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Amino acids have important biological roles in the living system such as protein
synthesis, protein stability, and function. They play a very important role for the structural
requirements for the bioactivity of several peptides and proteins. The physical and chemical
property of a protein depends on the nature of amino acids. Proteins play a vital role in all
living organisms to maintain the cell structures, properties, and functions. In nature, only
nine canonical amino acids with a limited number of functional groups are available for
protein modification. So, the lack of significant side chain modified amino acids with novel
functionality has prompted the design of new side chain modified unnatural amino acids
(UNAASs) for research in protein chemistry. To have more complex job done by proteins,
their modification with designer unnatural amino acids is essential. UNAAs are mostly used
as enzyme inhibitors in cells or more in general as therapeutic agents. A major limitation of
current drug development strategies lies on the incapability of traditional pharmaceuticals to
target the extended protein interfaces. Therefore, modified amino acids are good choice to
overcome this situation and can open wide scope of applications. Also, UNAAs with
modified reactive side chain play a crucial role in site-specific labeling/ligation of peptides
under physiological condition which can be useful for imaging of protein, monitor protein-
protein interaction, protein function and dynamics. Unnatural amino acid (UNAAS)
incorporation has become the common practice in the field of protein engineering. UNAAS
can be introduced into recombinant proteins via residue-specific or site-specific incorporation
methods for its application in therapeutic domain. Therefore, synthetically modified UNAAS
(with or without fluorophoric functional groups) have been a challenging field of research for
the past decade.

Therefore, with the advancement of knowledge and strategies of chemistry and biology, side
chain modified UNAAs would continue to be the lead in assisting researchers to gain insights
into fundamental questions concerning life's essential biological functions involving protein
interactions, recognition, and synthesis. Therefore, the thesis entitled “Synthesis of
Unnatural Amino Acids and Their Spectroscopic Applications” is based on research
work towards: the (a) synthesis of aromatic triazolyl, sulfur containing acyclic unnatural
amino acids; (b) synthesis of new class of thioureayl and tetrazolyl amino acids; (c)
application of isothiocyanyl amino acids as solvatochromic IR responsive probes and site
specific labeling/ligation of short peptides; (d) application of thioureayl amino acids in metal
ion sensing. Thus, a variety of novel unnatural side chain modified amino acids, peptides
have been synthesised and their conformation and physicochemical/photophysical properties
have been investigated in detail.
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The thesis contains a total of 5 Chapters including one Introduction Chapter (Chapter-1).
Each chapter contains their individual introduction, experimental and reference sections. In
short, Chapter-1 is a critical review of applications of UNAAs in genetic incorporation, site
specific protein modification and fluorophoric unnatural amino acids in sensing. Chapter-2
elaborates the synthesis of triazolyl, thiocyanyl, and isothiocyanyl unnatural amino acids via
“click’> chemistry, nucleophilic substitution reaction and via decomposition of
dithiocarbamic acids salts respectively. Our design concept is focused on possible site
specific incorporation of triazolyl amino acids, isothiocyanyl and thiocyanyl amino acids as a
new class of side chain modified sulfur-containing amino acids. Chapter-3 describes the
application of isothiocyanyl alanine (N“*Ala) in the synthesis of thioureayl alanines and then
to aminotetrazolyl alanine as other new classes of unnatural amino acids. Our design concept
exploited the electrophilicity of -NCS functionality. Chapter-4 deals with isothiocyanyl
alanine/lysine as solvatochromic IR responsive probes for possible probing of local structures
and electrostatic microenvironment of a short peptide containing "“>Ala/ N“>Lys with the
help of distinct infrared absorption property of —-NCS functionality. The electrophilicity of
NCSAla and NSLys in a short tri-/hexa-peptides have further been exploited to label
covalently with chromophoric/fluorophoric amine and detail conformational study has been
carried out in order to monitor conformational changes. Chapter-5 describes application of
fluorescent pyrenylthioureayl alanine amino acid in sensing of Hg** and Cu®* ions in semi

aqueous medium.
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CHAPTER-1: Synthesis and Applications of Side Chain Modified
Unnatural Amino Acids: A Review

This chapter highlights some of the applications of side chain modified unnatural amino
acids (UNAASs) in genetic incorporation for the expansion of genetic code, site-selective
protein modification as a key role for the labeling of protein, use as IR sensitive spectral
probes to investigate the structure, dynamics, localisation, and biomolecular interactions. The
fluorescent unnatural amino acids in protein can be utilised for studying conformation/cell
imaging/ microenvironment sensitivity and metal ion sensing.
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Figure Al: Schematic application of unnatural amino acids.

In nature, only nine canonical amino acids with a limited number of functional groups
available for protein modification. So, the lack of significant side chain modified amino acids
with novel functionality has prompted the design of new side chain modified UNAAs for
research in protein chemistry. Thus, much effort have been devoted to develop site-specific
modification method in amino acids, several side chain modified peptides/proteins for
investigating folding mechanism, labeling of a target protein, IR probe and studying protein-
protein/protein-drug interactions.
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CHAPTER-2: Synthesis of Triazolyl, Thiocyanyl and Isothiocyanyl
Unnatural Amino Acids

As a part of our ongoing research efforts in the synthesis of side chain modified amino acids
we introduced the new functionality in peptides with triazolyl and sulfur containing groups (-
SCN/-NCS). This chapter describes the design and synthesis of triazolyl, thiocyanyl and
isothiocyanyl unnatural amino acids (Figure A2). The side chain cyclisation is observed
during the synthesis of isothiocyanyl alanine/serine and the five membered side products
were isolated from this reaction. All detail experimental results are presented in this chapter.
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Figure A2: Schematic of synthesis of (a) triazolyl unnatural amino acids (b) thiocyanyl
alanine and (c) isothiocyanyl alanine and lysine.
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CHAPTER-3: Application of "“*Ala in the Synthesis of Thioureayl
Alanines and then Aminotetrazolyl Alanines as another Class of
New Unnatural Amino Acids

After successful synthesis of isothiocyanyl alanine (Y“*Ala) in Chapter 2, we exploited
electrophilicity of -NCS functional group for the synthesis of another new class of unnatural
amino acids. This chapter describes the design and synthesis of thioureayl alanines (TVAla)
which is further utilised to achieve aminotetrazolyl alanines (TZAAIa) (Figure A3).Thus, a
variety of aliphatic/aromatic substituted thioureayl alanines and aromatic aminotetrazolyl
alanines have been successfully synthesised. The photophysical properties of the as
synthesised fluorescent unnatural amino acids have been studied. All detail experimental
results are presented in this chapter.
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Figure A3: (a) Schematic of formation of thioureayl alanines and (b) aminotetrazolyl
alanines UNAA:s.
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CHAPTER-4: Isothiocyanyl Alanine / Lysine as Solvatochromic IR
Responsive Probes and Use in Site Specific Labeling/Ligation of
Short Peptides

This chapter describes the application of isothiocyanyl unnatural amino acids in peptide.
After successful demonstration of the synthetic utility of isothiocyanyl alanine (Y“*Ala), here
we have utilised the side chain —-NCS (N“*Ala/ N“>Lys) as novel chromophoric probe for
determining the electrostatic microenvironment of a short peptide by exploring the distinct
infrared (IR) absorption property of NCS group (Figure A4). We exploited N“*Ala/N>Lys as
a solvatochromic IR probe in protein for monitoring protein conformation and folding. The
electrophilicity of isothiocyanyl group (-NCS) of N“*Ala/ N“>Lys in a tri-/hexa-peptides has
been exploited to label covalently with chromophoric/fluorophoric amines to give the
corresponding thioureayl derivatives. All detail experimental results are presented in this
chapter.
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Figure A4: Schematic application of N“*Ala/N“SLys in peptides.
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CHAPTER-5: Studies on the Switch-on Fluorescence Sensing for
Hg*" and Cu**lons by Pyrenylthioureayl Alanine Amino Acid

This chapter describes application of fluorescent pyrenylthioureayl alanine amino acid (its
synthesis has been described in chapter 3) in sensing of Hg** and Cu®" ions in semi aqueous
medium. The probe is effectively sensing Hg**ion and Cu®* ion in presence or absence of
other interfering metal ions (Figure A5). The study revealed the sensing efficiency of
PYTUAla for Hg* ion is three times more than Cu?* ion. This is evident from the following
studies. The quantum yield and life time of the probe ™™ Ala has increased much more in
presence of Hg®" ions. The binding affinity of Hg*" ion with the probe is 3.93x10" (M™)
whereas for Cu?* ion it is comparatively less and which has been further confirmed by the
optical and NMR titration. Binding stoichiometry of the probe is 2:1 (Probe: Metal) for both
metal ions which has been further verified by fluorescence studies, NMR, ESI-MS and DFT
optimisation. All detail experimental results are presented in this chapter.
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Figure A5: Schematic application on pyrenylthioureayl alanine ("*Y""Ala) in metal sensing.
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List of Abbreviations
Ala (A) Alanine
AA Amino acid
Abs Absorbance
Ac Acyl
ACN Acetonitrile
Aha Azidohomoalanine
Ag Silver
Ar Aryl
Arg (R) Arginine
Asp (N) Asparagine
B3LYP Becke, three-parameter, Lee-Yang-Parr
BODIPY Boron Bipyrromethene
BOC Di-tert-butyl dicarbonate
Bn Benzyl
Cbz Carboxy benzyl
BTNP Benzothiazole—naphthalene
Ca Calcium
Cd Cadmium
CD Circular dichrosim
CHEF chelation-enhanced fluorescence
Co Cobalt
CR Click reagen
CS; Carbon di sulphide
Cu Copper
CuSO, Copper sulfate
CT Charge transfer
CuAAC Copper-catalysed azide-alkyne cycloaddition
Cul Copper iodide
Cyhex Cyclohexane
CHCI; Chloroform
CuSOq, Copper sulfate
CH3CN Acetonitrile
CDCl; Deuterated chloroform
COSY Homonuclear correlation spectroscopy
CN Cyano
Cys (C) Cysteine
DCM Dichloromethane
DFT Density functional theory
Diox/Dx 1,4-Dioxane
DIPEA N,N-Diisopropyl ethyl amine
DMAP N, N-Dimethylamino pyridine
4-DMAP 4-(N,N-Dimethylamino)-phthalimide
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DMF Dimethyl formamide

DMSO Dimethyl sulfoxide

DMSO-d6  Deuterated dimethyl sulfoxide

DNA Deoxyribonucleic acid

E. coli Escherichia coli

EDC.HCI  1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide-hydrochloride

EPR Electron paramagnetic resonance

Eq/Equiv.  Equivalent

EtsN Triethylamine

EtOAC Ethyl acetate

EtOH Ethanol

Fen p-Cyanophenylalanine

Fe Iron

FESEM Field emission scanning electron microscope

FID Free Induction decay

FI Fluorescence

Fmoc Fluorenyl methyloxy carbonyl

FRET Fluorescence resonance energy transfer

FSD Fourier self-deconvolution

Glu(E) Glutamic acid

GIn (Q) Glutamine

Gly (G) Glycine

GPCRs G-protein coupled receptors

h hour

HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid

HEDM High energy density materials

Hg Mercury

His (H) Histidine

HIV Human immunodeficiency virus

HRMS High resolution mass spectroscopy

HOMO Highest occupied molecular orbital

HOBT 1-hydroxy-benzotriazole

HSQC The heteronuclear single quantum coherence or heteronuclear single
guantum correlation

ICT Intramolecular charge transfer

le (I) Isoleucine

K Kelvin

IR Infrared spectroscopy

KCN Potassium cyanide

K,CO3 Potassium carbonate

KOH Potassium hydroxide

KSCN Potassium thiocyanate

KSI Ketosteroid isomerase

Leu (L) Leucine
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LiOH Lithium hydroxide

LUMO Lowest unoccupied molecular orbital
Lys (k) Lysine

Max Maxima

MD Molecular dynamics

MeOH Methanol

Met (M) Methionine

Mg Magnesium

mM Mili molar

m.p. Melting point

MALDI-ToF Matrix assisted laser desorption ionisation-time of flight
Mn Manganese

