was stirred at room temperature for 6-10 h and monitored via TLC. After
completion of the reaction, the reaction mixture was concentrated and the residue was diluted
with water and ammonium hydroxide (2-3 mL). Thereafter, the mixture was extracted into
dichloromethane (3 x 20 mL). Organic layer was separated, dried over anhydrous sodium sulfate
and concentrated to yield product which was recrystallized from ethanol to yield pure 44a—f.
Ethyl 2-(4-(((4-methyl-2-0x0-2H-chromen-7-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)acetate
(44a): White solid; yield: 0.141 g (88%); mp: 129-132 °C; *H NMR (300 MHz, CDCls) &
7.82 (s, 1H), 7.50 (d, J = 8.6 Hz, 1H), 6.98 — 6.89 (m, 2H),
Eto’(/,\fb‘\/o o o 6.14 (s, 1H), 5.28 (s, 2H), 5.18 (s, 2H), 4.27 (q, J = 7.1 Hz,
W 2H), 2.39 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H); **C NMR (75
MHz, CDCl3) ¢ 161.2, 155.2, 152.6, 143.6, 126.0, 125.8,

1245, 114.2, 1125, 112.4, 102.2, 62.7, 62.3, 51.0, 18.8, 14.2; HRMS (ESI-TOF) m/z calculated
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C17H17N30sNa” : 366.1056; found 366.1060 [M+Na]".
Methyl  (S)-2-(4-(((4-methyl-2-oxo-2H-chromen-7-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-3-
phenylpropanoate (44b): White solid; yield: 0.166 g (85%); mp: 133-135 °C; *H NMR (300
5 MHz, CDCl3) 6 7.69 (s, 1H), 7.48 (d, J = 6.6 Hz, 1H), 7.21 -
MeO NN 7.09 (m, 3H), 7.02 — 6.81 (m, 4H), 6.12 (s, 1H), 5.62 — 5.52

J}N\)\/O 0._0

(m, 1H), 5.20 (s, 2H), 3.74 (s, 3H), 3.52 — 3.38 (m, 2H), 2.37
" m (s, 3H); *C NMR (75 MHz, CDCls) ¢ 168.6, 161.3, 161.2,
155.2, 152.5, 143.4, 143.1, 134.5, 128.9, 127.7, 125.8, 123.3,
114.1, 112.6, 112.4, 102.2, 64.2, 62.4, 53.3, 39.1, 18.9; HRMS (ESI-TOF) m/z calculated

Ca3H21N3OsNa™ : 442.1385; found 442.1373 [M+Na]".
Methy! (S)-3-(1H-indol-3-yl)-2-(4-(((4-methyl-2-oxo-2Hchromen-7-yl)oxy)methyl)-1H-1,2,3-
triazol-1-yl)propanoate (44c): White solid; yield: 0.175 g (82%); mp: 138140 °C; *H NMR
(300 MHz, DMSO-d) 6 10.85 (s, 1H), 8.44 (s, 1H), 7.70 (d,
J = 8.8 Hz, 1H), 7.51 (d, J = 7.8 Hz, 1H), 7.32 (d, J = 8.0
Hz, 1H), 7.14 (s, 1H), 7.10 — 6.94 (m, 4H), 6.24 (s, 1H),
5.87 (t, J = 7.6 Hz, 1H), 5.24 (s, 2H), 3.73 (s, 3H), 3.71 —
3.67 (m, 2H), 2.42 (s, 3H); *C NMR (75 MHz, DMSO—ds)
0169.6, 161.6, 160.7, 155.2, 154.0, 142.3, 136.5, 127.2, 127.0, 125.7, 124.3, 121.7, 119.1, 118.5,
114.0, 113.1, 112.0, 108.6, 102.1, 63.3, 62.2, 53.5, 27.8, 18.7; HRMS (ESI-TOF) m/z calculated

CasH2oN4OsNa* : 481.1496; found 481.1482 [M+Na]".
Ethyl 2-(4-(((2-oxo0-2H-chromen-4-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)acetate (44d): White
solid; yield: 0.148 g (90%); mp: 128-130 °C; *H NMR (300 MHz,
© CDCl3) 6 7.87 (s, 1H), 7.72 (d, J = 7.8 Hz, 1H), 7.48 (t, J = 7.7 Hz,
%T\N © 1H), 7.24 — 7.14 (m, 2H), 5.81 (s, 1H), 5.32 (s, 2H), 5.18 (s, 2H),
° N 424 (q, J = 7.0 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H); °C NMR (75
MHz, CDCl3) ¢ 166.1, 165.0, 162.7, 153.4, 142.0, 132.6, 125.0, 124.0, 123.2, 116.8, 115.5, 91.3,
62.7, 51.1, 14.2. HRMS (ESI-TOF) m/z calculated C16H15N3OsNa* : 352.0911; found 352.0904

[M+Na]".

MeO

o) OEt
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Methyl (S)-2-(4-(((2-ox0-2H-chromen-4-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-3-
phenylpropanoate (44e): White solid; yield: 0.176 g (87%); mp: 130-132 °C; *H NMR (300
MHz, CDCl3) ¢ 7.80 (s, 1H), 7.69 (d, J = 7.3 Hz, 1H), 7.48 (t, J = 7.7

o. _0O o OMe

W R Hz, 1H), 7.27 — 7.09 (m, 5H), 6.93 (d, J = 3.2 Hz, 2H), 5.75 (s, 1H),
= N (6]
o\/[NoN

5.65—5.56 (m, 1H), 5.23 (s, 2H), 3.73 — 3.68 (m, 3H), 3.51 — 3.38 (m,
2H); *C NMR (75 MHz, CDCls) 6 168.5, 164.9, 162.6, 153.4, 134.4,
132.6, 128.9, 127.8, 124.0, 123.2, 116.8, 115.5, 91.2, 64.4, 62.7, 53.3, 39.1; HRMS (ESI-TOF)
m/z calculated C,H1gN3OsNa" : 428.1226; found 428.1217 [M+Na]".
Methyl (S)-3-(1H-indol-3-yl)-2-(4-(((2-ox0-2H-chromen-4-yl)oxy)methyl)-1H-1,2,3-triazol-
1-yl)propanoate (44f): White solid; yield: 0.188 g (85%); mp: 134-136 °C; *H NMR (300
MHz, DMSO-ds) 6 10.88 (s, 1H), 8.52 (s, 1H), 7.71 — 7.65 (m, 2H),
HN 7.50 — 7.29 (m, 5H), 7.06 — 7.00 (m, 1H), 6.95 (t, J = 7.4 Hz, 1H),
o. .0 oMme | 6.14 (s, 1H), 5.90 (t, J = 7.6 Hz, 1H), 5.39 (s, 2H), 3.75 (s, 3H), 3.72
w NS — 3.68 (m, 2H); *C NMR (75 MHz, DMSO-dg) J 169.5, 164.8,
\/[N’:N 162.1, 153.3, 141.3, 136.4, 133.4, 127.3, 126.0, 124.8, 124.4, 123.4,
121.6, 119.1, 118.4, 117.0, 115.6, 112.0, 108.6, 91.9, 63.5, 63.3,
53.7, 27.8; HRMS (ESI-TOF) m/z calculated Cy4HooN4OsNa* : 462.1776; found 462.1772
[M+Na]".
Synthesis of (1-(2-o0x0-2H-chromen-4-yl)-1H-1,2,3-triazol-4-yl)methyl-L-alaninate
hydrochloride (45)
A solution of dioxane/HCI was added dropwise to 38g (0.150 g, 1 equiv) that was initially

dissolved in dioxane at 0 °C. The reaction was stirred at room temperature for 2 h and monitored
via TLC. After reaction completion, the reaction mixture was completely concentrated, washed
with diethyl ether, and filtered-off to give 45.
(1-(2-Ox0-2H-chromen- 4-yl)-1H-1,2,3-triazol-4-yl)methyl-L-alaninate hydrochloride (45):
White solid; yield: 0.082 g (68%); mp: 160-162 °C; 'H NMR
Op© (300 MHz, DMSO-dg) 6 8.99 (s, 1H), 7.87 (d, J = 8.1 Hz, 1H),
(j/\; & o 7.78 (t, J = 7.6 Hz, 1H), 7.57 (s, 1H), 7.45 (t, J = 7.4 Hz, 1H),
N/%O NH3 Cl| 6,95 (s, 1H), 5.47 (s, 2H), 4.15 (dd, J = 13.4, 6.5 Hz, 1H), 3.39

o (brs (merged with moisture of DMSO), 3H), 1.50 (d, J = 6.8 Hz,
3H); *C NMR (100 MHz, DMSO—dg + CDCls) 6 169.6, 159.3,
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153.6, 145.7, 142.2, 133.4, 126.6, 125.5, 124.9, 117.1, 114.1, 110.4, 58.2, 47.9, 15.6.

Synthesis of (1-(2-oxo-2H-chromen-4-yl)-1H-1,2,3-triazol-4-yl)methyl(tert-butoxycarbonyl)-
L-phenylalanyl-L-alaninate (46)

To a stirred solution of 45 (0.050 g, 1 equiv) in DMF, triethyl amine (2.5 equiv) was added at 0
°C and subsequently EDC-HCI (1.5 equiv) and HOBt (1.2 equiv) were added. The reaction
mixture was stirred for 15 min at 0 °C. And then, Boc-L-phenylalanine (32a) (0.038 g, 1 equiv)
was added. The reaction was stirred at room temperature for 8 h, and the completion of the
reaction was monitored by TLC. After the completion of the reaction, crushed-ice was added that
resulted in the precipitation of the product which was filtrated, washed with cold-water, and
recrystallized from ethanol to afford 46.

(1-(2-Oxo-2H-chromen-4-yl)-1H-1,2,3-triazol-4-yl)methyl(tert-butoxycarbonyl)-L-phenylalanyl-L -
alaninate (46): White solid; yield: 0.070 g (86%); mp: 145-147 °C; 'H NMR (400 MHz,
DMSO-ds + CDCl3) 6 8.81 (s, 1H), 8.42 (s, 1H), 7.83 (d, J = 8.4
O° Hz, 1H), 7.75 (s, 1H), 7.54 (d, J = 8.1 Hz, 1H), 7.40 (d, J = 8.0
w pocHN Hz, 1H), 7.27 — 7.10 (m, 5H), 6.90 — 6.83 (m, 1H), 6.71 (d, J =
N&N_/z'oyjc o i 7.7 Hz, 1H), 5.34 (s, 2H), 4.45 — 4.34 (m, 1H), 4.25 — 4.18 (m,
1H), 2.95 (d, J = 13.8 Hz, 1H), 2.68 (d, J = 12.0 Hz, 1H), 1.37
(brs, 3H), 1.29 (s, 9H); *C NMR (100 MHz, DMSO-ds +
CDCI3) ¢ 172.1, 171.8, 159.2, 155.1, 153.6, 145.7, 142.7, 137.9, 133.3, 129.1, 127.8, 126.2,
126.0, 125.5, 124.8, 117.0, 114.1, 110.3, 77.9, 57.3, 55.2, 47.6, 37.4, 28.1, 16.8.
Synthesis  of  2-(4-(((4-methyl-2-0x0-2H-chromen-7-yl)oxy)methyl)  1H-1,2,3-triazol-1-
ylacetic Acid (47)
To a solution of 44a (0.100 g, 1 equiv) in ethanol cooled to 0 °C, a solution of 20% NaOH in

water (5 mL) was added dropwise. The reaction was stirred at room temperature for 3 h, and
monitored via TLC. After the completion of the reaction, ethanol was completely removed under
reduced pressure to give the corresponding salt of the acid, which was acidified using 4 N HCI at
0 °C, and the aqueous layer was extracted with dichloromethane and concentrated to afford pure
47.

78



Chapter 1B

2-(4-(((4-Methyl-2-oxo-2H-chromen-7-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)acetic acid (47):
White solid; yield: 0.078 g (85%); mp: 110-112 °C; 'H

HOOCj NMR (400 MHz, DMSO-dg + CDCl3) 6 8.23 (s, 1H), 7.66
N{jyo (d, J = 8.8 Hz, 1H), 7.12 (s, 1H), 7.03 (d, J = 8.8 Hz, 1H),
N

(e} (0]
P 6.17 (s, 1H), 5.29 (s, 2H), 5.26 (s, 2H), 2.41 (s, 3H); “°C
NMR (100 MHz, DMSO-ds + CDCls) ¢ 168.3, 161.0,

160.0, 154.7, 152.9, 141.8, 126.2, 126.0, 113.3, 112.5,

111.3,101.5, 61.6, 50.6, 18.1.

Synthesis of methyl (2-(4-(((4-methyl-2-0x0-2H-chromen-7-yl)oxy)methyl)-1H-1,2,3-triazol-
1-yl)acetyl)-L-phenylalaninate (48)

To the stirred solution of 47 (0.050 g, 1 equiv) in DMF, triethyl amine (2.5 equiv) was added at 0
°C and subsequently EDC.HCI (1.5 equiv) and HOBt (1.2 equiv) were added. The reaction
mixture was stirred for 15 min at 0 °C. Later L-phenylalanine methyl ester (42b) (0.029 g, 1
equiv) was added, and the reaction was stirred at room temperature for 6 h. The completion of
the reaction was monitored by TLC. After the completion of the reaction, crushed-ice was added
that resulted in the precipitation of the product, which was filtrated, washed with cold-water, and

recrystallized from ethanol to afford 48.

Methyl (2-(4-(((4-methyl-2-0x0-2H-chromen-7-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)acetyl)-
L-phenylalaninate (48): White solid; yield: 0.068 g (90%); mp: 135-137 °C; *H NMR (400

o MHz, DMSO-dg+ CDCl3) 6 8.89 (d, J = 7.7 Hz, 1H),
/
2 8.09 (s, 1H), 7.64 (d, J = 8.8 Hz, 1H), 7.31 — 7.25 (m,
NH
Meoﬁg\oh 2H), 7.24 — 7.18 (m, 3H), 7.10 (d, J = 2.2 Hz, 1H),
N
N, ]yo o ol 701(dd, J =88, 22Hz, 1H) 6.6 (s, 1H), 5.26 (s,
N
W 2H), 5.14 (g, J = 16.2 Hz, 2H), 4.57 (dd, J = 13.7, 8.1
Hz, 1H), 3.64 (s, 3H), 3.08 (dd, J = 13.8, 5.5 Hz, 1H),

2.95 (dd, J = 13.8, 5.7 Hz, 1H), 2.40 (s, 3H); *C NMR (100 MHz, DMSO-ds + CDCls) 6 171.3,
165.3, 161.0, 160.0, 154.7, 152.9, 141.6, 136.5, 129.0, 128.2, 126.5, 126.1, 126.0, 113.3, 112.4,
111.3,101.4, 61.5, 53.6, 51.8, 51.3, 36.8, 18.1.
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2A.1 Introduction
The word sensor is derived from a latin word sentio, meaning to feel. It is referred to a device that

detects a certain external action, and as a result generates a signal that can be interpreted. A sensor
can also be interpreted as a device that responds to a physical stimulus for the detection and

measurement of a physical property, and transmits a resulting impulse (Figure 2A.1.1).

| Stimuli> SC SO Mﬂ:put signal

Figure 2A.1.1: Schematic diagram for the sensor action
In general, different stimuli such as acoustic, biological, chemical, electric, magnetic, optical,

mechanical, radiation and thermal could be introduced in the sensors to receive appropriate

outputs.* Among these, a chemosensor transduces a chemical entity, while a biosensor integrates
a biological recognition element with the physiochemical transducers.® Figure 2A.1.2 depicts a

graphical representation of various chemical and biological analytes that could be detected by

chemosensors and biosensors.
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Figure 2A.1.2: A graphical representation of various chemical and biological analytes
In the past, various methods have been applied for the detection of different analytes, including

atomic absorption spectrometry, gas chromatography, ion mobility, inductively coupled plasma
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mass spectroscopy (ICPMS), and voltammetry.®’ In spite of reasonable advancements, these
methods require expensive and sophisticated instrumentation setup, and are not suitable for direct
assays.

In striking contrast, fluorescence sensing offers numerous advantages such as accuracy, intrinsic
sensitivity, low-cost detection, selectivity, and thus has been successfully employed for the
detection of metal ions, anions, gases, explosives, nucleic acid, amino acids and enzymes in
organic and aqueous environments.®1° With a rapid response time in the scale of 108 and diversity
of emission wavelengths, sensing using fluorescent chemical entities provide the real-time
monitoring of various analytes. In addition, fluorescence travels without specific physical guide
and no reference is required, which enormously simplifies the technical and instrumental
requirements and reduces the measurement costs.!* Thus, the fluorescence sensing technology has
become a very powerful and indispensable tool for future miniaturized detections and screenings.
Fluorescence sensing technology has exhibited widespread applications in clinical diagnostics,
environmental monitoring, analytical chemistry, and biomedicinal science. In some instances, the
word fluorescent sensor is used to describe the complete detection system that includes the light
source, the molecular probes, the optical components, and the detectors connected to an electronic
system used to process the signal. A fluorescent sensor consists of a receptor and a fluorophore
constructed by linkage, integration or conjugation. Most commonly, fluorescent sensors/probes
bind to the guest (analytes) via non-covalent interactions including, hydrogen bonding,
hydrophobic interactions, metal coordination, electrostatic interactions, and reversible covalent
bond formation. Analyte binding with the sensor alters the electronic and/or molecular structure
of the sensor to induce changes in fluorescence properties that can be detected by a fluorescence
spectroscopy. In specific, the binding of a sensor (receptor-fluorophore) to the guest (analyte)
disturbs the original relationship with respect to electron or charge transfer between the probe and
guest in the sensors “excited or ground state”, and leads to change in the emission wavelength or
intensity*>!® (Figure 2A.1.3).

Transducer Transducer I i j
Signal zone Recognition unit  Sj
ignal/
Analyte Receptor Regad out

Figure 2A.1.3: Schematic diagram of the fluorescent sensor action
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Two commonly observed mechanisms by which an analyte can modulate the electronic structure,
and hence the fluorescence behaviors are energy transfer and electron transfer between the analyte
and photo-excited fluorophore. Such processes can give rise to either a “turn-off” or a “turn-on”
fluorescence response, due to fluorescence quenching or enhancement, respectively. Forster
resonance energy transfer (FRET), internal charge transfer (ICT) and photo-induced electron
transfer (PET) phenomenon!'® are examples of some output signal mechanisms related to
fluorescence sensing. A part from turn-off and turn-on chemosensors, ratiometric fluorescent
sensors is another sub-class that relies on analyte-induced changes in the intensity of two or more
emission bands (shift in the excitation and/or emission maxima in presence of analytes).
Accordingly, a variety of approaches have been used to manipulate these properties for designing
appropriate user-friendly platforms for optical detection of analytes.!’™® Due to diverse
applications of chemical sensors in biological, medicinal, environment and industrial fields, and
also due to less availability of natural products with intrinsic fluorescence, developing organic
fluorophores and related chemosensors with special features is highly desirable.?

Heterocyclic chemistry constitutes the most important subdivision of organic chemistry. More than
the 90% drugs contain heterocycles building up a strong interface between chemistry and
biology.?!*? Functionalized and fused heterocycles derived from several classes of fluorophores
including coumarin,? fluorescein,?* rhodamine dye,?® 4,4-difluoro-4-bora-3a,4a-diaza-sindacene
(BODIPY) dye,? cyanine dye,?” naphthalimide,?® distyryl ketone,?® 5-aryl-2-pyridyloxazoles
have served as interesting fluorescent architectures for selective sensing of various analytes.
Among these, coumarin and its derivatives demonstrate satisfactory fluorescence in the visible
light region and thus been used in organic light-emitting diodes and laser dyes. Although the
tunability of the absorbance and fluorescence of coumarin compounds was observed in the year
1940,73 yet the molecular origin of their optical properties remains an object of intense
investigations for many years. Wheelock’s results have showed that the accumulation of electron-
donating groups in the 4, 6, or 7 position and/or electron-withdrawing groups in the 3 position
shifts the fluorescence band to longer wavelengths.®? The replacement of C=0 with a C=S group
results in the quenching of fluorescence due to the shifts in the absorbance towards longer
wavelength (red shift).}” In addition, coumarins are classic examples of push-pull dye, in which
the intra-molecular charge transfer (ICT) proceeds from benzene ring to pyranone moiety.
Typically presence of electron-donating groups (EDGs) at the 7-position (donor) or electron-
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withdrawing groups (EWGs) at the 3-position (acceptor),3334 can promote the ICT process, thereby
enhancing the fluorescence intensity of coumarin (Figure 2A.1.4).

DG\©/\OIO oT o2 o. .o
Z > Ewe m‘”@

D = EDGs

W = EWGs
Figure 2A.1.4: Intramolecular charge transfer (ICT) phenomena in coumarin
Jones et al. studied the effect of different polar and non-polar solvents (solvent polarity) on the
fluorescence spectra of many coumarin derivatives, and found that an increase in the solvent
polarity red-shifted the absorbance as well as emission with broadening of emission spectra due to
increased hydrogen bonding. In a similar study, Sharma et al. estimated the excited-state dipole
moment of 4- and 7-substituted coumarin derivatives, and determined the observed shift in both
emission and absorption peaks with solvent polarity.>® A qualitative comparison of the

photophysical properties of different coumarin derivatives is shown in Figure 2A.1.5.17:3

@Lj W @(If Etz m
Apbs =330 nm ) kAbs 354 nm }"Abs 373 nm
s Abs 270 nm
Em =380 nm E 383 Em 415 nm Em 440 nm
(@) = 0.002 m=s8snm (@)=0.12 (@®)=073
Et,N o0__0
N 7"Abs 412 nm
Abs =325 nm KAbs 325 nm 7»Abs 338 nm AEm = 520 nm
Em =441 nm AEm =442 nm AEm = 412 nm (@) =0.81

Figure 2A.1.5: Qualitative comparison of photophysical properties of coumarin derivatives

Even though the unsubstituted coumarin does not show noteworthy photoluminescent properties,
yet its substituted analogs demonstrate good fluorescence properties, and thus coumarin-
derivatives have been used as fluorescent probes of pH, biothiols, enzymes, amines, amino acids,
chemical warfare agents, proteins, hydrogen peroxide, hydroxyl radicals, polymeric micelles,
DNA and RNA, oxygen, titania, nitric oxide, nitroxide, anions, and metal ions.®’

With relevance to the recognition and sensing of biologically and environmentally important metal
ions, much attention has been devoted towards developing coumarin-derived chemosensors for

cation recognition,?° fluoro- and chromogenic chemodosimeters for heavy metal ion detection in
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solution and biospecimens,?t and metal-ion-responsive fluorescent probes for two-photon

excitation microscopy.?? Some selective examples of functionalized coumarins used for detection

38-55

of various analytes, are represented in Figure 2A.1.6.
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Figure 2A.1.6: Selective examples of functionalized coumarins used for detection of various

analytes

Interestingly, coumarin derivatives have served as efficient chemosensors of metal ions comprised
of Hg(11), Cu(I1), Zn(11), Ni(11), Ca(l1), Pb(11), Mg(I1), Fe(l11), Al(111), Cr(111), and Ag(1).1750.57-58
Several coumarin-derived systems have also exhibited simultaneous sensitivity towards two or
more metal ions, e.g. Ca(ll) and Mg(I1), Ni(I1) and Co(Il), Cu(l1) and Hg(l1), Na(l) and K(I), Cu(ll)
and Ni(ll), Hg(11) and Ag(l), Cu(ID/Ni(1)/Cd(11), Zn(1)/Cd(11)/Pb(11), or Ni(I1)/Pd(I1)/Ag(l). In

90



Chapter 2A

particular, amide functionalized coumarins have proved their unique potential as efficient and

selective metal ion sensors®®®’ (Figure 2A.1.7).
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Figure 2A.1.7: Amide functionalized coumarins used as chemosensors for metal ion sensing

Furthermore, the detection of metal ions involved in biological processes (e.g., sodium, potassium,
calcium, magnesium), clinical diagnostics (e.g., lithium, aluminum, potassium), or pollution (e.g.,
lead, mercury, cadmium) have gained special attention in the last two decades.!>®8"° Among these
metal ions, mercury is a highly hazardous and ubiquitous pollutant of the global environment,’
and atmospheric mercury eventually generates toxic methylmercury that enters human body
through aquatic food chains.”2 Mercury has high bioaccumulation and persistence character in the
environment and living organisms.” It can easily pass through the skin, respiratory and cell
membrane, and has been considered as one of the major cause of human neurological diseases,
DNA damage and mitosis impairment.”"® Its high affinity for thiol groups present in proteins and
enzymes has lead to the dysfunction of cells, and consequently caused health problems such as
prenatal brain damage, serious cognitive and minamata disease.”’"”® Thus, considerable efforts
have been made towards designing ‘‘turn-on’’ (enhancement of fluorescence in the presence of
Hg?"), “‘turn-off”> (quenching of fluorescence by Hg?*), and ratiometric (shift in the excitation

and/or emission maxima in presence of Hg?*) probes based on rhodamine,®8! fluorescein,?%3 N-
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dansylcarboxamide,? naphthalimide, & thiosemicarbazone,® anthrylacetamide,®” crown ethers,%
thiocarbamate,® anthraquinone,®® porphyrin,®® benzothiazole,”? phenylenediaminetriamide,®®
hydroxyquinoline,®®  anthracene,®* phenoxazinone® and other complex molecular
architectures,®®" for selective detection of mercury ions. Few chemosensors based on coumarin
scaffold have been developed for selective sensing of Hg?* in aqueous medium. For example,
Voutsadaki et al. reported a ratiometric fluorescent ion probe based on a monoaza-15-crown-5
moiety connected to 7-amino-4-methylcoumarin via a thiourea linker, which exhibited high
selectivity for Hg?* ions in water (Table 2A.1.1, entry 1).8 EI-Shekheby et al. reported a coumarin
dithioate based chelation-enhanced selective “off—on” fluorescent probe for sensing trace amounts
of Hg?*, Ag* and Ag- nanoparticles (Table 2A.1.1, entry 2).%° In 2017, Wu et al. reported the
application of 4-methyl-7-(vinyloxy)-2H-chromen-2-one as a fluorescent chemosensor for the
selective recognition of Hg?" in 0.12 uM range (Table 2A.1.1, entry 3).2% Ho et al. synthesized
fluorescent chemosensor based on triazole moiety connected to coumarin via acetyl bridge for
selective sensing of Hg?* by 1.8-fold fluorescence enhancement, respectively (Table 2A.1.1, entry
4).1%1 Gao et al. synthesized 7-hydroxy-8-allyl-4-methyl-2H-chromene-2-one and observed that it
selectively detects Hg?* ion in aqueous media via “turn-on” mechanism (Table 2A.1.1, entry 5).192
In 2017, Gao et al. documented a coumarin-derived benzimidazole system linked via imine linker,
for simultaneous and selective detection of Hg?* and Cu?* (Table 2A.1.1, entry 6).1% In 2017, Jiao
et al. synthesized coumarin-derived benzothiazolinone hydrazone that exhibited high selectivity
towards Hg?* ions (DL = 1 nM) (Table 2A.1.1, entry 7).1% Very recently, Pankaj et al. reported
the synthesis of coumaryl-based thiazolyl-acrylamide (OCTAA) as a fluorescent monomer, which
upon radical polymerization generates Hg(ll)-ion imprinted polymer (1IP) capable for selective

nanomolar detection of mercury (Table 2A.1.1, entry 8).1%
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Table 2A.1.1: Selective examples of coumarin-derived chemosensors for Hg?* ion

detection
Entry 1 Entry 2
() b
<o— Nj y S EH
N 0.__0 z
O\J \2/ \@Z HO 0._0

Sensing Solvent®® = H,O

=

Detection Limit® = 0.29 uM
Sensing Solvent = H,O : MeOH (v/v = 1:1)

Entry 3

e 0._0

Detection Limit'® =0.12 uM
Sensing Solvent = HEPES buffer solution

Entry 4
MeO 0._0

= 0]
-N :<
N\\<N\
0]

Detection Limit'% = 12.5 mM
Sensing Solvent = MeOH : DCM (v/v = 9:1)

Entry 5
|

HO 0._0

Detection Limit?2=0.512 uM
Sensing Solvent = CH3CN : H,O (v/v = 9:1)

Entry 6

Detection Limit'® =0.1202 u M
Sensing Solvent = HEPESbuffer : DMSO

Entry 7

= /N\N/)\S

Detection Limit!® =1 nM
Sensing Solvent = CH;CN

Entry 8

Detection Limit!%®® = 0.020 uM
Sensing Solvent = DMSO
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On the other hand, lithium is known to demonstrate versatile and significant roles in
industrial applications as well as biological and medicinal chemistry.1% Lithium ions
belong to the group of the five biologically most important alkali and alkaline-earth metal
cations. Lithium-containing drug preparations are routinely used in medical and clinical
applications for the treatment of manic-depressive psychosis.?”:1%8 QOther uses of lithium
include treatment of skin diseases such as dermatitis, autoimmune and immunological
diseases, in which patients are required to take the drug over periods of several months or
even years. Thus, the concentration of Li* ions in blood serum after drug intake varies
strongly, and reliable determination of the Li* ion concentration levels in blood samples is
highly desirable for successful and safe therapeutic applications. This is because too low
levels of Li* ions show no effect at all, and an overdose can lead to life-threatening toxic
effects. In general, Li* concentrations in serum during the treatment should be within the
narrow range of 0.6 and 1.2 mM.1%%119 |n addition, determination of Li* levels in serum
must be monitored efficiently in the presence of other cations such as Na*, K* and Ca?*.

Several chemosensors based on diaza-9-crown-3,!*! N-(9-methylanthracene)-25,27-bis(1-
propyloxy)-4-tert-butylcalix,'*?  squarylium  dye,'*®  1-(9-anthryl)-4-ferrocenyl-2-aza-1,3-
butadiene,''* Biginelli-based organic nanoparticle,**®> porphyrin*'® and polymer based
fluoroionophore architectures are reported for Li* sensing in different solvent systems. Very
recently, one such example was reported by Sakai and Akutagawa, whereby quinoxalinone based
fluorescent probe senses the cations (M* = Li* and Na*) and anions (X~ = F, CI-, Br7, and
CH3COQ") in organic solvent.*'” However, very few reports on the development of coumarin-
derived fluorescent chemosensors for selective recognition of Li* ion in organic solvents have
appeared. In this regard, Citterio et al. designed and developed pH independent coumarin-based
fluorescent probe for selective detection of Li* in organo-aqueous solution (DL = 0.6 mM) (Table
2A.1.2, entry 1).18 Taziaux, et al. reported coumarin 343 linked to monoaza-crown ethers based
fluorescent sensor for selective detection of Li* in CHsCN (Table 2A.1.2, entry 2).1*® Hamilton et
al. reported the water soluble (arene)Ru-based 12-metallacrown-3 complex as a selective “‘off—

on”’ fluorescent sensor for Li* in water (100 mM phosphate buffer, pH 8.0) (Table 2A.1.2, entry
3).120,121
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Table 2A.2.2: Coumarin-derived chemosensors for Li* ion detection

Entry 1 Entry 2
J:o 0 0._0O N 0._0O
S 0]
\\\‘ O om Z
L R N
'
° )
C o
Detection Limit!® = 0.6 mM o _J
Sensing Solvent = H,O : MeOH (v/v = 99:1) Sensing Solvent!!® = CHsCN
Entry 3
0]
N
@)
OMe
AN ~ MeO
\ \
BN
N= o’Ru_NQ_/ 0
\ = __Ruig %R
2 0
| \N/ \ \
P —
HN
SO
MeO Z
Sensing Solvent*?® = H,O : MeOH (v/v = 9:1)

In spite of reasonable detection limits exhibited by most of the above mentioned coumarin-derived
Hg?* and Li* chemosensors (Table 2A.1.1 & Table 2A.1.2), designing more effective Hg?*and Li*
chemosensors capable of selectively detecting these ions at low concentrations in aqueous
medium, and in presence of other ions, remains a appealing and necessary field of research.

In the present context, indole provides a potential coordination site for different metal ions
to bind and provide a sensing platform due to N—H hydrogen bond donor.*?2125 |n indole,

N-H hydrogen bonding, hydrogen-bond-induced m -electron delocalization, and N-H
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deprotonation have accounted for inducing signalling to produce the necessary results.!?
Considerable efforts have been made by leading scientists towards designing indole-based
fluorescent probes for different metal ions sensing.*?"3!

With respect to the prevailing discussion, leading scientist such as Luo, Kaur, Sun, Huang,
Liu, Khan and lyer and others have reported indole-based probes for selective sensing of
Hg?" ions (Table 2A.1.3),132-141 while the examples of indole-based Li* ion chemosensors
are untraceable.

Table 2A.1.3: Selective examples of indole-based chemosensors for Hg?* ion detection

Entry 1 Entry 2

Detection Limit'*2 =10 uM Detection Limit'* =11 nM
Sensing Solvent = H,O Sensing Solvent = EtOH : MOPS (v/v = 7:3)
Entry 3 Entry 4
X
/N\H NH,

Detection Limit!3* = 0.05 uM Detection Limit**®* = 0.0193 uM
Sensing Solvent = Phosphate buffer : DMSO Sensing Solvent = MeOH : H,O (v/v = 1:9)
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Entry 5 Entry 6
H ~
N N O\/é\o/%o
7 NH |
. HN O
N
H
Detection Limit*® = 101.6 pM Detection Limit*¥” = 6.8 uM
Sensing Solvent = H,O : DMSO (v/v =1:1) | Sensing Solvent = H,O : EtOH (v/v = 1:2)
Entry 7 Entry 8

Y O
O L

O \
N
\

Detection Limit*® =0.33 uM Detection Limit®*® = 1.21 uM
Sensing Solvent = CHsCN Sensing Solvent = CH3sCN

Entry 9 Entry 10

S
G
N
H
Detection Limit'4°= 30 nM Detection Limit!4! = 7.67 uM
Sensing Solvent = CHsCN : H,O (v/iv = 9:1) Sensing Solvent = CHsCN

In nut shell, majority of the developed chemosensors for Hg?* and Li* ions are associated
with limitations of multisteps involved in their synthesis, low quantum yields, short
emission wavelength, fluorescence quenching, and poor selectivity over other metal ions
and inability to detect in aqueous medium.

Thus, we envisioned that appropriately affixing indole moiety to a coumarin nucleus via
amide bond will produce coumarin-derived indole conjugates that might exhibit interesting

and selective sensing behaviour towards Hg?* and Li* metal ions.
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2A.2 Results and Discussion

The desired coumarin indole-based probes were synthesized in straight-forward approach as
outlined in schemes 2A.2.1 and 2A.2.2. The synthesis commenced with the reaction of
commercially available resorcinol (1) with ethyl chloroacetoacetate (2) in presence of sulfuric acid
at 0-5 °C to afford 4-(chloromethyl)-7-hydroxy-2H-chromen-2-one!*? (3), which on reaction with
25% ammonium hydroxide at 50 °C for 1 h yielded 7-hydroxy-4-(aminomethyl)coumarin®*® (4) in
80 % yield (Scheme 2A.2.1).