Na Sodium

Na,CO3 Sodium carbonate

NaHCO; Sodium bicarbonate

Nal Sodium iodide

NaN3 Sodium azide

NCS Isothiocyanate

Ni Nickel

NMR Nuclear magnetic resonance
NOESY Nuclear overhauser effect spectroscopy
nM Nano molar

nm Nanometer

ORTEP Oak ridge thermal ellipsoid plot

Pb Lead

PET Photoinduced electron transfer
PEITC Phenethyl isothiocyanate

Pd Palladium

PdCI,(PPhg), = Bis(triphenylphosphine)palladium(Il) dichloride
Ph Phenyl

Phe (F) Phenyl alanine

PNA Protein nucleic acid

PPh3 Triphenyl phosphine

p-PheNs; para-azido-L-phenylalanine

Pro (P) Proline

ppm Parts per million

PXRD Powder X-ray diffraction

PyBOP (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate
Py Pyrene

RNA Ribonucleic acid

rt Room temperature

SCN Thiocyanate

Ser (S) Serine
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SPPS Solid phase peptide synthesis
T Temperature

TBAF Tetrabutylammonium fluoride
TBAB Tetrabutylammonium bromide
TBS Tert-butyldimethylsilyl
TDDFT Time dependent density functional theory
TEM Transmission electron microscopy
TEA Triethyl amine

TFA Trifluoroacetic acid

TFE Trifluoroethanol

THF Tetrahydrofuran

TLC Thin layer chromatography
TMS Trimethylsilyl

TOCSY Total correlated spectroscopy
Tolu Toluene

Trp (W) Tryptophan

TsCl Tosyl chloride

TU Thiourea

Tyr (T) Tyrosine

Tz Tetrazole

UNAAsS Unnatural amino acids

uv Ultra violate

Val (V) Valine

VT Variable temperature

Zn Zinc

uM Micro molar

Wt/H,O Water

D Quantum vyield

€ Molar extinction co-efficient
T Decay time

A Angstrom (10°cm)

v Wave Number

A Wavelength

28 Absorption maxima

AN Fluorescence maxima

Af Solvent polarity parameter

e Excited state dipole moment
Ug Ground state dipole moment
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Synthesized Amino acids

"MYAla Phenylthioureaylalanine

MeBTUAla p-methylphenyl thioureayl alanine

SBTAla p-Ethylphenyl thioureayl alanine

BUBTUAla p-Butylphenyl thioureayl alanine

PMETUAIa m,p-Dimethylphenyl thioureayl alanine
MOETUAla p-Methoxyphenyl thioureayl alanine
PMOBTUAla m, m-Dimethoxyphenyl thioureayl alanine
MePYTUAla Pyrennylmethylthioureayl alanine

NapTUAla Naphthyl thioureayl alanine

TVAla Pyrennyl thioureayl alanine

HBTUAla p-Hydroxyphenyl thioureayl alanine

CBTVAla p-Chlorophenyl thioureayl alanine

CNBTUAla p-Cyanophenyl thioureayl alanine

ABTUAla p-Acetylphenyl thioureayl alanine

BuTUAla n-Butyl thioureayl alanine

HepTUA R n-Heptyl thioureayl alanine

FORTUAla Ethanol thioureayl alanine

SYHTVAla Cyclohexyl thioureayl alanine

PhT2AAla 1-Phenyltetrazolyl-5-amino alanine

MeBTZAAIa 1- (p-methylphenyltetrazolyl )-5-amino alanine
EBT28Ala 1-(p-ethylphenyltetrazolyl)-5-amino alanine
BuBT2AAla 1-(p-nButylphenyl tetrazolyl)-5-amino alanine
PMET2AAla 1-(m,p-Dimethyphenyl tetrazolyl)-5-amino alanine
HBT2AAla 1-(p-Hydroxyphenyltetrazolyl)-5-amino alanine
MOBTZAA I3 1-(p-Methoxyphenyl tetrazolyl)-5-amino alanine
NapTZAAla 1-Napthyl tetrazolyl-5-amino alanine

YA Ala 1-Pyrene tetrazolyl-5-amino alanine

CBT2AAla 1-(p-Chloropheny! tetrazolyl)-5-amino alanine
CNET2AA 1-(p-Cyano phenyl tetrazolyl)-5-amino alanine
ABTZAA g 1-(p-Acetylphenyl tetrazolyl)-5-amino alanine
B-AlaNs/Ala f-azidoalanine/Azido alanine

NSAla/Ita Isothiocyanyl Alanine

NESLys/I1tl Isothiocyanyl Lysine

>CNAla/ g-Alascen

Thiocyanyl Alanine/beta- thiocyanyl Alanine

NHZAIa

Amino alanine

Wala

Thioureayl alanines

Zpla

Aminotetrazolyl alanines
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NMR Data
0 Chemical shift in NMR
S singlet
d doublet
t triplet
q quartet
h heptete
m multiplet
bs broad singlet
dd double doublet
dt doublet of triplet
ddd doublet of doublet of doublet
J coupling constant in Hz
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Chapter 1 Synthesis and Applications of Side Chain Modified Amino Acids: A Review

1.1. Introduction

Amino acids (AAs) are responsible for the majority of functional attributes of all living
organisms. Amino acids are building blocks of proteins and play an important role in
metabolism.*¥ The chemical properties of the amino acids of proteins regulate the biological
property of the protein. Most amino acids are responsible for forming tissues, organs, muscles,
skin and hair in mammalians.*” About 500 amino acids are known in the literature which
includes both natural and synthetic. There are 22 proteinogenic amino acids out of which only
20 amino acids appear in the genetic code.™ They are known as standard or canonical amino
acids. The other two amino acids are known as non-standard or non-canonical amino acids.
They are selenocysteinel® 1.001 (Figure 1.1) and pyrrolysine!*®1.002 (Figure 1.1). The
selenocysteine & pyrrolysine are encoded via variant codons. As for example, pyrrolysine and
selenocysteine are encoded by the stop codon UAG and UGA respectively.[*?? In nature there
are another two sulfur-containing amino acids homocysteine 1.003 (Figure 1.1) and taurine
1.004 (Figure 1.1) (though taurine is not technically an amino acid) which have not been
incorporated into proteins.?*

(0)

Me SH
NH I?IHZ
SeH \ f CH,
|
CH
OH 72
HzN/gr OH H,N™ "CO,H SO;H
H,N

0 2
(0]
1.001 1.002 1.003 1.004
Selenocystein Pyrrolysine Homocysteine Taurine

Figure 1.1. Structure of 21% and 22" amino acids and sulfur containing amino acids.™2

The 20 naturally occurring amino acids bear a wide variety of chemical versatility. In living
systems, proteins with compact folded structure and self-assembly shows specific biochemical
functions as a result of their particular conformation.” The diversity of protein structures and
functions are being widely expanded by the formation of some unnatural amino acids (UNAAS)
containing modified side chains.’®* Therefore, advanced knowledge to incorporate unnatural
amino acids (UNAAs) specifically into proteins represents a very powerful tool for protein
engineering.™ Unnatural amino acids are non-proteinogenic amino acids that can occur
naturally but they are most often chemically synthesised. They are not only used as units to
synthesize unnatural peptidic and non peptidic-compounds but also as conformational
constraints and molecular scaffolds in order to fulfill several requirements concerning various
biological phenomena. In addition, UNAAs are being widely utilised in the generation of
pharmacologically active drug candidates.™ Thus, chemical diversity of UNAAs can be used to
create proteins with new functions.’*%® As for example replacement of biscysteine based

2
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Chapter 1 Synthesis and Applications of Side Chain Modified Amino Acids: A Review

peptide bond by a dithiol amino acid is an important strategy to design thiopeptide based
inhibitor. Avoiding of disulfide bond formation and achieving better inhibiting activity are the
major advantages of such strategy.!

The research involving the synthesis of UNAA has been a great focus since the last century.
Since Theodor Curtius and Emil Fisher synthesised the first simple peptides a century ago,
research in developments of methodologies for peptide synthesis has undergone dramatic
development.”! Different technologies are now available for the production of peptides and
proteins including (a) the extraction from natural sources, ! (b) the production by recombinant
DNA technology,®! (c) the production in cell-free expression systems,™ (d) the production in
transgenic animals , plants , chemical synthesis and enzyme technology using proteolytic
enzymes.[6a'b] However, the biochemical methods involving the site-specific incorporation of
UNAA: s into proteins has widely expanded the scope of design of proteins with diverse structure
and function.”! After the revolutionary works of P.G.Schultz’s and Chamberlin’s group,
remarkable progress has been made in exploring these amino acids, in finding novel methods
for tRNA aminoacylation (even in vitro) and in expanding genetic codes.™ Aminoacylation of
tRNA (Amber and frame shift suppressor tRNAs) with UNAAs have been introduced by
focused evolution of aminoacyl-tRNA synthetases (aaRS) or some ribozymes.'**™ Codons
have been extended to include different unnatural base pairs. Multiple incorporation of different
UNAAS has been achieved by variation in codon for each tRNA."** The combination of these
innovative methods have opened the opportunity for synthesising unnatural mutant proteins in
both cell-free systems and in living cells.®®! However the chemical route is often a superior
option for the synthesis of medium size peptides comprising of molecules of pharmaceutical
importance.®™ It is also a fundamental tool for understanding the structure-function relationship
in proteins/peptides, the discovery of novel therapeutic and diagnostic agents and the production
of synthetic vaccines.!®! Recently it has been applied for the design of synthetic biocatalysts, [
which has turned out to be an important area of research.

In last few decades many research groups were involved in the design of side chain
modified amino acids for peptidomimetics which can be classified into three categories such as-
(a) with small side chain functionality!™® (1.005-1.008, Figure 1.2) (b) large side chain
functionality™® (1.009-1.012, Figure 1.3) and (c) with linker/ reactive functional group™®®!
(1.013-1.016, Figure 1.4). These can be utilised for further site specific reactions for protein
modification or labeling, for studying protein conformational changes and dynamics with
minimal or no perturbation.
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Figure 1.4. Structure of side chain modified UNAAs with linker functional group.
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Figure 1.2. Structure of small side chain modified UNAAs.[*®!
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Chapter 1 Synthesis and Applications of Side Chain Modified Amino Acids: A Review

Side chains of amino acids in the peptides can be replaced with analogues of amino acids
that have functional properties similar to natural amino acid side chains.*” As for example,
Heinis et al., have synthesised small (1.017, Figure 1.5) and large side chain modified dithiol
amino acids (1.018-1.020, Figure 1.5).They have shown that these amino acids played an
important structural role such as it can mimic cysteine residue with respect to functions and
size. They reported these thiol groups in dithio amino acids (DTAAS) are capable of forming
disulfide link similar to naturally existing cysteines. They applied solid-phase peptide synthesis
(SPPS) method to incorporate these dithiol groups containing amino acids effectively into
peptides.!%4

10) o o
H,N H,N H,N
M 2 \:/U\OH 2 \:/U\OH \E_/ILOH
H H = [0}
SH o o \f
f\’ Y b ol
H,N” N CO,H /r 1
HS SH
SH SH HS SH
(4S/4R)-L-Dtn L-Bea :
L5 L-Dma
1.017 1.018 1.019 1.020

Figure 1.5. Structure of modified dithiol unnatural amino acids.

Peptidomimetics have benefits over natural peptides in terms of stability and bioavailability
and therefore, peptidomimetics have better prospective in drug discovery. Peptidomimetics
involves main- or side-chain modifications of the parent peptide.™ As for example, Nowick et
al., reported UNAA, “Hao” (1.022, Figure 1.6) which is a tripeptide mimicshowing the
hydrogen-bonding ability like tripeptide S-strand (1.021, Figure 1.6). Peptides containing
“Hao” and natural amino acids show hydrogen-bonding surfaces that are complementary to the
hydrogen-bonding edges of natural protein 3 -sheets. "]

g\ g
2 A S 3 g 2
g g g K -
% £ =8 2 &
g = 2 S H O H o
= = HN N
NS EE T o
"HN 1}\11"\n' OH "—-O o
(0] 1_22 Me
1021 1.022

Figure 1.6. Structure of UNAA containing -strand mimic.
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Protein solubility plays a significant role in relation to study diseases that depends on
protein misfolding.*Y! As for example, protein misfolding and stability in the cell is associated
with the kind of neurodegenerative diseases such as Alzheimer's, Huntington's, and Parkinson's
disease.™**®! Solubility and folding efficacy of a protein can be altered by sequence alterations,
site specific modification with different unnatural amino acids residue or modification in side
chains.™*! Several multiple chromophores labeled peptides/proteins have also been developed
for investigating folding mechanism,™® detection of a target protein, sensing
microenvironment,*?*7 sensing metal ions, enzyme activity detection™ and studying protein-
protein/protein-drug interactions utilising various fluorescence phenomena such as FRET,
excimer, and exciplex emission.®” Fluorescent amino acids can also be used for in vitro and
cellular imaging of protein localisation, biomolecular interactions and sensing toxic metal ions
etc.’®"! The fluorescent proteins are valuable tools in cell biology for monitoring molecular
localisation and activities of proteins and gene expression in live cells.™®™As a result, there is a
need to generate modified amino acids to monitor folding and unfolding events on fast
timescales in living cells by utilising the fluorescent property of the AA. Only a few naturally
occurring AA’s have been reported to have florescent properties, therefore, incorporation of
fluorescent active UNAA can be utilised for such applications. ' Additionally, use of a
spectroscopic labeled unnatural amino acids to monitor in vivo biomolecular distribution
enables the construction of highly selective reporting/ imaging agents.!] Selectively
incorporating labeled amino acids can be useful for monitoring sensitive biological processes,
such as enzyme catalysis, ** product release, *** and protein folding.**"..