HO OH o 0 H,s0, HO 00 NH,OH (aq)
Cl R
\©/ + \)J\/U\OEt 05°C.2h Z 50°C,1h
cl
1 ) 3, 80% 4,80%

Scheme 2A.2.1: Synthesis of 7-hydroxy-4-(aminomethyl)coumarin (4)

Thereafter, the coupling of 7-hydroxy-4-(aminomethyl)coumarin (4) with indole-3-acetic acid (5)
and indole-2-carboxylic acid (6) using EDC-HCI/HOBt in DMF at room temperature for 6-8 h
yielded indole-based fluorescent probes 7 & 8 in 90-91% yields, respectively (Scheme 2A.2.2).

COOH
©\/\< HO 0__0
N
H 5 - Z 5 NH
EDC-HCI (1.5 equiv) |
HOBt (1.2 equiv) ”%

HO 0__0O NEt; (2.5 equiv) .
DMF, rt, 8 h 7, 91%

4 mCOOH \©/\F
EDC-HCI (1 5 equiv)

HOBt (1.2 equiv)
NEt; (2.5 equiv) 8, 90%
DMF, r.t.,, 6 h

Scheme 2A.2.2: Synthesis of coumarin-derived indole-based probes (7 and 8)
The compounds 7 & 8 were completely characterized by *H NMR, *C NMR and high-resolution

mass spectrometry.
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Spectroscopic measurements (UV—Vis absorption and steady state fluorescence emission) of
sensors 7 & 8 were measured in organo-aqueous solution in absence and presence of metal ions at
room temperature under ambient conditions. In order to identifiy an appropriate solvent system,
selectivity studies were first performed with a number of solvent systems, including H2O : CH3CN,
H20 : THF, H20 : DMF and H>0 : DMSO. Compound 7 showed good fluorescence efficiency in
H20 : DMF and exhibited a strong absorption band centered at 294 nm, along with a weak hump
at 344 nm in H20 : DMF (7:3, v/v) mixture. On the other hand, compound 8 showed good
fluorescence efficiency in H2O : CH3CN, and exhibited strong absorption bands centered at 322
nm and 280 nm. On excitation at 340 nm, the probes 7 and 8 gave an emission maxima at 465 nm,
with quantum vyield of (® = 0.22), and (® = 0.129) respectively, thereby exhibiting high
fluorescence in H20 : DMF (7:3, v/v) and H20 : CH3CN (7:3, v/v) mixture.
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Figure 2A.2.1: UV-Vis spectra of probes: 7 (a) (10* M) upon addition of 5 equiv of Hg?" and
other metal ions and 8 (b) (10* M) upon addition of 5 equiv of Li* and other metal ions

The binding affinities of the compounds 7 and 8 was next studied towards various metal ions (5
equiv) such as Li*, Ba®*, AI**, Cd?*, Zn?*, Cr¥, Ni?*, Pb?*, Cu?*, Ca®*, Co?*, Fe3* Hg?* and K*
using UV—Vis absorption measurements. Gratifyingly, a red shift of 3—4 nm was observed in the
absorption band of compound 7 at 294 nm along with an attenuation in its intensity upon addition
of Hg?* (5 equiv); albeit no change was observed upon addition of other metal ions (Figure 2A.2.1;
a). In the UV—Vis spectra of compound 8, a new red shifted band emerged at 375 nm, when Li*
was added (Figure 2A.2.1; b). This could be due to delocalization of electrons on formation of
complex between Li* and compound 8. Moreover, the red-shift could be explained due to the

intramolecular charge transfer (ICT) process, and the lowering of the band gap between HOMO
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and LUMO on complexation with Li*. Importantly, no distinguishable spectral change in the
UV-Vis spectrum of compound 8 was observed in the presence of other tested metal ions.

To further explore sensing behavior of probes 7 and 8, the effect of adding different metal ions (5
equiv) including Li*, Ba%*, APF*, Cd?*, Zn?*, Cr¥*, Ni?*, Pb?*, Cu?*, Hg?*, Ca?*, Co?*, Fe®* on the
fluorescence spectra of compounds 7 and 8 was investigated. It was observed that the fluorescence
spectrum of 7 remains unaffected upon addition of metal ions such as Li*, Ba?*, AI**, Cd?*, Zn%*,
Cr¥*, Ni%*, Pb?*, Cu?*, Ca?*, Co?*, Fe** (5 equiv). However, on addition of Hg?* (5 equiv) a
dramatic quenching in the fluorescence was observed, which subsequently lead to reduction in
quantum vyield to 0.05 (Figure 2A.2.2; a). This fluorescence quenching could be due to excitation
energy transfer from the probe to the metal d-orbital and/or metal to compound charge transfer. It
was worth noticing that the emission intensity of compound 7 was quenched to about ~73% in the
presence of Hg?" in H20 : DMF (7:3, v/v) solvent system. Thus, a clear ‘turn-off” fluorescence
response, with considerably high selectivity towards Hg?* ion in aqueous DMF solution was
observed by the indole-based probe 7. On the other hand, addition of Li* (5 equiv) to a solution of
probe 8 in H2O : CH3CN showed fluorescence enhancement, and an increase in quantum vyield to
® = 0.262, while addition of metal ions including Ba?" Pb?*, Ca?*, Ni%*, Cd?*, Cr*, AP**, Zn?*,
Co?*, Hg?*, Cu?* and Fe** (5 equiv) did not affect the fluorescence spectra of compound 8 (Figure
2A.2.2; b).
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Figure 2A.2.2: Fluorescence spectra of compounds 7 (a) (10 M) upon addition of metal ions: in
H20 : DMF (7:3, v/v); and 8 (b) (10 M) upon addition of metal ions: in H2O : CH3CN (7:3, v/v)
at Aex = 340 nm
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For an effective sensor, ion-selectivity is a point of concern. To evaluate the selectivity of
compounds 7 and 8 toward detecting Hg**& Li* ions over other metal ions respectively,
competitive fluorescence experiments were carried out. The fluorescence intensity of solutions
containing compound 7 mixed with other common interfering metal ions such as Li*, Ba®*, AI**,
Cd?*, Zn?*, Cr¥*, Ni¥*, Pb?*, Cu?*, Ca?*, Co?*, Fe®" (5 equiv each) in presence and absence of Hg?*
(5 equiv) was measured and compared (Figure 2A.2.3; a). The emission intensity of solutions
containing different metal ions exhibited high impact in the presence of Hg?* ions (Figure 2A.2.3;
a, blue bars), while not much difference in the emission intensity of the solution containing the
same metal ion was observed in the absence of Hg?* (Figure 2A.2.3; a, grey bars). Thus, the
interference from metal ions was eliminated, and compound 7 displayed high sensitivity to Hg?".
Similarly, to evaluate the selectivity of compound 8 towards Li* ions over other metal ions,
competitive fluorescence experiments of the Li* (5 equiv) solutions mixed with other common
interfering metal ions such as Ba?*, Pb?*, Ca?*, Ni?*, Cd?*, Cr3*, AP**, Zn?*, Co?*, Hg?*, Cu®*, Fe*",

Na* and K* (5 equiv) were carried out.
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Figure 2A.2.3: Column diagrams of the fluorescence intensity of compounds 7 (a; 7 + metal ions)
at 465 nm. Grey bars represent the addition of various metal ions to the blank solution and blue
bars represent the subsequent addition of Hg?* (5 equiv) to the above solutions (compound + M™
+ Hg?") and 8 (b; 8 + metal ions) at 465 nm. navy blue bars represent the addition of various metal
ions to the blank solution and dark cyan bars represent the subsequent addition of Li* (5 equiv) to
the above solutions (compound + M"™ + Li")

In Figure 2A.2.3; b, (navy blue bars), represent the intensity of the emitted radiation in the
presence of Li* ions in solution together with individual metal ions such as Ba?*, Pb?*, Ca?*, Ni%*,
Cd?*, Cr¥*, AP, Zn?*, Li*, Co?*, Hg?', Cu?*, Fe*", Na* and K* that showed high impact on the
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emission intensity when compared to the (Figure 2A.2.3; b, dark cyan bars), which corresponds
to the emission intensity of a solution of the same metal ion in the absence of Li*. The results
showed that the fluorescence enhancement of compound 8 was not affected by the competing ions.
Therefore compound 8 could be used as highly selective sensor for detection of Li* ions in the
presence of other common metal ions.

The absorption titration was next performed on compounds 7 and 8 with an incremental addition
of Hg?" ions and Li* ions, respectively (Figure 2A.2.4). Delightfully, a red shift of 3—4 nm in the
absorption band centered at 294 nm, along with attenuation in the intensity of maximum absorption
band was observed with a gradual increase of Hg?* ions with compound 7 (Figure 2A.2.4; a). This
could be due to intramolecular charge transfer (ICT) effects upon addition of Hg?* and the
possibility of complexation between the probe and Hg?" ion. The incremental addition of Li* to
probe 8 (Figure 2A.2.4; b) lead to a progressive increase in the absorption band around 375 nm in
UV—Vis titration spectrum, suggesting that the compound 8 has high sensitivity towards Li* ion.
The spectral changes with the formation of isosbetic point at 340 nm indicated the formation of

single complex species between sensor 8 and Li* ion (Figure 2A.2.4; b).
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Figure 2A.3.4: UV-Vis titration studies of probes 7 (a) and 8 (b) (10 M) upon gradual increase
in the concentration of Hg?* and Li* ions, respectively

The chemosensing properties of compounds 7 and 8 were further investigated by performing
fluorescence spectrophotometric titration studies. In fluorescence spectrum, the fluorescence

intensity of 7 at Aem= 465 nm was gradually decreased on increasing the concentrations of Hg?*
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ion (Figure 2A.2.5; a). While, increasing the concentration of Li* leads to a continuous
fluorescence enhancement in the fluorescence intensity of 8 around 465 nm (Figure 2A.2.5; b).
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Figure 2A.2.5: Fluorescence titration studies of probes 7 (a) and 8 (b) (10* M) upon gradual
increase in the concentration of Hg?* and Li* respectively at Aex = 340 nm

By using the above fluorescence titration results, the detection limit (DL) was calculated!#414¢ to
be 143 nM for the compound 7 & 37.1 nM compound 8 for Hg**and Li* ions respectively, based
on 3c/m, where ¢ corresponds to the standard deviation of the blank measurements, and m is the

slope in the plot of the intensity versus the sample concentration (Figure 2A.2.6; a & b).
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Figure 2A.2.6: Stern—Volmer plot of sensors 7 (a) and 8 (b) in response to Hg?*and Li* ions. Inset:
Stern-Volmer plot obtained at lower concentration of Hg?" in linear range

Figure 2A.2.6; a & b shows a good linearity between fluorescence intensity at 465 nm emission
wavelength and concentrations of Hg?* and Li* in the range 0 to 30 uM, for the sensors 7 and 8
respectively. Thus the sensors are capable for nanomolar detection of mercury and lithium ion in

organo-aqueous mixtures.
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We next constructed the Benesi—Hildebrand plot'*’ to investigate the binding stoichiometry and
the association constant for the sensors 7 and 8. The linearity of Benesi—Hildebrand plot (Figure
2A.2.7; a & b) between 1/(Fo -Fi) against 1/[Hg?*] and1/(Fo -Fi) against 1/[Li*] indicated 1:1
stoichiometry between sensor 7 and Hg?* ion and 8 and Li* ion. The association constant (Ka) was
found to be 6.4 x 10° M and 5.5 x 10°* M for the probes 7 and 8 respectively, as obtained from
Benesi-Hildebrand plot. The high value of association constant (Ka) indicated the formation of a

strong complex between Hg?* and 7, and Li* and 8, respectively.
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Figure 2A.2.7: Bensei—Hildebrand plot of probes 7 (a) and 8 (b) in response to Hg?* and Li* ions
Proposed binding site for metal sensing

Based on spectroscopic measurements, the synthesized coumarin-derived indole-based probes 7
and 8 were found to act as a selective recognition probe for Hg?* and Li* ions, respectively. To
understand the binding mode of the probes with Hg?* and Li* ions, a few other spectroscopic
analysis of probes 7 and 8 and its Hg?*-complex and Li*-complex were performed. The structural
scaffold of the probes provides four binding sites for the metal ions (Hg?* & Li*) to bind. These
includes (@) N-H part of indole ring, (b) N-H group of amidic linkage, (c) C=0O unit of the
amidic linkage, and (d) C=0O of the coumarin moiety. In order to identify the most prominent
binding site, 'H NMR of the synthesized Hg?*-complex (prepared by stirring equimolar quantities
of 7 and mercuric chloride under ambient conditions) was compared with that of probe 7 (Figure
2A.2.8; a) An upfield shift in indolic N-H proton by 0.14 ppm and a downfield shift in amidic N-
H by 0.33 ppm was observed upon complexation with Hg?* ion, thereby indicating the binding of
Hg?* to both indolic and amidic NH, via 1:1 stoichiometric ratio. This is also in accordance with
Benesi-Hildebrand plot. In addition, slight changes in the chemical shifts of other aromatic protons
were also observed, indicating an indirect effect of complexation of Hg?* ion via N atoms.1%6:148-

150 These findings also indicated that interaction between organic framework and metal ion to be
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of non-covalent character.?*® The selective binding for Hg?* ion to the probe could be a probable
outcome of judicious balance between amidic-NH and indolic-NH donor centres, for which Hg?*
showed a particular greater affinity'®® and probably matching of ionic radius of Hg?" with the
cavity created between the two nitrogen atoms.
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Figure 2A.2.8: 'H NMR spectra of 7 (a; top) and 7 + its complex (a; bottom) in DMSO-ds, 8 (b;
bottom) and in the presence of (b; 0.5-2 equiv) of Li* in DMSO-ds

For compound 8, *H NMR titration experiments were carried out in DMSO-ds (Figure 2A.2.8; b).
The addition of 1 equivalent of lithium salt to the solution of compound 8 in DMSO-ds led to
slight downfield shift in the positions of indolic N-H (0.007 ppm) and amidic NH (0.008 ppm),
thereby indicating the possibility of binding Li* to indolic and amidic N-H (Figure 2A.2.8; b). No
further change in the *H NMR of compound 8 was observed upon adding more than 1 equivalent

of Li*, thereby confirming 1:1 stoichiometry, as earlier suggested by Benesi-Hildebrand plot. The
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results suggested the binding of compound 8 to Li* by a rigid conjugation system through
interactions with indolic N-H and amide protons.t%

To further provide a strong support for the proposed binding mechanism, the interaction of Hg?*
and Li* respectively with the probes 7 and 8 in terms of molecular and electronic level was studied
using DFT based modeling technique. Binding energy calculations were performed to determine
the most possible binding site of Hg?* and Li* in the compounds. The binding energy values
corresponding to the binding of Hg?" and Li* at the four possible binding sites (mentioned above)
were computed. The optimization run for the structure holding Hg?* ion at amide N was not
converged after several attempts. So we omitted probable amide N site for Hg?* attachment from
our present consideration. It was quite evident from the BE values that the indolic N-atom is the
most preferable site for Hg?* ion attachment, followed by coumarin C=0 and amide C=0. The
calculated binding energy values also suggested a strong interaction between Hg?* ion and probe
7, and this seems to be a thermodynamically favorable process. Lower electronegativity of nitrogen
compared to oxygen could be a possible explanation for higher affinity of Hg?* ion towards the
nitrogen site. In addition, it appeared that the binding of Hg?* ion to the compound introduced a
large amount of structural strain to the system, and this modulates the physiochemical properties
of the probe (Figure 2A.2.9; a). In addition, from the computed BE values (Figure 2A.2.9; b), it
became clear that the attachment of Li* on the amidic N-H in compound 8 is thermodynamically
most preferable (BE = -320.67 kcal/mole). Indeed, the indolic N-H (BE = -220.14 kcal/mole) in
compound 8 also appears to be a potential binding site and might be stabilized by some kind of
week interaction (bridging) with the neighboring oxygen of C=0 group. However, the computed
bond distance values show that the Li is relatively closer to nitrogen compared to the oxygen atom.
The Li-N bond length is 1.69 A° whereas the Li-O is 1.98 A°. So, it can be argued that the bonding
between Li-O rather appears to be a week interaction. It is worth mentioning that the higher binding

affinity of Li* for amidic N-H is also evident from the experimental spectroscopic data.
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Binding energy computed
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Figure 2A.2.9: Optimize structures of the complex (a; 7 + Hg?") and (b; 8 + Li*) at most probable
Hg and Li binding sites, and their corresponding binding energy values calculated at B3LYP/6-
31+G(d,p): Lanl2Dz (for Hg?* and Li*) level. The binding energy values are computed as *BE =
Ecomplex — (Ecompound + EHg)/ Ecomplex — (Ecompound + ELi)

Based on the *H NMR studies, Benesi—Hildebrand plots and DFT calculation results, the possible
mode of binding for 7 + Hg®" and 8 + Li* is proposed (Figure 2A.2.10; a & b).
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Figure 2A.2.10: Proposed binding site for compounds (a; 7 + Hg?*) and (b; 8 + Li*)
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In summary, two new coumarin-derived indoles-based probes have been synthesized and
identified as efficient sensors for selective detection of Hg?* and Li* in organo-aqueous
media. Detection limit was found to be as low as 143 nM, and 37.1 nM for the sensors 7
and 8 for the Hg?" and Li* ions respectively. The most probable binding site of complexing
Hg?* and Li* was explained on the basis of detailed UV—Vis spectroscopic studies, Benesi—
Hildebrand plot, *H NMR titration and DFT calculation.

2A.3 Experimental Section

General material and methods

All the chemicals and reagents were purchased from Sigma-Aldrich, Alfa Aesar, and
Spectrochem India Pvt. Ltd and used without further purification. Milli-Q water was used
in all the experiments. The solvents used were purchased from Merck (India) and were
distilled and dried before use. Nuclear Magnetic Resonance (NMR) spectra were recorded
on Bruker 400 spectrometer. *H NMR spectra were recorded at 25 °C with TMS as the
internal reference in ¢ units, parts per million (ppm), and were measured relative to residual
DMSO—-ds (2.5 ppm) in the deuterated solvent. *C NMR spectra were reported in ppm
relative to ppm [de] DMSO (39.5 ppm). All coupling constants J are expressed in Hz. The
following abbreviations were used to describe peak splitting patterns when appropriate: s
= singlet, d = doublet, t = triplet, dd = doublet of doublet, m = multiplet and brs = broad
singlet. High-resolution mass spectrometry (HRMS) was performed with an Agilent 6210
instrument using time-of-flight (TOF-MS) instrument with electro spray ionization (ESI)
source. Melting points were determined on a capillary point apparatus equipped with a
digital thermometer and are reported uncorrected. Absorption spectra were recorded with
the help of dual beam Thermo Evolution 201 UV/Vis/NIR spectrophotometer and
fluorescence spectra were recorded with the help of Shimadzu, RF-5301PC
Spectrofluorometer. The data were analyzed using related software.

General procedure for the synthesis of coumarin-derived indole-based probes

The starting material, 7-hydroxy-4-(aminomethyl)coumarin (4) required for the synthesis was
prepared via two-step approach according to previously reported procedure (Scheme 2A.2.1).83-8
To a stirred solution of 7-hydroxy-4-(aminomethyl)coumarin (4) (0.300 g, 1.5 mmol, 1 equiv) in
DMF, triethyl amine (2.5 equiv) was added dropwise at 0 °C. Thereafter, 2-(1H-indol-3-yl)acetic
acid (5) (0.329 g, 1.8 mmol, 1.2 equiv) or 1H-indole-2-carboxylic acid (6) (0.303 g, 1.8 mmol, 1.2
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equiv) was added. Subsequently EDC-HCI (0.448 g, 2.3 mmol, 1.5 equiv) and HOBt (0.252 g, 1.8
mmol, 1.2 equiv) were added, and the reaction mixture was stirred under ambient conditions for
6-8 h. The progress of the reaction was monitored by TLC. After the completion of the reaction,
crushed ice was added that resulted in the precipitation of the product 7 (or 8), which was filtrated,
washed with cold water and recrystallized from ethanol.
N-((7-Hydroxy-2-oxo0-2H-chromen-4-yl)methyl)-2-(1H-indol-3-yl)acetamide (7): Off-white
solid; yield: 0.494 g (91%); mp 150-152° C; *H NMR (400
P MHz, DMSO-de) 6 10.74 (s, 1H), 8.15 (t, J = 5.6 Hz, 1H),
T N 7.62 (d, J = 7.8 Hz, 1H), 7.42 (dd, J = 12.9, 8.5 Hz, 2H),
N% 7.24 (s, 1H), 7.13 (t, J = 7.5 Hz, 1H), 7.05 (t, J = 7.4 Hz,
1H), 6.72 (dd, J = 8.8, 2.0 Hz, 1H), 6.65 (d, J = 2.1 Hz, 1H),
5.94 (s, 1H), 4.49 (d, J = 5.5 Hz, 2H), 3.75 (s, 2H) ;*3C NMR (100 MHz, DMSO-ds) 6 175.5,
171.7, 168.4, 161.6, 156.4, 154.4, 136.6, 127.7, 125.6, 124.4, 121.4, 119.1, 118.8, 115.8, 111.8,
109.0, 104.7, 103.1, 60.3, 33.0; HRMS (ESI-MS) (m/z) calculated C20H17N204" : 349.1188; found
349.1196 [M+H]".
N-((7-Hydroxy-2-oxo0-2H-chromen-4-yl)methyl)-1H-indole-2-carboxamide (8): White solid;

HO 0._0

HO o o yield: 0.235 g (90%); mp: 232—234 °C; *H NMR (400 MHz,
P DMSO-ds) 6 12.11 (s, 1H), 9.47 (t, J = 5.6 Hz, 1H), 7.65 (t,

Q J=8.2 Hz, 2H), 7.47 (d, J = 8.2 Hz, 1H), 7.25 (s, 1H), 7.23 —

N HN/ 7.18 (m, 1H), 7.05 (s, 1H), 6.77 (dd, J = 8.8, 2.2 Hz, 1H), 6.68

(d, J=2.2 Hz, 1H), 5.93 (s, 1H), 4.67 (d, J = 5.3 Hz, 2H); 1°C

NMR (100 MHz DMSO-ds) 0 166.0, 161.9, 161.4, 156.1, 154.4, 137.2, 131.7, 127.5, 125.8, 124.0,
122.1, 120.3, 115.0, 112.9, 108.4, 106.0, 104.0, 103.1, 56.0; HRMS (ESI-MS) (m/z) calculated
C19H15N204" : 335.1024; found 335.1039 [M+H]".

General procedure for UV/fluorescence measurements

UV/Fluorescence measurements were carried in H.O : DMF (7:3; v/v) and H20: CH3CN
(7:3; v/v) with different metal ions (5 equiv), keeping the concentration of compounds 7
and 8 at 10 M. UV/Fluorescence titrations were carried in H2O : DMF (7:3; v/v) and H20
: CH3CN (7:3; v/v) with gradual increase in the concentration of Hg?* (0 to 100 pM) and

Li* (0 to 100 uM) in a micro quartz cuvette. For each addition, at least three
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UV/fluorescence spectrums were recorded at 298 K to obtain concordant value. The Aex
was chosen 340 nm for the compounds, with 3 nm slit width.

Procedure for calculation of quantum yield

The fluorescence quantum yield was determined by using quinine sulphate in 0.1 N sulfuric
acid (® = 0.55) as the standard reference.'® The quantum yield is calculated using the

following equation:*°2

¢ I:SA|'77S2
"F.AR’

where A, and As are the absorbance of the ‘reference standard’ and ‘sample’ respectively at

Ps =

the excitation wavelength, Fr and Fs are the relative integrated fluorescent intensities (area
under the fluorescence curve, peak area) of the reference and samples respectively. #r and
ns are respectively the refractive indices of the solvents in which the reference standard and
samples are prepared.

Computational details

A comprehensive theoretical simulation using sophisticated DFT°3%%* pased method has
been performed to understand the relative stability, electronic environment and the
photophysical behaviour of the complexes. The DFT based calculations are efficient and
reliable computational tools that can provide some useful insights to the experimental
findings. In the present work, DFT based calculations were performed using Gaussian09°°
package at B3LYP¥®157 Jevel (using 6-31+G(d,p) basis sets for (Hg?* & Li*) all atoms
except Hg). The Hg is defined at effective core potential (ECP) based LanL2DZ basis.181%
In addition, geometry of the sensor 7 (or 8) along with its different analogues (after
attachment of Hg?*& Li*) are fully optimized at B3LYP/6-31G(d,p) level.1®%6! |mplicit
solvent environment for water has been taken into account under self-consistent reaction
field (SCRF)%2 methodology using IEF-PCM*®3 (Integral Equation Formalism- Polarizable
Continuum Model) formalism as implemented in Gaussian09 program suit. All the
structures were optimized at B3LYP/6-31+G(d,p) level followed by corresponding
frequency calculations. Absence of any negative frequencies indicates the global minima
for the optimized geometry on potential energy surface. The visual graphics related to the
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calculations were created using GaussView~" and Avogadro visualization programs.
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Chapter 2B

2B.1 Introduction

Development of cost-efficient, selective, portable, fast, and sensitive methods for the detection
of explosives has attracted great research interest in recent years.'® These explosives include
nitro-aromatics, nitro-amines, nitrate-esters, and peroxides.* In particular, nitro-aromatic
compounds (NACs) are constituents of many unexploded land mines and explosives used for
terrorism and criminal activities, and thus a result of exhaustive environmental pollution. Some
selective examples of explosive nitro-aromatic compounds are shown in Figure 2B.1.1. Among
these nitro-aromatic compounds (NACs), 2,4-dinitrotoluene, 2,4,6-trinitrotoluene, and picric

acid (PA), are warfare explosives and toxic pollutants.’

OH CH, CH,
O,N NO, NO,
© NO,
NO, NO, NO,
OH cl
COOH

NO,

NO
Hye 02

O,N NO,

NO, NO,

Figure 2B.1.1: Selective examples of nitro-aromatic compounds (NACs)

Among these NACs, picric acid (PA), whose explosive power is even higher than that of TNT,
is well-known for its explosive, poisonous and carcinogenic behavior.®’ Inspite of these
characteristic behavior and high water-solubility, its continued excessive use in
pharmaceuticals, leather and dye industries, and in the manufacture of rocket fuel and fireworks
and matches has led to an inevitable contamination of soil and ground-water.®° In addition,
picric acid contamination damages the skin, eyes, and cause organ rupturing in the respiratory
system of human beings and wildlife.!%? Picramic acid, a product obtained during metabolic
process of picric acid possess about ten times more mutagenic activity than PA.'® Thus,
detection of picric acid is of significant concern for national security, battlefield protection, and
industrial and environmental safety control.*

Among various methods employed for picric acid detection, fluorescence sensing is widely

employed because of its high sensitivity, quick response, easy sample preparation, etc.
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Even though versatile m-electron-rich fluorescent organic molecules,®® polymers,'¢1® metal—
organic architectures®®23 self-assemblies,?*?® nanoaggregates, 2 etc. have been employed to
detect the presence of electron-deficient nitro-aromatics, especially picric acid. Some selective
examples of fluorescent chemosensors used for detection of picric acid are summarized in Table

2B.1.1,19.242529-38

Table 2B.1.1: Selective examples of chemosensors used for picric acid sensing

Entry 1

Detection Limit?* =5 nM
Sensing Solvent®® = EtOH Sensing Solvent = H,O : THF (v/v = 9:1)

Entry 3 Entry 4

Detection Limit* = 300 ppb Detection Limit!® = 2 ppb
Sensing Solvent = H,O : THF (v/v =9:1) Sensing Solvent = H,O
Entry 5 Entry 6
O CH2 15CH3
N
S
g QA *@
H3C(H,C)15”
Detection Limit®! = 684 ppb Detection Limit®2= 11 nM
Sensing Solvent = DMSO Sensing Solvent = H,O

122



Chapter 2B

Entry 7

Detection Limit® = 2.4 uM
Sensing Solvent = MeOH

Entry 8
O/Curcumin\O
HoN NH;
S o
HN Z NH

Detection Limit3* = 13.51 nM
Sensing Solvent = H,O

Entry 9
R
R = H, CONHC12H25
Detection Limit*® =4 nM & 9 nM
Sensing Solvent = H,O : THF (v/v = 4:6)
Entry 10

CeHis

Detection Limit3¢ = 350 nM
Sensing Solvent = Toluene : DCM (v/v = 8:2)
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Entry 11 Entry 12
NH,

H,N
2 NH,

Q

Bovine serum albumin (BSA)

Detection Limit3” = 17.2 nM Detection Limit® = 2.03 mM
Sensing Solvent = H,O Sensing Solvent = THF : H20 (v/iv =9:1)

Inspite of much progress, most of the reported chemosensors suffer from the drawbacks
associated by the interference from other nitro-aromatic compounds such as nitrotoluene (NT),
dinitrotoluene (DNT), and nitrobenzene (NB). Also, most of the reported sensors detect
explosives in organic solvents, and their sensing performance gets degraded when applied to
aqueous medium. This is highly desirable as sensing of picric acid and other nitro-aromatic
explosives in soil/groundwater is essential for locating unexploded material in buried
landmines/underwater mines, and for determining ground-water contamination at war sites and
military bases.®® Thus, detection of picric acid at very low concentrations in aqueous medium
by suitable water-soluble chemosensors in high selectivity is highly desirable.

Among various heterocyclic architectures, imidazolium salts have been extensively studied as
ionic liquids, soluble supports, scavengers, N-heterocyclic carbene (NHC) precursors,
fluorescent protein tags*®** and chemosensors for anions and biomolecules detection.*>6
However, very few imidazolium-based sensors have been explored towards selective sensing of
picric acid and other nitro-explosives.*’*® One such example was reported by Hussain et al.
wherein, fluorescence-amplified detection of picric acid was achieved in aqueous media using an
imidazolium-based cationic conjugated polyelectrolyte (Table 2B.1.2, entry 1)%. Ding et al.
studied the effect of surfactant micelles on the photophysical behaviour of a cationic bispyrene
fluorophore. The author, found that the studied sensor exhibits an on—off response to multiple
explosives with the highest sensitivity to picric acid (PA) in the anionic SDS micelles (Table
2B.1.2, entry 2).*8 Roy et al. reported an anthracene-functionalized fluorescent tris-imidazolium
salt that selectively detected picric acid in DMSO and DMSO-H>0 system (Table 2B.1.2, entry
3).5% Sandhu et al. synthesized tripods (TIBP4 and TIBP8), and selectively detected picric acid in
H,0-DMSO (Table 2B.1.2, entry 4).>!
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Table 2B.1.2: Reported imidazolium-based sensors for picric acid sensing

Entry 1 Entry 2
@
¥ ‘ NI
© N N— =/ \\/
: S (e Y
® 0]
o, LI 9 Q)
o -
/ n
Detection Limit?® = 56.11 x 102nM Detection Limit*® = 1 uM
Sensing Solvent = H,O Sensing Solvent = H,O

Entry 3

. QQ e

N\ @
=l NN
N® l/
N/\ ®
Detection Limit*®® = 467 nM
Sensing Solvent = DMSO

Entry 4

\’N
N@
N @N

OR Q R = C4H, (TIBP4)

br R =CeHir (TIBPS)

Detection Limit®* = 25 nM & 10° nM
Sensing Solvent = H,O : DMSO (v/v = 98:2)

Similarly, benzimidazole derivatives have also been widely used for numerous applications in
biomedicine,%>% liquid materials,>®%® flame retardants,>® supramolecular chemistry,®® and

coordination chemistry.8* Some of its derivatives have been applied for sensing CO2.5% As far as
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picric acid sensing is concerned, few benzimidazole derivatives are reported for selective sensing
of picric acid. For example, Xiong et al. reported the application of 1,3,5-tri(1H-benzimidazol-2-
yl)benzene derivatives for the selective detection of picric acid in picogram level in THF (Table
2B.1.3, entry 1).5 In 2014, Kumar et al. reported the use of benzimidazolium tripod probe for the
selective sensing of picric acid in H,O-DMSO mixture (Table 2B.1.3, entry 2).5 Recently,
Sandhu et al. also reported the use of 1-(p-terphenyl)-benzimidazolium-based probe (TRIPOD-
TP), for aggregation/disaggregation-modulated detection of picric acid (PA) in a mixture of H20O
-DMSO (Table 2B.1.3, entry 3).%

Table 2B.1.3: Reported benzimidazole/benzimidazolium-based sensors for picric acid sensing

Entry 1 Entry 2
N
So2as @ o
Qo 0 e
atA ~ O
N7 N-Cr2H2s NS ®N/©
& i
O
Detection Limit® = 50 ppb Detection Limit®* =1 nM
Sensing Solvent = THF Sensing Solvent = H,O : DMSO (v/v = 98:2)

Entry 3

)

OO0 T

@
z
L

; ’\,?
N\//

J
OO

OOZ©

O

Detection Limit® =5 x10*nM
Sensing Solvent = H,O : DMSO (v/v = 98:2)
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As already discussed, coumarin derivatives has been used as fluorescent chemosensors due to

their low toxicity and ease to be modified for sensing of different analytes.%® Few coumarin—

derived imidazole and benzimidazole derivatives are known, and have been studied as

biologically active compounds in medicinal chemistry,5% while a few have reported as

selective chemosensors for different metal ions.%®’ However, to the best of our knowledge,

coumarin-derived imidazole/benzimidazole remains unexplored towards the detection of picric

acid. Thus, we envisioned that coumarin-derived imidazolium and benzimidazolium salts might

selectively detect picric acid in aqueous media.

2B.2 Results and Discussion

With an aim to synthesize coumarin-derived imidazolium and benzimidazolium based
water-soluble fluorophores, we initiated their synthesis starting from 4-(chloromethyl)-7-
hydroxy-2H-chromen-2-one (3a) [or 4-(chloromethyl)-7-methoxy-2H-chromen-2-one
(3b)],"* which were prepared in a straight-forward approach by coupling resorcinol (1a)
[or m-methoxyphenol (1b)] with ethyl chloroacetoacetate in presence of sulfuric acid at
0-5 °C (Scheme 2B.2.1).