This chapter focuses on the critical survey of unnatural amino acids towards the genetic

incorporation, the position specific peptide side chain modification, and applications of
fluorescent UNAAS in sensing protein micro environment as well as sensing metal ions.
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1.2. Importance of Unnatural Amino Acids

Significance behind the use of unnatural amino acids:

(a) Site-specific incorporation of unnatural amino acids would enhance the functional properties
of protein. Therefore, protein engineering with unnatural amino acids (UNAAS) is growing
at a fast rate to study the structure, function, and dynamics as well as to study the protein-
protein/protein-DNA or other inter-biomolecular interactions.!**?

(b) Optical control of K+ channel in mammalian cells is done by using photo-releasable
UNAAs, 114!

(c) Fluorescent UNAAs can be used for in vitro and in vivo cellular imaging which could
enable to visualize and study the protein localisation, biomolecular interactions and
conformational changes in a particular protein system.!

(d) The unnatural D-amino acids are being utilised in treating bacterial infections of the skin
and the bacteria that causes the food poisoning.!**"!

(e) UNAAs can also be used as a probe for the structural and functional study of proteins with
the help of biophysical techniques such as circular dichroism(CD), nuclear magnetic
resonance(NMR), electron paramagnetic  resonance(EPR), and infrared (IR)
spectroscopy. 413

() UNAAs can also find applications in designing peptidomimetics drug candidates, often in
stabilising a particular conformation of a protein via side chain hydrophobic interaction.!**?

(g9) Metal-binding unnatural amino acids (UNAASs) are used in protein research for various
applications such as protein sensors, for metalloenzyme engineering, and metal ion
detection. 4]

Therefore, looking at the vast applications and importance, research on the development of
newer unnatural amino acids is growing at a fast pace. There are three major focuses on the
development of unnatural amino acids which are: (a) unnatural amino acids for genetic
incorporation; (b) side chain modified unnatural amino acids and their wide applications; and
(c) different fluorescent unnatural amino acids for monitoring protein conformation, sensing
microenvironment, cell imaging and sensing metal ions.
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1.3. Unnatural Amino Acids for Genetic Incorporation

Protein engineering with UNAAs to develop a group of new protein building blocks finds
several applications, like monitoring protein function, in vivo probe labeling, capturing transient
protein-protein interaction via crosslinking etc.**" However, incorporation of amino acids into
proteins through genetic engineering was limited to the 20 natural amino acids. Later, the
pioneering discovery of unnatural amino acids for incorporation into peptide and proteins by
Offord ™9 Kaiser!®®**! and Schultz et al., towards expanding the genetic code.l*® The genetic
code includes 61 codons for designating 20 naturally occurring amino acids and three codons as
stop signals. To incorporate unnatural amino acids into the current genetic code system, it is
necessary to generate new codons that are specific to them. In 1989, an introduction of
unnatural amino acids into the specific position of proteins through amber suppression method
developed by P.G. Schultz was found to be an important discovery to expand protein
function.*®!

There are three well-known methods reported by different research group for the genetic
incorporation of unnatural amino acids. These are: (a) three base (stop codon) codon method
[16bml: i this method the amber suppressor tRNAs are aminoacylated with preferred unnatural
amino acids through chemical aminoacylation (i.e. an enzymatic ligation of an aminoacyl-
dinucleotide with a tRNA lacking the terminal dinucleotide unit) (Figure 1.7-1.8).(b) four-base
blank codon method ™®: it has overcome the limitation of amber codon suppression method and
helps to encode multiple distinct UNAAS into proteins by the use of new blank codons. Taira et
al., ™ have shown that this method in a eukaryotic cell-free method opens the probability of a
four base codon mediated incorporation of such unnatural amino acids residue into proteins of
living eukaryotic cells; (c) five-base codon method % developed be Hohsaka et al., ™ is
another novel strategy for unnatural mutagenesis as well as a novel insight into the mechanism
of frameshift suppression. There are 15-five base codons CGGN1N2, where N1 and N2 indicate
one of four nucleotides. These codons have been successfully decoded by aminoacyl-tRNAs
containing the complementary five-base anticodons.
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Figure 1.7. Chemical structure of genetically incorporated unnatural amino acids.
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1.4. Unnatural Amino Acids as Solvatochromic Probes

The solvatochromic probes have been recognised as ideal probes to study the polarity of
microenvironments within a biomacromolecule and molecular moiety.”” Therefore,
solvatochromic fluorophores are important for investigation of protein folding and
dynamics.?®! The IR-spectroscopic study with labeled unnatural amino acids is useful for
monitoring protein conformation, folding, and binding.*® The development of the biological
and chemical methods to prepare IR-probe-labeled biomolecules and biopolymers, a variety of
vibrational spectroscopic methods has been newly intended and developed, which can be
effectivel%/ used to monitor the shift, fluctuation, and heterogeneity of IR-probe frequency in
real time.?® Thus, often fluorophores, such as dye sensitised molecules, and other fluorescent
molecule have been used for this reason. However, these have a large molecular size, compared
to the usual size of amino acid side chains in proteins.’” So, the attachment of an external
fluorophore to a protein can cause unfavorable perturbation to the natural structure.”® On the
other hand functional groups such as -NO, -CO, -SCN, or -CN are much smaller and they can
be introduced into an amino acid side chain (1.079-1.082, Figure 1.9) without much structural
alterations in amino acids. Hence, these can be used as solvatochromic IR sensitive probe in
Peptides/protein to investigate the biomolecular interactions. Getahun et al.,””® Waegele et al.,
2001 Jo et al., ® and Ye et al., ?® have used different side chain modified amino acids as IR
responsive probe for monitoring protein structure and dynamics.

CN
LCN
H,N”~CO,H

H,N”>CO,H

Alacy Phecy

1.079 1.080

CN

Ptk e
. S O o xAcoun
C ” &

O Fmoc-Alacy O Fmoc-Phecy

1.081 1.082

CN

Figure 1.9. Nitrile-derivatised amino acids used for IR responsive probe.?

1.5. Side Chain Modification of an Amino Acid in Peptides/Proteins

Nature uses the covalent modification **¥ of proteins to control their different function in a
particular system.[?!¥ So, protein modification via chemical route is an important and attractive
research area. The complementary use of both genetic and chemical methods has provided a
large scope of preparation of modified protein with diverse properties and functions.’”* These
chemical modifications are called posttranslational modifications (PTMs)® and they occur
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after the synthesis of protein in ribosome. PTMs mostly involve incorporation of new functional
groups into target proteins and provides extra benefit to functional property in peptide/protein
which plays a crucial role in biological processes.”*® Undoubtedly, many Intra- and
extracellular reactions controlled by the specific chemical change inside the system determines
the specific change in both protein structure and function.”'¥ As for example, in order to
prevent degradation of proteins, they are being regularly modified, leading to intense variation
in their properties. In general, PTMs bring benefit to the chemical sensitivity of the protein
reaction which helps in particular functional denouement.”*¥! These modifications include
acylation, methylation, phosphorylation, sulfonation, farnesylation, ubiquitination, and
glycosylation which play a crucial role in important cellular processes including trafficking,
differentiation, migration, and signaling.l’? Additionally, the bio-orthogonal modification of
unnatural moieties/amino acids makes the site-selective modification of proteins as a key tool
for investigation of in vitro and in vivo in the biological system.”*? One can decide which
residue to target in order to modify the protein to express the desired property/function in the
protein of interest. As for example, the circulation half-life of a therapeutic protein may be
enhanced by the addition of polyethylene glycol (PEG).®! In addition, site-selective
modification of protein is crucial for the preparation of the next generation of
biopharmaceuticals including antibody-drug conjugates (ADCs) for cancer therapy and
glycoproteins for vaccination.’*”) Such approaches would enable clear molecular examination of
modified protein structure on therapeutic function.””®*¢! On the other hand, incorporation of
reactive side chain containing UNAAs play important role for peptide/ protein functionalisation.
As for example, when azido and ethynyl functional group containing amino acids (1.059-1.061,
Figure 1.8) have been incorporated into recombinant proteins in E. coli, it has been reported
that those amino acids are capable of crosslinking via click chemistry and offer stability to the
alpha helical structure of a leucine zipper protein at high temperatures.®! In addition,
incorporation of UNAAs in a larger protein helps to form crosslink at the internal part of the
protein. This type of experiment provides fruitful information that this method of “protein
stapling” can be expanded to the larger proteins.[zga’b]

There are two approaches: (a) transition metal-free and (b) transition metal-mediated
approaches. There are also two ways of modification towards the formation of unnatural amino
acids in side chain modification (c) residue/amino acid/site-selective transformations that
preferentially modify one amino acid residue over the others (e.g., cysteine versus lysine) and
can be considered examples of chemoselective reactions; and (d) regioselective transformation
favorably modify only one particular set of the same amino acid, especially when more than one
is present in the same molecule (e.g., solvent exposed lysine versus internal lysine).

12
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1.5.1. Transition Metal-Free Approaches
1.5.1.1. Modern Methods for Targeting Natural Amino Acids in Proteins

1.5.1.1.1. Lysine and N-Terminus Side Chain Modification in Proteins

Lysines (Lys) have a primary amine group and most of the time its side chains are
protonated at physiological condition but they can act as nucleophiles. Weil and co-workers
reported a site and regioselective Lysine modification method by using commercially available
N-hydroxysulfosuccinimide (NHS) to form fluorescent probe (1.083, Figure 1.10a).E% It has
been found that some of the sulfonated derivatives of NHS esters have better water solubility of
the probe which can be used for in vitro labeling of a protein under physiological conditions.**"
Likewise, isothiocyanates react with primary amines of Lysine and form thiourea (1.085,
Figure 1.10b) but the minimum pH for an isothiocyanate reaction is 9 to 9.5 which is higher
than the formation of NHS esters (pH 8 to 9) which might be unfavorable for the modification
of alkaline-sensitive protein due to its high sensitivity of nucleophilic addition reaction.’' Not
only the difficulties in synthesis of NHS esters and isothiocyanates but also amino group of
lysine as a nucleophile can permanently open 1H-benzo[d][1,3]oxazine-2,4-dione leading to
orthoaminebenzamide formation inside cells (1.086, Figure 1.10c). **¥ In 2006, Hooker et
al.,®™ have modified proteins using an oxidative approach with NalO, and a dialkyl acyl
phenylenediamine (1.087, Figure 1.10c).

1.6mM (8Eqv) r
__» - Y
@) ) +
pH7,4°C, %
3h, Hy0 1.083 1.084
SCN
0.1mM, pH 9 H
. s P s \rrN
e e
§t !