1
Cl > =
+ \)J\)J\OEt 0_5 OC, 2 h
1 2 Cl
.pl =
1a: R'= OH 3a, 80%
1b: R" = OMe 3b, 82%

Scheme 2B.2.1: Synthesis of substituted 4-chloromethyl coumarin (3a and 3b)

Thereafter, the reaction of 3a (or 3b) with 1,2-dimethylimidazole (4) at 85 °C for 3-4 h
yielded 6a (or 6b) in excellent yields (Scheme 2B.2.2). Similarly, the reaction of 3a with
1-(3-chloropropyl)benzimidazole at 85 °‘C for 4 h yielded 7 in 91% yield (Scheme
2B.2.2).
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=\ R! 0._0
—N N
o
4 Z ¢l
> ®
85 °C, 3-4 h NN 6a, 88%
)\N 6b, 89%
R! 0__0 \
- N
g T
N HO 0__0
cl //J
Joe
3a-b Cl 5 . Cl
85°C,4 h ,@
U

N
7,91% \xm

Scheme 2B.2.2: Synthesis of coumarin-derived imidazolium/benzimidazolium chloride (6a-b &
7)

The compounds were well characterized by *H NMR, *C NMR and high resolution mass
spectrometry. Spectroscopic measurements (UV—Vis absorption and steady state fluorescence
emission) of the compounds 6a, 6b and 7 were measured in aqueous solution in absence and
presence of several aromatic/non-aromatic compounds as analytes. The compounds 6a and 6b
exhibited excellent fluorescence in absence of aromatic/non-aromatic analytes in water. Addition
of aromatic/non-aromatic analytes, such as 4-NBA, 1-Cl-2,4-DNB, 3,4-DNT, BA, 4-NT, NB,
mesitylene, p-cresol, NM, 3,5-DNBA, 4-NP and 2,4-DNP (5 equiv each) did not produce any
change in the fluorescence spectra of compounds 6a and 6b. However, addition of picric acid (5
equiv) produced a significant change in the fluorescence spectra, and resulted in quenching of
fluorescence. The fluorescence intensity of compounds 6a and 6b decreased like an “on—off”
sensing response (Figure. 2B.2.1; a, c). For an excellent sensor, high selectivity is a matter of
necessity. Thus, column charts were prepared for selective recognition of aromatic/non-aromatic
compounds. The selectivity of compounds 6a and 6b towards picric acid was determined by
performing competitive experiments of solutions mixed with other common interfering
aromatic/non-aromatic analytes such as 4-NBA, 1-ClI-2,4-DNB, 3,4-DNT, BA, 4-NT, NB,
mesitylene, p-cresol, NM, 3,5-DNBA, 4-NP, 2,4-DNP (Figure 4B.2.1; b, d), respectively. No
significant variation was observed in the fluorescence quenching caused by picric acid of

compounds 6a and 6b in presence of other aromatic/non-aromatic analytes. Thus, compounds 6a
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and 6b could be used as highly selective sensors for the detection of picric acid in the presence of
other aromatic/non-aromatic compounds. Similarly, variation in the fluorescence spectrum of
compound 7 was investigated by addition of aromatic/non-aromatic analytes (5 equiv), namely
nitrobenzene (NB), 3,4-dinitrotoulene (3,4-DNT), benzoic acid (BA), 4-nitrotoulene (4-NT),
mesitylene, p-cresol, 3,5-dinitrobenzoic acid (3,5-DNBA), nitromethane (NM), 1-chloro-2,4-
dinitrobenzene (1-CI-2,4-DNB), 3,5-dinitrosalicylic acid (3,5-DNSA) and 2,4-dinitrophenol (2,4-
DNP). Interestingly, the fluorescence of the compound 7 remains unaffected, while fluorescence
intensity drastically decreases upon addition of picric acid (PA) (5 equiv), resulting in
fluorescence quenching (Figure. 2B.2.1; e). The fluorescence intensity of compound 7 decreased
like an on—off sensing response. In addition, competitive experiments were performed by mixing
(5 equiv) of other common interfering aromatic/non-aromatic compounds such as (i) mesitylene
(ii) p-cresol (iii) NB (iv) 1-CI-2,4-DNB (v) 4-NBA (vi) NM (vii) 4-NT (viii) 3,5-DNBA (ix) BA
(x) 3,4-DNT (xi) 4-NP (xii) 3,5-DNSA and (xiii) 2,4-DNP (Figure. 2B.2.1; f) respectively, to a
solution of compound 7 with and without picric acid. No significant variation in the fluorescence
quenching caused by picric acid was observed in the presence of aromatic/non-aromatic
compounds. Thus, the compound 7 could also be used as highly selective sensor for detection of
picric acid in the presence of aromatic/non-aromatic compounds.

Upon addition of picric acid, the colourless solution of compounds 6a, 6b and 7 (in water)
changes to pale yellow, indicating the formation of complexes between 6a, 6b and 7 and picric
acid. Interestingly, the quenching efficiencies of compounds 6a, 6b and 7 towards picric acid
were found to be 96.8%, 98% and 95.4% respectively, indicating their effectiveness to detect

picric acid over other aromatic compounds.
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Figure 2B.2.1: Fluorescence spectra of 6a (a; left), 6b (c; left) & 7 (e; left) with ¢ = 10* M (in
water) upon the addition of (5 equiv) different aromatic/non-aromatic analytes; Column
diagrams of the relative fluorescence intensity of 6a (b; right), 6b (d; right) & 7 (f; right) with
different analytes at Aex = 340 nm for 6a and 6b and Aex =300 nm for 7
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UV-Vis titration study was next perfomed to revive more information about the interaction
between compounds 6a, 6b and 7 with picric acid. The effect of sequential addition of picric acid
on the electronic absorption spectra of compounds 6a, 6b and 7 is shown in Figure (2B.2.2; a, b,
c). The UV—Vis absorption spectra in water displayed absorption band characteristic of coumarin
with absorption maxima (Amax) around ~325 nm for compounds 6a, 6b and 7. For compound 6a
and 6b, the absorbance slowly increased, and the band at 325 nm red-shifted upon the addition of
picric acid. After 85 uM addition of picric acid, the absorbance attained saturation, and further
addition of picric acid did not bring any spectral change. Overall, the absorbance maxima red-
shifted from 325 nm to 340 nm, with sequential increasing picric acid concentration from 0 to
100 uM (Figure 2B.2.2; a, b). This change in absorbance could be due to complex formation in
ground state upon addition of PA.

For compound 7, upon addition of picric acid, a continuous increase in absorbance was observed
along with the appearance of a new band at 406 nm (at 100 uM picric acid concentration) (Figure
2B.2.2; c). This red shift in absorbance and appearance of a new band clearly indicates the

formation of a ground state complex with picric acid for the compound 7.

124 a) 0 et 100 4 M ”qb) O 100 M
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Figure 2B.2.2: UV-Vis titration studies of compounds 6a (a), 6b (b) & 7 (c) (10 M) with
different amounts of picric acid in aqueous medium

To observe the effect on the fluorescence properties, the fluorescence titration curve of
compounds 6a, 6b and 7 with increasing concentration of picric acid were plotted (Figure.
2B.2.3; a, b, c). The fluorescence titration for compounds 6a, 6b and 7 revealed that the

fluorescence intensity gradually decreased upon addition of picric acid.
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Figure 2B.2.3: Fluorescence titration studies of compounds 6a (a), 6b (b) & 7 (c) (10*
M) with different amounts of picric acid in an aqueous medium

Detection limits (DL) were next determined from the fluorescence titration curves. The
detection limit were calculated’?’* to be 107 nM, 87 nM and 208 nM for the compounds
6a, 6b and 7 respectively, for picric acid sensing. This was based on 3o/m, where o
corresponds to the standard deviation of the blank measurements, and m is the slope in
the plot of the intensity versus the sample concentration. The quenching behaviour was
characterised by the quenching efficiency (lo/lI) and quenching constant (Ksy) by using
Stern—Volmer equation, lo/l = 1 + Ksv [Q], where lo is the initial fluorescence intensity in
the absence of analytes, | is the intensity in presence of analytes, [Q] is the molar
concentration of analytes and Ksv is the quenching constant. The Stern—\Volmer
guenching constant was calculated from the slope of the Stern—Volmer plot (Figure
2B.2.4; a, b, c). The quenching constant (Ksy) for compounds 6a, 6b and 7 were
calculated, and found to be 2.2 x 10* M, 5 x 10* Mtand 1.58 x 10* M respectively,
confirming the high sensitivity of the compounds 6a, 6b and 7 towards picric acid
sensing. It was evident from Figure (2B.2.4; a, b, c) that at lower picric acid
concentrations, the Stern—\VVolmer plot is close to linear, whereas at higher concentrations
it deviates from linearity, and increases nearly exponentially, demonstrating an amplified
quenching process. The non-linear nature of the Stern—Volmer plot suggested the

possibility of a self-absorption or an additional effective energy transfer mechanism.”
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Figure 2B.2.4: Stern—VVolmer plot in response to picric acid for sensors 6a (a), 6b (b) and
7 (c). Inset: Stern-Volmer plot obtained at lower concentration of picric acid in linear
range

The association constants and binding stoichiometry were next determined by the fluorescence
spectral changes constructing Benesi—Hildebrand plot analysis as described in literature.”®"8 The
linearity of Benesi—Hildebrand plot (Figure. 2B.2.5; a, b, ¢) between 1/(Fo-Fi) against 1/[PA]
indicates the 1:1 stoichiometry between compounds 6a, 6b and 7 and picric acid. The association
constant was found to be K, = 2.5 x 10* M, K, = 4.1 x 10* M and K, = 1.01 x 10* M for the
compounds 6a, 6b and 7 respectively, as obtained from Benesi—Hildebrand plot. The high value
of association constants K, indicated the possibility of strong complex formation between picric

acid and the compounds 6a, 6b and 7.
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Figure 2B.2.5: Benesi—Hildebrand plot for compounds 6a (a), 6b (b) and 7 (c), at various

concentration of picric acid
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Spectral studies of complexes

To further confirm the stoichiometric ratio between the compounds and picric acid, the yellow
complexes were perpared and isolated from ethanolic solution of compounds 6a, 6b and 7 and
picric acid at room temperature, and were analyzed by spectroscopic studies. The *H NMR
spectra of 6a=PA, 6b=PA and 7=PA complexes indicated a prominent peak around ¢ 8.5 in
DMSO-de, which corresponds to picrate anion (Figure. 2B.2.6; a, b & c) right-side. The relative
integration of picrate anion protons to that of coumarin-derived imidazolium/benzimidazolium
systems confirmed the formation of complexation of compounds 6a, 6b and 7 with picrate anion
in 1:1 molar ratio. In addition to this, slight changes in the chemical shift of imidazole and
benzimidazole protons were also observed that further affirmed the complexation of compounds
6a, 6b and 7 with picric acid.

NMR Study
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Figure 2B.2.6: 'H NMR spectra of 6a (a; left-top), 6a=PA (a; right-top), 6b (b; left-middle),
6b=PA (b; right-middle) and 7 (c; left- bottom), 7 =PA (c; right-bottom) in DMSO-de
Quenching mechanism study

The nature of attenuation of the picric acid to the fluorescence emission of the sensors 6a, 6b and
7 was interrogated by steady state measurements, time-resolved measurements and theoretical
studies. The UV-Vis spectrum of compounds 6a, 6b and 7 displayed a significant red-shift

upon gradual addition of picric acid, suggesting the existence of complex formation in the
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ground state. To confirm our steady-state measurements, time-resolved fluorescence studies were
carried out which revealed ground-state complex formation, and thus indicated the mechanism to
be static quenching as no change in the fluorescence lifetime of the compounds were observed in
presence of picric acid (Figure 2B.2.7; a, b, c).
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Figure 2B.2.7: Lifetime decay profile of compounds 6a (a) 6b (b) & 7 (c) with picric acid (Aex =
370 nm for 6a-b & 7 and monitored at Aem = 480 nm (for 6a), Aem = 410 nm (for 6b) and for 7
Aem = 480 nm

To further comprehend the mode of interaction between compounds 6a, 6b and 7 with picric
acid, theoretical studies were performed. Density functional theory (DFT) calculations were
carried out with B3LYP/6-311G basis set using Gaussian 09 program in order to understand the
fluorescence quenching mechanism of compounds 6a, 6b and 7 on addition of picric acid. The
DFT studies revealed that the ground state electron transfer from picrate anion to the positively
charged compounds 6a, 6b and 7 is possible. The energy of highest occupied molecular orbital
(HOMO) and lowest occupied molecular orbital (LUMO) of the free compounds 6a are -0.325
eV and -0.177 eV while that for 6b are -0.331 eV, -0.179 eV (Figure 4B.2.8; a, b) respectively.
On the other hand, the energies of HOMO and LUMO of picrate anion are -0.112 eV and +0.021
eV (Figure 4B.2.8; c) respectively. Hence, the ground-state electronic charge transfer from the
HOMO of picrate anion to the LUMO of 6a (or 6b) may result in high quenching efficiency.
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Figure 2B.2.8: Pictorial representation of the electron transfer phenomenon in the ground state
which occurs from the HOMO of picrate anion to the LUMO of 6a (a) and 6b (b)
Similarly, theoretical results directs towards the possibility of a ground-state electronic charge

Energy (ev)

transfer from the HOMO of picrate anion to the LUMO of the compound 7 that results in high
quenching efficiency. However HOMOs of other nitro-explosives were found to have low
energy levels than the LUMO of the sensor molecule, there by discarding the possibility of
electron transfer and resulting in low quenching efficiencies.

In striking contrast, the non-linear behavior of the Stern—\VVolmer plot of compounds 6a, 6b and 7
for picric acid suggested the involvement of energy transfer process in the quenching process. To
further confirm it, the emission spectra of compounds 6a, 6b and 7 were plotted along with the
absorption spectra of picric acid and other aromatic/non-aromatic analytes (Figure 2B.2.9). An
overlapping of the emission band of compounds with the absorption band of picric acid
suggested an efficient energy transfer from the sensors 6a, 6b and 7 to picric acid, which results
in fluorescence quenching.?®7°% However, the UV-Vis studies and lifetime measurements along
with the theoretical studies suggested the electronic charge transfer in ground state to be the
predominant mechanism responsible for efficient quenching as the spectral overlap for energy

transfer observed for the sensors 6a, 6b and 7 is small.
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Figure 2B.2.9: Absorption spectra of different aromatic analytes and emission spectra of the
sensors 6a (a; top-left), 6b (b; top-right) and 7 (c; bottom) in aqueous solution. Inset: the spectral
overlap between the emission of the compounds (6a, 6b and 7) with the absorption of picric acid
Visual detection of picric acid in solid state under UV Light

Visual detection of picric acid is very convenient for security scanning and prompt identification
in solid state. Compounds 6a, 6b and 7 adsorbed on a thin-layer chromatography (TLC) plate
displayed strong emission [Figure 2B.2.10; (i; a), (ii; a), & (iii; a)]. When a spot of picric acid
solution is adsorbed on the sensors 6a, 6b and 7, fluorescence quenching was observed by the
naked eye [Figure. 4B.2.10; (i; b), (ii; b) & (iii; b)] after illuminating under 365 nm UV lamp.
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Figure 2B.2.10: Visual detection (under 365 nm UV lamp) of compounds 6a (i; a), 6b (ii; a) and
7 (iii; a) adsorbed on TLC plate and with a spot of picric acid solution on compounds 6a (i; b),
6b (ii; b) and 7 (iii; b)

Finally, a comparative study to elucidate the unprecedented selectivity of compounds 6a, 6b and
7 towards picric acid using three different nitrophenols with varying acidic strength was
conducted. These include 4-nitrophenol (NP), 2,4-dinitrophenol (2,4-DNP) and 2,4,6-
trinitrophenol (PA). The fluorescence quenching of compounds 6a, 6b and 7 was found to be
maximum by picric acid, followed by 2,4-DNP and then 4-NP. This is in concordance with the
acidic behaviour and water dissociation ability of these nitrophenols that could accelerate the
electrostatic interactions between cationic 6a, 6b and 7 and picric acid.?® It was also clear that 6a
and 7 resulted in fluorescence quenching after its treatment with picric acid, with detection limit
reaching upto 107 and 208 nM (96.8% and 95.4% quenching observed with 5 equiv picric acid),
whereas 6b showed much better results in the detection of picric acid with the detection limit
reaching to 87 nM (98% quenching observed with 5 equiv picric acid). Based on these
observations, 6b seems to be best for picric acid sensing among the other two compounds tested
in water.

Sensing of picric acid in real samples

To investigate the practical application of synthesized compounds 6a and 6b, the fluorescence
response of the 6a and 6b for picric acid were tested in real samples. Here, the real samples were
prepared by using pond water, tap water, and drinking water spiked with picric acid, and the
fluorescence activities for these samples were analyzed. It was found that the fluorescence turn-
off for these samples follow the same pattern that was observed for the laboratory samples. The
fluorescence spectra for real sample analysis of compounds 6a and 6b are shown in Figure
2B.2.11.
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Figure 2B.2.11: Fluorescence response of compounds 6a (a) and 6b (b) (10 M) towards picric
acid (5 equiv) sensing in real samples

Again, in environmental samples, there could be impurities due to the presence of different metal
ions in low concentrations. Therefore, to further investigate the interference by metal ions on
sensing picric acid, we analyzed the fluorescence sensing of compounds 6a and 6b for picric acid
in presence of different metal ions. Figure 2B.2.12 depicts that neither the compounds showed
fluorescence response to such metal ions, nor the presence of such metal ions (5 equiv) alter the
sensitivity towards picric acid. This might be due to the absence of proper binding sites at the

sensing materials for metal ions which finally helps in selectively sensing picric acid.
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Figure 2B.2.12: Column diagrams of the fluorescence intensity of compound (10 M) + Metal
ions (5 equiv) at 480 nm and 410 nm for 6a (a) and 6b (b) in agueous medium. Cyan bars
represent the addition of various metal ions to the blank solution and purple bars represent the
subsequent addition of picric acid (5 equiv) to the above solutions (compound + M"™ + picric
acid)
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Photostability studies of the sensors

In addition to the selectivity for picric acid, the photostability and required time for sensing is an
important parameter for practical applications. As mentioned earlier, the fluorescence response
for picric acid is very instant, and hence applicable for quick detection process. In general, the
organic fluorescence is not photostable and their fluorescence activities of compounds 6a and 6b
change with time. In the present case, the fluorescence intensity do not change with time scale as
demonstrated in Figure 2B.2.13.
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Figure 2B.2.13: Photostability test: Fluorescence spectra of 6a (a) and 6b (b) in the presence of
100 uM of picric acid in aqueous media at different time scale. The spectra are almost same for
about 210 min

In summary, we have designed and synthesized coumarin-derived imidazolium and
benzimidazolium-based chemosensors for selective sensing of picric acid in agueous medium.
The Stern—Volmer quenching constant (Ksy ) for sensors 6a, 6b and 7 were found to be 2.2 x
10*M?, 5 x 10* Mt and 1.58 x 10* M with the detection limit for picric acid to be 107 nM, 87
nM and 208 nM, respectively. Based on the UV-Visible studies, and the time resolved
fluorescence results, the formation of ground-state charge-transfer complex formation appears to
be predominant mechanism in solution, which also got support from DFT calculations.

2B.3 Experimental Section

General materials and methods
All the chemicals were purchased from Sigma-Aldrich, Alfa Aesar, and Spectrochem
India Pvt. Ltd and used without further purification. The solvents used were purchased

from Merck (India) and were distilled and dried before use. Nuclear Magnetic Resonance
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spectra were recorded on Bruker 400 spectrometer. All 'H NMR experiments were
reported with TMS as a standard in o units, parts per million (ppm), and were measured
relative to residual DMSO—-ds (2.5 ppm) in the deuterated solvent. All 3C NMR spectra
were reported in ppm relative to ppm [De] DMSO (39.5 ppm). All coupling constants J
were reported in Hz. The following abbreviations were used to describe peak splitting
patterns when appropriate: s = singlet, d = doublet, t = triplet, dd = doublet of doublet, m
= multiplet and br s = broad singlet. Melting points were determined on a capillary point
apparatus equipped with a digital thermometer and are uncorrected. Mass spectra were
recorded on an AB SCIEX TOF/TOF 5800 spectrometer.

Absorption spectra were taken using dual beam Thermo Evolution 201 UV/Vis/NIR
spectrophotometer and fluorescence spectra were recorded using a Shimadzu RF-5301PC
spectrofluorometer. Milli-Q water was used in all the experiments. The fluorescence
lifetimes were measured from time resolved intensity decays by the method of time
correlated single photon counting (TCSPC) technique. The light source used was
picoseconds diode laser (Nano LED) at 370 nm (Horiba Jobin Yvon, USA). The data
were analyzed using related software. The concentration of compound in all the solutions
was 10 M. The structures of the HOMO and LUMO states of the investigated compound
were determined using theoretical calculations within the framework of density functional
theory (DFT) calculations at the level of B3LYP/6-311G(d,p) as implemented in the
Gaussian 09 package of programs.

Procedure for the synthesis of coumarin-derived imidazolium/benzimidazolium salts
A mixture of 3a (0.500 g, 2.3 mmol) (or 3b; 0.500 g, 2.2 mmol) and 1,2—
dimethylimidazole (0.385 g, 4.7 mmol) (or 0.364 g, 4.4 mmol) were taken in a 50 mL
round-bottom flask, and heated at 85 °C for 3—4 h. Completion of reaction mixture was
monitored by thin layer chromatography, after which the reaction mixture was poured
into excess ethyl acetate, and stirred for 2 h to get a precipitate. The process was repeated
thrice to remove excess 1,2—dimethylimidazole. The precipitate was then filtered out and
dried to obtain pure 6a or 6b.

For preparing coumarin-derived benzimidazolium salt (7), 1-(3-
chloropropyl)benzimidazole (5) (0.892 g, 4.6 mmol) was added dropwise to a vigorously

stirred solution of 3a (0.500 g, 2.3 mmol) in a 50 mL round-bottom flask, and the
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reaction mixture was heated at 85 °C for 4 h. Thereafter, the above work-up process was
repeated to obtain pure 7.

3-((7-Hydroxy-2-oxo0-2H-chromen-4-yl)methyl)-1,2-dimethyl-1H-imidazol-3-ium
chloride (6a): White Solid; yield: 0.293 g (88%); mp: 280282 °C; *H NMR (400 MHz,

Ho o o DMSO-ds) & 11.19 (s, 1H), 7.80 — 7.73 (m, 2H), 7.66 (d, J =
J o | 7.4Hz 1H), 6.95 (d, J = 7.2 Hz, 1H), 6.88 (brs, 1H), 5.81 (s,

N 2H), 5.53 (s, 1H), 3.82 (s, 3H), 2.59 (s, 3H); *C NMR (100

i/} MHz DMSO-ds) 6 162.5, 160.5, 155.3, 150.3, 146.4, 126.4,

\ ) 1236, 122.1, 113.7, 109.4, 107.6, 102.9, 47.9, 35.6, 9.8;

HRMS (ESI-MS) (m/z) calculated CisH1sN2O3" : 272.1160; found 272.1423 [M—-CI+H]".
3-((7-Methoxy-2-ox0-2H-chromen-4-yl)methyl)-1,2-dimethyl-1H-imidazol-3-ium
chloride (6b): Brown Solid; yield: 0.285 g (89%); mp: 230-231 °C; 'H NMR (400 MHz,
MeO 0. O DMSO-ds) 0 7.76 (d, J = 9.0 Hz, 2H), 7.71 (brs, 1H), 7.12 —
7.05 (m, 2H), 5.83 (s, 2H), 5.64 (s, 1H), 3.89 (s, 3H), 3.82 (s,
3H), 2.59 (s, 3H); *C NMR (100 MHz DMSO-ds) § 163.3,
)N\:% 160.3, 155.3, 150.1, 146.4, 126.4, 123.6, 122.1, 112.9, 110.7,
\ 108.7, 101.4, 56.6, 47.9, 35.6, 9.8; HRMS (ESI-MS) (m/z)
calculated C16H1sN2O3" : 286.1317; found 286.1334 [M—CI+H]".
1-(3-Chloropropyl)-3-((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)-1H-benzo[d]imidazol-3-
ium chloride (7): White Solid; yield: 0.400 g (91%); mp: 236-238 °C; 'H NMR (400 MHz,
HO o. .0 DMSO-ds) 6 10.97 (s, 1H), 9.97 (s, 1H), 8.19 (d, J = 7.7 Hz,
C(gr% 1H), 8.03 (d, J = 7.8 Hz, 1H), 7.77 (d, J = 8.6 Hz, 1H), 7.71 (dd,
,@@ J =13.8, 6.2 Hz, 2H), 6.95 (d, J = 7.3 Hz, 1H), 6.86 (brs, 1H),
‘LN 6.12 (s, 2H), 5.78 (s, 1H), 4.71 — 4.64 (m, 2H), 3.86 — 3.77 (m,
\\/CI 2H), 2.49 — 2.37 (m, 2H); 3C NMR (100 MHz DMSO-dg) ¢
162.4, 160.4, 155.5, 149.4, 144.2, 132.0, 131.8, 127.5, 126.5,
114.3, 113.8, 109.5, 108.9, 103.1, 47.0, 45.2, 42.6, 31.5; HRMS: (ESI-MS) (m/z) calculated
C20H18+N203": 369.1099; found 369.1004 [M-CI]".

— S)
Cl
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Procedure for fluorescence sensing of picric acid

Fluorescence quenching titrations studies in water were carried out with gradual increase in
picric acid concentration (5 pM, 10 uM and so on) in a micro quartz cuvette, keeping the
concentration of compounds 6a, 6b and 7 at 10* M. For each addition, at least three fluorescence
spectrums were recorded at 298 K to obtain concordant value. The Aex was chosen 340 nm for 6a
& 6b and Aex was chosen 300 for the compound 7, with 3 nm slit width. There was no change in
the shape of the emission spectra except gradual quenching of the initial fluorescence emission
intensity upon titration with picric acid.

Synthesis of 6a=PA complex

To a solution of compound 6a (0.050 g, 0.163 mmol) in ethanol, was added an ethanolic
solution of picric acid (0.186 g, 0.815 mmol) was added dropwise at room temperature.
The reaction mixture was stirred for 3 h at 25 °C, and then the yellow solid precipitated
was filtered and washed with ethanol.

(7-Hydroxy-2-oxo0-2H-chromen-4-yl)methyl)-1,2-dimethyl-1H-imidazol-3-ium 2,4,6-

trinitrophenolate (6a=PA): Yellow Solid; yield: 96%

"o 5 on | (0078 g); mp: 238-240 °C; 'H NMR (400 MHz,
/® - *| DMSO-de) § 10.68 (s, 1H), 8.59 (s, 2H), 7.74 (s, 1H),

/N\L/} ON 7.68 — 7.62 (m, 2H), 6.88 (d, J = 8.5 Hz, 1H), 6.79 (s,

\ 1H), 5.75 (s, 2H), 5.55 (s, 1H), 3.81 (s, 3H), 2.58 (s, 3H).

Synthesis of 6b=PA complex

Synthesis of 6b=PA complex was prepared in similar way by treating 6b (0.050 g, 0.15
mmol) with picric acid (0.178 g, 0.77 mmol) in ethanol.
3-((7-Methoxy-2-ox0-2H-chromen-4-yl)methyl)-1,2-dimethyl-1H-imidazol-3-ium
2,4,6-trinitrophenolate (6b=PA): Yellow Solid; yield: 95% (0.076 g); mp: 180-181 °C;
'H NMR (400 MHz, DMSO-ds) & 8.58 (s, 2H),

MeO 0o 002N 7.73 (d, J = 12.4 Hz, 2H), 7.68 (s, 1H), 7.11 — 7.01
_ NO2|  (m, 2H), 5.78 (s, 2H), 5.63 (s, 1H), 3.88 (s, 3H),

ff \00? 3.81 (s, 3H), 2.58 (s, 3H). 7.76 (d, J = 9.0 Hz, 2H),

}/,? ? 7.71 (s, 1H), 7.12 — 7.05 (m, 2H), 5.83 (s, 2H),

\ 5.64 (s, 1H), 3.89 (s, 3H), 3.82 (s, 3H), 2.59 (s,
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3H).

Synthesis of 7=PA complex

Synthesis of 7=PA complex was also prepared in similar way by treating 7 (0.050 g, 0.12 mmol)
with picric acid (0.141 g, 0.61 mmol) in ethanol.
1-(3-Chloropropyl)-3-((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)-1H-benzo[d]imidazol-3-
ium 2,4,6-trinitrophenolate (7=PA): Yellow Solid; yield: (0.068 g, 93%); mp: 141-142 °C; H

oo o0 o Y NMR (400 MHz, DMSO-ds) § 10.87 (s, 1H), 9.89 (s, 1H),
_ 8.59 (s, 2H), 8.18 (d, J = 8.3 Hz, 1H), 8.02 (d, J = 8.0 Hz,
@@ 1H), 7.78 (s, 1H), 7.75 — 7.70 (m, 2H), 6.93 (dd, J = 8.7,
ON o N\\\N 2.3 Hz, 1H), 6.83 (d, J = 2.2 Hz, 1H), 6.10 (s, 2H), 5.79 (s,
N, \m 1H), 4.68 (t, J = 6.9 Hz, 2H), 3.81 (t, J = 6.3 Hz, 2H), 2.47
| ON | —2.41(m, 2H).

Quantum yield of sensors

The fluorescence quantum yield of studied compounds 6a, 6b and 7 were determined by using
quinine sulfate in 0.1 N HzSO4 (® = 0.55) as the standard reference.’! The quantum yield is
calculated using the following equation:®?

F.A7°
F.A7,°

where Ar and As are the absorbance of the ‘reference standard’ and ‘sample’ respectively at the

P =&

excitation wavelength, Fr and Fs are the relative integrated fluorescent intensities (area under the
fluorescence curve, peak area) of the reference and samples respectively. »r and #s are
respectively the refractive indices of the solvents in which the reference standard and samples are
prepared.

Fluorescence quenching (%) measurement

The quenching percentage was calculated using the equation as follows: 3-8

Fluorescence quenching % = (1-1/lg) x 100%

where lo is the initial fluorescence intensity in the absence of analyte, | is the fluorescence
intensity in the presence of corresponding analyte.

Calculation of Stern -Volmer constant

The Stern—Volmer relationship establishes the correlation of intensity changes with the quencher

concentration [Q] as follows:33%
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'y =1+ K [Q]
where lo and | are the intensity, in the absence and presence of picric acid , respectively, Ksy is
the Stern-Volmer quenching constant and [Q] is the concentration of picric acid.
Method used for detection limit calculation
For the determination of detection limit,2® various samples of compounds with concentration
10 M containing different picric acid concentration (5uM, 10 uM and so on ) were prepared.
The fluorescence spectrum was then recorded for each sample by exciting at 340 for 6a and 6b
and 300 nm for 7. A calibration curve was plotted between change in the fluorescence intensity
and concentration of picric acid to obtain the regression curve equation. The detection limit
(LOD) was then calculated using the equation 36/K, where ¢ is the standard deviation (SD) for
compounds 6a, 6b and 7 solution intensity in the absence of picric acid and K denotes the slope
of the curve. To determine the Signal/Noise ratio, the emission intensity of compound in water
without picric acid was measured by 10 times and the standard deviation of blank measurements
was determined.
Fluorescence quenching titration study in water medium
Fluorescence quenching titration study in water was carried out with gradual increasing picric
acid concentration (1 pM, 5uM, 10 uM and so on). For each addition, at least three fluorescence
spectrums were recorded at 298 K to obtain concordant value. The Aex was chosen 340 nm, 300
nm for studied compound with 3 nm slit width.
The Stern—\Volmer relationship establishes the correlation of intensity changes with the quencher
concentration [Q] as follows:

lo/l = 1 + Ksy [Q]
where lp and | are the intensity, in the absence and presence of picric acid , respectively, Ksy is
the Stern—\VVolmer quenching constant and [Q] is the concentration of picric acid.
Benesi—Hildebrand equation
where, Fo is the fluorescence intensity of sensor, F; the fluorescence intensity obtained with
picric acid diff. Concentration, Fmin the fluorescence intensity obtained with excess amount of

picric acid.
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Lifetime measurements

Goodness of the fits was evaluated by the %2 criterion and the randomness of the residuals of the
fitted function to data. Care was taken in data analysis to differentiate between the mono
exponential and bi exponential fits by judging the y? values, standard deviation and weighted
residuals. For lifetime measurements, fluorescence decays were analyzed by multi-exponential

iterative fitting program provided by DAS-6 decay analysis software.
FU) => o exp(t/z)

Where, ai is a pre-exponential factor representing the fractional contribution to the time resolved

decay of the component with a lifetime Ti.

DFT study

The structures of the HOMO and LUMO states of the investigated compounds were determined

with the help of theoretical calculations, in the frame-work of density functional theory (DFT)

calculations at the level of B3LYP/6-311G (d,p) in a suite of Gaussian 09 programs.
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3.1 Introduction

Transition-metal-catalyzed C-H bond activation reactions are currently at the forefront of
modern organic synthesis.! Over the years, the functionalization of activated/unactivated
C(sp?>)-H bonds has witnessed tremendous fame, furnishing a gallery of functionalized
heterocyclic architectures.? On the other hand, the construction of C—C and C—-X (X =N, O, S,
P) bonds using unactivated C(sp®)—H bonds have geared up pervasively. Outstanding
achievements have been documented by cross-dehydrogenative coupling (CDC) strategies that
foster several chemical transformations by generating different libraries of complex molecules
much rapidly (Figure 3.1.1).>#

Y

H,C”~ NX--------- . Transition-Metal Catalyst ! + H
Y ’%3+ A ' Ar/Het-Ar | LN HoCoy . . 2
---------- ! :ArlHet-Ar:
X= N,0,S,C . TTTTmmTmmTT

Figure 3.1.1: A generalized demonstration of CDC strategy

Although, Pd-catalyzed reactions have attributed most successful protocols for the oxidative
cross-coupling reactions, yet recent years have noticed several inclinations to replace palladium
catalyst® with other cost-effective and less-toxic transition metal-catalytic systems. %2 In this
context, copper catalysts have emerged as powerful strikers, furnishing complex organic
molecules in limited steps via C—H bond activation protocols.>1” Intriguingly, copper can
exchange its oxidation state from Cu(0) to Cu(lll) through one-electron or two-electron
processes.'® As a result, the radical pathway and the two-electron bond-forming pathway via
organometallic intermediates are postulated under appropriate conditions. The single-electron
transfer (SET) from the electron-rich substrates to Cu(ll) species is proposed to initiate an order
of steps that eventually affords the oxidative coupled products.41°

Furthermore, the utility of aerial oxygen as oxidant has been broadly explored in different Cu-
catalyzed reactions.?® Pleasingly, the performance of Cu-catalyzed reactions drastically
increases in the presence of “oxygen” either by acting as a pool for electrons (oxidase activity)
or as a source of oxygen atoms that are incorporated into the product (oxygenase activity), or
both.??2 The oxidation of copper with oxygen is a facile process allowing catalytic turnover in
net oxidative processes, and ready access to the higher Cu(lll) oxidation state that enables a

range of powerful transformations, including two-electron reductive elimination to Cu(l).
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Thus, the cost-effectiveness, relatively better stability, easy-usability and the accessibility to
synthesize complex molecules from simple starting materials in minimum actions have
popularized the Cu-catalyzed CDC reactions.* In addition, extensive efforts have been made by
various research groups towards the constructing nascent C—C and C—X (hetero atom) bonds
via Cu-catalyzed CDC approach under aerobic condition.!*?° A brief overview of Cu-catalyzed
aerobic CDC methodologies is depicted in a pictorial representation (Figure 3.1.2).
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Figure 3.1.2: A brief overview of aerobic Cu-catalyzed CDC methodologies

In particular, Cu-catalyzed intramolecular cyclization reactions have gained significant interest
towards the construction of a plethora of heterocycles by functionalizing different C(sp)—H,
C(sp?—H, and C(sp®)—H bonds. Among these, the transformation of unreactive C(sp%)—H bond
into C—X (X =S, N, O) bond has received noticeable appreciation.?!2325

In fact, the selective activation/functionalization of alkyl C(sp®)—H bonds are considered to be

highly challenging and “state of the art” to chemists due to the robust nature of such bonds.?? The
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development of strategies to selectively functionalize these abundant bonds has faced
tremendous difficulties, which is due to poor reactivity of C(sp®)—H bonds that is attributable to
their high bond energies (typically 90—100 kcal/mol), low acidity (estimated pKa = 45-60) and
unreactive molecular orbital profile.

In spite of these factors, the current era has witnessed unique C(sp®)—H bond functionalization
strategies by mean of different Cu-catalyst.?® Zhao et al. presented a path defining C(sp®)—H
amination strategy for the synthesis of various hydantoins (3) from methyl aryl acetates (1)
employing CuCl as catalyst and di-tert-butyldiaziridinone (2) as nitrogen source (Scheme
3.1.1).7

o o)
CuCI-P-(n-Bu); (5 mol %) >LN J(

-

OMe }k >
R + >rN”N\K CHCl3, 65 °C, 12 h )\«N <
o) R
2

O
3,49-79%

1
Scheme 3.1.1: Cu-catalyzed C(sp®)—H amination strategy for the synthesis of hydantoins (3)
Chen et al. disclosed a convergent and straightforward Cu-catalyzed oxidative protocol for the
synthesis of dihydroimidazoles (6) by intramolecular aliphatic C(sp®)—H amination of amidines
(4) using iodobenzene diacetate (PIDA) as an oxidant in DMF at room temperature.?® Later the
authors developed another Cu-catalyzed redox-neutral protocol for the same chemical
transformation from amidoximes (5) without using PIDA in comparative yields (Scheme 3.1.2)%°

Cu(OAc), (20 mol %)

Phl(OAc), (1.2 equiv) sOAc

R2 R3 : R2 3 Cul (10 mol %) N
l“c K3PO, (equiv) NS KaPO, (1 equiv) B AR
R > < - R N
R’ NH DMF, r.t., Ar atm R1J\N Toluene, 100 °C }'Qz R3
1.5-12 h, Ar atm
4 6, 19-95% 5

Scheme 3.1.2: Cu-catalyzed intramolecular aliphatic C(sp®)—H amination strategy towards the
synthesis of dihydroimidazoles (6)

Takemura et al. developed an efficient protocol for the Cu-catalyzed oxidative intramolecular
C(sp®)—H alkoxylation in N-(hydroxylalkyl)imidazoles (7), to afford different azole-fused cyclic
ethers (8) in moderate-to-excellent vyields, using 5,6-dimethyl-1,10-phenanthroline in
chlorobenzene (Scheme 3.1.3).%
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R'] 0 R1
R2 CuBr (5 mol %) MRZ
"OH 5,6-Me,phen (6 mol %) N n o
N (t-BuO), (1.3 equiv) 3 : i
R3©: 7\ - " U ke
N R PhCI, 100 °C, 4-6 h N R
7
8,21-81%

Scheme 3.1.3: Cu-catalyzed intramolecular C(sp®)-H alkoxylation strategy towards the
synthesis of azole-fused cyclic ethers (8)

Li et al. presented a diversified Cu-catalyzed intramolecular benzylic C(sp®)-O cyclization in N-
o-tolylbenzamides (9) using Selectfluor as an oxidant for synthesizing 4H-3,1-benzoxazines (10)
in moderate-to-excellent yields (Scheme 3.1.4).3

H R Cu(OTf), (20 mol %) R
R3 \g/ HNT, (1 equiv) I Sy
Selectfluor (2.0 equiv) O
R? DCE, 130 °C, 2-5 h R2
9 N2 atm 10, 68-93%

Scheme 3.1.4: Cu-catalyzed intramolecular benzylic C(sp®)-O cyclization strategy towards the
synthesis of 4H-3,1-benzoxazines (10)

Tian et al. reported a Cu-catalyzed one-pot synthetic protocol for the synthesis of substituted
tetrahydroisoquinolino[2,1-a]quinazolinone derivatives (13) in 41-77% vyields by reacting
substituted N-substituted-2-halobenzamides (11) with substituted 1,2,3,4-tetrahydroisoquinolines
(12) using K3PO4 in DMSO via C-H activation followed by cyclization (Scheme 3.1.5).%2

(i) Cul (10 mol %) T
N . KsPO, (2 equiv), DMSO 0 N R
R 80 °C, 12-24 h, Ny atm R
+ -— ~
> Y7ON .
R

A
_<
N/
> o
Ir=z
\
py)
N

(i) 120 °C, 48-72 h, O, atm
1 12 13, 41-77%

Scheme 3.1.5: Cu-catalyzed CDC strategy towards the synthesis of tetrahydroisoquinolino[2,1-
alquinazolinones (13)

Wang et al. reported a Cu-catalyzed C(sp®)—H functionalization reaction for the synthesis of
four-membered p-lactam derivatives (15) in high yields via intramolecular amidation of N-
(quinolin-8-yl)pivalamide derivatives (14), employing CuCl as a catalyst and Ag.COz as an
oxidant under an argon atmosphere (Scheme 3.1.6).%
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0
R1J R
RZj)J\N Cu(OAc), (20 mol %) =3
, Ho Ne | Ag,CO3 (3 equiv) RS N
R DCE, 140 °C, 24 h
Ar atm
14 15, 51-90%

Scheme 3.1.6: Cu-catalyzed intramolecular CDC strategy towards the synthesis of f-lactams
(15)
Huang et al. documented an efficient Cu-catalyzed intramolecular C—H amination protocol for
the synthesis of isatins derivatives (17) in moderate-to-good yields from 2-aminoacetophenones
(16) employing Cul as a catalyst and molecular oxygen as the oxidant (Scheme 3.1.7).%*

o)

Cul (10 mol %) %
R 2,2-bipyridine (10 mol %) RL@f&o
N 0-DCB, or DMSO, 140 °C N
R2 3-12 h, Oy atm R2
16 17, 39-89%

Scheme 3.1.7: Cu-catalyzed intramolecular CDC strategy towards the synthesis of isatins (17)

Very recently, Gholap et al. disclosed a Cu-catalyzed strategy for intramolecular cyclization of
2-amino-N,N-dialkylbenzamides (18) to afford 2,3-disubstituted-4(3H)-quinazolinones (19) via a
SET based oxidative coupling, involving an iminium radical cation as a possible intermediate
(Scheme 3.1.8a).° Prior to this report, the authors also reported similar Cu-catalyzed
methodology for the synthesis of dihydrooxazinones (21) by intramolecular dehydrogenative

coupling of salicylamides (20) (Scheme 3.1.8b).%¢

(a) o} o)
nRT Culpy)s(OTN, (5 mol %) N
NHkRz DMF, 130°C, 12h N/)\RZ
18 Air 19, 23-74%
b
(b) o o
CuCly-2H,0 (5 mol %)
N“R2  pyridine (15mol %) N~ R2
A LL == L L
OH “R3 m—Xerr:s, 130 °C, 24 h o) R3
Ir
20 21, 35-90%

Scheme 3.1.8: Cu-catalyzed intramolecular CDC strategy towards the synthesis of 2,3-

disubstituted-4(3H)-quinazolinones (19) & dihydrooxazinones (21)
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In striking contrast, benzylamines (23) are valuable coupling partners used for the synthesis of
different natural products, agrochemicals, polymers, and pharmaceuticals. Cu-catalyzed
oxidative C(sp®)—H bond functionalization protocol has been efficiently explored in the
construction of aryl/heteroaryl C-N bonds using benzylamines as a precursor.

Cai et al. presented a tandem Cu-catalyzed C(sp®)—H oxidative dehydrogenative protocol for the
synthesis of substituted imidazoles (24) in moderate-to-good yields from acetophenones (22) and
benzylamines (23) using Cul as the catalyst and molecular oxygen as an oxidant (Scheme 3.
1.9).%7

R1

BF3 Et20 10 mol 0/0) N

40 °C, 24 h, O, atm

R2

22 23
24, 39-76%

R2
Scheme 3.1.9: Cu-catalyzed C(sp®)-H CDC strategy towards the synthesis of substituted
imidazoles (24)
Wang et al. developed an efficient and practical approach for the synthesis of thiazoles (27) in
decent yields from phenyl aceteldehydes (25), benzylamines (23), and elemental sulfur (26)
through multiple C(sp®)—H bond forming processes, using Cu(ll) as catalyst and DBU as a base
in DMSO (Scheme 3.1.10).%

2
_0 CuBry (20 mol %)
R 1,10-phen (20 mol %) N7\ 1
+ + S ' | R
8 : :r =S
R2
25 23

DBU (2 equiv)
DMSO, 80 °C, 16 h

26 0, atm

27, 36-76%
R2

Scheme 3.1.10: Cu-catalyzed CDC strategy towards the tandem synthesis of thiazoles (27)

Zhang et al. reported the copper oxide nanoparticle-catalyzed oxidative dehydrogenative
strategies for synthesis of quinazolines derivatives (29) in high yields from 2-
aminobenzophenones (28) and benzylamines (23) using TBHP as the oxidant (Scheme 3.1.11).%°
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0 R2

HoN
1 R2 o, 1 \N
R CuO NPs (3.4 mol %) R
+ > =
NH; ! N)\©»R2

TBHP (2 equiv)

R2 90 °C, 12 h, O, atm

28 23 29, 51-94%
Scheme 3.1.11: Cu-catalyzed CDC strategy towards the synthesis of 2-phenylquinazolines (29)
Wan et al. reported the synthesis of polysubstituted oxazoles (31) in good yields from p-
diketones (30) and benzylamines (23) via Cu-catalyzed tandem oxidative cyclization protocol
(Scheme 3.1.12).%

(0] R3
Cu(OACc)2-H,0 (10 mol% N
W ( 2 ( °) - |/§R1
I5 (1.2 equiv), TBHP (2 equiv) (0]
DMF, r.t.,, 3 h
30 R?  31,38-91%

Scheme 3.1.12: Cu-catalyzed tandem CDC strategy towards the synthesis of oxazoles (31)
Sang et al. prepared indolo[1,2-c]quinazolines (33) via intermolecular N-arylation and
intramolecular aerobic oxidative C—H amination from 2-(2-halophenyl)-1H-indoles (32) and

benzylamines (23) under Cu-catalyzed conditions using air as an oxidant (Scheme 3.1.13).%

Y
R1©j\ Cu(OAc), (10 mol %) N
N

K>CO3 (2 equiv) —N
H DMSO, 110°C 12-24 h

X=1,Br 32 ) 33,40-73%
Y=C,N R

Scheme 3.1.13: Cu-catalyzed intermolecular N-arylation and intramolecular aerobic oxidative
C—H amination strategy towards the synthesis of indolo[1,2-c]quinazolines (33)

In addition, cross-dehydrogenative coupling (CDC) has been explored towards the tandem
synthesis of fused coumarins that are essential structural motifs of many alkaloids, and have
exhibited versatile biological activities including anticancer,*? antitumor,*® estrogen mimic,*

antifungal,*® antitubercular,*® and progesterone receptor modulator activities*’ (Figure 3.1.3).
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HO 0._0O 0. .0 HOOO
Z > NH / Z
o)

OH

i Estrogen mimic
Cytotoxic agent Antitumor agent 9

-
© O 8 HN\H/NH

0 o)

Antifungal agent Antitubercular agent Progesterone receptor
modulator

Figure 3.1.3: Selective examples of biologically active coumarin-fused heterocycles

Several fluorescent coumarin-fused hetero-skeletons assembled via m-conjugated motifs have
been used as optical brightening agents, light-emitting diodes, chemosensors, laser devices, and
markers for biomedical imaging.*¢!

Because of significant applications of coumarin-fused heterocycles as pharmaceuticals and
functional materials, researchers have substantially contributed to their synthesis via transition-
metal-catalyzed CDC strategies.>®8 In this realm, Belal et al. prepared coumarin-fused oxazoles
(35) via oxidative Cu-catalyzed CDC protocol using TBHP as an oxidant in DCM at room

temperature (Scheme 3.1.14).5?
0.0 CuCl, (20 mol %) 0~ 0
R1—@I TBHP (3equiv)  R'—p P
NH DCM, r.t., 18-24 h =

R2

34 R2
35, 54-81%

Scheme 3.1.14: Cu-catalyzed CDC approach towards the synthesis of coumarin-fused oxazoles
(35)
Apart from the Cu-catalyzed strategy, few Pd-catalyzed cross-dehydrogenative coupling

approaches have also been developed for preparing coumarin-fused heterocycles.
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For example, Mackey et al. reported an intramolecular aryl—heteroaryl coupling approach from

(36) via double C—H activation under Pd-catalyzed conditions, accessing coumarin-fused

benzofurans (37) in good-to-excellent yields (Scheme 3.1.15).5
Pd(OAc), (10 mol %)

R’ © © Ag->0 (1.5 equiv), NaOtBu (0.2 equiv) R
= PivOH (0.5 M), 140 °C, 16 h
0]
e

36 37, 30-99%

Scheme 3.1.15: Pd-catalyzed CDC approach towards the synthesis of coumarin-fused
benzofurans (37)

Similarly, Cheng et al. documented Pd-catalyzed intramolecular oxidative cross-dehydrogenative
coupling in substituted 4-(phenylamino)-2H-chromen-2-ones (38a) and 4-(phenylamino)-2H-
quinolin-2-ones (38b) in acetic acid, to afford indole-fused polyheterocycles (39a-b) in good-to-
excellent yields (Scheme 3.1.16).%

X 0]
R Pd(OAc), (15 mol %)
7 AgOAc (2 equiv) -
AcOH, 100°C, 10 h

38a-b R2
X - O, NH 39a'b, 76'990/0

Scheme 3.1.16: Pd-catalyzed CDC approach towards the synthesis of indole-fused
polyheterocycles (39a-b)

Dey et al. documented a Pd-catalyzed strategy for the synthesis of substituted indole- fused
coumarins (39a) via an oxidative cross-dehydrogenative coupling reaction between 4-hydroxy
coumarins (40) and anilines (41) (Scheme 3.1.17).%

O 0] NH»
Pd(OAc), (15 mol %)
1 =t >
R DMF, 140 °C, 16 h
OH R? 0, atm
40 41 39a, 53-81%

Scheme 3.1.17: Pd-catalyzed CDC approach towards the synthesis of indole-fused coumarins
(39a)
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In particular, coumarin-fused pyrimidines have received much attention, and several routes for
their synthesis have been documented. Some of these include: (a) a Pd-catalyzed synthesis of
tetrahydro-6H-isochromenol[3,4-d]pyrimidin-6-one from pyrimidinylboronic acid and cyclic enol
triflates, followed by BBrs-mediated cyclization (Scheme 3.1.18a),%° (b) base-mediated ring-
closure synthesis of benzopyranopyrimidin-5-ones from 3-formyl (or cyano)-coumaryl amidines
using ammonium acetate (Scheme 3.1.18b),%° (c) choline hydroxide-catalyzed synthesis of 4-
methyl-2-phenyl-5H-chromeno[4,3-d]pyrimidin-5-one via tandem oxidative annulation of 3-
acetyl coumarin with benzamidinehydrochloride (Scheme 3.1.18c),%! and (d) base-mediated
synthesis of chromeno-pyrimidine-N-oxide from 4-chloro-3-formylcoumarin and aromatic

carboxyamide oximes (Scheme 3.1.18d).%?
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PN O/ (i) PA(TPP)4 (5 mol %)
Q HOVWB toluene / ethanol / Na,COj5 | o
(a) o (HO)B_~ N - N
+ L (i) BBrz, DCM, reflex | N
OTf 0~ 'N” “cl 0" N7

42 43 | 44

0.__0O H R? o__0
i) DCM, 30-40 °C
(b) _ N = 0] .
Y H (ii) H;CCOONH, Toluene 7

N
Y: -CHO, -CN J \[

45 46 | 47 R
N OFEs mol %)
0.0 HoN__NH.HCI OH O©
(c) L >
©/\;{f0 Ph 60 °C ©;;%/
Na N
48
49 50 73:]

\

0.0 NN NaHCO; 0.0
+ M2 ~ -
(d) Q;Lo Y OH EtOH, 60 °C A
Ph

51 52 53 Ph

Scheme 3.1.18: Existing synthetic routes to various coumarin-fused pyrimidines
Despite a few advancements, most of the described strategies suffer from one or more drawbacks,
including the use of Pd catalyst, pre-activated starting materials, expensive and moisture-sensitive

reagents, harsh conditions, and multistep synthetic procedures. Thus, it is highly desirable to
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develop an atom-economical and environmentally benign protocol for the synthesis of coumarin-
fused pyrimidines.

In this chapter, we envisioned the synthesis of coumarin-fused pyrimidines by intramolecular
cross-dehydrogenative C(sp®)-N bond forming between from 4-chloro-3-formylcoumarin and
benzylamines in a tandem fashion.

3.2 Results and Discussion

Our preliminary investigation started by standardizing the model reaction between 4-chloro-3-
formylcoumarin (51a, 1 equiv) and benzylamine (23a, 1 equiv) using potassium carbonate
(K2CO3) and sodium azide (NaN3) as a nitrogen source under Cu(l)-catalyzed conditions. To our
delight and surprise, 3-benzyl-2-phenyl-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-one (54a)
was isolated in 30% yield over the expected product 55a, when the reaction was carried out in
DMSO at 80 °C (Table 3.2.1, entry 1). The structure of 54a was unambiguously confirmed by *H
NMR, BC NMR, 2D-NMR experiments and HRMS analysis, indicating the non-participation of
sodium azide in this oxidative tandem cyclization. Interestingly, by increasing the number of
equivalents of benzylamine to 2 and 3, 54a was obtained in 42% and 50% isolated yields,
respectively in absence of sodium azide (Table 3.2.1, entries 2-3). Solvent screening studies
showed that the solvent plays a crucial role in this oxidative cyclization process. The yield of 54a
decreased when DMSO was replaced with solvents such as dioxane, CH3CN, DCM, and THF
(Table 3.2.1, entry 4). However, the yield of 54a significantly increased to 70% when the model
reaction was performed in DMF at 80 °C for 12 h (Table 3.2.1, entry 5). Subsequently, the
catalyst screening studies inferred that other Cu catalysts such as CuBr, CuCl, Cu20, Cu(OAc)z2,
CuBrz, and CuCl, showed less catalytic activity than Cul, affording the desired product 54a in
comparatively lower yields (Table 3.2.1, entries 6-11). Other transition-metal catalysts such as
FeCls, NiCl,, and Pd(OAc). failed to produce the desired product under similar reaction
conditions (Table 3.2.1, entry 12). To further increase the product yield, the reaction
temperature, reaction time, and oxidant were optimized. No appreciable change in the yield of
54a was observed by increasing the reaction temperature to 100 °C, or by increasing the reaction
time to 15 h in two separate experiments (Table 3.2.1, entries 13-14). Further, not much
increment in the yield of 54a was observed by performing the experiment under oxygen
atmosphere (Table 3.2.1, entry 15). On the other hand, the use of external oxidants such as
TBHP, K»S20g, PIDA, or CH3COOH provided unsatisfactory results (Table 3.2.1, entries 16—
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19). No appreciable change in the yield of 54a was observed by using two equivalents of Cs,COs
in place of K.COs (Table 3.2.1, entry 20).

Table 3.2.1: Selected optimization of reaction conditions? for the synthesis of 54a

\
z
g)
7§\§
—

H,N
© © Catalyst
A __0 + Base/additive | S
Cl Solvent
Reaction Conditions

51a 23a 54a 55a
Entry Catalyst Base/(additive) Solvent Oxidant Yield®
(%)

1.° Cul K2CO3 (NaNs) DMSO Air 30

2.4 Cul K>COs DMSO Air 42

3. Cul K2COs DMSO Air 50

4° Cul K2CO3 Dioxane/DCM/THF/CHsCN  Air 25-45
5. Cul K2COs DMF Air 70

6. CuBr K2CO3 DMF Air 50

7. CuCl K2COs DMF Air 52

8. Cu20 K2CO3 DMF Air 40

9. Cu(OAC)2 K2COs DMF Air 55

10. CuBr K2COs DMF Air 53

11. CuCl; K2COs DMF Air 52

12. FeCls/NiCl/  K2COs DMF Air NR

Pd(OAC):

13 Cul K.COs DMF Air 70
149  Cul K2COs DMF Air 71

15. Cul K2CO3 DMF O, 73
16."  Cul K2COs DMF TBHP 60
17" Cul K.COs DMF K2S20s 48
18" Cul K2COs DMF PIDA 50
19" Cul K>COs DMF AcOH NR
20. Cul Cs2CO3 DMF Air 68

4Reaction conditions: 51a (0.25 mmol), 23a (0.75 mmol), catalyst (10 mol %), K>COz (0.50
mmol), solvent (5 mL), 80 °C, 12 h; PIsolated yield; €23a (0.25 mmol); 923a (0.50 mmol); T =
reflux for 12 h; T = 100 °C (for 12 h); 9T = 80 °C (for 15 h); "oxidant (0.50 mmol); NR: no

reaction.
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The *H and *C NMR spectra of 54a are presented in Figure 3.2.1 and Figure 3.2.2, respectively.
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Figure 3.2.1: *H NMR spectrum of 54a in CDCl3
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Figure 3.2.2: 3C NMR spectrum of 54a in DMSO-ds
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The 2D-COSY & HETCOR spectra of 54a are presented in Figure 3.2.3 and Figure 3.2.4,

respectively.
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Figure 3.2.3: 2D-COSY spectrum of 54a
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Figure 3.2.4: 2D-HETCOR spectrum of 54a
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With optimized conditions (Table 3.2.1, entry 5) in hand, diverse benzylamines were used to
investigate the generality and scope of this tandem oxidative cyclization (Scheme 3.2.1).
Electron-donating benzylamine substrates (23b—f) showed better reactivity, affording the
corresponding coumarin-fused pyrimidines (54b—f) in 71-78% vyields. Chloro- and fluoro-
substituted benzylamines (23g-i & 23j) afforded the desired products (54g—-i & 54j) in
comparatively lower yields. A small variation in the reactivity of ortho-, meta-, and para-
substituted benzylamines (23b—j) was clearly evident from the yields of the corresponding
products (54b—j).

In addition, the performance of the protocol was also evaluated by the efficient
condensation of 4-chloro-7-(diethylamino)-2-oxo-2H-chromene-3-carbaldehyde (51b)
with different substituted benzylamines. In this case, the presence of electron-donating
groups (4-Me, 4-OMe, 3-OMe, 2,4-diOMe) and halogens (4-F) on benzylamine exhibited
almost similar or slightly lower reactivity, affording the corresponding coumarin-fused
pyrimidines (54k—p) in 58-76% yields (Scheme 3.2.1). The strategy was further applied
to electron-deficient  6-bromo-4-chloro-2-oxo-2H-chromene-3-carbaldehyde (51c),
offering the desired products 549-v in 56-76% yield (Scheme 3.2.1). In particular, the
presence of electron-rich benzylamines showed faster transformation over the electron-
deficient benzylamines. Unfortunately, benzylamines possessing strong electron-
withdrawing groups such as CFs or NO: failed to react under the optimized conditions,
yielding trace amount of the corresponding products, which were not isolated. All the
synthesized compounds were purified by column chromatography, and characterized by

detailed spectroscopic analysis.
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1 0.0 Cul (10 mol %)
R J__o + K2CO3 (2 equiv) -@H\:
& DMF, 80 °C,10-16 h Q
R2 Air
51a-c 23 54a-v, 56-78%

R2

54c, 71% 54d, 77% /é 5de, 72%
542, 70% 54b, 74% MeO

%@%Q% %ﬁ%ﬁ

54i, 61% 54j, 65%
54f 8% s4g, 64% 54h 59% o

F

Et;N Et)N Et,N Et;N o0._0
N~ : N.__N
OMe
54k, 68% 541, 72% 54m., 76% MeO 54n, 70%
) e

EtN EGN OMe 0._0
Lo T
54r, 73%
0y é )
Ve 540.73% S4p. 63% 54q, 68%
o
\/©/ Q;;/Q \/Q/OMS /Cg;/g \/©/ /Q;jg
54s, 76% 54t, 75% 54u, 62% 54v, 56;(55 i X =NO,, CF3
Me OMe

& trace
Scheme 3.2.1: Substrate scope of benzylamines (23a-j) and 4-chloro-3-formylcoumarin
(51a-c) for the synthesis of coumarin-fused pyrimidines (54a-v)

To assess the scalability of this Cu(l)-catalyzed tandem oxidative cyclization, a gram-
scale reaction of 5la with 23a (3 equiv) was carried under optimized conditions,

affording the desired product 54a in an appreciable yield of 68% (1.19 g) (Scheme 3.2.2).
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. 5 HoN 0] 0]
Cul (10 mol %)
A _o + KaCOs (2 equiv) S Q
- N N
DMF, 80 °C, 14 h

Air

51a 23a 54a, 68%
Scheme 3.2.2: Gram-scale synthesis of 54a
To further confirm the proposed structure, as a representative example, single crystals of
54a were grown from a mixture of ethyl acetate and methanol for X-ray diffraction
(XRD) studies. Compound 54a crystallizes in the C2/c group. The ORTEP diagrams of
the 54a (S & R stereoisomers) (CCDC No. 1575437) are shown in Figure 3.2.5. Although
compound 54a carries a chiral carbon center, it crystallizes in the centro-symmetric space
group due to its existence as racemic mixture. The S stereoisomer is shown in Figure
3.2.5; a), the ORTEP diagram of the R stereoisomer is shown in Figure 3.2.5; b).

S e \
D e X
\—/\, o \\— _ ¥ \ ‘. ) -
VTN
N 7
T \_/
b S

Figure 3.2.5: ORTEP diagrams of 54a (a) S stereoisomer and (b) R stereoisomer

The synthetic generality of this tandem CDC protocol was also investigated using
heteroarylmethanamines. Furan-2-ylmethanamine and benzo[d][1,3]dioxol-4-
ylmethanamine showed fairly good reactivity, affording the desired coumarin-fused
pyrimidines (54w-y) in 50-66% yields (Scheme 3.2.3). Unfortunately, pyridin-4-
ylmethanamine failed to react under the optimized conditions, even upon heating at 80 °C
in DMF up to 24 h.
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(o] (0] H,N Cul (10 mol %) R
R j K,CO3 (2 equiv) N .
A0 v L - |
/ Het- %, DMF, 80 °C, 12-14 h N _N_A At/

| ' b ) ’ \\ ,[
Cl " Aryl,, Air T N

51a, c /" Het- Y,
23k-l '\\ Aryl | 54w-y, 50-68%

0__0 0._0 0.0 00
l \ l \ N_ _N
N N\/Q N N\/@ N N\/q/o X
o)
20 Z 0 <O \/ |
_ — 0 N

9 0%
54w, 63% 54x, 50% 54y, 66% A

Scheme 3.2.3: Substrate scope of heteroarylmethanamines (23k-1) and 4-chloro-3-
formylcoumarin (51a, 51c) for the synthesis of coumarin-fused pyrimidines (54w-y)

Next, the synthetic versatility of this tandem reaction was studied using two different
benzylamines (23a & 23d). Interestingly, the reaction of 51a with benzylamines 23d (1 equiv)
and 23a (1 equiv) (added in a sequential manner) under Cu(l)-catalyzed conditions afforded a
mixture of closely visualized product spots on TLC plates; the HRMS of the crude product
affirmed the formation of cross-coupled and homo-coupled products (Scheme 3.2.4) (HRMS of
the crude product is shown in Figure 3.2.6). Gratifyingly, we were able to separate the major
cross-coupled products (54z + 54z') from homo-coupled products (54a & 54d) using column
chromatography. However, the *H NMR of the cross-coupled product shown in Figure 3.2.7,

indicated it to be mixture of two possible structural isomers 54z & 54z'.

HoN H,N OMe
0__0 cul (10 mol %) \/@ \/©/
+ K,CO5 (2
Q;LO + 2CO;3 (2 equiv) + 54a + 54d
DMF, 80 °C, 15h (Minor)
cl OMe
51a 23d 23a

Air
54z & 54z' (3:1)
OMe (Maijor)
Scheme 3.2.4: Synthesis of cross-coupled coumarin-fused pyrimidines (54z & 54z') using two

different benzylamines (23a & 23d)
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Figure 3.2.6: Mass analysis of crude product 54z, 54a & 54d using two different
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Figure 3.2.7: *H NMR spectrum of a mixture of 54z & 54z’ in CDCl3
To gain some insights into the reaction mechanism, a few preliminary experiments were

performed (Scheme 3.2.5). A stoichiometric reaction between 51a and 23a (1 equiv each)
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in DMF at 80 °C under catalyst-free conditions furnished 54a’ in 70% yield within 30 min
(Scheme 3.2.5i). Subsequently, the reaction between 5l1a (1 equiv) and 23a (3 equiv)
under catalyst-free conditions exclusively produced intermediate 54a” in 3 h (but not
54a); further heating of 54a’” with Cul (10 mol %) afforded the desired product 54a in
68% yield (Scheme 3.2.5ii and 3.2.5iii). These experimental findings clearly indicated a
vital role of Cu(l) in the oxidative intramolecular cyclization. The reluctance of 51a to
react with 23a in nitrogen atmosphere under optimized conditions, produced 54a in very
low vyields, confirmed the necessity of aerial oxygen in this oxidative transformation
(Scheme 3.2.5iv). Interestingly, the yield of 54a significantly decreased with the increase
in the amount of radical quencher TEMPO. This shows the possibility of a dose-
dependent free-radical mechanistic pathway for the oxidative cyclization in the presence
of a Cu catalyst (Scheme 3.2.5v).

PhCH,NH, (1 equiv)

23a o [0}
(I) ° o K2CO3 (2 equiv)
> o)
2O  DMF 80°C,05h N
Air NH
cl r 54a’ (or A), 70%

51a Ph
PhCH,NH, (3 equiv)

23a o o | 0o__0
i) o_0 K,CO3 (2 equiv) _ ! Q%X
> _ i AN
~2°  DMF 80°C,3h ‘ : \

Air NH _N . N N._Ph
Cl |
¢( ! ’x 1;
Ph Ph .

51a 54a" (or B), 85% | 54a, 0%
Cul (10 mol %) 1

K,COj3 (2 equiv)

iii 543" B » 54a, 68%

) a"(o'B) —huF s0°C.8h a, 6%%

Air

PhCH,NH, (3 equiv)
23a
K,CO3 (2 equiv)
Cul (10 mol %)
DMF, 80 °C, 12 h
N, atm

(iv) 51a > 54a, 10%

PhCH,NH, (3 equiv)
23a
K>CO3 (2 equiv)
Cul (10 mol %) 542

DMF, 80 °C, 12 h x = 2 equiv, 30%
TEMPO (x equiv) x = 5 equiv, trace

(v) 51a

Scheme 3.2.5: Preliminary experiments for investigating the reaction mechanism
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Based on these studies and reports in literature,®*%” a plausible mechanistic pathway is
proposed for the tandem oxidative cyclization (Scheme 3.2.6). The reaction is initiated by
the aromatic nucleophilic substitution (SnAr) of chloro with benzylamine, followed by
imination with the second molecule of benzylamine, producing intermediate B via A.
Thereafter, an one-electron oxidation of B with Cu(l)/O2 via single-electron transfer
(SET) mechanism generates iminium cation radical C, which upon subsequent hydrogen
radical loss generates cationic-Cu hydroxo species D. Finally, nucleophilic attack with a

neighboring amine forms the product 54a.

H

[Cu'] +1/20,
SET
o PhCH,NH, PhCH,NH,
E—
CHO
K,CO3 ‘ [Cu”]
Cl
51a
X
HO- ”[Cu] N

A (54a") B (54a") HN
ngg

&

£>

Scheme 3.2.6: Plausible mechanism

Interestingly, compounds 54a—j & 54qg-v showed blue fluorescence, whereas 54k—p showed
intense green fluorescence in the solution phase (or solid state) at room temperature under a UV
lamp (Figure 3.2.8; a, b, ¢, d, e & f). The fluorescence emission maxima (Aem) of all the
compounds (54a-v) were recorded in MeOH, and their quantum yields were calculated (Figure
3.2.8, Table 3.2.2).
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Figure 3.2.8: UV absorption spectra of 54a-j, 54w-54y (a), 54k-p (c), 54g-x (), and emission
spectra of 54a-j, 54w-54y (b), 54k-p (d), 54g-x (f) in MeOH (1x10° M) at 25 °C; Inset: solution
phase (A) and solid state emission (B) of 54f (b), blue), 540 (d), green) and 54t (f), blue) under
UV light at room temperature
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Table 3.2.2: Absorption and fluorescence data of coumarin-fused pyrimidines (54a-y)?

Compound MAbs AEm® Quantum Yield

(hm) (hm) (P)°
54a 379, 310 469 0.064
54b 383, 321 469 0.035
54¢ 386, 314 470 0.028
54d 379, 307 468 0.032
54e 317, 266 469 0.062
54f 379, 307 472 0.100
54 386, 314 469 0.046
54h 383, 307 468 0.055
54i 393, 314 468 0.021
54j 383, 310 469 0.052
54k 368, 261 426 0.120
54| 368, 261 426 0.115
54m 368, 261 426 0.111
54n 368, 258 426 0.112
540 371, 261 426 0.151
54p 368, 262 426 0.122
54q 382, 258 448 0.061
54r 380, 263 453 0.052
54s 381, 264 459 0.058
54t 382, 264 470 0.098
54u 382, 260 453 0.044
54v 382, 261 444 0.055
54w 383, 307 467 0.024
54x 382, 261 448 0.023
54y 379, 317 466 0.030

aMeasured in MeOH (1x10°° M) at 25 °C; PExcited at 325 nm; “Measured with quinine sulfate in
0.1 N H2SO4 as standard.