RT, 2h 2
)33_/ 1.085

T Cyly g

H N
0.1mM(1Eqv) H,N il H
pH 8, RT, NalO4(1.5mM)
©—— & e
i ' H 6.5, RT, 15min,
20min, H,0 '!. i ?{20 min i! i
%’ 1.086 %3/ 1.087

Figure 1.10. Site selective method for lysine side chain modification.
13

TH-1766_126122035



Chapter 1 Synthesis and Applications of Side Chain Modified Amino Acids: A Review

In 1979, Jentoft and Dearborn,!**! showed that the reductive amination of an aldehyde by
forming imine or Schiff base forms quickly and reversibly with both part of lysine and N-
terminus. In next sequence, the imine got reduced into the secondary amine using NaBH3;CN
(1.089, Figure 1.11d) for further modification. In 1999, Tanaka et al.,**! reported another
efficient way which can overcome the reversibility of the imine conversion, via a 6-n-aza
electrocyclisation (1.090, Figure 1.11e). The irreversible conversation of the corresponding
zwitterions (1.091, Figure 1.11e) has been shown by Tanaka et al.*!*®! Recent site-selective
methods for the modification of lysine and the N-terminal position using imino-2-methoxyethyl
reagents (IME) (1.092, Figure 1.11f), reversible lysine N-terminal modification via stable
Iminobornates (1.093, Figure 1.11g) are reported by different research group.*'"

NaBH;CN,
100mM

—_—

rt
(d 56° C, 96h, !
1.088 (over 2 steps) %, 1.089

(e)

)

R=H, CH,

(€3]

Figure 1.11. Site selective method for lysine side chain modification.

14

TH-1766_126122035



Chapter 1 Synthesis and Applications of Side Chain Modified Amino Acids: A Review

1.5.1.1.2. Tyrosine Side Chain Modification in Proteins

We know that the phenol groups present on tyrosine, can act as nucleophile via addition to
several activated bonds. The common process reported conversion of phenol to a diazonium
salt. In 2004, Hooker et al.,*?" selectively modified ortho position of the phenol group (1.094,
Figure 1.12a) into diazonium derivative. However, the substrate was very inadequate to aryl
diazonium salts containing electron-withdrawing groups in the para position. Fascinatingly,
aniline can be formed by the reduction of the azo bond and converted to a stable benzoxazine
with an acrylamide containing different functional group (1.096, Figure 1.11a).[?

1. NalO,(100 pM)
Ar-N,"
5 £ o N2,$,0,(100mM) OH >
Seqv { 2,5,0,(100m| # »
a)—— > 3
(a) £ /\@N\N —_— It _— > *“

i pH"»‘f G, %‘/ BRI NH,  10mM (100eqv) -
15min NO, PH 6.5, RT 2h
3 1.094 1.095 1.096
; Ar-N,*
Rt 4 = R
' —_—
‘! pH 6, RT.6h %} Y
! HO

1.097 1.098

) K OH
25uM, 25 M 1t /\@j}

pH6.5, RT,18h
1.099

SpM(ll] qv) 3
T 05
pH60 3rc,

1.100

Figure 1.12. Site selective method for tyrosine side chain modification.

In the next year 2005, Schlick et al.,*®! have reported another process in which a ketone-
contained aryldiazonium upon condensation with alkoxy amine formed oxime ethers (1.097-
1.098, Figure 1.12b). Joshi et al.,**! have shown another method based on using a Mannich
reaction which requires an aldehyde and an amine as supplementary reactants. It allows for
tyrosine residues to be modified with a high selectivity (1.099, Figure 1.12c). McFarland et
al.,®* have reported that the Mannich reaction condition doesn’t control the selective
modlflcatlon of tyrosine residue. Recently in 2009, Guo et al.,*®! have prepared special kind of
fluorophore containing imines which can react well in the Iabellng purpose of proteins (1.100,
Figure 1.12d).
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1.5.1.1.3. Cysteine Side Chain Modification in Proteins

The thiol moiety shows more nucleophilic character than the primary amine mainly at a pH
below 9 and the amine is protonated under this condition. Therefore, cysteine favorably reacts
much faster than lysine.”?¥) So one can use this strategy towards the selective modification of
cysteine in presence of lysine residue. In 2008, Bernardes et al.,**¥ have shown that oxidative
elimination of cysteine upon reaction with O-mesitylenesulfonylhydroxylamine (MSH) leads to
the formation of dehydroalanine ( 1.101, Figure 1.13a) under basic pH. In the next year 2009,
Chalker et al., ®*! have reported that these modified proteins undergo subsequent reaction by
the addition of thiols leading to thioether analogs (1.102, Figure 1.13a). In 2008, Kim et al.,**
have shown that Maleimides react selectively and stoichiometrically with thiols (1.103, Figure
1.13b). Similarly, an alkylation can be done using iodoacetamide (1.104, Figure 1.13c). In
1959, Gundlach et al., ¥ reported in some particular cases that these reactive species can
undergo reaction with methionine residues. Formation of disulfide is selective for cysteine
residues, Rademann et al., found that the covalent attachment of the probe through a disulfide
bond (1.105, Figure 1.13d) brings in equilibrium in a system. However, the disulfide link is
very unstable in presence of mercaptoethanol or dithiothreitol.**?

MSH,50mM (100Eqv) po HS/O po S /O
@ - WS =
pH 8,4°C, $_ 10mM ,37° C, "_
20min % 75h %
1.101 1.102
4 -
10mM, pH 7.4, = S
b)f— LA

4°C, 4h %3./ 1.103

H
O !
- N.
O i ™ T%AA” pe
mM(6Eqv) ﬁ, (0]

1.104

R/\/S‘S/\o
- I 4 - S/S\/O

Figure 1.13. Site selective method for cysteine side chain modification.
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In 2009, Chalker et al.,***! have successfully shown, S-Allyl cysteine can also be formed by
applying one pot treatment with MSH with 2-propen-1-thiol (1.106, Figure 1.14f). At the same
time, Crich et al.,**" and Chalker et al.,**"! have reported the rearrangement and reduction
of allylic disulfides and allylic diselenides for the modification of proteins (1.106, Figure
1.14e,9). Thiols can also be added to electron-poor triple bonds such as alkenoic amides (1.107,
Figure 1.14h) which can take part in a second addition reaction for protein release which has
been shown by Shiu et al.**¥! Boons, Popik, and co-workers B3 have demonstrated the selective
and reversible photochemical derivatisation of cysteine residues on proteins using 3-
(hydroxymethyl)-2-naphthol derivatives (NQMPs) (1.108, Figure 1.14i). Barbas and co-
workers expanded this methodology as a rapid thiol-selective protein modification strategy in a
recombinant HSA and a fusion maltose-binding-HA peptide protein (MBP-C-HA), generating
fluorophore and PEGylated conjugates superior in stability to maleimide-conjugated proteins in
human plasma (1.109, Figure 1.14j).** Recently, Abbas, Xing, and Loh have introduced
allenamides for cys-selective protein in agueous media (1.110, Figure 1.14k).1*%

______________________________________________________________________________

pH 8, RT,C,1h
Followed by PR3
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F 4 S/%/‘
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N-N O »
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Figure 1.14. Site selective method for cysteine side chain modification.
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1.5.1.1.4. Arginine Side Chain Modification in Proteins

Arginine has side chain amine group which can be modified selectively. In 1999, Oya et
al.,®* shown the formation of a pyrimidine derivative (1.111-1.112, Figure 1.15) at a particular
concentration in a phosphate buffer (pH 7.4). The reaction has been applied on a simple model,
Na-acetyl-L-arginine, then applied to bovine serum albumin to show the selectivity towards the

modification of arginine.[34]

1.111

Figure 1.15. Site selective method for arginine side chain modification.

1.5.1.1.5. Histidine Side Chain Modification in Proteins

Histidine has an imidazole side chain (which is partially protonated) as a positively charged
amino acid at physiological pH. Epoxides have been used commonly to modify proteins and
these simultaneously react with various nucleophiles leading to unsystematic protein surface
modification. So, it needs selectivity. In 2003, Chen et al.,*®¥ have reported that selective
histidine modification can be done (1.113-1.114, Figure 1.16) in a smiliar fashion. Scheck et
al.,®% has found that tryptophan and histidine give Pictet-Spengler adducts with high yields
whereas lysine and glutamine failed to give similar adduct. In 2007, this method was used for
the N-terminal selective modification of antibodies by Scheck and Francis.!**

25uM(5Eqv) N
I
pH 7.4,95°C
10 min 1.114

Fig 1.16. Site selective method for Histidine side chain modification.
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1.5.1.1.6. Glutamate and Aspartate Side Chain Modification in

Proteins

Both glutamate and aspartate has the side chain carboxylic group, so modification can be
done selectively in the side chain carboxylic groups or the C-terminal position of a protein. This
process is composed of standard peptide coupling reactions making amide bonds with this
terminal functionality and using water soluble carbodiimide.%® After a few years later in 2005,
Schlick et al., B! position specifically modified glutamate residues on the protein coat of a
tobacco mosaic virus by using solution phase peptide coupling method in phosphate or HEPES
buffer (pH7.4) at room temperature (1.115-1.116, Figure 1.17).

EDC(60Eqv),
HOBt(250Eqv)

0.4mM)6\/ 25uM(SEqv)
1115 pH 7.4, v, 24 h 1.116

Figure 1.17. Site selective method for glutamate/aspartate side chain modification.

1.5.1.1.7. Disulfides Bond Modification in Proteins

The modification of native disulfide bonds through bis-alkylation protocols (Figure 1.18)
has attracted growing interest in current years due to novel therapeutic proteins in the global
biotechnology market.”*! This endeavor has stimulated the development of new methods for
improving the properties and safety of these protein-based pharmaceuticals.”*) Among these
technologies, the work by Shaunak and coworkers ¥ was found to be mainly suitable (1.117-
1.118, Figure 1.18). Disulfide modification allows th e site-selective conjugation of poly
(ethylene glycol) (PEG) or other polymers to proteins from which optimal pharmacokinetics are
achieved, hence ensuring protein purity, maintenance of tertiary structure, and stability.” In the
same way, Haddleton, Caddick, and co-workers employed dibromo®®and
dithiophenolmaleimides!®” and Baker and coworkers used aryloxymaleimides”? as bis-
alkylating reagents for the in situ bridging of disulfides allowing the incorporation of PEG
chains in a very efficient manner (1.119-1.120, Figure 1.18) at pH 6.2. It has been found that
this thiomaleamic acid linker is stable under physiological conditions, it can be cleaved easily at
lysosomal pH 4.5 at 37 © C, assisting the preparation of homogeneous antibody—drug conjugates
(ADCs) at disulfide sites.!*"
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Figure 1.18. Site-selective methods for the modification of exposed disulfides.!?!

1.5.1.1.8. Photochemically Induced Bioconjugation in Proteins

Photochemically induced bioconjugation in proteins is another promising area to produce
highly reactive reactant species like radicals, nitrenes, and carbenes using particular
wavelengths of light.[*?® 219 It can be generated by the decomposition of benzophenone 1%®!
(1.121, Figure 1.19a), aryl azide %! (1.124, Figure 1.19b), and diazirine 1“4 (1.129,1.133,
Figure 1.19c-d). As they are highly reactive, these species undergo rapid reaction with any
types of molecule without considering its nature and these also get hydrolysed easily by the
solvent. On the other hand, these species can react with any types of molecule, including DNA,
oligosaccharides and proteins. This method is very useful for molecular biology study.
However, photo labeling is neither site nor residue specific most of the time.[%!
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Figure 1.19. Protein photo labeling.!¥!
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1.5.2. Transition Metal-Mediated Approaches
1.5.2.1. Modern Methods for Targeting Natural Amino Acids in Proteins

The incorporation of UNAAs combined with chemical protein synthesis allows access to
chemically modified proteins which are difficult to obtain using standard molecular biology
methods. As for example, the unnatural amino acid containing alkene/alkyne, azido, or carbonyl
groups serves as the effective tool for the further bioorthogonal modifications.®! To overcome
the problem associated with amino acid side chain modification, transition metal complexes
have been smartly used by Antos et al.; Francis et al.,"** and van Maarseveen et al.,** to
bring selective labeling of proteins. In 2005, McFarland and Francis et al.,"*!! modified lysine
side chain (1.139, Figure 1.20a) using Iridium (11) complex. In 2006, Tilley and Francis et al.,
successfully labeled tyrosine (1.142, Figure 1.20b) in chymotrypsinogen using Palladium (I1)
Complex.[““e] In 2004, tryptophan was irreversibly modified (1.145, Figure 1.20c) by

diazoacetate derivatives in the presence of Rhodium (1) complexes by Antos and Francis et
al.[44C]

Tr(201M)
HCO,Na(25mM)
SR —

S0mM K,HPO, Buffer
pH 7.4, RT
1.138

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

Pd(OAc),, 40pM

NS T
+ OAc
TPPTS, 500uM

pH 8.6, RT

Rh,(0OAc), 100uM
TR Noy 40 O NH20H-HCI 100pM
B ——
' , /ZHO
INI PH 50% H20,30% glycerol,
t
1.143 1.144 20% ‘BuOH