In summary, a Cu(l)-catalyzed tandem aerobic oxidative strategy was developed for the
synthesis of substituted 2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-one via cross-
dehydrogenative C(sp®)—N bond coupling. This Cu-catalyzed protocol tolerated diverse
substituted benzylamines and heteroarylmethanamines, affording the desired products in
moderate-to-good yields. The utility of this protocol was also demonstrated by the
synthesis of coumarin-fused pyrimidines in a gram-scale. Interesting photophysical
properties and high quantum yields of the products reported in this work will facilitate

further studies in medicinal chemistry and material science.
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3.3 Experimental Section

General materials and methods

All reagents and chemicals were purchased from commercial source and used as received.
Required solvents for reaction were dried by standard procedures prior to use. *H NMR
spectra were recorded on 400 MHz spectrometer, and the chemical shifts are reported in 6
units, parts per million (ppm), and referred to the internal standard TMS set as 0.00 ppm,
relative to residual chloroform (7.26 ppm) or DMSO (2.5 ppm) in the deuterated solvent.
Data are reported as follows: the following abbreviations were used to describe peak
splitting patterns: s = singlet, d = doublet, t = triplet, dd = doublet of doublet and m =
multiplet. Coupling constants J were reported in Hz. The *C NMR spectra were reported
in ppm relative to deuterochloroform (77.0 ppm) or [de] DMSO (39.5 ppm). Proton
assignments were made using *H—*H homonuclear correlation spectroscopy (COSY) and
'H-13C heteronuclear correlation spectroscopy (HETCOR) at 400 MHz. Melting points
were determined on a capillary point apparatus equipped with a digital thermometer, and
are uncorrected. High-resolution mass spectra were recorded with a TOF analyzer
spectrometer by using electrospray mode. Flash Column chromatography was performed
on silica gel, 100—200 mesh. Analytical thin-layer chromatography was carried out on
silica gel 60 F-254 plates. Products were visualized using UV and shown blue colour and
yellow colour under uv light. Absorption spectra were recorded using dual beam Thermo
Evolution 201 UV/Vis/NIR spectrophotometer and fluorescence spectra were recorded
using a Shimadzu RF-5301PC spectrofluorometer. The data were analyzed using related
software. The concentration of compound in all the solutions was 1x107° M. Fluorescence
quantum vyield (¢) values were obtained by the following equation. The fluorescence
guantum yields were calculated by comparing the total fluorescence intensity (F) under
the whole spectrum range by taking standard compound quinine sulfate (prepared as 0.1N
H>SOg4 solution, ¢s = 0.55).

F Ab 775

h=9 F, Ab.7.°

Where, Ab: absorbance at a particular wavelength; F: fluorescence spectrum area; and #:
refraction index. The subscripts in the symbols refer to the standard (s) and to the sample
(1).
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General procedure for the synthesis of coumarin-fused pyrimidines
A mixture of 51 (0.47 mmol, 1.0 equiv), benzylamine 23 (1.4 mmol, 3.0 equiv), K-CO3 (0.94
mmol, 2 equiv) and Cul (0.047 mmol, 10 mol %) were heated in DMF (8.0 mL) at 80 °C under
ambient conditions for 10-16 h. On completion of the reaction as indicated by TLC, the reaction
mixture was cool to room temperature and diluted with ice-water. The mixture was extracted
with ethyl acetate (3 x 20 mL), and the organic layer was separated and dried over Na,SO4. The
organic layer was concentrated, and the crude product was subjected to silica gel column
chromatography SiO2 (100-200 mesh), with (hexanes/EtOAc, 8:2) as the eluent to afford the
desired product 54a-y.
3-Benzyl-2-phenyl-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-one (54a): Off—white solid;
( \ vield: 123 mg (70%); mp: 184-186 °C; 'H NMR (400 MHz,
O° CDClI3) 6 8.15 (s, 1H), 8.01 (dd, J = 7.9, 1.5 Hz, 1H), 7.55 — 7.49
@g Q (m, 2H), 7.48 — 7.37 (m, 7H), 7.28 — 7.24 (m, 2H), 7.20 — 7.14 (m
2H), 6.29 (s, 1H), 4.50 (d, J = 14.8 Hz, 1H), 4.35 (d, J = 14.7 Hz,
1H); $3C NMR (100 MHz, DMSO-dg) 6 165.2, 159.5, 159.4, 158.8,
156.3, 145.1, 139.6, 138.0, 134.2, 133.6, 131.7, 129.4, 129.1, 123.5,
122.3, 96.5, 81.4, 61.7; HRMS (ESI-TOF) (m/z) calculated
C24H19N20;" : 367.1441; found 367.1447 [M+H]".
3-(4-Methylbenzyl)-2-(p-tolyl)-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-one
(54b): Off—white solid; yield: 138 mg (74%); mp: 170-172 °C; *H NMR (400 MHz,
} CDCIs) 68.12 (s, 1H), 8.00 (dd, J = 7.9, 1.5 Hz, 1H), 7.46 —
00 7.41 (m, 2H), 7.39 (d, J = 1.7 Hz, 1H), 7.26 — 7.22 (m, 4H),
QZH? ﬁ 7.17 — 7.11 (m, 4H), 6.26 (s, 1H), 4.44 (d, J = 14.6 Hz, 1H),
4.30 (d, J = 14.6 Hz, 1H), 2.39 (s, 6H); *C NMR (100
MHz, CDCIs) ¢ 161.7, 154.1, 153.0, 151.6, 139.5, 139.2,
137.0, 132.6, 130.1, 129.8, 129.3, 128.5, 126.7, 124.6,

L ) 123.9, 118.7, 117.4, 91.6, 77.8, 57.6, 21.3, 21.2; HRMS
(ESI-TOF) (m/z) calculated C2sH23N202" : 395.1754; found 395.1760 [M+H]".
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3-(2-Methylbenzyl)-2-(o-tolyl)-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-one  (54c):

( \  Off—white solid; yield: 133 mg (71%); mp: 178-180 °C; H
Op° NMR (400 MHz, CDCl3) 5 8.10 (s, 1H), 7.98 (dd, J = 8.3,
©/\;§ 1.7 Hz, 1H), 7.54 — 7.49 (m, 1H), 7.44 — 7.40 (m, 1H), 7.33
NN — 7.29 (m, 2H), 7.28 — 7.23 (m, 4H), 7.18 — 7.10 (m, 3H),

6.57 (s, 1H), 4.44 (d, J = 14.8 Hz, 1H), 4.31 (d, J = 14.7 Hz,
1H), 2.49 (s, 3H), 2.23 (s, 3H); 3C NMR (100 MHz, CDCls)
0o 161.6, 154.0, 153.5, 151.3, 137.5, 137.2, 135.4, 132.5,
131.4, 131.3, 129.9, 129.6, 129.5, 129.0, 126.9, 126.9, 126.3, 124.6, 123.8, 118.8, 117.4,
91.7, 75.7, 55.9, 19.2, 19.1; HRMS (ESI-TOF) (m/z) calculated Cz6H23N20," : 395.1754;
found 395.1745 [M+H]".

N

3-(4-Methoxybenzyl)-2-(4-methoxyphenyl)-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-one
(54d): White solid; yield: 156 mg (77%); mp: 169-171 °C; *H NMR (400 MHz, CDCls)
o o 8.09 (s, 1H), 8.01 (dd, J = 7.9, 1.5 Hz, 1H), 7.47 — 7.41
(m, 3H), 7.19 — 7.12 (m, 4H), 6.96 — 6.91 (m, 4H), 6.24
©/\;§ ﬁom (s, 1H), 4.41 (d, J = 14.5 Hz, 1H), 4.29 (d, J = 14.5 Hz,
1H), 3.84 (brs, 3H), 3.84 (brs, 3H); *C NMR (100
MHz, CDCIl3) ¢ 161.7, 160.5, 160.2, 154.1, 152.7,
151.6, 132.6, 132.3, 130.0, 128.1, 124.6, 124.1, 123.9,
| OMe J 118.7,117.4, 114.8, 114.4, 91.4, 77.5, 57.3, 55.4, 55.3;
HRMS (ESI-TOF) (m/z) calculated C26H23N204" : 427.1652; found 427.1653 [M+H]".
3-(3-Methoxybenzyl)-2-(3-methoxyphenyl)-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-one
(54e): White solid; yield: 146 mg (72%); mp: 170-172 °C; *H NMR (400 MHz, CDCls) § 8.15
Y (s, 1H), 8.00 (d, J = 7.4 Hz, 1H), 7.43 (t, J = 7.2 Hz, 1H),
00 7.36 — 7.31 (m, 2H), 7.15 - 7.09 (m, 3H), 7.03 (s, 1H), 6.92
©/\9; Q (t, J = 7.9 Hz, 2H), 6.84 (d, J = 7.1 Hz, 1H), 6.75 (s, 1H),
OMe| 6.27 (s, 1H), 4.47 (d, J = 14.6 Hz, 1H), 4.31 (d, J = 14.7 Hz,
1H), 3.80 (brs, 6H); **C NMR (100 MHz, CDCls) § 161.6,

MeO 160.3, 160.2, 154.1, 153.3, 151.8, 141.2, 134.1, 132.7,
) © 1305, 130.3, 124.6, 124.0, 120.6, 119.0, 118.6, 117.4,
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1145, 114.3, 114.2, 112.8, 91.7, 77.9, 57.9, 55.4, 55.3; HRMS (ESI-TOF) (m/z) calculated
Co6H23N204" : 427.1652; found 427.1660 [M+H]".

3-(2,4-Dimethoxybenzyl)-2-(2,4-dimethoxyphenyl)-2,3-dihydro-5H-chromenol[4,3-
d]pyrimidin-5-one (54f): Pale—yellow solid; yield: 182 mg (78%); mp: 174-176 °C; 'H

OMe

OMe

NMR (400 MHz, CDCls) 6 8.06 (s, 1H), 8.03 — 7.99 (m,
1H), 7.45 (d, J = 8.2 Hz, 1H), 7.43 — 7.38 (m, 1H), 7.15 —
7.06 (m, 3H), 6.73 (s, 1H), 6.51 — 6.44 (m, 4H), 4.35 (d, J
= 14.1 Hz, 1H), 4.23 (d, J = 14.1 Hz, 1H), 3.89 (s, 3H),
3.81 (brs, 6H), 3.78 (s, 3H); 3C NMR (100 MHz, CDCls)
5 161.9, 161.6, 159.2, 157.0, 154.0, 153.2, 151.9, 132.2,

131.9, 129.9, 124.6, 123.6, 121.8, 119.0, 117.3, 113.3,

105.2, 104.3, 98.9, 98.5, 90.4, 71.4, 55.6, 55.5, 55.5, 55.4, 53.0; HRMS (ESI-TOF) (m/z)
calculated C2sH27N2O¢" : 487.1864; found 487.1861 [M+H]".

3-(4-Chlorobenzyl)-2-(4-chlorophenyl)-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-
one (54g): Pale—yellow solid; yield: 132 mg (64%); mp: 162-164 °C; 'H NMR (400

found 435.0652 [M+H]".

MHz, CDCl3) ¢ 8.14 (s, 1H), 8.00 — 7.97 (m, 1H), 7.49 —
7.45 (m, 1H), 7.43 — 7.39 (m, 6H), 7.20 — 7.15 (m, 4H), 6.24
(s, 1H), 4.48 (d, J = 14.9 Hz, 1H), 4.32 (d, J = 14.9 Hz, 1H);
13C NMR (100 MHz, CDCl3) ¢ 161.4, 154.0, 153.2, 152.0,
138.0, 135.5, 135.3, 133.0, 130.9, 129.7, 129.6, 129.4,
128.0, 124.6, 124.1, 118.4, 117.5, 92.4, 77.2, 57.3; HRMS
(ESI-TOF) (m/z) calculated C24H17CIoN202" : 435.0662;

3-(2-Chlorobenzyl)-2-(2-chlorophenyl)-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-
one (54h): Pale—yellow solid; yield: 123 mg (59%); mp: 170-172 °C; 'H NMR (400

J

MHz, CDCls) 6 8.14 (s, 1H), 8.04 — 8.00 (m, 1H), 7.72 — 7.69
(m, 1H), 7.46 — 7.41 (m, 3H), 7.35 — 7.28 (m, 5H), 7.17 —
7.13 (m, 2H), 6.89 (s, 1H), 4.50 (s, 2H); **C NMR (100 MHz,
CDCls) § 161.5, 154.0, 153.9, 152.2, 137.3, 134.7, 132.8,
131.5, 130.9, 130.8, 130.6, 130.4, 130.1, 130.0, 128.8, 128.0,
127.6, 124.8, 124.0, 118.6, 117.4, 92.0, 75.2, 55.6; HRMS
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(ESI-TOF) (m/z) calculated C24H17CI2N202" : 435.0662; found 435.0644 [M+H]".
3-(3,4-Dichlorobenzyl)-2-(3,4-dichlorophenyl)-2,3-dihydro-5H-chromenol[4,3-
d]pyrimidin-5-one (54i): Yellow solid; yield: 146 mg (61%); mp: 160-162 °C; 'H NMR

o.__0
@;@ \/@Cl
N N
Cl

Cl

Cl

i\

502.9868 [M+H]".

(400 MHz, CDCls) & 8.18 (s, 1H), 8.01 — 7.97 (m, 1H),
7.54 — 7.46 (m, 4H), 7.35 — 7.30 (m, 2H), 7.22 — 7.16 (m,
2H), 7.10 (dd, J = 8.2, 2.1 Hz, 1H), 6.23 (s, 1H), 4.50 (d,
J = 15.1 Hz, 1H), 4.34 (d, J = 15.1 Hz, 1H); 3C NMR
(100 MHz, CDCls) § 161.3, 154.0, 153.3, 152.3, 139.4,
133.9, 133.8, 133.8, 133.6, 133.3, 132.6, 131.5, 131.3,
130.1, 128.6, 127.2, 125.8, 124.7, 124.3, 117.6, 93.1,

76.9, 55.1; HRMS (ESI-TOF) (m/z) calculated C24Hi5ClsN2O2" : 502.9882; found

3-(4-Fluorobenzyl)-2-(4-fluorophenyl)-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-

one (54j): Pale—yellow solid;

F

yield: 124 mg (65%); mp: 173-175 °C; H NMR (400

o MHz, CDCls) § 8.14 (s, 1H), 7.99 (d, J = 7.1 Hz, 1H), 7.52
— 7.42 (m, 3H), 7.26 — 7.21 (m, 2H), 7.17 (d, J = 7.8 Hz,

©/\(§ QF 2H), 7.15 — 7.08 (m, 4H), 6.26 (s, 1H), 4.47 (d, J = 14.8 Hz,
NN 1H), 4.34 (d, J = 14.8 Hz, 1H); C NMR (100 MHz,
CDCls) § 164.6, 164.4, 162.1, 161.9, 161.5, 154.1, 153.1,

152.0, 132.9, 130.2, 130.2, 128.6, 128.5, 124.6, 124.1,
118.4, 1175, 116.7, 116.4, 116.3, 116.1, 92.2, 77.2, 57.3;

HRMS (ESI-TOF) (m/z) calculated C24H17F2N202" : 403.1253; found 403.1252 [M+H]".
3-Benzyl-8-(diethylamino)-2-phenyl-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-one
(54K): Yellow solid; yield: 106 mg (68%); mp: 159-161 °C; *H NMR (400 MHz, CDCls)

Et,N 0._0
Cﬁ;@
N_ N

5 8.09 (s, 1H), 7.80 (d, J = 9.0 Hz, 1H), 7.72 (dd, J = 8.3,
1.1 Hz, 1H), 7.52 — 7.46 (m, 2H), 7.42 — 7.38 (m, 5H),
7.27 - 7.22 (m, 1H), 7.13 (t, J = 7.8 Hz, 1H), 6.46 (dd, J
= 9.0, 2.5 Hz, 1H), 6.35 (d, J = 2.5 Hz, 1H), 6.21 (s, 1H),
4.46 (d, J = 14.8 Hz, 1H), 4.35 (d, J = 14.8 Hz, 1H), 3.39
(@, J = 7.1 Hz, 4H), 1.19 (t, J = 7.1 Hz, 6H); 3C NMR
(100 MHz, CDCls) § 162.5, 155.8, 152.6, 151.6, 151.3,
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140.3, 137.5, 132.9, 130.3, 129.3, 129.2, 129.1, 129.0, 128.3, 127.5, 126.8, 125.9, 108.2,
98.0, 77.6, 57.8, 44.7, 12.5; HRMS (ESI-TOF) (m/z) calculated CasH2sN3O2* : 438.2176;
found 438.2179 [M+H]".
8-(Diethylamino)-3-(4-methylbenzyl)-2-(p-tolyl)-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-
5-one (54l): Yellow solid; yield: 120 mg (72%); mp: 170-171 °C; *H NMR (400 MHz,
CDCl3) 6 8.04 (s, 1H), 7.80 (d, J = 9.0 Hz, 1H), 7.37
Et:N 0.0 (d, J = 8.0 Hz, 2H), 7.22 — 7.18 (m, 4H), 7.13 (d, J =
\@g ﬁ 7.9 Hz, 2H), 6.45 (dd, J =9.0, 2.5 Hz, 1H), 6.34 (d, J =
2.5 Hz, 1H), 6.16 (s, 1H), 4.39 (d, J = 14.6 Hz, 1H),
4.29 (d, J = 14.6 Hz, 1H), 3.38 (q, J = 7.1 Hz, 4H),
2.38 (brs, 6H), 1.18 (t, J = 7.1 Hz, 6H); 1*C NMR (100
MHz, CDCI3) ¢ 162.5, 155.8, 152.3, 151.4, 151.3,
139.1, 138.9, 137.6, 130.0, 129.7, 129.6, 128.4, 126.7, 125.9, 108.1, 106.0, 98.0, 91.3,
77.3, 57.5, 44.7, 21.3, 21.2, 12.5; HRMS (ESI-TOF) (m/z) calculated CzoH32N302" :
466.2489; found 466.2493 [M+H]".
8-(Diethylamino)-3-(4-methoxybenzyl)-2-(4-methoxyphenyl)-2,3-dihydro-5H-
chromeno[4,3-d]pyrimidin-5-one (54m): Yellow solid; yield: 135 mg (76%); mp: 169—
171 °C; 'H NMR (400 MHz, DMSO-ds) 6 8.30 (s,
Et,N 0.0 1H), 7.62 (d, J = 8.9 Hz, 1H), 7.37 (d, J = 8.7 Hz,
\©/\;g QOMG 2H), 7.28 (d, J = 8.6 Hz, 2H), 6.97 — 6.92 (m, 4H),
6.52 — 6.47 (m, 1H), 6.26 (d, J = 2.4 Hz, 1H), 6.06
(s, 1H), 4.72 (d, J = 14.4 Hz, 1H), 4.29 (d, J = 14.5
Hz, 1H), 3.76 (s, 3H), 3.75 (s, 3H), 3.40 (m,
OMe overlapped by moisture of DMSO, 4H), 1.08 (t, J =
6.9 Hz, 6H); *C NMR (100 MHz, CDCl; + DMSO-dg) § 160.8, 160.3, 160.1, 159.2,
155.9, 152.1, 151.4, 130.0, 129.7, 129.2, 128.3, 128.1, 114.8, 114.3, 114.2, 108.3, 98.0,
91.2, 77.2, 57.2, 55.4, 44.7, 12.5; HRMS (ESI-TOF) (m/z) calculated CzoH32N3O4* :
498.2387; found 498.2393 [M+H]".
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8-(Diethylamino)-3-(3-methoxybenzyl)-2-(3-methoxyphenyl)-2,3-dihydro-5H-
chromeno[4,3-d]pyrimidin-5-one (54n): Yellow solid; yield: 125 mg (70%); mp: 178—

MeO

Et,N (0]
\@g M©\
N
OMe

181 °C; 'H NMR (400 MHz, DMSO-ds)  8.40
(s, 1H), 7.65 (d, J = 8.9 Hz, 1H), 7.33 — 7.28 (m,
2H), 7.05 (d, J = 7.6 Hz, 1H), 6.97 — 6.90 (m,
5H), 6.51 (dd, J = 9.0, 2.0 Hz, 1H), 6.27 (d, J =
2.1 Hz, 1H), 6.14 (s, 1H), 4.81 (d, J = 14.7 Hz,
1H), 4.38 (d, J = 14.7 Hz, 1H), 3.74 (brs, 3H),
3.73 (brs, 3H), 3.37 (q, J = 7.0 Hz, 4H), 1.17 (t, J

= 7.0 Hz, 6H); 3C NMR (100 MHz, DMSO-ds) ¢ 161.1, 160.0, 159.9, 155.8, 153.9,
151.4, 151.2, 142.6, 136.8, 130.5, 125.9, 120.8, 119.1, 114.5, 114.1, 112.9, 108.6, 105.7,
97.6, 91.4, 76.4, 56.8, 55.6, 44.4, 12.8; HRMS (ESI-TOF) (m/z) calculated C3oH32N304" :
498.2387; found 498.2406 [M+H]".
8-(Diethylamino)-3-(2,4-dimethoxybenzyl)-2-(2,4-dimethoxyphenyl)-2,3-dihydro-5H-
chromeno[4,3-d]pyrimidin-5-one (540): Yellow solid; yield: 146 mg (73%); mp: 168—

Et,N

N\

OMe

170 °C; 'H NMR (400 MHz, DMSO-ds) ¢ 8.31
(s, 1H), 7.70 (d, J = 9.0 Hz, 1H), 7.30 (d, J = 8.5
Hz, 1H), 7.17 (d, J = 8.1 Hz, 1H), 6.62 (d, J = 2.2
Hz, 2H), 6.57 (brs, 1H), 6.54 (brs, 1H), 6.53 (d, J
= 2.2 Hz, 1H), 6.41 (s, 1H), 6.37 (s, 1H), 4.63 (d,
J =14.2 Hz, 1H), 4.35 (d, J = 14.1 Hz, 1H), 3.82
(s, 3H), 3.77 (brs, 6H), 3.74 (s, 3H), 3.40 (m,
overlapped by moisture of DMSO, 4H), 1.10 (t, J

= 7.0 Hz, 6H); **C NMR (100 MHz, DMSO-ds) 6 162.0, 161.8, 160.3, 159.3, 157.7,
156.6, 154.5, 151.4, 132.0, 129.8, 126.4, 113.7, 109.3, 106.1, 105.4, 99.1, 98.8, 97.6,
89.5, 56.2, 56.1, 55.9, 55.8, 52.9, 44.6, 12.8; HRMS (ESI-TOF) (m/z) calculated
Ca2HasN3Os" : 558.2599; found 558.2615 [M+H]"*.

182



Chapter 3

8-(Diethylamino)-3-(4-fluorobenzyl)-2-(4-fluorophenyl)-2,3-dihydro-5H-
chromeno[4,3-d]pyrimidin-5-one (54p): Yellow solid; yield: 107 mg (63%); mp: 165—
ELN o o 166 °C; *H NMR (400 MHz, DMSO-dg) 6 9.02 (s,
\@2 . 1H), 8.14 (d, J = 9.3 Hz, 1H), 7.63 — 7.59 (m, 2H),
B ﬁ 7.53 — 7.49 (m, 2H), 7.26 — 7.20 (m, 4H), 6.81 (d, J =
8.1 Hz, 1H), 6.52 (s, 1H), 6.40 (s, 1H), 5.15 (d, J =
14.5 Hz, 1H), 4.86 (d, J = 14.5 Hz, 1H), 3.40 (m,
overlapped by moisture of DMSO, 4H), 1.12 (t, J =
6.7 Hz, 6H); 3C NMR (100 MHz, DMSO-de) ¢
162.1, 161.5, 158.8, 157.9, 157.5, 154.7, 152.2, 133.1, 133.1, 131.8, 131.7, 130.0, 130.0,
129.7, 129.6, 127.9, 116.6, 116.3, 116.3, 116.1, 110.6, 97.6, 91.1, 68.2, 57.8, 45.0, 12.8;

HRMS (ESI-TOF) (m/z) calculated C2sH26F2N3O2" : 474.1988; found 474.1989 [M+H]".
3-Benzyl-9-bromo-2-phenyl-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-one (54Q):
o 0 White solid; yield: 105 mg (68%); mp: 154-166 °C; H
NMR (400 MHz, DMSO-de) ¢ 8.55 (s, 1H), 7.94 (d, J =
Br/@g Q 2.5 Hz, 1H), 7.69 — 7.64 (m, 1H), 7.52 — 7.48 (m, 2H),
NN 7.42 —7.37 (m, 8H), 7.16 (d, J = 8.8 Hz, 1H), 6.26 (s, 1H),
4.90 (d, J = 14.7 Hz, 1H), 4.42 (d, J = 14.6 Hz, 1H); 3C
NMR (100 MHz, DMSO-ds) ¢ 164.6, 159.6, 158.0, 155.9,
144.8, 140.5, 139.5, 134.3, 134.2, 134.0, 133.7, 133.7, 133.3, 131.8, 131.4, 125.5, 124.9,
121.0, 96.0, 81.5, 61.7; HRMS (ESI-TOF) (m/z) calculated C24H1sBrN2O>* : 445.0551;

found 445.0546 [M+H]".

9-Bromo-3-(4-methylbenzyl)-2-(p-tolyl)-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-
5-one (54r): White solid; yield: 120 mg (73%); mp: 169-170 °C; 'H NMR (400 MHz,
CDCl3) 6 8.13 (d, J = 2.5 Hz, 1H), 8.10 (s, 1H), 7.53 —
/@iX 7.49 (m, 1H), 7.39 (d, J = 8.0 Hz, 2H), 7.26 — 7.22 (m,
Br N ﬁ 4H), 7.13 (d, J = 8.0 Hz, 2H), 7.04 (d, J = 8.8 Hz, 1H),
6.24 (s, 1H), 4.43 (d, J = 14.6 Hz, 1H), 4.29 (d, J = 14.6
Hz, 1H), 2.40 (s, 3H), 2.39 (s, 3H); ¥C NMR (100

MHz, CDCls) ¢ 161.1, 153.1, 153.0, 150.6, 139.7,
139.3, 136.8, 135.3, 130.1, 130.0, 129.0, 128.5, 127.3,
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126.6, 120.5, 119.2, 116.8, 91.1, 77.9, 57.7, 21.3, 21.2; HRMS (ESI-TOF) (m/z)
calculated C26H22BrN2O>" : 473.0859; found 473.0868 [M+H]".

9-Bromo-3-(4-methoxybenzyl)-2-(4-methoxyphenyl)-2,3-dihydro-5H-chromeno[4,3-
d]pyrimidin-5-one (54s): White solid; yield: 133 mg (76%); mp: 139-141 °C; *H NMR

0] (0]
OM
Br/@H\; e
N

N

OMe

(400 MHz, DMSO-dg) ¢ 8.44 (s, 1H), 7.96 — 7.92 (s,
1H), 7.69 — 7.66 (m, 1H), 7.45 — 7.41 (m, 2H), 7.30
(d, J = 8.5 Hz, 2H), 7.16 (d, J = 8.8 Hz, 1H), 6.96 (d,
J = 8.0 Hz, 4H), 6.20 (s, 1H), 4.77 (d, J = 14.4 Hz,
1H), 4.33 (d, J = 14.4 Hz, 1H), 3.76 (brs, 6H); *C
NMR (100 MHz, DMSO-dg) 6 160.3, 159.9, 159.8,
154.2, 153.2, 150.3, 135.6, 132.6, 130.6, 128.4,

126.6, 126.3, 120.9, 120.1, 116.2, 114.8, 114.7, 90.7, 76.2, 56.3, 55.7, 55.6; HRMS (ESI-
TOF) (m/z) calculated C2sH22BrN204" : 505.0757; found 505.0762 [M+H]".
9-Bromo-3-(2,4-dimethoxybenzyl)-2-(2,4-dimethoxyphenyl)-2,3-dihydro-5H-chromenol[4,3-
d]pyrimidin-5-one (54t): White solid; yield: 147 mg (75%); mp: 158-160 °C; 'H NMR

MeO

0._.0
OM
N

N

OMe

OMe

N

(400 MHz, DMSO-ds) 6 8.22 (s, 1H), 7.89 — 7.86
(m, 1H), 7.66 — 7.62 (m, 1H), 7.32 (d, J = 8.5 Hz,
1H), 7.17 — 7.12 (m, 2H), 6.63 — 6.59 (m, 1H), 6.56
— 6.51 (m, 4H), 4.55 (d, J = 14.2 Hz, 1H), 4.26 (d, J
= 14.2 Hz, 1H), 3.83 (s, 3H), 3.76 (brs, 6H), 3.74 (s,
3H); 3C NMR (100 MHz, DMSO-ds) J 166.5,
166.4, 164.6, 164.0, 162.0, 157.9, 157.3, 155.0,
142.4, 140.4, 136.7, 134.3, 131.4, 126.3, 125.0,

124.8, 121.6, 120.9, 120.5, 119.6, 118.7, 110.9, 110.1, 103.9, 103.5, 94.3, 75.9, 60.9,
60.8, 60.6, 60.5, 57.2; HRMS (ESI-TOF) (m/z) calculated C2sH26BrN2O¢" : 565.0969;

found 565.0990 [M+H]".
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9-Bromo-3-(4-chlorobenzyl)-2-(4-chlorophenyl)-2,3-dihydro-5H-chromenol[4,3-
d]pyrimidin-5-one (54u): White solid; yield: 111 mg (62%); mp: 148-150 °C; *H NMR
o o (400 MHz, DMSO-dg) 6 8.58 (s, 1H), 7.94 (d, J = 2.5
m ol Hz, 1H), 7.68 — 7.64 (m, 1H), 7.53 — 7.49 (m, 2H),
Br T \Nﬁ 7.46 — 7.38 (m, 6H), 7.17 (d, J = 8.8 Hz, 1H), 6.30 (s,
1H), 4.87 (d, J = 14.8 Hz, 1H), 4.49 (d, J = 14.8 Hz,
1H); 3C NMR (100 MHz, DMSO-ds) 6 164.5, 159.9,
159.8, 158.0, 155.7, 143.7, 140.5, 138.8, 138.7, 138.4,
135.6, 134.0, 133.7, 131.4, 131.4, 125.4, 124.9, 121.0,
96.4, 80.8, 61.1; HRMS (ESI-TOF) (m/z) calculated C24H16BrCIl2N20O>" : 512.9767; found
512.9775 [M+H]".
9-Bromo-3-(2-chlorobenzyl)-2-(2-chlorophenyl)-2,3-dihydro-5H-chromeno[4,3-
d]pyrimidin-5-one (54v): White solid; yield: 100 mg (56%); mp: 146-148 °C; 'H NMR
( } (400 MHz, DMSO-de) ¢ 8.60 (s, 1H), 7.88 (d, J = 2.5
O° Hz, 1H), 7.68 — 7.64 (m, 1H), 7.59 — 7.57 (m, 1H), 7.52
Br/©/\9; v@ (s, 1H), 7.44 (d, J = 5.6 Hz, 3H), 7.38 — 7.35 (m, 3H),
NN 7.18 — 7.15 (m, 1H), 6.69 (s, 1H), 4.91 (d, J = 15.1 Hz,
Cl Cl 1H), 4.61 (d, J = 15.1 Hz, 1H); *C NMR (100 MHz,
DMSO-ds) ¢ 166.9, 159.7, 156.3, 153.2, 150.6, 137.2,
135.9, 133.9, 132.2, 131.4, 131.4, 131.1, 131.1, 131.0,
130.3, 130.2, 130.2, 130.0, 129.3, 129.0, 128.5, 128.2, 127.7, 126.6, 120.6, 120.2, 116.3,
90.4, 74.7, 55.2; HRMS (ESI-TOF) (m/z) calculated C24H16BrCI2N202"* : 512.9767; found
512.9775 [M+H]".
2-(Furan-2-yl)-3-(furan-2-ylmethyl)-2,3-dihydro-5H-chromeno[4,3-d]pyrimidin-5-
one (54w): Pale—yellow solid; yield: 105 mg (63%); mp: 174-176 °C; 'H NMR (400
MHz, CDCls) ¢ 8.10 (dd, J = 8.1, 1.5 Hz, 1H), 8.00 (s, 1H),
Op© 7.51 — 7.44 (m, 3H), 7.22 — 7.16 (m, 2H), 6.45 (t, J = 2.2 Hz,
©/\;g ﬁ 2H), 6.42 — 6.38 (m, 1H), 6.38 — 6.36 (m, 2H), 4.64 (d, J =
o 15.4 Hz, 1H), 4.54 (d, J = 15.4 Hz, 1H); *C NMR (100 MHz,

X/ ] CDCls) o 161.5, 154.1, 154.1, 152.2, 151.4, 146.0, 144.3,
— 143.4, 132.9, 124.6, 124.0, 118.5, 117.5, 111.4, 110.9, 110.6,

Cl

i\
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109.2, 93.4, 70.8, 50.5; HRMS (ESI-TOF) (m/z) calculated C2H15sN2O4" : 347.1026;
found 347.1038 [M+H]".

9-Bromo-2-(furan-2-yl)-3-(furan-2-ylmethyl)-2,3-dihydro-5H-chromeno[4,3-

d]pyrimidin-5-one (54x): White solid; yield: 74 mg (50%); mp: 164-166 °C; *H NMR

o o (400 MHz, CDCls) ¢ 8.22 (d, J = 2.4 Hz, 1H), 8.00 (s,

1H), 7.53 — 7.48 (m, 1H), 7.49 — 7.42 (m, 2H), 7.06 (d, J =

Br%ﬁ 8.7 Hz, 1H), 6.49 — 6.43 (m, 2H), 6.43 — 6.34 (m, 3H),
o

4.62 (d, J = 15.4 Hz, 1H), 4.53 (d, J = 15.4 Hz, 1H); 3C
<\/ ;o

NMR (100 MHz, CDCI3) ¢ 160.9, 153.0, 152.5, 151.1,
145.8, 144.3, 143.5, 135.6, 127.3, 125.0, 120.2, 119.3,
117.0, 111.5, 110.9, 110.6, 109.3, 92.8, 70.9, 50.5; HRMS (ESI-TOF) (m/z) calculated
C20H14BrN204" : 425.0131; found 425.0130 [M+H]*

2-(Benzo[d][1,3]dioxol-4-yl)-3-(benzo[d][1,3]dioxol-4-yImethyl)-2,3-dihydro-5H-
chromeno[4,3-d]pyrimidin-5-one (54y): White solid; yield: 143 mg (66%); mp: 178—
179 °C; 'H NMR (400 MHz, CDClIs) 6 8.09 (s, 1H), 8.00 (d,

(0] O
@;@ J=6.9 Hz, 1H), 7.43 (t, J = 7.4 Hz, 1H), 7.13 (t, J = 8.0 Hz,
B J@ 2H), 7.00 (d, J = 1.6 Hz, 1H), 6.94 — 6.88 (m, 1H), 6.81 (d, J
O

N N
[ | =79Hz 2H),6.74-6.68 (m, 2H), 6.19 (s, 1H), 6.01 - 5.96
<O (m, 4H), 4.38 (d, J = 14.6 Hz, 1H), 4.25 (d, J = 14.6 Hz,
© 1H); 3C NMR (100 MHz, CDCls) & 161.6, 154.1, 152.8,

151.7, 148.6, 148.6, 148.6, 148.4, 134.0, 132.7, 125.8, 124.6, 123.9, 122.5, 120.3, 118.6,
117.4, 108.8, 108.5, 108.4, 107.2, 101.6, 101.5, 91.5, 77.6, 57.6; HRMS (ESI-TOF) (m/z)
calculated C26H19N206" : 455.1238; found 455.1253 [M+H]".
4-(Benzylamino)-2-oxo-2H-chromene-3-carbaldehyde (54a’): Yellow solid; yield: 92
mg (70%); mp: 198-200 °C; *H NMR (400 MHz, CDCls) 6 12.32 (s,
9% | 1H), 10.17 (s, 1H), 8.01 (dd, J = 8.3, 1.1 Hz, 1H), 7.66 — 7.62 (m,
%O 1H), 7.47 — 7.36 (m, 6H), 7.26 — 7.22 (m, 1H), 5.09 (d, J = 5.8 Hz,
NH 2H); BC NMR (100 MHz, CDCl3) 6 192.0, 162.7, 159.9, 155.5,
Ph 135.6, 134.6, 129.4, 128.6, 127.7, 127.6, 127.0, 123.8, 118.9, 113.8,

97.0, 51.3; HRMS (ESI-TOF) (m/z) calculated Ci7H14NOs*
280.0968; found 280.0971 [M+H]".
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(2)-4-(Benzylamino)-3-((benzylimino)methyl)-2H-chromen-2-one  (54a’’): Yellow solid,;
o0 o yield: 150 mg (85%); mp: 168-170 °C; *H NMR (400 MHz, CDCls) ¢
13.21 (s, 1H), 8.95 (s, 1H), 8.03 (dd, J = 8.3, 1.2 Hz, 1H), 7.56 — 7.50 (m,

O/\% 1H), 7.37 — 7.32 (m, 6H), 7.28 — 7.19 (m, 4H), 7.09 — 7.01 (m, 2H), 5.02
rNH N (d, J = 3.7 Hz, 2H), 4.62 (s, 2H); 3C NMR (100 MHz, CDCls) § 163.0,
oo 161.9, 156.8, 154.3, 139.6, 136.8, 132.6, 129.1, 128.5, 128.1, 127.7, 127.6,

126.8, 126.7, 123.3, 118.4, 115.1, 93.2, 64.7, 51.4; HRMS (ESI-TOF) (m/z) calculated
C24H21N20," : 369.1580; found 369.1598 [M+H]".