Figure 1.20. Transition metal-catalyzed bioconjugation.
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1.6. Fluorescent Unnatural Amino Acids

Unnatural amino acids with polyaromatic side chains are useful fluorescent probe in sensing
protein’s microenvironment and can be widely used for protein engineering.™*®! Position specific
incorporation of such types of amino acids into proteins is thus important for monitoring the
structures, dynamics, and inter-biomolecular interactions.*®! Polyaromatic side chains amino
acids are highly electron rich species and thus can act as electron donor for electron transfer in
protein.[®! The highly sensitive fluorescence probe is useful for visualising intracellular events
and understanding molecular interactions inside a cell such as elucidating protein’s structures
1431 functions and dynamics,**" receptor-ligand binding,!**® monitoring enzyme activity,!***"
' and proteomics!*®™. Also position specific incorporation of fluorescent unnatural amino acids
into protein for microenvironment sensitivity “®* is a promising area of protein research.
Therefore, one can design and generate fluorescent unnatural amino acids (FUAAS) for genetic
encoding or to generate labeled proteins/peptide for studying conformational or diverse
functional realm.'® In 1999, M. Sisido et al.,®*®] have efficiently incorporated various
fluorescent unnatural amino acids with modified aromatic side chain (1.145-1.165, Figure
1.21).14

In order to improve the concept of environment-sensitive fluorescent amino acid building
blocks, fluorophores systems were developed, with the goal of increasing the fluorescence
changes upon binding in target systems.[“**® The environment-sensitive amino acid building
blocks based on the polar fluorophoric groups have also been exploited for probing protein
interactions and protein unfolding.”% A brief review of literature of UNAAs bearing fluorescent
heterocyclic moieties have been described in this section as fluorescent and/or colorimetric
sensor for protein conformation monitoring, sensing microenvironment, cell imaging and
chemosensors for metal cations.
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Figure 1.21. Various fluorescent unnatural amino acids (FUAAS).
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1.6.1 Applications of Fluorescent Unnatural Amino Acids: Protein
conformation/ Cell imaging / Microenvironment Sensitivity

Petersson et al., ® have utilised coumaryl amino acids as a fluorescent signaling unit to
study the kinetics of protease enzymes (Figure 1.22) which shows “turn-on” fluorescent
protease substrates. Utilising this strategy, they tested a variety of serine, cysteine, carboxyl, and
metallo-proteases, including trypsin, chymotrypsin, pepsin, thermolysin, papain, and calpain.
This technique can be used for real time monitoring of protease activity in crude preparations of
virtually any protease.l®"
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Figure 1.22. Fluorescence turn-on pathway to monitor protease activity.

Petersson et al.®? have also synthesised cyanotryptophans and incorporated into
dihydrofolate reductase (DHFR) protein (1.172-1.174, Figure 1.23) into two different positions
of DHFR. The 6-cyanotryptophan (6-CNTrp) 1.172 was found to form an effective forster
resonance energy transfer (FRET) pair with L-(7-hydroxycoumarin-4-yl)ethylglycine (HCO) at
position-17. Thus, they demonstrated that a UNAAs could be used as a FRET partner for
monitoring protein—nucleic acid interactions. They also demonstrated that 6-CNTrp could be
utilised as a fluorescence donor for the study of protein conformational changes.®?
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Figure 1.23. Incorporated cyanotryptophane analogue into dihydrofolate reductase protein.

Another approach to generate structurally novel fluorescent UNAAs is the m-conjugation in
tyrosine/phenylalanine ring. These UNAAs showed improved photophysical properties than the
corresponding tyrosine/phenylalanine amino acids. Tsao et al. ®* have incorporated the 2-
naphthol analogue of tyrosine, 2-amino-3-(6-hydroxy-2-naphthyl) propanoic acid (NpOH)
genetically into proteins (1.176, Figure 1.24) of Escherichia coli. This results provide an
alternative way for biocompatible chemical transformation of protein and provides protein
conformational information.?

HO HO
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N.
O O N NH
0°C, pH7 b—R
0

& (D
W O

1.176 1.177

Figure 1.24. Incorporation of 2-naphthol analogue of tyrosine into Escherichia coli proteins.
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Two fluorescent amino acids, including the novel fluorescent species 4-biphenyl-I-
phenylalanine (1.178, Figure 1.25), and I-(7-hydroxycoumarin-4-yl)ethylglycine (1.182, Figure
1.25) have been incorporated at positions-17 and 115, respectively, of dihydrofolate reductase
(DHFR) to facilitate the monitor of conformational switching linked with inhibitor binding via
Forster resonance energy transfer (FRET).

[54]

COOH

s i,
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O 1.178
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J 8 .

1.179
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1.180

COOH

1.181

COOH

1.182

Figure 1.25. Structure of biphenyl-phenylalanines and coumaryl derivative of UNAAsS.

Recently, Sidney M. Hecht et al. ™ have synthesised oxazole and acridon-2-ylalanine
based fluorescent amino acids (1.183-1.184, Figure 1.26) which are efficient in FRET and
demonstrated the potential utility of the fluorophores as reporter groups (FRET probe) to

monitor protein conformational changes and molecular interactions.*

HZN/YN o
o)

HOOC

OMe
1.183

1.184

Figure 1.26. Structure of oxazole and acridon-2-ylalanine derivative.

In 2004, Garbay et al., have developed direct synthetic method to prepare optically pure
coumarine labelled amino acids (1.187-1.188, Figure 1.27) from
materials.”®! They have investigated the cellular localisation of coumaryl amino acid labeled

peptides through confocal fluorescence microscopy.
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Figure 1.27. General synthesis of coumaryl amino acids.

The a-amino acid, 6-(2-dimethylaminonaphthoyl) alanine (DANA) (1.191, Figure 1.28)
containing highly solvatochromic fluorophore 6-propionyl-2-(dimethylamino) naphthalene
(PRODAN), (1.190, Figure 1.28) was synthesised in 2002.°") These amino acid have been
utilised in peptides for monitoring peptide—protein/protein—protein functions and interactions,
where binding ability often helps substrates to come in contact with more hydrophobic surfaces.
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Figure 1.28. Some environment-sensitive fluorophores and their solvatochromatic properties
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Impariali et al., (58] have synthesised the fluorescent amino acid, 4-(N,N-dimethylamino)-
phthalimide propionic acid (4-DAPA) containing 4-(N,N-dimethylamino)-phthalimide (4-
DMAP, 1.194, Figure 1.28) and it was found to have the advantage of being a mimic of
tyrosine due to closer size. They have also developed a series of novel fluorogenic probes
containing solvatochromic amino acids 6-N,N-dimethylamino-2-3-naphthalimidoalanine (6-
DMNA, 1.195, Figure 1.28) and 4-N,N-dimethylaminophthalimidoalanine (4-DAPA). Upon
binding to class Il MHC proteins these fluorophores show large changes in emission spectra,
quantum vyield and fluorescence lifetime. They have also prepared the same series of peptide
with the amino acids 4-DMAP, 6-DMN, BADAN,®® dansyl and NBD (Figure 1.29). The
microenvironment sensitivity of these fluorophores makes them perfect tools for monitoring

structural dynamics in proteins.

R
Model peptides: H,N—Lys-Arg-Arg— N/gf Lys-Lys— CONH,
H
o
Residue : 1 2 3 4 5 6
R =BADAN Densyl NBD 4DMAP 6DMN 4DMN

NMe,

Z
5
4
=
e
I

Figure 1.29. Solvatochromic amino acids incorporated model peptide series.

Wang et al.; have synthesised styryl conjugated tyrosine analogues, a new class of
fluorescent UNAAs with excellent optical tunability in emission spectra (1.203-1.204, Figure
1.30). These novel fluorescent UNAASs consist of stilbene and meta-phenylene vinylene units as
fluorophores have wide range of emission color from blue to near IR. They have used these
UNAASs to prepare cell-penetrating peptide by using in solid-phase peptide synthesis (SPPS)
and demonstrated fluorescent peptide for cell imaging.
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Figure 1.30. Fluorescent UNAAs with extending the -conjugation of aromatic side chain.

In 2008, Katritzky et al., have reported (°%*!

as coupling reagents.

the syntheses of coumarin-labeled amino acids
1.205-1.208 (Figure 1.31) and dipeptides 1.209 (Figure 1.31) which afford enantiomerically
pure fluorescent building blocks suitable for utilising benzotriazole activated fluorogenic agents
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Figure 1.31. Some example of coumarin-labeled amino acids.
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In 2008, Katritzky et al.®™®® have also designed and synthesised a protected
monosaccharide containing Fmoc-L-lysine scaffold based on fluorescent amino acid building
blocks 1.210-1.213 (Figure 1.32).1°°% After deprotection of 1.210-1.123 provide water
soluble organic fluorophores 1.124 which could be useful for peptide labeling at the C-terminus
in inverse solid phase peptide synthesis (SPPS).
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Figure 1.32. Monosaccharide containing Fmoc-L-lysine scaffold based fluorescent amino acid.

Other polarity-sensitive fluorescent unnatural amino acids L-Anap (1.218, Figure 1.33) has

been reported and genetically encoded by Wang et. al., to image protein modifications and
activities in mammalian cells.®"

(0)
Fukuyama- o
COOMe Mitsu);lobu @ COOMe
+ HO/\r reaction g N/\(
NHo-Ns NHTr 0o-Ns NHTr

1.215 1.216

l l 1.217

(0]
COOMe
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1.218

Figure 1.33. Polarity-sensitive fluorescent unnatural amino acids L-Anap.
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Sisido et al., [ have developed a modern technology for screening fluorescent peptides
containing multiple-labeled fluorescent amino acids based on their protein binding specificity.
Thus, they synthesised 8-mer peptides modified with several fluorescent unnatural amino acids
(1.219-1.224, Figure 1.34). Utilising a combination of fluorescence analysis with gel filtration
method they were able to quantify the binding peptides simultaneously.

(62]

N\/u

NH2
NH2
NH2 Cmr (DKD):

Acd (KDD) : Ac-E - Acd - E - Sp6 - DYKDDDDK -
Edn (DDD) : Ac-E - Edn - E - Sp6 - DYKDDDDK -
Bad (KAD) : Ac-E - Bad - E - Sp6 - DYKADDDK -
Ac-E-Cmr -E -Sp6 - DYDKDDDK - NH2

Pyr (KEE) : Ac-E-Pyr- E -Sp6 - DYKEEDDK -
Ant (AAA) : Ac-E-Ant- E - Sp6 - DYAAADDK -

NH2
NH2

(o) (o)

H H

\7;“ AN

1
o

N

AL
03

O

Edn
1.220

9

O Cmr Pyr Ant

Acd Bad

1.219 1.221 1.222 1.223 1.224

J

TH-1766_126122035

Figure 1.34. Structure of peptides modified with fluorescent amino acids.
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1.6. 2. Application of Unnatural Amino Acids in Sensing Metal lons

Metal-binding unnatural amino acids (UNAASs) are used in protein research for various
applications such as protein sensors, for metalloproteins,® and for protein NMR
spectroscopy.® Recent research in the de novo design of metalloproteins are based on the
collection of polypeptides with defined structural and potentially functional properties.’*® The
formation of peptidyl motifs designed to sense Zn(lIl) in solution highlights the significance of
tuning the metal binding affinity of such concepts.[67] The ability to modify metal binding
affinity is very crucial in order to prepare such peptide-based sensors over a wide range of
concentration of metal cations. Additionally, it is essential for the peptide to bind selectively
the metal cation of interest to show activity of such peptides in sensory applications.®® So, the
construction of these devices involves the use of novel multidentate metal-binding residues.!®*
1 By the utilisation of such modified amino acid residues in small peptidyl unit, one can
enhance the metal binding affinities. On the other hand nature uses the protein architecture
within metalloprotein systems elegantly for the metal-binding with the help of side chain
functionalities or adjustment in protein structure.’®®

As we know amino acids and peptides both have the ability to complex with metal ions
through nitrogen, oxygen and sulfur donor atoms at the main side chain, one can design amino
acids and peptides that coordinate with metals. Such work has potential applications for the
study of protein-protein interactions mediated by metals, protein binding to nanoparticles and
metal surfaces, and the development of selective chemosensors for metals to use in vivo and in
vitro.
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In 1996, Imperiali et al.,®® described the R-amino acids containing dominant bidentate
ligands (bipyridyl and phenanthrolyl groups). As for examples 6-, 5-, and 4-substituted (S)-2-
amino-3-(2,2'-bipyridyl)propanoic acids (1.225, 6Bpa; 1.226, 5Bpa; 1.227, 4Bpa, Figure
1.35), (S)-2-amino-3-(1,10-phenanthrol-2-yl)-propanoic acid (Fen, 1.228, Figure 1.35), and (S)-
2-amino-3-(9-methyl-1,10-phenanthrol-2-yl)propanoic acid (1.229, Neo) show differential
response in presence of various metal ions due to the special orientation of the ligand ring
system (2,2-bipyridyl or 1,10-phenanthrolyl). These bidentate unnatural side chain residues with
variable metal-binding abilities can be incorporated into small peptides for further studies.
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Figure 1.35. Structure of bipyridyl and phenanthrolyl fluorescent unnatural amino acids.