3.4 X-ray Crystallography Studies of 54a

Crystals of 54a were screened under a microscope for mounting in a nylon loop attached to a
goniometer head. Initial crystal evaluation and data collection were performed on a Kappa APEX
Il diffractometer equipped with a CCD detector (with the crystal-to-detector distance fixed at 60
mm) and sealed-tube monochromatedMoK radiation using the program APEX2.%8 By using the
program SAINT®® for the integration of the data, reflection profiles were fitted, and values of F®°
and (F?) for each reflection were obtained. Data were also corrected for Lorentz and polarization
effects. The subroutine XPREP®® was used for the processing of data that included determination
of space group, application of an absorption correction (SADABS)®°, merging of data, and
generation of files necessary for solution and refinement. The crystal structure was solved and
refined using SHELX 97.7° In each case, the space group was chosen based on systematic
absences and confirmed by the successful refinement of the structure. Positions of most of the
non-hydrogen atoms were obtained from a direct methods solution. Several full-matrix least-
squares/difference Fourier cycles were performed, locating the remainder of the non-hydrogen
atoms. All non-hydrogen atoms were refined with anisotropic displacement parameters. All
hydrogen atoms were placed in ideal positions and refined as riding atoms with individual
isotropic displacement parameters. All figures were drawn using MERCURY V 3.0" and
Platon.”

Crystal data for 54a (CCDC No. 1575437): C2sH18N202, Mr = 366.40 g/mol, monoclinic,
space group C2/c, a=21.348(4) A, b =9.871(2) A, c = 17.745(4) A, 0. = 90°, B = 92.423(5)°, y =
90°, V = 3736(1) A%, Z =8, T = 296(2) K, Dcaica = 1.303 g/cm?; Full matrix least-square on F?;
R1 = 0.046, wR, =0.1064 for 2274 observed reflections [I > 2o(1)] and R1 = 0.073, wR2 =
0.1199 for all 3294 reflections; GOF = 1.024. CCDC No. 1575437.

187



Chapter 3

3.5 References

1)
()
©)

(4)
(5)
(6)
(7)

(8)
9)
(10)
(11)
(12)
(13)

(14)
(15)

(16)
(17)
(18)
(19)
(20)

(21)

(22)

Li, C. J. Accounts of Chemical Research 2008, 42, 335-344,

Sun, C. L.; Li, B. J.; Shi, Z. J. Chemical Reviews 2010, 111, 1293-1314.

Gini, A.; Brandhofer, T.; Mancheno, O. G. Organic & Biomolecular Chemistry 2017, 15,
1294-1312.

Li, B. J.; Shi, Z. J. Chemical Society Reviews 2012, 41, 5588-5598.

Alberico, D.; Scott, M. E.; Lautens, M. Chemical Reviews 2007, 107, 174-238.

Miao, J.; Ge, H. European Journal of Organic Chemistry 2015, 2015, 7859-7868.
Wendlandt, A. E.; Suess, A. M.; Stahl, S. S. Angewandte Chemie International Edition
2011, 50, 11062-11087.

Jia, X.; Peng, F.; Qing, C.; Huo, C.; Wang, X. Organic Letters 2012, 14, 4030-4033.
Lyons, T. W.; Sanford, M. S. Chemical Reviews 2010, 110, 1147-11609.

Shang, R.; llies, L.; Nakamura, E. Chemical Reviews 2017, 117, 9086-9139.

Xie, J.; Pan, C.; Abdukader, A.; Zhu, C. Chemical Society Reviews 2014, 43, 5245-5256.
Yang, Y.; Lan, J.; You, J. Chemical Reviews 2017, 117, 8787-8863.

Bergmann, L.; Zink, D. M.; Brase, S.; Baumann, T.; Volz, D. In Photoluminescent
Materials and Electroluminescent Devices; Springer: 2017, p 201-239.

Rao, W. H.; Shi, B. F. Organic Chemistry Frontiers 2016, 3, 1028-1047.

Fonseca Guerra, C.; Sanz Miguel, P. J.; Cebollada, A.; Bickelhaupt, F. M.; Lippert, B.
Chemistry—A European Journal 2014, 20, 9494-9499.

Guo, X. X.; Gu, D. W.; Wu, Z.; Zhang, W. Chemical Reviews 2014, 115, 1622-1651.
Hirano, K.; Miura, M. Chemical Communications 2012, 48, 10704-10714.

Liu, J.; Chen, G.; Tan, Z. Advanced Synthesis & Catalysis 2016, 358, 1174-1194.

King, A. E.; Huffman, L. M.; Casitas, A.; Costas, M.; Ribas, X.; Stahl, S. S. Journal of
the American Chemical Society 2010, 132, 12068-12073.

Allen, S. E.; Walvoord, R. R.; Padilla Salinas, R.; Kozlowski, M. C. Chemical Reviews
2013, 113, 6234-6458.

Cavani, F.; Teles, J. H. ChemSusChem: Chemistry & Sustainability Energy & Materials
2009, 2, 508-534.

He, J.; Wasa, M.; Chan, K. S.; Shao, Q.; Yu, J. Q. Chemical Reviews 2016, 117, 8754-
8786.

188



Chapter 3

(23)

(24)
(25)
(26)
(27)

(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)

(36)

(37)
(38)

(39)
(40)
(41)

(42)

(43)

Wang, B.; Qiu, D.; Zhang, Y.; Wang, J. Beilstein Journal of Organic Chemistry 2016, 12,
796-804.

Xie, J.; Zhu, C. Sustainable C (sp3)-H Bond Functionalization; Springer, 2016.

Zhang, F. L.; Hong, K.; Li, T. J.; Park, H.; Yu, J. Q. Science 2016, 351, 252-256.

Zhang, C.; Tang, C.; Jiao, N. Chemical Society Reviews 2012, 41, 3464-3484.

Zhao, B.; Du, H.; Shi, Y. Journal of the American Chemical Society 2008, 130, 7220-
7221.

Li, J.; Neuville, L. Organic Letters 2013, 15, 1752-1755.

Chen, H.; Chiba, S. Organic & Biomolecular Chemistry 2014, 12, 42-46.

Takemura, N.; Kuninobu, Y.; Kanai, M. Organic & Biomolecular Chemistry 2014, 12,
2528-2532.

Li, Y.; Li, Z.; Xiong, T.; Zhang, Q.; Zhang, X. Organic Letters 2012, 14, 3522-3525.
Tian, H.; Qiao, H.; Zhu, C.; Fu, H. RSC Advances 2014, 4, 2694-2704.

Wang, Z.; Ni, J.; Kuninobu, Y.; Kanai, M. Angewandte Chemie 2014, 126, 3564-3567.
Huang, P. C.; Gandeepan, P.; Cheng, C. H. Chemical Communications 2013, 49, 8540-
8542.

Gholap, A. V.; Maity, S.; Schulzke, C.; Maiti, D.; Kapdi, A. R. Organic & Biomolecular
Chemistry 2017, 15, 7140-7146.

Modak, A.; Dutta, U.; Kancherla, R.; Maity, S.; Bhadra, M.; Mobin, S. M.; Maiti, D.
Organic Letters 2014, 16, 2602-2605.

Cai, Z. J.; Wang, S. Y.; Ji, S. J. Organic Letters 2012, 14, 6068-6071.

Wang, X.; Qiu, X.; Wei, J.; Liu, J.; Song, S.; Wang, W.; Jiao, N. Organic Letters 2018,
20, 2632-2636.

Zhang, J.; Yu, C.; Wang, S.; Wan, C.; Wang, Z. Chemical Communications 2010, 46,
5244-5246.

Wan, C.; Zhang, J.; Wang, S.; Fan, J.; Wang, Z. Organic Letters 2010, 12, 2338-2341.
Sang, P.; Xie, Y.; Zou, J.; Zhang, Y. Organic Letters 2012, 14, 3894-3897.

Scherlach, K.; Nutzmann, H. W.; Schroeckh, V.; Dahse, H. M.; Brakhage, A. A
Hertweck, C. Angewandte Chemie International Edition 2011, 50, 9843-9847.

Cheng, C.; Chen, W.-W.; Xu, B.; Xu, M.-H. Organic Chemistry Frontiers 2016, 3, 1111-
1115.

189



Chapter 3

(44)

(45)

(46)

(47)

(48)

(49)

(50)
(51)

(52)
(53)

(54)

(55)

(56)

(57)
(58)

(59)
(60)
(61)

Kshirsagar, U. A.; Parnes, R.; Goldshtein, H.; Ofir, R.; Zarivach, R.; Pappo, D.
Chemistry—A European Journal 2013, 19, 13575-13583.

Adityachaudhury, N.; Gupta, P. Phytochemistry 1973, 12, 425-428.

Ambre, P. K.; Pissurlenkar, R. R.; Wavhale, R. D.; Shaikh, M. S.; Khedkar, V. M.; Wan,
B.; Franzblau, S. G.; Coutinho, E. C. Medicinal Chemistry Research 2014, 23, 2564-
2575.

Sashidhara, K. V.; Palnati, G. R.; Singh, L. R.; Upadhyay, A.; Avula, S. R.; Kumar, A.;
Kant, R. Green Chemistry 2015, 17, 3766-3770.

Zhou, Z.; Liu, H.; Li, Y.; Liu, J.; Li, Y.; Liu, J.; Yao, J.; Wang, C. ACS Combinatorial
Science 2013, 15, 363-369.

Chen, J.; Liu, W.; Zhou, B.; Niu, G.; Zhang, H.; Wu, J.; Wang, Y.; Ju, W.; Wang, P. The
Journal of Organic Chemistry 2013, 78, 6121-6130.

Cao, X.; Lin, W.; Yu, Q.; Wang, J. Organic Letters 2011, 13, 6098-6101.

Sheng, J.; Xu, T.; Zhang, E.; Zhang, X.; Wei, W.; Zou, Y. Journal of Natural Products
2016, 79, 2749-2753.

Belal, M.; Khan, A. T. RSC Advances 2016, 6, 18891-18894.

Mackey, K.; Pardo, L. M.; Prendergast, A. M.; Nolan, M. T.; Bateman, L. M
McGlacken, G. P. Organic Letters 2016, 18, 2540-2543.

Cheng, C.; Chen, W.-W.; Xu, B.; Xu, M.-H. The Journal of Organic Chemistry 2016, 81,
11501-11507.

Dey, A.; Ali, M. A,; Jana, S.; Samanta, S.; Hajra, A. Tetrahedron Letters 2017, 58, 313-
316.

Peng, S.; Gao, T.; Sun, S.; Peng, Y.; Wu, M.; Guo, H.; Wang, J. Advanced Synthesis &
Catalysis 2014, 356, 319-324.

Lin, C.-H.; Yang, D.-Y. Organic Letters 2013, 15, 2802-2805.

Scherlach, K.; Nutzmann, H. W.; Schroeckh, V.; Dahse, H. M.; Brakhage, A. A,;
Hertweck, C. Angewandte Chemie International Edition 2011, 50, 9843-9847.

Selles, P.; Mueller, U. Organic Letters 2004, 6, 277-279.

Beccalli, E. M.; Contini, A.; Trimarco, P. Tetrahedron 2005, 61, 4957-4964.
Vadagaonkar, K. S.; Kalmode, H. P.; Prakash, S.; Chaskar, A. C. New Journal of
Chemistry 2015, 39, 3639-3645.

190



Chapter 3

(62)

(63)
(64)

(65)
(66)

(67)
(68)
(69)
(70)
(71)

(72)

Jalli, V. P.; Jaggavarapu, S. R.; Kamalakaran, A. S.; Gangisetty, S. K.; Nanubolu, J. B.;
Gaddamanugu, G. Tetrahedron Letters 2013, 54, 1491-1494.

Yang, F.; Li, J.; Xie, J.; Huang, Z. Z. Organic Letters 2010, 12, 5214-5217.

Xie, P.; Xie, Y.; Qian, B.; Zhou, H.; Xia, C.; Huang, H. Journal of the American
Chemical Society 2012, 134, 9902-9905.

Xie, P.; Xia, C.; Huang, H. Organic Letters 2013, 15, 3370-3373.

Rout, S. K.; Guin, S.; Banerjee, A.; Khatun, N.; Gogoi, A.; Patel, B. K. Organic Letters
2013, 15, 4106-41009.

Itazaki, M.; Nakazawa, H. In Iron Catalysis Il; Springer: 2015, p 47-81.

Singh, S. K.; Chandna, N.; Jain, N. Organic Letters 2017, 19, 1322-1325.

Bruker, A.; SAINT, A. Acta Crystallogr., Sect. A: Fundam. Crystallogr 2008, 64, 112.
Scheldrick, G. Acta Crystallogr A 2008, 64, 112-122.

Macrae, C. F.; Bruno, 1. J.; Chisholm, J. A.; Edgington, P. R.; McCabe, P.; Pidcock, E.;
Rodriguez-Monge, L.; Taylor, R.; Streek, J. v. d.; Wood, P. A. Journal of Applied
Crystallography 2008, 41, 466-470.

Spek, A. University of Utrecht 1999.

191



Chapter 4

Chapter 4

NH,OAc-promoted C(sp’)—H Bond Activation and
C-N Bond Formation: An Aberrant Cascade

Synthesis of Coumarin-fused Quinolinones
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4.1 Introduction

With the increasing voice of sustainable chemistry, cascade reactions have been exemplified as a
subject of prime attention due to cost-effectiveness, atom-economical and environmentally-
benign protocols. The undeniable benefits of the cascade reactions have sparked the zeal of
organic chemists for synthesizing polycyclic skeletons from simpler molecular assemblies under
this banner.® In this context, various transition-metal-catalyzed cascade reactions have been
applied for different organic transformations. However, due to the allied challenges and intuitive
drawbacks associated with transition-metal-catalyzed strategies such as, usage of expensive and
moisture sensitive catalysts, requirement of supporting ligands and additives, a continuous buzz
has been created for developing methodologies under transition-metal-free conditions.*® Thus,
metal-free cascade reactions have developed a significant repute leading to construction of
synthetic bioactive and natural products.

Quinoline scaffold is highly noticed and privileged pharmacophore present in several natural
products, and complex bioactive entities.
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Figure 4.1.1: Overview of metal-free strategies reported for the synthesis of quinoline-fused

heterocycles

193



Chapter 4

Quinoline-fused heterocycles have displayed a wide range of biological activities including,

antimalarial,® antidepressant,** antiviral,* antipsychotic,™® and anticancer.* Noticeable efforts

have been made towards the construction of different quinoline-fused heterocycles under
metal—free reaction conditions, some of which are summarized in Figure 4.1.1.1>%*

In this context, the use of ammonium acetate (NH,OAC) as an inexpensive nitrogen source has
been exemplified in various C-C/C-X bond forming/breaking transformations.>° Particularly,
ammonium acetate has been used as a nitrogen source for the construction of 1,4-
dihydroquinolines and other quinoline-fused heterocycles under metal-free conditions. For
example, Bala et al. reported a domino reaction between 2-hydroxy-1,4-naphthaquinone (1),
aromatic aldehydes (2), methyl/ethyl acetoacetate (3) and ammonium acetate (4) in ethanol under
microwave irradiation to afford a series of tetrahydrobenzo[g]quinoline-5,10-diones (5) in fairly

good yields (Scheme 4.1.1).%

NH,OAc
o 44 O Ar O
o)
. o | OR
. -
ArCHO OR  EtoH, MW, 10 min

OH N
o o o H
1 2 3 5,71-80%

Scheme 4.1.1: NH,OAc-mediated domino synthesis of tetrahydrobenzo[g]quinoline-5,10-diones
(%)

Chidurala et al. reported one-pot multicomponent reaction between resorcinol (6) aromatic
aldehydes (2), acetoacetanilide (7) and ammonium acetate (4) under both conventional and

microwave irradiation conditions to afford substituted 1,4-dihydroquinolines (8) in decent yields

(Scheme 4.1.2).%
NH40Ac OH Ar O /@
/@ EtOH, 85°C46h> N
+ ArCHO + I H
MW, 8 10 min N
H

8, 88-96%

Scheme 4.1.2: NH,OAc- mediated synthesis of substituted 1,4-dihydroquinolines (8)

Findik et al. reported a one-pot protocol for the synthesis of 7,8-dihydroquinolin-5-(1H,4H,6H)-
ones (11) by reacting dimedone (9), a-ionone (10), ammonium acetate (4) and arylaldehydes (2)
in DMSO under reflux conditions (Scheme 4.1.3).%
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. o NH4i)Ac o Ar
. AcHO X DMSO, Sealed tube _ ]
r . >
120-130 °C N7 =
J H
9 2 10
11, 72-92%

Scheme 4.1.3: NH,OAc- mediated synthesis of substituted 7,8-dihydroquinolin-5-ones (11)

Strikingly, coumarin derivatives play a significant role in designing a number of fascinating
fluorescent heterocyclic architectures that have exhibited profound applications in medicinal and
material chemistry.***® Accordingly, tremendous efforts have been devoted in the past towards
the construction of coumarin-fused polycyclic heterocycles via conventional or modern
flourishing chemistry.**® In this realm, chromene-fused quinolines form an integral part of

several natural products including santiagonamine,**

4
I 5

and have been identified as potential
antibacterial* and anticancer agents,* fluorescent sensors,*’ dyes* for mitochondrial imaging,*®
estrogen receptor S-selective ligands,®® selective non-steroidal progesterone receptor

modulators,> and glucocorticoid modulators®® (Figure 4.1.2).
0
(I

Et,N

Progesterone

Santiagonamine Dye for mitocondrial imaging Fluorescent thiol sensor
receptor modulators

Antibacterial agent Anticancer agent Estrogen receptor Glucocorticoid modulator
f-selective ligands

Figure 4.1.2: Selective examples of reported chromene-fused quinolines

In particular, the applicative value of substituted 6H-chromeno[4,3-b]quinolin-6-ones has
stimulated considerable attention of organic chemists towards their construction in the past
decade. A number of traditional strategies have been developed for its synthesis under Vilsmeier-
Haack conditions. In 1987, Tabakovic et al. documented the synthesis of 6H-chromeno[4,3-
b]quinolin-6-ones (15) via amination of 4-hydroxycoumarin (12) with aromatic amines (13), and
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subsequent intramolecular cyclization under Vilsmeier-Haack conditions (DMF/POCI3) (Scheme
4.1.4)>3

H2N—® 0._0
O (0] R2 (@) (@] R1
R 13 o POCI,/DMF y
> — =
Z 1N NaOHH,0 Z 90°C,2h |

OH r.t., 30 min HN N \
12 14 i;\ 15,69-98% R’

R2

Scheme 4.1.4: Synthesis of 6H-chromeno[4,3-b]quinolin-6-ones under Vilsmeier-Haack
conditions (15)

Subsequently, scientists such as Pal,>* Prasad™ and Wu®® developed traditional approaches for
the synthesis of 6H-chromeno[4,3-b]quinolin-6-ones (15) from 4-chloro-3-formylcoumarin (16)
under appropriate conditions. For example, Pal et al. documented a catalyst-free direct
cyclization protocol by reacting 4-chloro-3-formylcoumarin (16) with different aromatic amines
(13) in MeOH using sonication to afford 15 in 89-95% yields (Scheme 4.1.5a).>* Interestingly,
compound 15 was found to possess remarkable anticancer activities. Similarly, Prasad et al. also
prepared compound 15 by direct cyclization of 4-chloro-3-formylcoumarin (16) with aromatic
amines (13) in EtOH using sonication (Scheme 4.1.5b).>> Wu et al. used aryl isocyanides (17) as
coupling partner for the effective cyclization with 4-chloro-3-formylcoumarin (16) in MeOH at
room temperature to afford 15 in 61-82% yields (Scheme 4.1.5c).>®

R2
13
(a) Sonication, MeOH, r.t., 5 min
| <
HoN
P (b) Sonication, EtOH, r.t., 15 min
CHO

2
Cl R
16 CN 17

‘ ()  MeOH,rt,12h

15, (a) 89-95%
(b) 94-97%
(c) 61-82%

Scheme 4.1.5: Traditional strategies for the synthesis of 6H-chromeno[4,3-b]quinolin-6-ones
(15) from 4-chloro-3-formylcoumarin (16)
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laroshenko group prepared 7-(trifluoromethyl)-6H-chromeno[4,3-b]quinolin-6-ones (19) from 4-
hydroxycoumarin (12) in two steps. The first step involves the synthesis of 4-chloro-3-
(trifluoroacetyl)-2H-chromen-2-one (18) by direct TMSCI-mediated acylation of 4-hydroxy-2H-
chromen-2-one (12) with TFAA, followed by the treatment with POCI3. Thereafter, the reaction
of 18 with aromatic amines (13) using DMF/TMSCI, followed by cyclization in concentrated
sulfuric acid afforded 19 in decent yields (Scheme 4.1.6).>"
R2
o. _O (i) Py (2.1 equiv) H2N—®
TMSCI (1.2 equiv) o. _O Oo. _O

©;j Dioxane, r.t., 60 min . 13 - O

oH (D TPAA(13 equiv), 80-90 °C, 2 h i (i) DMF/TMSCI, 120 °C s

(iii) POCl3 (1.0 equiv), 60 °C, 2 h Cl  CF, 12-24 h ~

(i) Conc. H,SO4 70 °C, 2 h

12 18 19, 65-93%
Scheme 4.1.6: Multistep synthesis of 7-(trifluoromethyl)-6H-chromeno[4,3-b]quinolin-6-ones
(19)

Despite reasonable advancements, the allied drawback of traditional Vilsmeier—Haack
formylation has led to the discovery of new strategies involving the use of aldehydes as methine
source substrate, for preparing 6H-chromeno[4,3-b]quinolin-6-one.

In conjunction to this ideology, Rajawinslin et al. implemented a one-pot strategy for the
reductive cyclization of 2-nitrobenzaldehydes (20) and 4-hydroxycoumarin (12) using an excess
of Fe powder in AcOH at 50 °C (Scheme 4.1.7). The standard protocol was also amenable for the

synthesis of dibenzonaphthyridinones in 81% yield.*®

N 0.0 @CHO Fe (5 equiv), AcOH 0.0
R'— + R2 > R
N NO, 50°C,1h

OH
12 20 15, 63-77%

Scheme 4.1.7: Fe-mediated synthesis of 6H-chromeno[4,3-b]quinolin-6-ones (15)
In 2014, Khan et al. disclosed a bismuth triflate-catalyzed two-step strategy for the synthesis of
7-aryl-6H-chromeno[4,3-b]quinolin-6-ones (21) via multicomponent reaction between 4-

hydroxycoumarin (12), aldehydes (2) and aromatic amines (13) under neat condition (Scheme
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4.1.8). Interestingly, photophysical studies of the products were determined and promising

quantum yields were obtained.*®

Bi(OTf) 3 (10 mol %)
= +
Neat, 140 °C, 2 h

Scheme 4.1.8: Bi(OTf)z-catalyzed synthesis of 7-aryl-6H-chromeno[4,3-b]quinolin-6-ones (21)

21, 90-85%

In 2015, Sashidhara et al. improved the synthetic methodology by employing iodine as a catalyst
for coupling aromatic amines (13), aromatic aldehydes (2) and substituted 4-hydroxycoumarin
(12) in acetic acid to afford the 7-aryl-6H-chromeno[4,3-b]quinolin-6-ones (21) in good-to-

excellent yields under microwave-assisted condition (Scheme 4.1.9).>*

NH, CHO
(@] (@)
I, (20 mol %)
+ _ +
R3 ] AcOH, MW, 165 °C
R2 OH R

30 min

13 12 2

Scheme 4.1.9: I,-catalyzed synthesis of 7-aryl-6H-chromeno[4,3-b]quinolin-6-ones (21)
Furthermore, the direct introduction of the carbonyl group in a heterocyclic system is highly
desirable due to its prevalent presence in various natural products, commercialized drugs, and
synthetic materials. With this advent interest in developing smart C(sp?)—H formylation protocols
via C-H activation, much efforts have been devoted by various research groups using different
amines (N-methylaniline, N,N-dimethylaniline, TMEDA and HMTA) and various solvents
(MeOH, DMSO and DMF) as formylation precursors under metal-catalyzed and metal-free
conditions.

In this regard, Weng et al. reported a noticeable Cu-catalyzed cyclization protocol in an oxygen
atmosphere to afford functionalized 6H-chromeno[4,3-b]quinolin-6-ones (15) from 4-
(phenylamino)-2H-chromen-2-ones (14), employing DMF (22) as a methine source and TBPB as
an oxidant (Scheme 4.1.10).%°
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(0] O o)
)y Cu(OAc); H,0 (15mol %) O
R’ = SNTH . R
+ | TBPB (3 equiv), NaHSO3 (1.2 equiv)

HN KOAc (1 equiv), DMF, 150 °C, 24 h
\Q 02 atm
14 22

R2

15, 56-81%

Scheme 4.1.10: Cu-catalyzed synthesis of 6H-chromeno[4,3-b]quinolin-6-ones (15) using DMF
as methine source

Recently, Dimethyl sulfoxide (DMSO) (23) has been exemplified as a formyl source in
numerous organic transformations. For example, Cao et al. reported a Cu-catalyzed protocol for
C-3 formylation of imidazo[1,2-a]pyridines (24) using dimethyl sulfoxide (23) to afford 25,
utilizing molecular oxygen as the oxidant (Scheme 4.1.11a)." The reaction was described to
proceed via single electron transfer (SET) radical pathway. Afterward, Xiang et al. prepared the
same C-3 formylated products (25) under Fe(lll1)-catalyzed conditions using dimethyl sulfoxide
(23) as the formyl source. A similar single electron transfer oxidation process involvement was
proposed with the assistance of ferric chloride and molecular oxygen (Scheme 4.1.11b).%? Zang
et al. reported Fe-catalyzed tandem oxidation/formylation reaction from readily available 2,3-
dihydro-1H-pyrroles (26) with DMSO (23) in air atmosphere to afford the desired products 27 in
moderate-to-good yields (Scheme 4.1.11c).%® Similarly, Fei et al. reported a metal-free protocol
for NH,OAc-promoted C-3 formylation of indoles (28) with DMSO (23) under nitrogen
atmosphere to afford 3-formyl indoles (29) in good-to-excellent yields (Scheme 4.1.11d).%
Furthermore, incorporation of “~CH-" group using DMSO in a cascade process has led to the
construction of interesting heterocyclic architectures. For example, Yuan et al. documented Pd-
catalyzed annulation of ortho-vinyl anilines (30) with DMSO (23), which served as a “-CH-”
fragment in this transformation to afford 4-arylquinolines (31) (Scheme 4.1.11e).% Lv et al.
presented an intermolecular annulation protocol for the synthesis of quinazolines (33) via C-N
bond formation between N-H bond of amidines (32) and the C(sp®)-H bond of DMSO 23
(Scheme 4.1.11f).°® In relevance to the above work, Pan et al. reported a convenient and
efficient method for the synthesis of symmetrical and unsymmetrical pyridines (35a & 35b) via
ammonium iodide-promoted cyclization of ketones (34a & 34b) with DMSO (23) and
ammonium acetate (4) (Scheme 4.1.11g). In this reaction system, DMSO was used not only as an
effective reaction medium but also as the source of C-4 or C-6 for the formation of pyridines.®’
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RZ

L 1

R1 R1 R1 = R1 1) fe)
R1k OTR‘]J.K/Rz

R2
35b, 70-86%  35a, 21-85% 34a 34b
NH,I (0.5 equiv) (9)
NH,OAc (1 equiv)

<7,
N R R
R N\/)_R N N\/k
X 24 CHO
25, (a) 72-84%

@ cyoAc), (5 mol %)

AcOH, 120 °C, 24 h, O, atm (b) 66-86%

(b) FeCl3 (5 mol %)

130°C, 14 h AcOH (0.2 equiv)
100 °C, 12 h R
H 0, (1atm) R2
N R - CHO
2 1.0 T ] 20  sesssssssssssssssw
- ; PN FeCl; (60 mol % - N-R
N Cu(OTf)2 (0.1 equiv) i...HC CHiZ3 ) 903°é, 6-12 h,O) RY
33, 54929 Selectfluor, 130 °C R (ii) 150-165° C 5-13 h R?  27,40-81%
’ 2-12h, O, (1 atm) NH, Air
| L ON
Ar’ N
30 (e) (d) R' 28
Pd(dba), (10 mol %) NH4OAc (4 equiv)
DABSO (0.5 equiv) H,0 (80 pl), 150 °C, 30 h CHO
140 °C, 18 h, Nyatm N, atm {
S R
N
= R R!
Ar 29, 50-95%
31, 36-92%

Scheme 4.1.11: Metal-free and metal-catalyzed strategies for formylation or methine insertion
using DMSO (23)
In striking contrast, arylhydrazines (36) are valuable coupling partners in organic synthesis,

capable of generating aromatic amines,®® and aryl radicals®® "

under appropriate reaction
conditions. Direct arylation from arylhydrazines under metal-free conditions via SET mechanism
has been efficiently explored in the construction of numerous aryl/(hetero)aryl C-C bonds. In this
realm, Li et al. documented a metal-free approach for the direct arylation of substituted pyridines
(37) with arylhydrazines (36) at room temperature to afford C-3 and C-2 arylated products 38 in
moderate-to-good yields (Scheme 4.1.12a).%° Paul et al. documented metal-free hydroxyl group
directed C-2 arylation of substituted 3-hydroxychromone (39) with arylhydrazines (36) in
acetonitrile to afford good yields of arylated products 40 (Scheme 4.1.12b).”° Ravi et al. used
arylhydrazines (36) as coupling partner to afford 42a & 42b by direct arylation of substituted
quinolin-4-ones (41a & 41b) using K,CO3in DMSO (Scheme 4.1.12c).”* In another report, the
authors synthesized C-3 arylated coumarin (44) by reacting coumarins (43) with arylhydrazines
(36) using K,CO3 in DMSO (Scheme 4.1.12d).”* Kocaoglu et al. successfully achieved C-2
arylation of N-methylpyrrole (45) using arylhydrazines (36) as an aryl radical source in presence
of NaOH under oxygen at room temperature to furnish C-2 arylated pyrroles (46) (Scheme

4.1.12¢).” Yuan et al. reported metal-free protocol for C-2 arylation of substituted quinoline N-
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oxides (47) using arylhydrazines (36) in presence of KMnQ,, affording 48 in 55-95% yields
(Scheme 4.1.12f).™ Jiang et al. synthesized 2-aminobiaryls (49) by coupling substituted amines
(13) and arylhydrazines (36) under metal-free conditions using NaOH as a base (Scheme
4.1.129).” Interestingly, IBX was effectively utilized by Jadhav et al. for the N-arylation of
aromatic amines (13) to afford 50, via generation of aryl free radicals from arylhydrazines (36)
(Scheme 4.1.12h).™

N

N

R’ Ar

=
38, 43-76%

NH @
N (@) Ar
AN b) ‘
RHEJ rt,24h (
= o R OH
¢ (h) 37 \ O  40,64-82%
50, 60-78% HZN/QW 4 OH
13 R 394
IBX (3 equiv), Cu(OAc), (0.1 equiv) NEtH (3.5 equiv)
CHiCN, -5°C, 3 h MeCN,rt,4h © o
’ ’ Air \ "
Hi ,
(9 ! o] o]
NH, HzN’QW N , 1 N Ar | Ar
Ar 13 42 § R 4w H o |
- NaOH K,COs3 (3 equiv) N~ R N

CH3CN, 80 °C, 3 h

DMSO, r.t., 12-18 h

H ‘ H

R’ Air 42a,52-76%  42b, 68-74%
49, 45-61%
& 0._0
1 d
R @x/j @ g
® N -
47 07 43
KMnO, (2 equiv) KoCOj (3 equiv), DMSO
CH3CN, 90 °C, 60 min 't 424 h
R O 0. .0
;
I £ (LY
N™ Ar | | NaOH (0.5 M, 5 mL) Ar
0- 45 | 1t 50-60
t,, 50-60 h
48, 55-95% Air 44, 20-88%
y

Scheme 4.1.12: Selective examples of metal-free arylation strategies from arylhydrazines (36)

To the best of our knowledge, the employment of arylhydrazines remains unexplored for the
synthesis of chromene-fused quinolinones. Thus, we envisioned the dual purpose of NH;OAc to
promote Pummerer reaction for C-3 formylation of 4-hydroxycoumarin using DMSO, and
simultaneously act as a nitrogen source for trapping aryl radical that is expected to be generated

from arylhydrazine, to afford 6H-chromeno[4,3-b]quinolin-6-ones in a tandem fashion.
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4.2 Results and Discussion

From the outset of the proposed work, we began investigating the model reaction between 4-
hydroxycoumarin (12a) (1 equiv), and phenylhydrazine hydrochloride (36a) (1.2 equiv) under
ammonium-promoted conditions (Table 1). Gratifyingly, we witnessed the formation of a
product in 35% yield after heating 12a and 36a using NH4OAc (1 equiv) at 130 °C in DMSO for
5 h under ambient conditions (Table, 4.2.1 entry 1). Purification and characterization of the
product using ‘*H NMR, *C NMR, HRMS unequivocally confirmed it to be 6H-chromeno[4,3-
b]quinolin-6-one (15aa). This unprecedented formation of a chromene-fused quinolinone from
phenylhydrazine hydrochloride (36a) as an aryl source propel us to further optimize this tandem
protocol with respect to concering time, solvent, and reactant/reagent concentrations. Time
optimization studies revealed that heating the model reaction up to 6 h produces an increment in
the yield of 15aa to 42%, however no further noticeable amelioration in its yield was observed
by further increasing the reaction time (Table 4.2.1, entries 2-3). Delightfully, a step-wise change
in the equivalents of NH,OAc from 1 to 3 aids an augmentation in the yield of 15aa to 70%,
albeit the use of 4 equivalents of NH4OAc produced no further noticeable change (Table 4.2.1,
entries 4-6). Also, no enrichment in the yield of 15aa was noticed by increasing the
concentration of 36a to 1.5 equivalents (Table 4.2.1, entry 7). Next, solvent screening studies
were performed which suggested DMF and DMA to be poor solvents for the desired
transformation, yielding <10% of 15aa, while MeOH and 1,4-dioxane to be completely
unsuitable as expected (Table 4.2.1, entries 8-11). The use of external oxidants were next
examined; the results of which inferred that no product was formed in presence of TBHP, H,0,,
K2S,0g under nitrogen atmosphere, while the use of molecular O, furnished 15aa in 73% yield
(Table 4.2.1, entries 12-15). Finally, the use of other amine sources, including (NH;).COs,
NH4CIl, NH,NH, and NH; were explored; these amine sources produced lower yields of 15aa
under similar reaction conditions (Table 4.2.1, entries 16-19). Based on the screening results, the

use of NH4OAc (3 equiv) in DMSO at 130 °C was chosen as the optimal reaction condition.
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Table 4.2.1: Selected optimization of reaction conditions® for the synthesis of 15aa
CI
=

N

0. .0 HN
_|_
OH
12a 36a

_NH,-HClI

Additive

—
’ o

Solvent, Temp., Time

15aa

T : b
Entry Additive Reaction Conditions Oxidant Y('Oe/(l)?
. T Time
equiv Solvent

1. NH;OACc (1) DMSO 130 5 Air 35
2. NH;OAc (1) DMSO 130 6 Air 42
3. NH40Ac (1) DMSO 130 8 Air 43
4, NH4OACc (2) DMSO 130 6 Air 50
5. NH4OACc (3) DMSO 130 6 Air 70
6. NH4OAC (4) DMSO 130 6 Air 71
7.° NH4OAc (3) DMSO 130 6 Air 70

8. NH4OACc (3) DMF 130 6 Air <10

9. NH4OACc (3) DMA 130 6 Air <10
10. NH4OACc (3) MeOH 70 6 Air -
11. NH4OACc (3) 1,4-dioxane 115 6 Air -
121 NH4OAc (3) DMSO 130 6 TBHP 0
13.¢ NH4OAc (3) DMSO 130 6 H,0, 0
14.° NH4OACc (3) DMSO 130 6 K2S,0g 0
15. NH;OACc (3) DMSO 130 6 o)} 73
16. (NH4)2COs3 (3) DMSO 130 6 Air 50
17. NH,CI (3) DMSO 130 6 Air 30
18. NH2NH; (3) DMSO 130 6 Air 20
19. Aqg. NH3 DMSO 130 6 Air 30

®Reaction conditions: 12a (0.30 mmol), 36a (0.36 mmol), additive (as specified), oxidant (3

equiv in case of an external oxidant), solvent (3 mL), under air; "Isolated yield; °12a (0.30

mmol), 36a (0.45 mmol); °Nitrogen atmosphere.
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The *H and **C NMR spectra of 15aa are depicted in Figure 4.2.1 and Figure 4.2.2, respectively.

g A 1
g8 8 8585
- 20000
— — - ""';‘,',"_flfl - -~ 5 - . - - v - - - +—- - - T - - - - v -
9.5 .0 2.5 RO 7.5 7.0 6.5 o.n 5.5 .0 4.5 4.0 R 1.0 2.5 2.0 LS L0 0.5 oo
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Figure 4.2.1: *"H NMR spectrum of 15aa in CDCl;
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Figure 4.2.2: *C NMR spectrum of 15aa in CDCl;
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Having optimized reaction conditions in hand, we next investigated the generality of this cascade
protocol by using a wide range of arylhydrazine hydrochlorides (36a-j) as coupling partners with
4-hydroxycoumarin (12a) (Scheme 4.2.1). Arylhydrazine hydrochlorides possessing electron-
donating and electron-withdrawing groups were well tolerated under optimized conditions to
deliver the corresponding substituted 6H-chromeno[4,3-b]quinolin-6-ones (15aa-ai) in 66-85%
yields. Overall, some variations in the electronic environment of arylhydrazine hydrochlorides
have shown noticeable results. The presence of electron-donating groups (36b-f: R? = 4-Me, 2-
Me, 4-OMe, 2,4-diMe, 3,4-diOMe) on phenyl group of arylhydrazine hydrochlorides exhibited
good reactivity, offering chromene-fused quinolinones (15ab-af) in 74-85% yields, while
moderate electronically-deficient arylhydrazine hydrochlorides (36g-i: R? = F, Cl, Br) afforded
the fused products 15ag-ai in comparatively lower yields (66-69%). Unfortunately, the use of 4-
cyanophenylhydrazine hydrochloride (36j) yielded only 10% of the cyano functionalized 6H-
chromeno[4,3-b]quinolin-6-one (15aj).

With our advent interest in synthesizing highly fluorescent heterocycles, we next explored the
performance of 7-(N,N-diethylamino)-4-hydroxycoumarin (12b) with a variety of arylhydrazine
hydrochlorides (36a-c, 36e-i, 36k-1) under optimized conditions. Pleasingly, 12b reacted quite
well with electron-rich and electron-deficient arylhydrazine hydrochlorides (36a-c, 36e-i, 36k-1),
affording the expected fluorescent chromene-fused quinolinones (15ba-bc, 15be-bi, 15bk-bl) in
58-78% vyields (Scheme 4.2.2). In this case, the only exception was the reaction of 4-
cyanophenylhydrazine hydrochloride (36j) with 12b that afforded cyano functionalized 7-
(diethylamino)-6H-chromeno[4,3-b]quinolin-6-one (15bj) in only 8% vyield. Here again,
electronically-rich arylhydrazine hydrochlorides exhibited better reactivity over the electron-
deficient ones. In addition, electron-deficient 6-bromo-4-hydroxycoumarin (12c) showcased
moderate reactivity for a number of arylhydrazine hydrochlorides (36a, 36e, 36h & 36i),
affording their corresponding chromene-fused quinolinones 15ca, 15ce, 15ch & 15ci in 56-72%
yields (Scheme 4.2.2). On the other hand, methyl and methoxy substituted 4-hydroxycoumarins
(12d & 12e) displayed slightly better reactivity towards different arylhydrazine hydrochlorides
(364a, 36e, 369) to furnished their corresponding chromene-fused quinolinones (15da, 15de, 15ee
& 15eqg) in 58-74% vyields (Scheme 4.2.2). All the synthesized compounds were isolated by

column chromatography, and characterized by detailed spectroscopic analysis.
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_NH,-HCI NH,OAC
0] (e} HN 2 4
o) .
g (3 equiv)
= + ~O~
H T HsC™~ “CHj 130 °C, 6-8 h
OH R2
12a 36a-j 23

15ah, 69%

15ae, 75%

15ai, 66% 15aj, 10%
Scheme 4.2.1: Substrate Scope of arylhydrazine hydrochlorides (36a-J) and 4-hydroxy
coumarin for the synthesis of chromene-fused quinolinones (15aa-aj)
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L NHz HC NH,OAG

0._0 o
i 4 (3 equiv)
R’ I
_— + + P
H @ HeC™ CHy 130 °C, 6-8 h

OMe

OMe

NS
15ca, 68% O

15de, 74% OMe 15ee, 71% OMe 15eg, 58%
Scheme 4.2.2: Substrate Scope of arylhydrazine hydrochlorides (36a-I) and 4-hydroxy

coumarins for the synthesis of chromene-fused quinolinones (15ba-eg)
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To assess the scalability of this metal-free tandem protocol, a gram-scale reaction was performed
between 12a and 36a under optimized conditions to afford the desired 15aa in 68% (1.017 Q)

yield, which is almost closer in yield as obtained on a small scale (Scheme 4.2.3).

NH2 HCI NH,OAc
3 o )
equiv
~ +
© 130 °C, 8 h

Scheme 4.2.3: Gram-scale synthesis of 15aa

To further confirm the proposed structure, as a representative example, single crystals of 15ba
were grown from a mixture of ethyl acetate and hexanes for X-ray diffraction (XRD) studies.
Compound 15ba crystallizes in the R3 (No. 148) group. An ORTEP diagram of the 15ba (CCDC
No. 1862858) is shown in Figure 4.2.3.

-
/ \_

<,

To gain insights into the mechanistic pathway, a series of preliminary experiments were

Figure 4.2.3: ORTEP diagram of 15ba

performed. The reaction of 4-hydroxycoumarin (12a) and phenylhydrazine hydrochloride (36a)
in DMSO at 130 °C produced no product at all, thereby indicating a crucial participation of
NH4OACc in this cascade process (Scheme 4.2.4ia). Reaction of 12a with NH,OAc (3 equiv)
under neat conditions at 130 °C for 6 h furnished 4-aminocoumarin (12a”) in 40% vyield, which
on further reaction with 36a in DMSO (without NH4,OAc, Scheme 4.2.4ib#) or using NH,OAc
(in absence of DMSO, Scheme 4.2.4ib@) did not yield 15aa at all. It is worth mentioning that 4-
aminophenyl coumarin (D) was observed in ESI-MS of their respective reaction mixtures. On the
other hand, the reaction of 4-aminocoumarin (12a") with 36a using NH4,OAc in DMSO under
optimized conditions afforded 15aa in 65% yield (Scheme 4.2.4ib$). No prominent product was
isolated by reacting 36a with NH4;OAc, in presence or absence of DMSO under described

reaction conditions (Scheme 4.2.4ic). Notably, the failure of the model reaction to proceed in the
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presence of radical scavenger TEMPO (3 equiv) advocates about the involvement of radical
species during the course of reaction mechanism (Scheme 4.2.4iia). The reaction of aniline
instead of phenylhydrazine hydrochloride with 12a under optimized conditions yielded the
product 15aa, albeit in only 20% after 6 h under ambient conditions, whereas trace amount of
15aa was observed (on TLC) in a nitrogen atmosphere (Scheme 4.2.4iib). This indicates a
crucial role of atmospheric oxygen in the reaction pathway. To further confirm the formation of
4-(phenylamino)-2H-chromen-2-one (D) as one of the intermediates in the reaction between 12a
and 36a, D was synthesized by standard procedure.®® Pleasingly, D on further heating in DMSO
using ammonium acetate (3 equiv) yielded the desired product 15aa in 60% vyield after 8 h,
thereby indicating that its formation could be involved in the reaction mechanism (Scheme
4.2 4iic). Contentedly, the formation of 15aa’ in the presence of deuterated DMSO-ds (23a’)
affirmed DMSO as a methine source in the disclosed transformation (Scheme 4.2.4iii).
Unfortunately, no other intermediate was isolated in pure form, even on repeated attempts. Thus,
we planned to monitor the model reaction via analyzing its mass spectra (Scheme 4.2.4iv). To
our delight, ESI-HRMS of the reaction mixture recorded after 1 h detected the presence of the
peaks at m/z 238.0897, 268.0933 and 266.0744, corresponding to the molecular formula
C15H1oNO, [M+H], C16H14NOs [M+H]" and CyH1oNO3 [M+H], respectively, which indicated
the possible formation of intermediates D, H, and | during the course of the reaction. The ESI-

MS of reaction mixture is shown in Figure 4.2.4.
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(i) Control Experiment:

_NH,-HCI
0_0O HN™ 2 o
g 130°C,6h
@ ~ * * HyC" T CH, 15aa, 0%
OH 23 23 O O
12a 36a (b#) 130 °C, 6 h 15aa, 0% P
i (0]
NHQAC (3 equiv) © (b@)| NHiOAG (3 equiv) HN
(b) 12a S+ 36a 4 15aa, 0% D
130°C,6h 130°C,6h .
’ Observed in ESI-MS
12a’, 40% NH; ) of reaction mixture
(b$) NH4OA4C (3 equiv) 1503, 65% detected as [M+H]" in ESI-MS
NH,OAG (3 equiv) O 130°C 6h a3, 09%  Calc m/z: 238.0868; Found: 238.0855
I )
4 _S.
130°C,6h Hs;C 23 CHs
(c) 36a (minor spots on TLC)
g NH4Ofc(3equN)
HsC™ "CHs 130°C,6h
23
(i) Mechanistic Studies NH4O£C (3 equiv)
(0]
I .
(a) 12a + 36a + H C/S\CH TEMPO (3 equiv) 15aa, trace
RPY 130 °C, 8 h
NH4OAc (3 equiv
e —;14Lj——i—2 15aa, 20% D
aa,
(b) 12a + + . S ~ 130 °C, 6 h, O, atm ° Observed in ESI-MS
HsC CHs of reaction mixture
23 NH,OAc (3 equiv)
L4 15aa, trace
130 °C, 6 h, N, atm
(0] O
(6]
(© _ I NH4OAC (3 equiv)
*t HeC_ "CHy 4 15aa, 60%

HN 23
o

(iii) Deuterium studies )
NH4OAc (3 equiv)

130°C,8h

15aa’, 68%

Reaction Mixture: Monitored by HRMS

Q 4
12a + 36a + _S.
D3C” "CD3 130°C,8h
23’
(iv) Reaction Monitoring by HRMS
O NH4OACc (3 equiv)
1l
12 N 4
a+ 36a + HaC~ > CH,
23 130°C, 1h

detected as [M+H]* in ESI-MS

0} o0._0O

CHO

o 0 O

detected as [M+H]* in ESI-MS

detected as [M+H]* in ESI-MS
Calc m/z: 266.0817; Found: 266.0744

Calc m/z: 268.0974; Found: 268.0933

Calc m/z: 238.0868; Found: 238.0897

Scheme 4.2.4: Preliminary experiments for investigating the reaction mechanism
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Figure 4.2.4: ESI-HRMS of the crude reaction mixture (15aa) after 1 h

Based upon the above studies and literature reports,®**™

a postulated mechanism is illustrated
in scheme 4.2.5. The overall process consists of two main steps that could be assumed to proceed
either simultaneously or consecutively. The first step of the reaction is believed to be initiated by
the decomposition of phenylhydrazine hydrochloride (36a) to a phenyl radical (C) via formation
of A and diazonium radical (B) via single electron transfer (SET) mechanism.”* Subsequently,
amination of 4-hydroxycoumarin (12a) with ammonium acetate, followed by arylation by phenyl
radical (C) furnishes 4-(phenylamino)-2H-chromen-2-one (D). Thereafter, the second step
involves the activation of DMSO by ammonium acetate to produce thionium ion (E), which
undergoes a nucleophilic attack by D to produce F via Pummerer-type reaction, as established by
Cheng.®* The sulfur atom in F attacks another molecule of thionium ion (E) to generate
intermediate G, which upon nucleophilic attack by water affords C-3 hydroxymethyl

intermediate (H). Subsequently, oxidation of H takes place to produce 4-(phenylamino)-2H-
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chromen-2-one-3-carbaldehyde (I). Finally, aldol-type intramolecular nucleophilic addition in I,
followed by dehydration affords the desired product 15aa. However, there is still one question
that remains to be addressed, i.e. the source of water (as nucleophile) in the proposed

mechanism. We anticipated that the hygroscopic behavior of ammonium acetate under ambient

conditions could be a possible source of water in the reaction mixture.

ot
NHNH,-HCI NHNH, N=N
Base
Air N ©
N
36a A B 2 c
[J. Org. Chem. 2015, 80, 5369]
@) O 0] @]
L L
OH
12a 12a’ Y
S@
PN
0._0O Fs E 00 OO
S H> Sx
H2 AN E \©
G \© F \© * D
[Org. Biomol. Chem. 2013, 11, 7092] 9
HO <5
N g

o.__0O Oo. _0O o.__0O
SO oL, ~ CLL
S HO NS
\© |\© 15aa

Scheme 4.2.5: Plausible mechanism
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Interestingly, compounds 15aa-15aj & 15ca, 15ce, 15ch & 15ci showed blue fluorescence,
whereas 15ba-bc, 15be-bj, 15bk-bl showed intense green fluorescence in the solution phase (or
solid state) at room temperature under a UV lamp (Figure 4.2.5; a,-f). The fluorescence emission
maxima (Agm) Of all the compounds (15aa-ci) were recorded in THF, and their quantum yields
were calculated (Figure 4.2.5, Table 4.2.2).

2.5 = 700 =

g

= 500 -
=] 1 — 1508
£ 5004 —— 15ab
< 4 —— 18ac
400 - ————18ad
— 1820
— ) S0t

£ 200
© | = 15ag
— 15ah
200+ 15ai
e 180}

100

o
0

v y
400 Wavatanath iney 500

—18ba
1500
w— 15DC
15be
—— 15bf
— 18bg

. — 18bh
o 180
\ = 15b)
N\ 15bk

%
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=
‘ £
1.5 4 -~ 150 — 4 5Ca
4 g — 16ce
= 18%ch
— GO
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o5 . 50 \
- \
S E ) \_
0.0 e ey
v Ll v Ll o L Ll v v v L]
300 400 500 350 400 450 500 550 600 650

Wavelength (nm) Wavelength (nm)

Figure 4.2.5: UV absorption spectra of 15aa-15aj (a), 15ba-bl (c) and 15ca, 15ce, 15ch & 15ci
(d), and emission spectra of 15aa-15aj (b), 15ba-bl (d) and 15ca, 15ce, 15ch & 15ci (f) in THF
(5x10° M) & (8x10° M) at 25 °C
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Table 4.2.2: Absorption and fluorescence data of coumarin-fused quinolinones (15aa-ci)?

Compound MAbs Aem” Quantum Yield
(nm) (nm) (@)°
15aa 366, 353, 274 390° 0.0110
15ab 367, 354, 279 389" 0.0230
15ac 358, 353, 276 390° 0.0200
15ad 361, 347, 280 398" 0.0310
15ae 372,323,278 364" 0.0430
15af 376, 317, 276 390° 0.0560
15ag 373, 316, 272 394° 0.0100
15ah 373, 322, 276 395° 0.0098
15ai 377, 322, 277 395° 0.0090
15aj 377, 321, 274 395" 0.0089
15ba 413, 357, 263 553° 0.0120
15hbb 414, 358, 265 553° 0.0115
15hc 414, 358, 265 553° 0.0111
15be 416, 358, 278 552° 0.053
15bf 406, 357, 276 526° 0.060
15bg 417, 363, 278 554° 0.0011
15bh 417, 362, 278 555° 0.010
15bi 418, 366, 277 552° 0.0098
15bj 417, 378, 278 552° 0.0096
15bk 414, 357, 266 554° 0.0110
15bl 411, 357, 266 553° 0.0100
15ca 316, 275 431" 0.0099
15ci 317, 279 425" 0.018
15ch 316, 276 431" 0.0096
15ci 316, 279 431° 0.0086

*Measured in THF (5x10™ M) & (8x10° M) at 25 °C; "Excited at 340 nm; “Excited at 370 nm;
IMeasured with quinine sulfate in 0.1 N H,SO, as standard.

In summary, we have developed an efficient, atom-economical and metal-free cascade protocol

for the synthesis of chromene-fused quinolinones; wherein DMSO, NH,OAc and arylhydrazine

served as formyl, nitrogen and aryl sources, respectively. The deuterium study confirmed DMSO

to be a methine source. The strategy exhibited the use of inexpensive and economical reagents,

easy availability of the substrates, and moderate functional group tolerability. This protocol

opens a new avenue for the green synthesis of chromeno-quinoline derivatives.
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4.3 Experimental Section
General materials and methods
All reagents and chemicals were purchased from commercial source and used as received.
All reactions were performed under air atmosphere unless otherwise noted. *H NMR
spectra were recorded on 400 MHz spectrometer, and chemical shifts are reported in o
units, parts per million (ppm), and referred to the internal standard TMS set as 0.00 ppm,
relative to residual chloroform (7.26 ppm) and DMSO (2.5 ppm) in the deuterated
solvent. Data are reported as follows: the following abbreviations were used to describe
peak splitting patterns : s = singlet, d = doublet, t = triplet, dd = doublet of doublet and m
= multiplet. Coupling constants J were reported in Hz. The *C NMR spectra were
reported in ppm relative to deuterochloroform (77.0 ppm) and [d¢] DMSO (39.5 ppm).
Melting points were determined on a capillary point apparatus equipped with a digital
thermometer and are uncorrected. High resolution mass spectra were recorded with a TOF
analyzer spectrometer by using electrospray mode. Flash column chromatography was
performed on silica gel, 100-200 mesh. Analytical and preparative thin-layer
chromatography was carried out on silica gel 60 F-254 plates. Products were visualized
using UV and shown blue colour and yellow colour under uv light. Absorption spectra
were recorded using dual beam Thermo Evolution 201 UV/Vis/NIR spectrophotometer
and fluorescence spectra were recorded wusing a Shimadzu RF-5301PC
spectrofluorometer. The data were analyzed using related software. The concentration of
compounds 15aa-15aj & 15ca, 15ce, 15ch & 15ci was 5x10° M and 15ba-bc, 15be-bj,
15bk-bl was 8x10° M in all the solutions. Fluorescence quantum yield (¢) values were
obtained by the following equation. The fluorescence quantum yields were calculated by
comparing the total fluorescence intensity (F) under the whole spectrum range by taking
standard compound quinine sulfate (prepared as 0.1 N H,SO, solution, ¢s= 0.55).
2

4 =, %

S i'li
Where, Ab: absorbance at a particular wavelength; F: fluorescence spectrum area; and #:

refraction index. The subscripts in the symbols refer to the standard (s) and to the sample

(i)
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General procedure for the synthesis of coumarin-fused quinolinones

A mixture of 4-hydroxycoumarin (12, 0.30 mmol, 1.0 equiv), arylhydrazine hydrochloride (36,
0.36 mmol, 1.2 equiv), NH4OAc (0.90 mmol, 3.0 equiv) were heated in DMSO (3.0 mL) at 130
°C under ambient conditions for 6-8 h. On completion of the reaction as indicated by TLC, the
reaction mixture was cooled to room temperature, and diluted with ice-water. The mixture was
extracted with ethyl acetate (3 x 20 mL), and the organic layer was separated and dried over
Na,SO,. The organic layer was concentrated and the crude product was subjected to silica gel
column chromatography [SiO, (100-200 mesh), with (hexanes/EtOAc, 19:1) as the eluent to
afford pure 6H-chromeno[4,3-b]quinolin-6-ones (15).

6H-Chromeno[4,3-b]quinolin-6-one (15aa): White solid; yield: 52.3 mg (70%); mp: 223-224
°C (lit.*° 221.9-223.1 °C); 'H NMR (400 MHz, CDCl3) 6 9.22 (s, 1H),
8.78 (dd, J =7.9, 1.5 Hz, 1H), 8.24 (d, J = 8.6 Hz, 1H), 8.02 (d, J = 8.2
Hz, 1H), 7.96 — 7.91 (m, 1H), 7.68 — 7.59 (m, 2H), 7.47 — 7.39 (m, 2H);
3C NMR (100 MHz, CDCls) 6 161.4, 152.7, 151.1, 149.6, 141.1, 133.4,
132.4, 129.6, 129.4, 127.4, 127.3, 125.3, 125.0, 119.6, 117.4, 115.8;
HRMS (ESI-TOF) (m/z) calculated C16H1oNO," : 248.0706; found 248.0707 [M+H]".
9-Methyl-6H-chromeno[4,3-b]quinolin-6-one (15ab): White solid; yield: 58.5 mg (74%); mp:
211-213 °C (lit.*° 234.4-235.1 °C); *H NMR (400 MHz, CDCl3) § 9.12
(s, 1H), 8.77 (dd, J = 7.8, 1.0 Hz, 1H), 8.14 (d, J = 9.2 Hz, 1H), 7.76 (d,
J = 6.8 Hz, 2H), 7.64 — 7.57 (m, 1H), 7.47 — 7.38 (m, 2H), 2.61 (s, 3H);
3C NMR (100 MHz, CDCl3) 6 161.5, 152.5, 149.8, 148.8, 140.1, 137.6,
135.9, 132.1, 129.2, 127.9, 127.3, 125.1, 124.9, 119.7, 117.3, 115.7,
21.7; HRMS (ESI-TOF) (m/z) calculated C17H:,NO," : 262.0863; found 262.0862 [M+H]".
11-Methyl-6H-chromeno[4,3-b]quinolin-6-one (15ac): Off-white solid; yield: 59.3 mg (75%);
mp: 221-223 °C (lit.*° 209.6-211.7 °C); *"H NMR (400 MHz, CDCl5) 6
9.23 (s, 1H), 8.93 — 8.83 (m, 1H), 7.90 (d, J = 8.1 Hz, 1H), 7.83 — 7.77
(m, 1H), 7.65 — 7.60 (m, 1H), 7.60 — 7.54 (m, 1H), 7.50 — 7.47 (m, 1H),
7.46 — 7.42 (m, 1H), 2.98 (s, 3H); *C NMR (100 MHz, CDCl3) ¢ 161.5,
152.6, 149.9, 148.2, 140.9, 137.7, 133.1, 132.1, 127.2, 127.2, 127.2,
125.2, 124.8, 120.0, 117.3, 115.3, 17.9; HRMS (ESI-TOF) (m/z) calculated Ci7H1o,NO," :
262.0863; found 262.0859 [M+H]".
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9,11-Dimethyl-6H-chromeno[4,3-b]quinolin-6-one (15ad): White solid; yield: 65.0 mg (78%);

mp: 228-230 °C (lit.*° 219.8-220.5 °C); *H NMR (400 MHz, CDCls) 6
9.07 (s, 1H), 8.81 (dd, J = 7.9, 1.6 Hz, 1H), 7.62 — 7.57 (m, 3H), 7.47 —
7.39 (m, 2H), 2.91 (s, 3H), 2.56 (s, 3H); **C NMR (100 MHz, CDCls) 6
161.7, 152.5, 148.8, 147.6, 140.1, 137.3, 137.3, 135.8, 131.8, 127.5,
125.8, 125.1, 124.8, 120.2, 117.3, 115.4, 21.7, 17.8; HRMS (ESI-TOF)

(m/z) calculated C1gH14NO," : 276.1019; found 276.1003 [M+H]".
9-Methoxy-6H-chromeno[4,3-b]quinolin-6-one (15ae): White solid; yield: 62.9 mg (75%);

OMe

mp: 234-236 °C (lit.*° 233.5-235.0 °C); *H NMR (400 MHz, CDCl5)
5 9.14 (s, 1H), 8.78 (dd, J = 7.9, 1.6 Hz, 1H), 8.18 (d, J = 9.3 Hz,
1H), 7.64 — 7.58 (m, 2H), 7.48 — 7.41 (m, 2H), 7.26 (d, J = 2.8 Hz,
1H), 4.02 (s, 3H); *C NMR (100 MHz, CDCls) 6 161.6, 158.4, 152.3,
147.7, 147.5, 139.0, 131.8, 131.0, 128.5, 127.1, 124.9, 124.9, 119.9,

117.3, 115.9, 105.6, 55.8; HRMS (ESI-TOF) (m/z) calculated Ci7H1;NOs" @ 278.0812; found

278.0800 [M+H]".

9,10-Dimethoxy-6H-chromeno[4,3-b]quinolin-6-oneone (15af): White solid; yield: 79.0 mg

found 308.0913 [M+H]".

(85%); mp: 280-282 °C; *H NMR (400 MHz, CDCls) 6 9.04 (s, 1H),
8.75 (dd, J = 7.8, 1.4 Hz, 1H), 7.62 — 7.57 (m, 1H), 7.56 (s, 1H), 7.49
— 7.39 (m, 2H), 7.22 (s, 1H), 4.16 (s, 3H), 4.10 (s, 3H); *C NMR
(100 MHz, CDCls) 6 161.8, 156.0, 152.4, 150.8, 149.3, 148.1, 137.9,
131.7, 124.8, 124.7, 123.6, 119.9, 117.4, 114.0, 107.6, 105.8, 56.5,
56.3; HRMS (ESI-TOF) (m/z) calculated CigH14NO," : 308.0917;

9-Fluoro-6H-chromeno[4,3-b]quinolin-6-one (15ag): White solid; yield: 54.6 mg (68%); mp:

244-245 °C (1it.%° 242.3-243.0 °C); 'H NMR (400 MHz, CDCl;) 6 9.18
(s, 1H), 8.76 (dd, J = 7.9, 1.6 Hz, 1H), 8.26 (dd, J = 9.3, 5.2 Hz, 1H),
7.68 — 7.64 (m, 1H), 7.67 — 7.60 (m, 2H), 7.48 — 7.40 (m, 2H); **C NMR
(100 MHz, CDCl3) 6 161.5 (Jc.r = 85.3 Hz), 159.4, 152.6, 149.0 (Jc.r=
2.7 Hz), 148.3, 140.2 (Jc.r = 6.1 Hz), 132.4, 132.2 (Jc.r = 8.9 Hz), 127.9,

127.8, 125.1 (Jo.r = 3.3 Hz), 124.0 (Jo.r = 26.2 Hz), 119.4, 117.4, 116.4, 112.0 (Jo.r = 21.8 H2);
HRMS (ESI-TOF) (m/z) calculated C16HgFNO," : 266.0612; found 266.0603 [M+H]".
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9-Chloro-6H-chromeno[4,3-b]quinolin-6-one (15ah): White solid; yield: 58.7 mg (69%); mp:
240242 °C (1it.*° 245.7-246.4 °C); *H NMR (400 MHz, CDCls) § 9.13
(s, 1H), 8.75 (d, J = 6.9 Hz, 1H), 8.18 (d, J = 9.0 Hz, 1H), 8.00 (d, J =
1.5 Hz, 1H), 7.85 (dd, J =9.0, 1.9 Hz, 1H), 7.63 (t, J = 7.0 Hz, 1H), 7.49
— 7.37 (m, 2H); °C NMR (100 MHz, CDCls) ¢ 161.0, 152.7, 149.8,
149.4, 140.0, 134.3, 133.4, 132.7, 131.1, 127.8, 127.7, 125.2, 125.1,
119.3, 117.5, 116.5; HRMS (ESI-TOF) (m/z) calculated CisHgCINO," : 282.0316; found
282.0314 [M+H]".

9-Bromo-6H-chromeno[4,3-b]quinolin-6-one (15ai): White solid; yield: 65.9 mg (66%); mp:
232-234 °C (lit.*°230.0-231.0 °C); *H NMR (400 MHz, CDCls) ¢ 9.09
(s, 1H), 8.72 (d, J = 7.9 Hz, 1H), 8.14 (d, J = 1.7 Hz, 1H), 8.08 (d, J =
9.0 Hz, 1H), 7.96 (dd, J = 9.1, 2.0 Hz, 1H), 7.66 — 7.59 (m, 1H), 7.47 —
7.36 (m, 2H); **C NMR (100 MHz, CDCl5) § 160.9, 152.7, 149.9, 149.6,
139.9, 136.8, 132.7, 131.2, 131.1, 128.2, 125.2, 125.1, 121.5, 119.3,
117.5, 116.4; HRMS (ESI-TOF) (m/z) calculated CisHoBrNO,": 325.9811; found 325.9809
[M+H]".

6-Oxo0-6H-chromeno[4,3-b]quinoline-9-carbonitrile (15aj): White solid; yield: 8.24 mg
(10%); mp: 229-231 °C; *H NMR (400 MHz, CDCl3) ¢ 9.32 (s, 1H),
8.81 (d, J = 2.4 Hz, 1H), 8.46 (d, J = 1.6 Hz, 1H), 8.38 — 8.34 (m, 1H),
8.06 (dd, J =8.9, 1.8 Hz, 1H), 7.72 — 7.67 (m, 1H), 7.52 — 7.44 (m, 2H);
3C NMR (100 MHz, CDCls) 6 160.4, 153.2, 152.3, 151.7, 141.7,
135.5, 133.6, 133.4, 131.1, 126.5, 125.7, 125.3, 119.0, 117.8, 117.6,
117.3, 111.2; HRMS (ESI-TOF) (m/z) calculated Cy37H9N,O," : 273.0659; found 273.0620
[M+H]".

3-(Diethylamino)-6H-chromeno[4,3-b]quinolin-6-one (15ba): Yellow solid; yield: 46.4 mg
(68%); mp: 170-172 °C; *H NMR (400 MHz, CDCl3) d 9.07 (s, 1H),
8.47 (d, J = 9.0 Hz, 1H), 8.11 (d, J = 8.5 Hz, 1H), 7.91 (d, J = 8.0 Hz,
1H), 7.86 — 7.80 (m, 1H), 7.55 — 7.48 (m, 1H), 6.71 (dd, J = 9.0, 2.5
Hz, 1H), 6.52 (d, J = 2.5 Hz, 1H), 3.46 (9, J = 7.1 Hz, 4H), 1.26 (t, J =
7.1 Hz, 6H); *C NMR (100 MHz, CDCls) 6 162.3, 154.7, 151.5,

Cl

Br

CN

Et,N
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151.1, 150.6, 140.9, 133.0, 129.4, 128.9, 126.3, 126.2, 126.0, 114.7, 109.1, 107.3, 97.9, 44.8,
12.6; HRMS (ESI-TOF) (m/z) calculated CpoH1sN,0," : 319.1441; found 319.1459 [M+H]".
3-(Diethylamino)-9-methyl-6H-chromeno[4,3-b]quinolin-6-one (15bb): Yellow solid; yield:
52.0 mg (73%); mp: 179-181 °C; *H NMR (400 MHz, CDCls) ¢
8.99 (s, 1H), 8.47 (d, 3 = 9.0 Hz, 1H), 8.02 (d, J = 9.2 Hz, 1H), 7.67
(d, J = 4.5 Hz, 2H), 6.72 (dd, J = 9.0, 2.3 Hz, 1H), 6.54 (d, J = 2.2
Hz, 1H), 3.47 (q, J = 7.1 Hz, 4H), 2.56 (s, 3H), 1.26 (t, J = 7.1 Hz,
6H); *C NMR (100 MHz, CDCls) § 162.5, 154.5, 150.9, 150.2,
149.9, 140.1, 136.0, 135.5, 128.6, 128.0, 126.4, 126.1, 114.6, 109.1, 107.5, 97.9, 44.8, 21.5,
12.6; HRMS (ESI-TOF) (m/z) calculated C21H2:N,O," : 333.1598; found 333.1598 [M+H]".
3-(Diethylamino)-11-methyl-6H-chromeno[4,3-b]quinolin-6-one (15bc): Yellow solid; yield:
51.2 mg (72%); mp: 175-177 °C; *H NMR (400 MHz, CDCls) 6 9.22
(s, 1H), 8.19 — 8.16 (m, 1H), 7.93 (d, J = 8.5 Hz, 1H), 7.74 — 7.70 (m,
1H), 7.50 — 7.46 (m, 1H), 6.78 — 6.69 (m, 2H), 3.52 (q, J = 7.1 Hz,
4H), 2.87 (s, 3H), 1.31 (d, J = 7.1 Hz, 6H); *C NMR (100 MHz,
CDClz) ¢ 160.0, 154.0, 150.6, 149.6, 147.7, 139.3, 136.0, 135.9,
132.6, 129.4, 128.6, 127.4, 125.6, 109.4, 100.0, 97.1, 45.1, 18.3, 12.5; HRMS (ESI-TOF) (m/z)
calculated C,;H21N,0," : 333.1598; found 333.1554 [M+H]".
3-(Diethylamino)-9-methoxy-6H-chromenol[4,3-b]quinolin-6-one (15be): Red solid; yield:
54.4 mg (73%); mp: 183-185 °C; *H NMR (400 MHz, CDCl3) ¢
9.11 (s, 1H), 8.60 (d, J = 8.9 Hz, 1H), 8.18 (d, J = 9.3 Hz, 1H),
7.65 (dd, J = 9.2, 2.6 Hz, 1H), 7.29 (d, J = 2.4 Hz, 1H), 6.88 (dd,
J=8.9, 2.1 Hz, 1H), 6.70 (d, J = 2.0 Hz, 1H), 4.12 (s, 3H), 3.63
OMe | (g, J = 7.0 Hz, 4H), 1.43 (t, J = 7.0 Hz, 6H); *C NMR (100
MHz, CDCl3) 6 162.4, 157.3, 154.3, 150.6, 148.6, 147.9, 138.9, 130.3, 127.2, 126.4, 125.8,
114.7, 109.0, 107.5, 105.8, 97.9, 55.6, 44.7, 12.6; HRMS (ESI-TOF) (m/z) calculated
Co1H21N,03" : 349.1547; found 349.1542 [M+H]".