In the same year 1996, Imperiali et al., also synthesised three new amino acids (1.230, 1.231
and 1.232, Figure 1.36) which showed good metal-coordination property and fluorescence
guenching properties respectively. They have synthesised three amino acid based peptide
building blocks via solid phase synthesis (SPPS) that showed metal-dependent photo induced
electron transfer (PET). Fluorescence quenching was observed upon titration with Zn*? and
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Figure 1.36. Structure of donor/acceptor fluorescent unnatural amino acids.

On the other hand, they incorporated those UNAAs (1.230-1.232, Figure 1.36 ) in small
peptide unit and have shown the conformational changes (1.233-1.234, Figure 1.37) in
presence of complexing metal ions which was monitored by using photo electron transfer

(PET)."®* The designed peptide based sensors are shown in Table 1.

1.233
D = Photoinduced electron donor (QUENCHER) 1.234

ptor (FLUOROPHORE)

A= Pt duced electron

w-bipyriding 235

Figure 1.37. Schematic presentation of photo electron transfer (PET).

Peptide | Sequences

01 AcFluXBpGlyGlyGlyXBpDmdGIlyNH2

02 AcFIuXBpGlyGlyGlyXBpDmdThrArgNH2
03 AcArgFluXBpGlySerSerXBpDmdThrArgNH2

Table 1. Sequence of peptide building block modified with chelating ligand
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In 1998, Imperiali et al., reported the synthesis of (S)-2-amino-NR-9-fluorenyl
methoxycarbonyl-3-(oxine-2-yl) propionic acid (Fmoc-20xn-OH, 1.236, Figure 1.39) and (S)-
2-amino-NR-9fluorenylmethoxycarbonyl-3-(oxine-5-yl)  propionic acid (Fmoc-50xn-OH,
1.237, Figure 1.39). They have utilised these amino acids in short peptides which were found to
capable of sensing sub-micromolar levels of Zn(11).[’"?

HO =N
\ OH
N?
|
>~
Fmoc~=N OH Fmoc=N OH
H H
(0]
1.236 1.237

Figure 1.39. Example Zn (11) metal ion sensing fluorescent unnatural amino acids.

In 2011, Lee et al., have reported dansyl fluorophore containing UNAAs which showed
hypersensitive turn on response to Hg** ions in aqueous solution. The amino acids 1.238-1.240
(Figure 1.40) showed sensitivity towards Hg®* ions whereas 1.241-1.243 did not show any
response to various metal ions. Furthermore, amino acids 1.240-1.241 were able to detect Hg**
ions in aqueous solution without interferences by any other metal ions. Thus, probes were
efficient for detecting the maximum allowable level (2 ppb) of mercury ions in drinking water.
It has also been shown that the chain length between two dansyl sulfonamide parts is not
enough for discrimination of Hg?" ions but plays vital role in binding affinity for Hg?" ions.["®

\N/ N
Pe
SCR
U HN

1.241 1.242 1.243

Figure 1.40. Dansyl alanine amino acids derivatives utilised for Hg** detection.
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1.7. Summary and Future Prospects

Amino acids are essential components of life system, protein functions and protein stability.
So, design and synthesis of unnatural amino acids is very important area in expansion of genetic
code. Much research has been done to develop protocols for the genetic incorporation of such
modified amino acids into a protein system in Eukaryotic cells. Currently many laboratories are
dedicated in the generation of new orthogonal aaRS/tRNA pairs for the efficient encoding of
additional unnatural amino acids. However incorporation of such amino acids in complex
system needs more research and vast knowledge for the generation of new aaRS/tRNA pairs
which may also allow the in vivo synthesis of biopolymers with unnatural backbones. The
incorporation of unnatural amino acid into protein not only generates protein based therapeutics
but also it may provide stability in protein structure which is important in protein based drug
delivery.

The incorporation of UNAAs by post translational modification and chemical protein
modifications are an important area in protein research. Protein conformational variations and
dynamics can also be observed at particular position of interest with negligible or no
perturbation of sequence by applying these technique. In addition, site-selective protein
modification will play a very key role for the preparation of the next generation of
biopharmaceuticals, including ADCs for cancer therapy and glycoproteins for vaccination. Such
methods will lead to develop concepts and also will open new molecular division in protein as
therapeutic function with better safety and effectiveness.

On the other hand the design of fluorescent unnatural amino acids (FUAA) is very attractive
area in current ongoing research. These novel fluorescent amino acids and peptides can be
generated from synthetic management at the side chain of naturally occurring amino acids.
These amino acids or peptide could possess improved physicochemical or photophysical
properties. They can not only be utilised for monitoring protein’s microenvironment,
conformation, and dynamics of proteins, protein-DNA interactions but also can be used for the
cellular imaging and dynamics. Fluorescent unnatural amino acids are also very important tool
for sensing metal ions like Hg (I1), Zn (I1) .Therefore, with the help of advance knowledge and
strategies in chemistry and biology, many side chain modified UNAAs and FUAASs can be
generated for the application in this direction. Thus, such research activity will help all
researchers to understand the fundamental questions about biological process utilising UNNAs.
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Chapter 2 Synthesis of Triazolyl, Thiocyanyl, Isothiocyanyl Amino Acids

2.1. Introduction

The diversity in protein structures and their functions are being widely expanded by the
introduction of UNAAs.*T Therefore, synthesising unnatural UNAAS is an attractive area of
research. Further, small synthetic UNAAS can be incorporated into the peptides to mimic the
secondary structural features of peptides.™ Triazoles based UNAAs are an important class of
side chain modified amino acids, which can mimic the naturally occurring residue in terms of
size, reactivity, stability and physiochemical activity. The triazolyl moiety is commonly found
in many biologically active molecules and is responsible for physiological activities such as
anti-HIV, antibiotics, antiviral and antibacterial agents.!” In recent years, click chemistry has
got much attention among the scientific community for the preparation of triazole based useful
drug molecules and pharmaceutical leads.** The click chemistry is one of the dominant and
common reaction which provides a wide variety of chemical diversity!” and has extensive
applications such as chemical ligation,™ labeling of proteins, lipids [ and nucleic acids®® in
vitro / vivo. > ®

The sulfur-containing amino acids (SAAs) can play an important role in chelation of
neurotoxin drugs such as chlorella and cilantro ™% The SAAs chelates physiologically
important metal ions such as copper (Cu), lead (Pb) for inter tissue transport and their removal
from the body."'!! The SAAs involves in disulfide bond formation and consequently helps to
fold regular secondary structures such as helices, sheets, and turns.*” As for example,
thiocyanates and isothiocyanates can mimic the natural sulfur-containing residue (SAAS) in
terms of stability and reactivity and also provide a labile functional group in chemical synthesis
of biologically active sulfur-containing heterocycles.”?”*Y It has been earlier reported that the
isothiocyanate and thiocyanate moieties are found in many natural products #"*"; few having
the anti-cancer activity.® It has been found, compared to thiocyanates, isothiocyanates readily
take part in nucleophilic addition and cycloaddition reactions due to the strong electrophilic
character of the latter.2’#°! So, the presence of isothiocyanate group in the side chain of the
amino acids would bring functional tunability, which would be an interesting topic.
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Chapter 2 Synthesis of Triazolyl, Thiocyanyl, Isothiocyanyl Amino Acids

2.2. General Synthesis of Triazoles

Among the variety of heterocyclic molecule, 1,2,3-triazole heterocycles got much attention
in recent time because of its wide applicability in the various fields ranging from chemistry,
biology to material science.’*® The most classical way to the synthesis of 1,2,3-triazoles
involves thermal 1,3-dipolar cycloaddition of azides with alkynes with no selectivity (2.03-
2.004, Scheme 2.01), as initially proposed by Huisgen.™® Cu(l)-catalyzed version of the
Huisgen 1,3-dipolar cycloaddition reaction became popular to generate 1,4-disubstituted 1,2,3—
triazoles (2.007, Scheme 2.01) which is referred as “click reaction” defined by K. B. Sharpless
in 2001.1% Similarly 1,5-substitued triazoles (2.010, Scheme 2.01) are easily prepared via Ru-
catalyzed click reactions.™®! The advantages of this reaction is based on the fact that it can
easily generate a triazole unit with complete regiospecificity. Scheme 2.01 shows the methods
for the generation of 1,2,3-triazole via click reactions. The triazoles are rotationally restricted
small molecular scaffold having high metabolic stability, biocompatibility, and easy
associability via H-bonding with biomolecules.*

R R, L R; (H)
— Heat o s
R;=N; . R, —R; (H) P — I:IT\S_RS (H)+ 1:1 .\ R,
2.004
2.001 2.002 2.003
H
- Cu-Complex R,.
= R H > N
Ri=N; + T Eg NaAsc, CuSO, 1{1 :]:S—Rz (1,4 Substituted)
2.005 2.006 2.007
R,
R
— Cp*RuCIL Ie
- H 2 N
N:N
2.008 2.009 2.010

Scheme 2.01. Methods of 1,2,3-triazole synthesis.
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2.2.1. Applications of Triazoles

Triazole is a distinctive structural unit, associated with several biological activities. This
triazole acts as an antimicrobial, anti-inflammatory, antidepressant, anti-malarial, analgesic, and
anticancer agents.'? Freddy.et al.,™®' have synthesised a 3-[4-substituted-phenyl-5-thioxo-
4,5-dihydro-1H-[1,2,4]-triazole-3-yl-methoxy)-phenyl]-2-phenyl-3H-quinazoline-4-one (2.011,
Figure 2.01) which are screened for antifungal activity. Sztanke et al.,**! have synthesised a
series of 3-(un)substituted-7-aryl-5H-6,7-dihydroimidazo-[2,1-c][1,2,4]-triazoles compounds
and their derivatives which are (2.012, Figure 2.01) screened for antimicrobial and antifungal
activities. Sung et al.,™®" have synthesised [(4-Amino 5-Disubstituted-4-H-[1,2,4]-triazole-3-
ylthio] alkanoic acid based molecules (2.013, Figure 2.01) and tested anti-inflammatory
activity. Demirbas et al.,"**) have prepared a series of compounds 4-amino-3-substituted-5-oxo-
4,5-dihydro-[1,2,4]-triazole-1-yl-aceticacid-2,4-dichlorobenzylidene hydrazide derivatives (
2.015, Figure 2.01) and tested their antitumor activity. A series of 5-[(Biphenyl-4-

yloxy)methyl]-4-n-substituents-3-mercapto-(4H)-[1,2,4]-triazole  has

been synthesised by

Kumar et .al.*?7 The derivative such as 5-[(Biphenyl-4-yloxy)methyl]-4-fluorophenyl-3-
mercapto-(4H)-[1,2,4]-triazole (2.014, Figure 2.01) screened for the analgesic activity.

. o \/(N~NH
g &

2.011

2.014 F

N

R, Ri=R;=H

Cl1
R;=H, R,=F N:
R;=H, R,=NO,
=
N ?N

2.012 SH

2.015

5

N-N

s /QN\)\ ¢/ COH

)
NH,

2.013

Figure 2.01. Biologically active triazole molecules.