Et,N

Et,N

Et,N
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3-(Diethylamino)-9,10-dimethoxy-6H-chromeno[4,3-b]quinolin-6-one (15bf): Red solid;
yield: 62.9 mg (78%); mp: 192-194 °C; *H NMR (400 MHz,
CDCl3) 0 8.90 (s, 1H), 8.44 (d, J = 9.0 Hz, 1H), 7.45 (s, 1H),
7.13 (s, 1H), 6.75 - 6.72 (m, 1H), 6.57 (d, J = 2.5 Hz, 1H), 4.13
(s, 3H), 4.06 (s, 3H), 3.46 (t, J = 7.1 Hz, 4H), 1.26 (t, J = 7.1 Hz,
6H); *C NMR (100 MHz, CDCls) 6 162.61, 155.7, 154.4, 150.7,
149.7, 138.0, 125.6, 122.2, 112.7, 109.0, 107.6, 107.3, 106.4,
106.0, 100.7, 98.0, 56.4, 56.2, 44.8, 12.6; HRMS (ESI-TOF) (m/z) calculated CH»3N204" :
379.1652; found 379.1653 [M+H]".
3-(Diethylamino)-9-fluoro-6H-chromeno[4,3-b]quinolin-6-one (15bg): Yellow solid; yield:
41.8 mg (58%); mp: 188-190 °C; 'H NMR (400 MHz, CDCls) 6
9.01 (s, 1H), 8.43 (d, J = 9.0 Hz, 1H), 8.11 (dd, J = 9.3, 5.2 Hz, 1H),
7.64 — 7.58 (m, 1H), 7.52 (dd, J = 8.4, 2.8 Hz, 1H), 6.71 (dd, J =
9.0, 2.5 Hz, 1H), 6.52 (d, J = 2.5 Hz, 1H), 3.47 (g, J = 7.1 Hz, 4H),
1.27 (t, J = 7.1 Hz, 6H); **C NMR (100 MHz, CDCl3) ¢ 161.5 (Jc.r
=88.3 Hz), 158.6, 154.6, 151.1, 150.1 (Jc.r = 2.3 Hz), 148.6, 140.0 (Jc.r = 5.8 Hz), 131.4 (Jcr =
8.8 Hz), 126.6 (Jc.r = 10.0 Hz), 126.1, 123.3 (Jc.r = 25.9 Hz), 115.3, 112.0 (Jc.r = 21.6 Hz),
109.1, 107.1, 97.9, 44.8, 12.5; HRMS (ESI-TOF) (m/z) calculated CyoH1sFN,O," : 337.1347;
found 337.1331 [M+H]".

9-Chloro-3-(diethylamino)-6H-chromeno[4,3-b]quinolin-6-one (15bh): Yellow solid; yield:
45.2 mg (60%); mp: 185-187 °C; *H NMR (400 MHz, CDCl3) ¢
9.00 (s, 1H), 8.46 (d, J = 9.0 Hz, 1H), 8.06 (d, J = 9.1 Hz, 1H), 7.90
(d, J = 2.3 Hz, 1H), 7.76 (dd, J = 9.1, 2.4 Hz, 1H), 6.73 (dd, J =
9.0, 2.5 Hz, 1H), 6.54 (d, J = 2.5 Hz, 1H), 3.48 (q, J = 7.1 Hz, 4H),
Clj 1.27 (t, J = 7.1 Hz, 6H); *C NMR (100 MHz, CDCl;) ¢ 161.9,
154.7, 151.3, 150.9, 149.9, 139.9, 133.8, 131.6, 130.5, 127.7, 126.7, 126.2, 115.4, 109.2, 107.0,
97.9, 44.8, 12.5; HRMS (ESI-TOF) (m/z) calculated C,0H1sCIN,O," : 353.1051; found 353.1065
[M+H]".
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9-Bromo-3-(diethylamino)-6H-chromeno[4,3-b]quinolin-6-one (15bi): Yellow solid; yield:
49.2 mg (58%); mp: 184-186 °C; *H NMR (400 MHz, CDCls) §
8.95 (s, 1H), 8.42 (d, J = 9.0 Hz, 1H), 8.04 (d, J = 2.2 Hz, 1H), 7.96
(d, J = 9.1 Hz, 1H), 7.86 (dd, J = 9.1, 2.2 Hz, 1H), 6.71 (dd, J =
9.0, 2.5 Hz, 1H), 6.51 (d, J = 2.5 Hz, 1H), 3.47 (g, J = 7.1 Hz, 4H),
Brf 1.27 (t, J = 7.1 Hz, 6H); **C NMR (100 MHz, CDCl3) § 161.8,
154.7, 151.3, 150.9, 150.0, 139.7, 136.2, 131.1, 130.5, 127.2, 126.3, 119.5, 115.3, 109.2, 106.9,
97.9, 44.8, 12.6; HRMS (ESI-TOF) (m/z) calculated CyoH1sBrN,O," : 397.0546; found 397.0538
[M+H]".

3-(Diethylamino)-6-oxo-6H-chromeno[4,3-b]quinoline-9-carbonitrile (15bj): Yellow solid;
yield: 5.88 mg (8%); mp: 191-193 °C; *H NMR (400 MHz,
CDCl3) 6 9.10 (s, 1H), 8.48 (d, J = 9.0 Hz, 1H), 8.31 (d, J = 1.8
Hz, 1H), 8.16 (d, J = 8.9 Hz, 1H), 7.93 (dd, J = 8.9, 1.9 Hz, 1H),
6.75 (dd, J = 9.1, 2.5 Hz, 1H), 6.55 (d, J = 2.5 Hz, 1H), 3.50 (q, J
CN| = 7.1 Hz, 4H), 1.29 (t, J = 7.1 Hz, 6H); *C NMR (100 MHz,
CDCI3) ¢ 161.3, 155.2, 153.0, 152.3, 152.0, 141.3, 135.5, 133.0, 130.2, 126.8, 125.4, 118.4,
116.1, 109.4, 109.2, 106.6, 97.8, 44.9, 12.5; HRMS (ESI-TOF) (m/z) calculated C,;H1gN30," :
344.1394; found 344.1387 [M+H]".
3-(Diethylamino)-10-methyl-6H-chromeno[4,3-b]quinolin-6-one (15bk): Yellow solid; yield:
52.7 mg (74%); mp: 182-184 °C; *H NMR (400 MHz, CDCl3) § 9.02
(s, 1H), 8.47 (d, J = 9.0 Hz, 1H), 7.92 — 7.87 (m, 1H), 7.80 (d, J = 8.3
Hz, 1H), 7.35 (dd, J = 8.4, 1.5 Hz, 1H), 6.72 (dd, J = 9.0, 2.5 Hz, 1H),
6.54 (d, J = 2.5 Hz, 1H), 3.46 (q, J = 7.1 Hz, 4H), 2.60 (s, 3H),1.26 (t,
J = 7.1 Hz, 6H); *C NMR (100 MHz, CDCl;) § 162.4, 154.7, 151.6,
151.0, 150.7, 144.1, 140.5, 129.0, 128.4, 127.8, 126.2, 124.5, 113.9,
109.0, 107.4, 97.9, 44.8, 22.3, 12.6; HRMS (ESI-TOF) (m/z) calculated C,;H2N,0,": 333.1598;
found 333.1605 [M+H]".
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3-(Diethylamino)-9-isopropyl-6H-chromeno[4,3-b]quinolin-6-one (15bl): Red solid; yield:
57.9 mg (75%); mp: 180-182 °C; *H NMR (400 MHz, CDCls) ¢
9.05 (s, 1H), 8.48 (d, J = 9.0 Hz, 1H), 8.06 (d, J = 8.8 Hz, 1H),
7.79 — 7.70 (m, 2H), 6.72 (dd, J = 9.0, 2.5 Hz, 1H), 6.55 (d, J =
2.5 Hz, 1H), 3.47 (q, J = 7.1 Hz, 4H), 1.39 (s, 3H), 1.38 (s, 3H),
1.28 (brs, 1H), 1.26 (t, J = 6.1 Hz, 6H); **C NMR (100 MHz,
CDClg) 0 162.4, 154.6, 150.9, 150.5, 150.0, 146.7, 140.4, 133.2,
128.7, 126.4, 126.1, 125.3, 114.6, 109.0, 107.5, 97.9, 44.8, 34.0, 29.7, 23.7, 12.6; HRMS (ESI-
TOF) (m/z) calculated Co3H25N20," : 361.1911; found 361.1908 [M+H]".
2-Bromo-6H-chromeno[4,3-b]quinolin-6-one (15ca): White solid; yield: 46.0 mg (68%); mp:
218-220 °C: *H NMR (400 MHz, DMSO-dg) 6 9.39 (s, 1H), 8.73 (brs,
1H), 8.35 (d, J = 8.2 Hz, 1H), 8.24 (d, J = 9.5 Hz, 1H), 8.10 — 8.04 (m,
1H), 7.89 — 7.83 (m, 1H), 7.82 — 7.77 (m, 1H), 7.47 (d, J = 8.4 Hz, 1H);
3C NMR (100 MHz, DMSO-dg) ¢ 160.5, 152.0, 150.3, 148.3, 141.5,
135.4, 1345, 130.4, 129.3, 128.4, 127.8, 127.0, 121.8, 120.2, 117.3,
116.5; HRMS (ESI-TOF) (m/z) calculated C16HoBrNO," : 325.9811; found 325.9810 [M+H]".
2-Bromo-9-methoxy-6H-chromeno[4,3-b]quinolin-6-one (15ce): White solid; yield: 53.3 mg
(72%); mp: 220-224 °C; *H NMR (400 MHz, CDCl3) § 9.10 (s,
1H), 8.88 (d, J = 2.4 Hz, 1H), 8.17 (brs, 1H), 7.66 (dd, J = 8.7,
2.5 Hz, 1H), 7.61 (dd, J = 9.3, 2.8 Hz, 1H), 7.30 (s, 1H), 7.25 (d,
J = 2.8 Hz, 1H), 4.01 (s, 3H); **C NMR (100 MHz, CDCls) 6
161.0, 158.7, 151.2, 147.6, 146.2, 139.0, 134.4, 131.0, 128.8,
1275, 127.4, 121.5, 119.1, 118.0, 115.7, 105.6, 55.8; HRMS
(ESI-TOF) (m/z) calculated C17H;1BrNO3" : 355.9917; found 355.9911 [M+H]".
2-Bromo-9-chloro-6H-chromeno[4,3-b]quinolin-6-one (15ch): White solid; yield: 48.9 mg
(65%); mp: 221223 °C; *H NMR (400 MHz, CDCls) § 9.15 (s, 1H),
8.89 (d, J = 2.4 Hz, 1H), 8.21 (d, J = 9.1 Hz, 1H), 8.04 (d, J = 2.3
Hz, 1H), 7.90 (dd, J = 9.1, 2.3 Hz, 1H), 7.71 (dd, J = 8.7, 2.5 Hz,
1H), 7.31 (d, J = 8.7 Hz, 1H); **C NMR (100 MHz, CDCl3) 6 160.4,
151.5, 149.4, 148.6, 140.2, 135.4, 134.7, 133.9, 131.2, 128.0, 127.9,
127.8, 121.0, 119.3, 118.2, 116.3; HRMS (ESI-TOF) (m/z)
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calculated C16HgBrCINO," : 361.9400; found 361.9316 [M+H]".
2,9-Dibromo-6H-chromeno[4,3-b]quinolin-6-one (15ci): White solid; yield: 47.0 mg (56%);
mp: 232-234 °C; 'H NMR (400 MHz, CDCl3) J 9.17 (s, 1H), 8.92
(brs, 1H), 8.23 (d, J = 2.2 Hz, 1H), 8.16 (d, J = 9.1 Hz, 1H), 8.03 (dd,
J=9.1, 2.2 Hz, 1H), 7.73 (dd, J = 8.7, 2.4 Hz, 1H), 7.32 (d, J = 8.7
Hz, 1H); **C NMR (100 MHz, CDCl3) 6 160.9, 151.6, 149.6, 148.7,
142.3, 140.1, 137.1, 135.4, 131.2, 131.2, 128.5, 128.0, 122.0, 121.0,
119.3, 118.2, 116.3; HRMS (ESI-TOF) (m/z) calculated CigHgBroNO," : 403.8916; found
403.8906 [M+H]".

2-Methyl-6H-chromeno[4,3-b]quinolin-6-one (15da): White solid; yield: 51.5 mg (69%); mp:
231-233 °C; *H NMR (400 MHz, CDCl3) 6 9.26 (s, 1H), 8.61 (s, 1H),
8.28 (d, J = 8.6 Hz, 1H), 8.06 (d, J = 8.2 Hz, 1H), 7.96 — 7.93 (m, 1H),
7.70 - 7.66 (m, 1H), 7.44 — 7.41 (m, 1H), 7.32 (d, J = 8.4 Hz, 1H), 2.55
(s, 3H):; *C NMR (100 MHz, CDCl3) 6 161.5, 151.1, 150.9, 149.8,
141.2, 134.8, 133.4, 129.5, 129.5, 127.4, 127.3, 125.0, 119.2, 117.2,
115.9, 21.0; HRMS (ESI-TOF) (m/z) calculated Ci7H;NO,*
262.0863; found 262.0843 [M+H]".

9-Methoxy-2-methyl-6H-chromenol[4,3-b]quinolin-6-one (15de): White solid; yield: 61.1 mg
(74%); mp: 237-239 °C; *H NMR (400 MHz, CDCls) & 9.07 (s, 1H),
8.54 — 8.48 (m, 1H), 8.13 (d, J = 9.3 Hz, 1H), 7.58 (dd, J = 9.3, 2.8
Hz, 1H), 7.37 (dd, J = 8.3, 1.8 Hz, 1H), 7.29 — 7.26 (m, 1H), 7.21 (d,
J = 2.8 Hz, 1H), 4.00 (s, 3H), 2.52 (s, 3H); *C NMR (100 MHz,
CDCl3) o 161.7, 158.3, 150.4, 147.6, 147.5, 139.0, 134.6, 132.7,
130.8, 128.4, 127.0, 124.6, 119.3, 117.1, 116.0, 105.6, 55.8, 21.0;
HRMS (ESI-TOF) (m/z) calculated C1gH1sNO3" : 292.0968; found 292.0948 [M+H]".
3,9-Dimethoxy-6H-chromeno[4,3-b]quinolin-6-one (15ee): White solid; yield: 56.6 mg (71%);
mp: 235-237 °C; *H NMR (400 MHz, CDCls) 6 9.08 (s, 1H), 8.65
(d, J =8.8 Hz, 1H), 8.13 (d, J = 9.3 Hz, 1H), 7.58 (dd, J = 9.3, 2.8
Hz, 1H), 7.22 (d, J = 2.8 Hz, 1H), 7.01 (dd, J = 8.8, 2.5 Hz, 1H),
6.90 (d, J = 2.4 Hz, 1H), 4.00 (s, 3H), 3.94 (s, 3H); *C NMR (100
MHz, CDCl3) ¢ 162.8, 158.0, 153.7, 147.7, 147.6, 139.2, 130.6,
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128.0, 127.1, 126.0, 115.1, 112.8, 105.7, 101.4, 55.8, 55.8; HRMS (ESI-TOF) (m/z) calculated
C1gH1sNO," : 308.0917; found 308.0893 [M+H]".
9-Fluoro-3-methoxy-6H-chromeno[4,3-b]quinolin-6-one (15eg): White solid; yield: 44.5 mg
(58%); mp: 239-241°C; *H NMR (400 MHz, CDCls) 6 9.14 (s, 1H),
8.65 (d, J = 8.8 Hz, 1H), 8.22 (dd, J = 9.3, 5.2 Hz, 1H), 7.71 — 7.66
(m, 1H), 7.62 (dd, J = 8.3, 2.8 Hz, 1H), 7.02 (dd, J = 8.8, 2.5 Hz,
1H), 6.90 (d, J = 2.4 Hz, 1H), 3.95 (s, 3H) ; *C NMR (100 MHz,
CDCl3) 0 163.3, 161.5 (Jc.r = 28.7 Hz), 159.1, 154.0, 149.3 (Jcr =
2.5 Hz), 148.4, 140.3 (Jc.r = 6.1 Hz), 131.8 (Jcr = 8.9 Hz), 127.3 (Jcr = 10.2 Hz), 126.28,
123.9 (Jcr = 26.1 Hz), 115.6, 112.9, 112.5 112.0 (Jc.r = 21.1 Hz), 101.5, 55.8; HRMS (ESI-
TOF) (m/z) calculated C37H;1:FNOs™ : 296.0717; found 296.0690 [M+H]".
6H-chromeno[4,3-b]quinolin-6-one-7-d (15aa’): White solid; yield: 51.1 mg (68%); mp: 210-
212 °C; 'H NMR (400 MHz, CDCls;) ¢ 8.84 (dd, J = 7.9, 1.6 Hz, 1H), 8.29
(d, J = 8.6 Hz, 1H), 8.07 (d, J = 8.1 Hz, 1H), 8.09 — 8.04 (m, 1H), 7.71 —
7.61 (m, 2H), 7.50 — 7.42 (m, 2H); **C NMR (100 MHz, CDCl5) 6 161.4,
152.8, 151.2, 149.7, 133.4, 132.4, 129.6, 129.4, 127.4, 127.3, 125.3, 125.0,
119.7, 117.4, 115.8; HRMS (ESI-TOF) (m/z) calculated CigHgDNO," :
249.0769; found 249.0735 [M+H]".

4.4 X-ray Crystallography Studies of 15ba

MeO

A suitable crystal was mounted in a nylon loop attached to a goniometer head for initial crystal
evaluation. Data were collected on a Kappa APEX Il diffractometer equipped with a CCD
detector (with the crystal-to-detector distance fixed at 60 mm) and sealed-tube monochromated
Mo KO radiation using the program APEX2.”” Using the program SAINT'’ data was integrated,
reflection profiles were fitted, and values of F? and [1(F®) for each reflection were obtained.
Lorentz and polarization effects were applied to the data. The subroutine XPREP'’ was used for
the determination of space group, application of an absorption correction (SADABS),”” merging
of data, and generation of files necessary for solution and refinement. Using Olex2,’® the
structure was solved with the ShelXT"® structure solution program using Intrinsic Phasing and
refined with the ShelXL™ refinement package using least squares minimisation. Several full-
matrix least-squares/difference Fourier cycles were performed for the convergence of

refinement. All non-hydrogen atoms were refined with anisotropic displacement parameters. The
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lattice water molecule was highly disordered. Therefore, the Olex2’® masking program was used
to remove those peaks. All hydrogen atoms were placed in ideal positions and refined as riding
atoms with individual isotropic displacement parameters. All figures were drawn using
MERCURY V 3.10.2.%

Crystal data for 15ba (CCDC No. 1862858):. C0H1gN20,, Mr = 318.36, a = 23.7547(17) A, b
= 23.7547(17) A, ¢ = 15.1366(16) A, & = 90°, B = 90°, y = 120°, V = 7397.0(13) A® z = 18,
trigonal, space group R3(No. 148), Deac = 1.286 g/cm®, T = 100(2) K; Full matrix least-square on
Fz; R; = 0.0636, WR, = 0.1669 for 2285 observed reflections [I > 2c6(I)] and R; = 0.0766, WR, =
0.1737 for all 2914 reflections; GOF = 1.040. CCDC # 1862858.
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5.1 General conclusions

Coumarin-appended and coumarin-fused heterocycles are considerd as valuable targets in
synthetic chemistry because of their broad range of applications in the field of material and
medicinal chemistry. Coequally, coumaryl-labelled/tagged amino acids have received special
interest due to their sensitivity to pH and solvent polarity that makes them excellent fluorescent
molecules to investigate numerous biological processes in living organisms. Thus, synthesis of
these heterocyclic architectures in minimum number of steps from readily available precursors
via conventional or modern flourishing chemistry is a highly appealing area of research.
Consecutively, tandem modification concept has also become a powerful approach for the
diversity-oriented synthesis without the necessity of pre-activation of substrates. The ongoing
periodical documentation on fluorescent molecules allude our interest in synthesizing coumarin-
appended amino acids and azaheterocycles, and study their photophysical properties and related
applications. The work disclosed in the present thesis entitled “Coumarin-appended Amino
Acids and Azaheterocycles: Design, Synthesis, Photophysical Studies and Sensing
Applications of Selected Compounds” was successfully executed in due diligence of
sustainable chemistry, and the thesis has been divided into five chapters (Figure 5.1.1).

Thesis

[ Chapter 1 ] [ Chapter 2 ] Chapter 3 Chapter 5

l l * Synthesis of coumarin-fused pyrimidines * Conclusions

under metal-catalyzed condition

Y

Chapter 4

Y Y Y Y * Synthesis of coumarin-fused quinolinones
[ Chapter 1A] [ Chapter 1B ] [ Chapter 2A] [ Chapter ZB] under metal-free condition
N AN J
Y Y
* Synthesis of coumaryl-tagged  * Synthesis and applications of
and coumaryl-labelled coumarin-derived heterocycles
amino acids as chemosensors

Figure 5.1.1: A diagram describing the systematic division of the thesis

A chapter-wise summary is presented below:
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5.2 Specific conclusions

The first chapter of thesis is divided into two parts:

Chapter 1A: Copper-catalyzed C-N/C-O Coupling in Water: A Facile Access to Coumaryl-
tagged and Coumaryl-labelled Amino Acids

Chapter 1A first describes the vital importance of coumaryl-tagged and coumaryl-labelled amino
acids/peptides, and the existing strategies known for their synthesis in order to provide a
background on the work conducted in the past. Taking a lead from the drawbacks associated with
the existing synthetic strategies, we developed a straightforward Cu-catalyzed microwave-
assisted protocol for the synthesis of N-coumaryl amino acids by coupling 4-chlorocoumarin and
a-L-amino acids in water. Interestingly, various a-amino acids possessing polar and non-polar
side chains such as L-Ala, L-Val, L-lle, L-Met, L-Trp, L-Ser, L-Phe and L-Tyr showcased good
reactivity, affording their corresponding N-coumaryl amino acids in 80-96% yields. The
developed strategy was also employed for coupling unnatural amino acids, y-aminobutyric acid
(GABA) and 12-aminolauric acid to the coumarin moiety. All the products were well
characterized by their detailed spectral analysis (*H NMR, *C NMR, and high-resolution mass
spectrometry). Absorption and fluorescence spectra of all synthesized compounds were recorded,
and quantum yields were computed. The chemical applicability of the synthesized N-coumaryl
amino acids as a fluorescent probe was illustrated by coupling a representative N-coumaryl
amino acid with a N-terminus dipeptide under coupling conditions to afford N-coumaryl
tripeptide in high yield. Since the inclusion of a fluorescent labelled amino acid at definite site in
proteins is an important strategy for understanding the mechanism of biologically relevant
processes, the methodology was extended to synthesize coumaryl-labelled lysine and tyrosine
motifs by coupling 4-chlorocoumarin with Boc-protected «o-N-lysine and o-N-tyrosine,
respectively under Cu-catalyzed microwave-assisted conditions in water. Finally, to illustrate a
practical application of coumaryl-labelled amino acids as potential fluorescent label, a coumaryl-
labelled synthetic derivative of opioid tetrapeptide, Endomorphin-2 was synthesized by peptide
bond coupling between C-terminus coumaryl-labelled tyrosine with N-terminus tripeptide,
HCI-NH,-L-Pro-L-Phe-L-Phe-OMe.
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Scheme 5.2.1: Synthesis of N-coumaryl amino acids and coumaryl-labelled lysine and tyrosine

motifs

Chapter 1B: Copper-catalyzed [3+2] Cycloaddition: A Facile Access to Triazolyl Linked
Coumarin-amino acid Hybrids

Chapter 1B first describes the importance of triazole-modified peptidomimetics, and
summarizes the synthetic strategies known for different triazolyl linked coumaryl-appended
bioconjugates. Inspired from the existing reports, we successfully explored the application of
click chemistry for synthesizing triazolyl linked coumarin-amino acid/peptide hybrids using two
strategies. Following first strategy, Cu-catalyzed azide—alkyne cycloaddition (CUAAC) reaction
between clickable protected amino acyl O-propargyl esters and 4-azido-2H-chromen-2-one (or 7-
hydroxy-4-azidomethyl-2H-chromen-2-one)  comfortably  afforded  4-triazolyl (or 4-
triazolylmethyl) linked coumarin-amino acid/peptide hybrids in good-to-excellent yields. While
following the second strategy, Cu-catalyzed [3+2] cycloaddition reaction between clickable 4-

methyl-7-(prop-2-ynyloxy)-2H-chromen-2-one (or 4-(prop-2-ynyloxy)-2H-chromen-2-one) and
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a-azido esters furnished two series of 7-O-triazolylmethyl and 4-O-triazolylmethyl coumarin-
amino acid hybrids in 82-90% vyields. All the products were completely characterized by their
detailed spectral analysis (*H NMR, **C NMR, and high-resolution mass spectrometry). The
synthesized compounds exhibited good fluorescence properties, as evident from their detailed
absorption and emission studies. In addition, the chemical applicability of the synthesized
triazolyl linked coumarin-amino acid hybrids as fluorescent labels was successfully exemplified
by coupling them with appropriate C- or N-terminus amino acids, furnishing corresponding

triazolyl linked coumarin-peptide hybrids in high yields.
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R
ng NHO e}
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Chemical utility: triazolyl linked coumarin- d|pept|de hybnds

Scheme 5.2.2: Synthesis of triazolyl linked coumarin-amino acid/peptide hybrids

The second chapter of the thesis is also divided into two parts:

Chapter 2A: Coumarin-derived Selective Hg®* & Li* Chemosensors: Synthesis,
Experimental and Theoretical Investigations

Chapter 2A presents a brief description on fluorescence sensing, and the reported
examples of coumarin-derived chemosensors known for metal ion detection, with special
emphasis on Hg®* and Li* ions. Due to the limitations associated with the existing Hg**
and Li* ion chemosensors, two coumarin-derived indole-based probes were synthesized
and identified as efficient sensors for selective detection of Hg?* and Li* in organo-
agqueous media. The indole-based probes were synthesized in high yields by coupling 7-
hydroxy-4-(aminomethyl)coumarin with indole-3-acetic acid and indole-2-carboxylic
acid, respectively at room temperature. Among these, N-((7-hydroxy-2-oxo-2H-chromen-

4-y)methyl)-2-(1H-indol-3-yl)acetamide displayed remarkable selectivity towards Hg®*

234



Chapter 5

sensing in H,O-DMF mixture as a turn-off fluorescence response, with a detection limit
of 143 nM and association constant (K.) of 6.4 x 10° M* between the probe and Hg?".
While N-((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)-1H-indole-2-carboxamide showed
remarkable selectivity towards Li* ion sensing in H,O-CHsCN as a turn-on fluorescence
response, with a detection limit of 37.1 nM and association constant (K,) of 5.5 x 10°
M between the probe and Li*. The most probable binding site of complexing Hg?* and
Li* to the respective probes was explained on the basis of detailed UV-Vis spectroscopic
studies, Benesi-Hildebrand plots, *H NMR titrations and DFT calculations.

465 nm

340 nm

i
Coumarin-derived |

Detection limit =143 nM Hg?* AT Detection limit = 37.1 nM
Association constant (K,) = 6.4 x 103 M cu®t °/ LEELLLED ctection fimit = 571N
U Association constant (K) = 5.5 x 103 M
/
100, 7

] Wekser Mg Fe3*

Lo -
Turn "off"%\

465 nm

Fluorescence Quenching (%)

1 2 3 4 5 &6 7 &8 9 1011 12 LRTRT R
\

Scheme 5.2.3: Synthesis and application of coumarin-derived indole-based probes towards Hg?*
and Li" ions sensing

Chapter 2B: Coumarin-derived Sensors for Picric Acid Detection: Synthesis, Experimental
and Theoretical Investigations

Chapter 2B presents an overview on the existing chemosensors known for picric acid detection,
and their associated drawbacks. Later, in a zeal to develop water-soluble probes capable of
detecting picric acid at very low concentrations in aqueous medium, two coumarin-derived
imidazolium salts and one benzimidazolium salt was synthesized in excellent yields, by coupling
substituted 4-(chloromethyl)-7-hydroxy-2H-chromen-2-ones with 1,2-dimethylimidazole and 1-
(3-chloropropyl)benzimidazole, respectively. The probes displayed remarkable -efficiency
towards selective sensing of picric acid in aqueous medium in presence of other aromatic/non-
aromatics analytes. The Stern—Volmer quenching constant (Ksy ) for sensors were found to be

2.2 x 10*M?, 5 x 10* M* and 1.58 x 10* M, while the detection limits for picric acid were

235



Chapter 5

calculated to be 107 nM, 87 nM and 208 nM, respectively. Based on the UV—Visible studies, and
time resolved fluorescence results, the formation of ground-state charge-transfer complex

formation appears to be predominant mechanism in solution, which also got support from DFT

calculations.
HO. fe) o  — Selective sensing of picric acid HO o o
S
sensert ﬁ N Sensor 3 ’C\JD/@
Q L
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===

Ka=1.01x 104 M

e & ¢ 3 3 %
e
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Scheme 5.2.4: Synthesis and application of coumarin-derived imidazolium and benzimidazolium
salts towards picric acid sensing

Chapter 3: Copper-catalyzed Cross-Dehydrogenative C(sp®)-N Bond Coupling: An
Unprecedented Tandem Synthesis of Coumarin-fused Pyrimidines

Chapter 3 of the thesis commences with a brief introduction on Cu-catalyzed C-C/C-X (X = O,
P, N, S) bond forming reactions via CDC approach, particularly intramolecular C(sp®)-C or
C(sp®)-N bond forming reactions, leading to the development of different heterocyclic
frameworks. In addition, the importance of coumarin-fused pyrimidines, and the gaps in the
existing strategies known for their synthesis is summarized. Later, an efficient, one-pot Cu-
catalyzed tandem synthesis of fluorescent 3-benzyl-2-phenyl-2,3-dihydro-5H-chromeno[4,3-
d]pyrimidin-5-ones from 4-chloro-3-formylcoumarin and benzylamines by in situ intramolecular
cross-dehydrogenative C(sp®)-N bond formation under ligand-free ambient conditions. This
synthesis was easily scalable, and an array of benzylamines delivered coumarin-fused pyrimidine
in  moderate-to-good yields. All the synthesized compounds were purified by column
chromatography, and characterized by detailed spectroscopic analysis. Detailed investigations
were performed to propose the mechanism of this unprecedented reaction. These coumarin-fused

pyrimidines exhibited interesting photophysical properties and high quantum yields, and would
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be potential candidates for facilitating suitable studies in medicinal chemistry and material

science.
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Scheme 5.2.5: Cu-catalyzed synthesis of coumarin-fused pyrimidines via C(sp®)-N bond

formation

Chapter 4: NH4OAc-promoted C(sp®)-H Bond Activation and C-N Bond Formation:
An Aberrant Cascade Synthesis of Coumarin-fused Quinolinones

Chapter 4 of the thesis initially describes the importance and the existing reports on metal-free
cascade strategies with emphasis on the use of DMSO as a formyl source, ammonium acetate as
a nitrogen source and arylhydrazine as an aryl source. In addition, the importance of coumarin-
fused quinolinones and the drawbacks in the existing conventional and metal-catalyzed strategies
known for their synthesis is summarized. Later, a concise cascade strategy for the synthesis of
6H-chromeno[4,3-b]quinolin-6-ones  was developed from  4-hydroxycoumarins and
arylhydrazine hydrochlorides in DMSO. The synthetic strategy relies on dual role of ammonium
acetate in generating 4-(aminophenyl)coumarin from 4-hydroxycoumarin and arylhydrazine via
aryl radical formation, and C(sp?)-H formylation of coumarin using DMSO as a methine source.
The strategy was scalable, and an array of arylhydrazine hydrochlorides delivered chromene-
fused quinolinones in good-to-excellent yields. All the synthesized compounds were purified by
column chromatography, and characterized by detailed spectroscopic analysis. A detailed
mechanistic investigation was performed to understand the mechanism of this unique process.

All the synthesized coumarin-fused quinolinones exhibited interesting photophysical properties.

237



Chapter 5
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Scheme 5.2.6: Metal-free cascade synthesis of coumarin-fused quinolinones

5.3 Future scope of the research work

The current thesis reflects the development of new strategies for the synthesis of coumaryl-
tagged/labelled amino acids, and coumarin-appended and fused heterocycles under the metal-
catalyzed and metal-free conditions. In addition, preliminary photophysical properties of the
synthesized products were studied. Based on the work conducted, the following signifies the
future scope:

1. The methodologies developed for preparing coumaryl-tagged/labelled amino acids could
be directly applied for site specific tagging/labelling of amino acids in peptide/proteins.

2. Coumaryl-labelled lysine and tyrosine motifs could themselves be used for preparing
specific lysine and tyrosine containing fluorescent peptides/proteins for understanding
their action via bioimaging and other related techniques.

3. The newly developed coumarin-fused pyrimidines and coumarin-fused quinolinones
scaffolds could be appropriately functionalized, and sensing applications can thereafter
be explored on the resultant probes.

4. The metal-catalyzed and metal-free strategies developed could be explored on other
heterocyclic moieties that are structurally/electronically similar to coumarin, to furnish

their corresponding fused pyrimidines and quinolinones.
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5. New metal-catalyzed and metal-free strategies could be developed to synthesize other

related coumarin-fused heterocycles (i-iv).

Target molecule, i Target molecule, ii Target molecule, iii Target molecule, iv
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