In 2011, Zerrouki and his co-workers ! described a productive strategy for the synthesis of
a series of tri (ethylene glycol)-based oligo triazoles (2.016, Figure 2.02). They have substituted
all backbone amide bonds of a peptide nucleic acid (PNA) oligomer by [1,2,3] triazole
moieties.™® Esslinger et al., have first time synthesised and reported triazole based unnatural
amino acids (2.017, Figure 2.02) by using click reaction.**¥! They have used those amino acids
to probe binding interactions between ligand and neutral amino acid transport proteins. They
found that the triazole amino acids are basically unreactive at the SN1 transporter protein.*
Our group have synthesised donor/acceptor based triazolyl unnatural amino acids and
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effectively incorporated into tripeptide moiety (2.018, Figure 2.02) which mimics A-turn
conformation of natural g-turn analogue.!**!

D/A
0 0 X N D/A
F( . N~
Hy .N N I/ *\
Al Noy N N g
oy HN:/§_ L N o o | .-
N K E
o N N
k? H;N” ~CO, OJLN/[“ SN “OMe
IV
™~ N\/( X=H, CO,H, CONH,, COMe, Ph D=Donor Moicty
2.016 2.017 2.018 A=Acceptor Moiety

Figure 2.02. Oligotriazole, triazole amino acid and triazole containing peptide.

2.3. General Synthesis of Isothiocyanates and Thiocyanates

Various synthetic methods have been reported to convert readily available amines into the
isothiocyanate analogue (Figure-2.03). Most of the syntheses of isothiocyanate are based on the
decomposition of dithiocarbamic acid salts into isothiocyanates. The required dithiocarbamic
acid salts can be formed in situ by treatment of an amine with carbon disulfide (CSy) in the
presence of triethylamine (Et;N).™® The schematic formation of isothiocyanate is given below

__________________________

THF

R=Alkyl, Aryl
DMC/Et;N 2.023

__________________________

Figure 2.03. Schematic representation of isothiocyanate synthesis.

Various synthetic methods have been reported to prepare thiocyanate analogues (Figure-
2.04). Most of them are based on (a) nucleophilic substitution of alkyl halides or tosylates®?,
alcohols, thiols, carboxylic acids, silyl ethers, silyl carboxylates %" sulfonate esters **¢ and/or
(b) cross coupling reaction of aryl boronic acids.!**"!
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____________________

i R-X 4+ KSCN: 2 eq. DEAD, 2 eq. PPhy (=~ -~ --=-----=-=---=

' : MW. 110 eq. , 2 eq. 3 \

| X=Cl, Br, OTs ' H‘X 200mi:1:’ CHyCN,rt,48h_~ | R-YH + NH,SCN

! =<l > : 2% ! — 2 eq. :

. . . Y=0,8 q

! R= Alkyl, Aryl ;\ . ;
__________________ R—-SCN 2.025

R=Alkyl, Aryl
2.028

. o
i R-OSO,R' + [bmim][X], %y \ 02, CH;CN, 12h,80°C
! leq. + o Nl ,

500r90°C ' !

R'=Me, 4-Tol ! 124 h : Ar—B(OH),  KSCN

X=Cl, Br, I, SCN, OAc ! Y.
2.026 2.027

g

Figure 2.04. Schematic representation of thiocyanate synthesis.

2.3.1. Applications of Isothiocyanates and Thiocyanates

Isothiocyanates occur widely in nature and are of interest in food science and medicine. As
for example, phenethyl isothiocyanate (PEITC) shows apoptosis-resistant to some currently
used chemotherapeutic drugs.'"® ™! Certain isothiocyanates effectively binds to the mutated
p53 proteins found in many types of tumors, causing an increase in the rate of cell death.*™ T.
Kim et al., *® have synthesised with various sulforaphane analogs (2.029-2.030, Figure 2.05)
from aromatic and aliphatic amines and tested on cisplatin-treated cultured LLC-PK1 kidney
cell line. Among different analogs, 2.029 show a potent effect on kidney cell protection assay.
Lamani et al., ™ have synthesised 1,3,4-oxadiazole containing peptidomimetics (2.032, Figure
2.05) by coupling N-protected amino acid hydrazides with amino acid-derived isothiocyanate
esters (2.031, Figure 2.05).

0
NCS \// R H
OMe R,  o_ .N X
@ SCN’H{ E)LO'

o i
@ Y=o o PgHN N-N R,
—N

NCS  R= Alkyl and Aryl

2.029 2.030 2.031 2.032

Figure 2.05. Synthesised isothiocyanates and oxadiazole compound.

Thiocyanate plays very crucial role in the biosynthesis of hypothiocyanite by a
lactoperoxidase.?®* Hence the lack of thiocyanate ! or reduced thiocyanate ?? in the human
body, (e.g., cystic fibrosis) is often responsible for destroying the defense system in human
body.!?®I?l Thiocyanate is an effective inhibitor of the thyroid sodium-iodide symporter. °!
lodine is an important element of thyroxin and thiocyanates decreases iodide transport into the
thyroid follicular cell which helps to maintain thyroxine level in the thyroid gland.
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2.4. Background

From the literature report it is clear that in the fast moving journey of expanding the genetic
code, several unnatural amino acids (UNAASs) have been synthesised and incorporated in
protein’s framework to bring new functionalities into proteins. UNAAs always create an
opportunity and provide an effective way for site-selective modification of proteins in broader
and more suitable way. However, modification of such residues can be limited by methods for
their installation and the chemistry available for reaction. Therefore, the interest in the design
and application of new unnatural amino acids is increasing substantially. Moreover, the
synthesis of unnatural amino acids with a new side chain functional group is highly attractive
and core area of research in amino acids and peptides. The sulfur-containing amino acids not
only play an important role in disulfide bond formation in peptide but also it acts in connective
tissue for their flexibility. Sometimes disulfide bond creates the problem because it aggregates
the protein and it happens by oxidation of cysteine residues to sulfonic acids which leads to
excessive disulfide bonding, protein misfolding, and aggregation™ So, the side chain modified
sulfur amino acids can mimic the cysteine residue in terms of stability and physiochemical
properties like oxidation, reduction. So, synthesizing modified sulfur containing UNAASs is an
important area of research in protein field. Therefore, there is not essentially a need for new
chemistry for transforming proteins but better methodology for unnatural amino acids is
essential.

Towards this journey, a very few new triazole and sulfur containing amino acids have been
synthesised to encoded genetically and site-specifically into proteins, which has already been
described in Chapter 1. Therefore, there is a great demand to develop new side chain modified
unnatural amino acids with reactive or unreactive functional groups. Recently, our research
group is involved in the expansion and synthesis of side chain modified UNAAs. Herein, we
present our views on this fast-developing field, with a focus on the synthesis of side chain
modified unnatural amino acids.

o1

TH-1766_126122035



Chapter 2 Synthesis of Triazolyl, Thiocyanyl, Isothiocyanyl Amino Acids

2.5. Objective

With this above literature background of unnatural amino acids, we found that very few
sulfur containing and triazole based amino acids have been reported for the purpose of
modification in peptide and expansion of genetic code. As a part of our current research efforts
on side chain modified amino acids synthesis via azide-alkyne cycloaddition reaction, we
thought that it would be worthwhile to synthesise triazole based amino acids with different
functional groups which can be used for various purposes in peptide chemistry. Small side chain
which can be useful IR spectroscopy study as well has non-perturbing properties can of be
immense interest in the full of peptide protein research. Such small side chain may be —NCS
which is poorly explored in the current research. As of now, many reports are available on the
synthesis of isothiocyanate and thiocyanate containing compounds with novel functionality.
However, isothiocyanyl and thiocyanyl amino acids have not been reported yet. Isothiocyanates
are a very important class of chromophores known for a long time for their analytical use in the
determination of the primary structure of peptides and proteins."™? In recent time, these
chromophores have attracted much research attention for their stability, synthetic easiness of
thioureas, thioamides and other precursors of various sulfur containing biologically active
heterocycles.™®  So, the exploration of isothiocyanyl and thiocyanyl amino acid chemistry
would generate a new class of unnatural amino acid derivatives.

Therefore, with this aim and idea we framed our objectives as below:

(a) Design and synthesis of side chain modified triazole amino acids using click chemistry,
starting from easily available L-serine (Figure 2.06).

i (a)Schematic represetation of click chemistry derived unnatural amino acids(UNAAs)
1. Ms-Cl, Et;N

' o o N; NaAsc/CuSO4 N=N

‘ %

; ﬂ\ it (M " DOV >L I e & \/&-x X=TMS
3 0" N ~OMe 0"°N ‘OMe DIPEA/ THF >L o Me

; o Q

2. NaN3 / DMF
— 50-55°C, 20-48 h 07 N “OMe !
65°C,24h H —&)CN
o

}’ (b) Alkyne used for the synthesis of triazole UNAAs

TMS—=—H ogv—@—: xc—@—:

Figure 2.06. (a) Schematic of representation of synthesis of triazolyl unnatural amino acids
(UNAAS) and (b) the alkynes used in this study.
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(b) Several methodologies exist for the synthesis of thiocyanates from the corresponding alkyl
halides or tosylates, alcohols, thiols, carboxylic acids, silyl ethers, silyl carboxylates and
sulfonate esters. However, we adopted an easy and convenient literature reported
methodology which relied on nucleophilic substitution at alkyl halide in presence of
potassium thiocyanate (KSCN) (Figure 2.07) to prepare thiocyanyl alanine (*“VAla).

Schematic formation of thiocyanyl alanine unnatural amino acid via nucleophilic substituion

1. Ms-CL, E;N

DCM,0°C, 2h 2. KSCN/ Acetone Me (SCNAla)
iﬂf}rm >LJLLW e—»>LJL

2. Nal / Acetone 55°C,24h
2.035 40 °C, in Dark, 24 h 2.042 2. 043

Figure 2.07. Schematic presentation of formation of thiocyanyl alanine (*“NAla).

(c) Many methodologies were reported for the synthesis of isothiocyanates from the
corresponding amines. Here we used a convenient literature reported methodology which is
based on TsCl-promoted decomposition of dithiocarbamic acid salts into isothiocyanates to
yield isothiocyanyl alanine ("“*Ala = Ita) and isothiocyanyl lysine (N“*Lys = Itl) (Figure

2.08).
Schematic formation of isothiocyanyl alanine and isothiocyanyl lysine unnatural amino acids via decompostion of dithiocarbamic acid salt
Nl T 8989090909999 W B haaae
| OH 1. Ms-Cl, Et;N NH, NCS
o Me  DCM,0°C,2h @ Me *C SZ LD TN >L Me ( NCS Ala)
1* M - >LOJLN ~"OMe 1r 0°C. 1001
07 N OMe ', NaN, /DMF H ¢ THF, 0°C,1.05h
! o 65°C,24h Qo O :
‘ 2.035 3. PA/C(10%), H, : 2.046

MeOH, rt, 7 h |
b) ””””””””””” INHMe)OMeHCL, T e e e k

e EDC.HCI, NMM,

N o ( NH, ; NCS

! o (4 10°C, DCM, 3 h 4 Me 3. CS,, EN, TsCl o ( 4 Me
: 20 c ol Ji LSRN R (N

: OH 0" "N OMe 0"°N *OMe
; o™ 'N 2. PA/C(10%), H, H U H

! o

THF, 0°C,1.30 h
MeOH, rt, 7 h

1.NH(Me)OMe.HCI,

1 NHCbz  EDC.HCIL, NMM, - NHCbz
! 0 ( s 410°C,DCM, 3 h ( NHCbz 3.CS,, EGN, TsCl ( 4w Me
ﬂ\ JL OH > 4 Me —_— §

| . - N 8 N

~ 0" N 2.TFA, DCM, F;COOH;N ‘OMe  THF, 0°C,130h SCN OMe
: 2008 © o 4h

Figure 2.08. Schematic of formation of (a) isothiocyanyl alanine ("“*Ala) and (b) isothiocyanyl
lysine (Y“>Lys) (c) a- Isothiocyanyl Lysine (*N3Lys).
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2.6. Results and Discussion

2.6.1. Synthesis of Triazolyl Amino Acids

The synthesis of unnatural triazolyl amino acids was achieved via a 1,3-dipolar
cycloaddition reaction between an aromatic alkyne and serine azide which is shown in Scheme
2.07. The synthesis started with natural L-serine (2.033, Scheme 2.02) which was protected first
with Boc-anhydride to afford N-Boc-serine (2.034). Afterward, the C-terminus was protected as
weinreb amide (2.035) with N-methoxy methylamine hydrochloride following a peptide
coupling protocol. The N, C-diprotected serine 2.035 was then allowed to react with mesyl
chloride in presence of triethylamine in dry DCM at 0 ° C for 2 hours to afford N, C-diprotected
O-mesyl serine (2.036). Upon treatment with sodium azide in dry DMF at 65 ° C, mesyl was
converted to N, C-diprotected azidoalanine (2.037, Scheme 2.02). Finally, Cu(l) catalysed 1,3-
azide-alkyne cycloaddition reaction was carried out between the azidoalanine and various
aromatic and aliphatic alkynes (A-D, Figure 2.06) at 50-55 ° C in THF to produce the desired
triazolyl amino acids (2.038-2.041, Figure 2.09) in good to excellent yield (60-93%).
Formation of all the compounds was confirmed by NMR, IR and ESI-HR mass spectrometry.

OH OH NH(OMe)Me.HCI, OoH
BOC anhydrous o EDC.HCI1 (0] Me
H,N = j\oJLN on ﬂ\ A N,
2 NaOH: Dioxane (2:1) H . 0" 'N *OMe
0] N-methyl morpholine, H
i (86 %) 0 O (94%)
Dry DCM, -15°C,2 h
2.033 2.034 2.035
(0}
s\
Me=S=0
CH,;S0,Cl, Et;N o NaNj , Dry DMF
o Me >L JL
SL LA e
Dry DCM, 0°C 0~ N ‘OoMe 65°C,24h
H
2h o
(70 %)
(96 %) 3036 2.037

N
C< \H}
™
N% S IMs——H

O e —
: - 121037y
>L0JL§’([]'N~OMe NaAsc/CuSO4 NaAse, CuSO4 H " ome
o

Et3N/ Dl‘y THF (1:1) DIPEA/ Dl‘y THF (0} 2.039-2.041
1.R, =R, =F (70 %)

2.R;=H, R,=-NO, (82 %)

3.R;=H, R,=-CN (93 %)

(60 %) 50°C,48 h 55°C,20h
2.038

Scheme 2.02. Schematic of synthesis of triazolyl amino acid derivatives.
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F
N: N:N N
TMS Q N
OO0 A2 ex O
BocHN BocHN OMe BocHN N’OMe BocHNLfO
(0]

-N.
Me="-0Me Me N OMe
60 % 82 % 93 % 70 %
2.038 2.039 2.040 2.041

Figure 2.09. Chemical structures of synthesised triazolyl amino acids.

2.6.2. Synthesis of Thiocyanyl Alanine *“NAla)

The synthesis of thiocyanyl alanine was achieved via nucleophilic substitution of N, C-
diprotected iodoalanine (2.042, Scheme 2.03). The N, C-diprotected iodoalanine was obtained
from N, C-diprotected O-mesyl serine (2.036) with the treatment of sodium iodide (Nal) in dry
acetone at 40 ° C in dark under N, atmosphere for 24 hours. A nucleophilic substitution reaction
carried out between the N, C-diprotected iodoalanine with potassium thiocyanate (KSCN) at 55
° C in dry acetone under N, atmosphere for 24 hours afforded the desired thiocyanyl alanine

(SCNAIa , 2.043) in 81 % yield. Formation of all the compounds was characterised by NMR, IR

and ESI-HRMS
! SCN :
OMS Nal, Dry Acetone Me KSCN, Dry Acetone, , JOL Me '
. N. -
>L NeooMe ™= “ Yo N OMe !
oM 40 °C in dark, 55°C, Np,24h el |
N,,24 h ©0 %) l SCNAJa (82%)
2.036 A S 2043

Scheme 2.03. Schematic presentation of formation of thiocyanyl alanine (*“VAla).
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2.6.3. Synthesis of Isothiocyanyl Alanine (N“*Ala)

The synthesis of isothiocyanyl alanine (2.046) was achieved via decomposition of
dithiocarbamic acid salt (2.045, Scheme 2.04) of corresponding aminoalanine (2.044). The N,
C-diprotected aminoalanine (2.044, Scheme 2.04) was generated upon treatment of N, C-
diprotected azidoalanine (2.037, Scheme 2.02) with Pd/C (10%) under hydrogen atmosphere in
dry methanol for 7 hours. The required dithiocarbamic acid salt was generated in situ via the
treatment of corresponding amine 2.044 derivatives with carbon disulfide (CS,) in the presence
of triethylamine (EtsN) in dry THF at 0 © C for 1 hour. Finally the isothiocyante was formed
upon treatment of dithiocarbamic acid salt with tosyl chloride (TsCl) at 0 ° C for 5 minutes
under N, atmosphere with very good yields. We also observed that during formation of
isothiocyanyl alanine, one side product was forming and its percentage of conversion was
highly dependent on time. When reaction time was 5 minutes, the acyclic NCS compound
(2.046, Scheme 2.04) was forming exclusively in 82% isolated yield. On the other hand,
prolonged reaction time for 30 minutes offered the corresponding cyclic amino acid derivative
(2.047) exclusively with 87 % vyield. The formation of the cyclic compound 2.047 was
confirmed by NMR and X-ray single crystal analysis (Figure 2.10).

. N3 . NH,
>L il Me Pd/C (10 mol %), >L J(L Me
N B — N.
o “OMe  MeOH, rt, 8 h 0" N oM
o) o

2.037 2044 9004

CS,/ EtN, AF iy |
Dry THF, 0°C ! o NCSMe
1h E >L N :
' OJLN *OMe .
= . - ' H ;
S ® 1 NCS (82 %)
YS Et;NH Ala e

NH 2.046
S L s (S e
07 N N-ome o0 s T
o E OJLNJ(NH :
B 2.045 _ ! 0\@\\/ G7%) |
\\N ;

N-m
MeO'  C 2.047

Scheme 2.04. Schematic presentation of synthesis of isothiocyanyl alanine (Y“*Ala) and its
cyclic derivative.
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2.6.4. Synthesis of Isothiocyanyl Lysine (Y“*Lys) and a- Isothiocyanyl Lysine
(G.—NCSLyS)

The synthesis of N,C-diprotected isothiocyanyl lysine 2.052 (NCSLyS, Scheme 2.05) and

a- isothiocyanyl lysine 2.055 (*™°Lys, Scheme 2.05) was achieved via decomposition of
dithiocarbamic acid salt of corresponding N, C-diprotected lysine respectively. At first C-
terminus of Boc-lysine(Cbz)-CO,H (2.048, Scheme 2.05) was protected as weinreb amide to
form N,*N,C-triprotected lysine(2.049) with N-methoxy methylamine hydrochloride following
a peptide coupling protocol. Afterward corresponding *N,C-diprotected lysine (2.050) was
generated via selective deprotection of *N-carboxybenzyl (Cbz) group of 2.049 in presence of
Pd/C(10%) under hydrogen atmosphere at room temperature in dry methanol. The N, C-
diprotected lysine (2.053) was generated via selective deprotection of a-N-Boc upon treatment
with trifluoroacetic acid in dry DCM for 4 hours. The required dithiocarbamic acid salts (2.051
& 2.054) were generated in situ by treatment of corresponding amine derivatives (2.050 and/or
2.053) with carbon disulfide (CS,) in presence of triethylamine (Et3sN) in dry THF for 1 hour.
Finally, isothiocyanates (2.052 & 2.055, Scheme 2.05) were obtained upon treatment of
dithiocarbamic acid salts with tosyl chloride (TsCl) at 0 ° C for 30 minutes under N, atmosphere
with good yields of 85% and 75% respectively. Here we did not observe any cyclic derivative
of N“>Lys. Formation of all compounds was confirmed by NMR, IR and ESI-HRMS
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Scheme 2.05. Synthesis of isothiocyanyl lysine ("“*Lys) and o- isothiocyanyl lysine (*

NCS LyS) )
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2.6.5. Studies on the Intramolecular Cyclisation of Isothiocyanyl Amino Acid
Derivatives and Other Isothiocyanyl Compounds

Our observation on the formation of cyclic amino acid derivative was discussed in Scheme
2.04 which led us to further investigate the intramolecular cyclisation process in other
isothiocyanyl amino acid residues. For that purpose, we have chosen different C-protected
amino acids containing nucleophilic functional group at side chain. We employed same reaction
condition (Scheme 2.06) for all the cases towards the formation of isothiocyanyl moiety and we
found that under the similar reaction conditions C-protected serine(2.056) was converted to
similar kind of cyclic amino acid derivatives (2.057, Scheme 2.06).

OH

., 1!1 CS,/Et;N/TsCl O |
F3;COOH,;N ome -+ o s=X . N
N7 “OMe

o THF, 0 ° C to rt H o
2.056 130 b 2.057 (60 %)

Scheme 2.06. Intramolecular cyclisation of C-protected serine under the condition of
isothiocyanlation.

The other amino acids tested afforded only acyclic derivatives (2.052, 2.055 and 2.061,
2.066). We also tried to study the cyclisation of some of the purified acyclic -NCS derivatives
(2.052, 2.055, 2.061 and 2.066) by treating with EtsN in DCM: CH3CN(3:1) at 50 ° C for 24
hours (Scheme 2.07-2.08). However, no cyclic product was observed in all the cases.

SH CS,/Et;N/TsCl S
B, B
-+ OMe SdN g LOMeE
CIH,N THF, 0 °C to rt NS
o 130 h 2.059 O
2.058 O o
CS,/Et;N/TsCl A 0
NH, — > NH, A3—>
-+ OMe ° OM HN
F;COOH;N THF,0°Ctort ¢ ¢ DCM:CHCN G OMg¢
(6] 1.30 h (55 %) 50°C,24h § N
2.060 2.061 © o
0. _NH, O N, 2.062
CS,/Et;N/TsCl
— X
-+ OM
F;COOH;N ¢ THF, 0 °C to rt SCN OMe
0 130 h
2.063 2.064 O

Scheme 2.07. Intramolecular cyclisation of various amino acids under the condition of
isothiocyanlation.
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Scheme 2.08. Intramolecular cyclisation of various amino acids under the condition of
isothiocyanlation.

Next, we were curious to study the cyclisation in peptide. Thus, we have synthesised amine
containing tripeptide (2.069) which under similar condition afforded corresponding cyclic
derivative 2.070 (Scheme 2.09).

(0] (0] o)
H o) oM
O)LNJ\H,N\)LN ,erOMe CSy/ELN/TSC o H \LN)\‘(
H i H - YN N—TH O
0V o THF, 0°C to rt %—0 S;(j
2.069 Z 130 h 2.070 E &%)

Scheme 2.09. Intramolecular cyclisation in tripeptide under the condition of isothiocyanlation.

We also chose two aliphatic diamines, Boc-ethylenediamine (2.071) and Boc-
diaminopropane diamine (2.074) for the same reaction, while compound 2.071 and 2.074 under
the similar reaction condition afforded only the acyclic NCS derivatives (2.072, 2.075, Scheme
2.10). The NCS derivative of Boc-ethylenediamine 2.072 was yielded cyclic derivative (2.073,
Scheme 2.10) when treated with EtsN in DCM:CH3CN (3:1) at 50 ° C for 12 hours.

S
NCS NH
N, CSy/EN/TsCI HNTS Et;N Y
HN > A = ‘8’ T o N\)
OJ\ o THF, 0°C to rt 0”70 DCM:CH;CN (3:1) 7:
2o 130h 50°C,12h >r (80 %)
: 2072 (85%) 2.073
NH
NN, esyEeNTsaL AN EtN (\
HN NCS N
0" No - >
THF, 0°C to rt o™ ~0 DCM:CH;CN (3:1) o’go
1.30h (75 %) 50°C,24h
2.074 2075 2.076

Scheme 2.10. Intramolecular cyclisation in diamino derivatives under the condition of

isothiocyanlation.
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2.7. Characterisations of Few Unnatural Amino Acids
2.7.1.*'H-NMR Characterisations of Few Unnatural Amino Acids

All the synthesised amino acids are in fully protected form and were characterised by NMR
spectroscopy. As a representative example the structural assignments, we have chosen three
protected amino acids 2.038, 2.043 and 2.046 (Figure 2.09). For amino acid 2.038 ("“"Ala),
the triazolyl hydrogen appeared as a singlet at the characteristic position of 6 7.49. a-NH of Boc
group appeared at o 5.52 as a doublet with J = 6.4Hz. The C-a hydrogen of alanyl unit
resonated as a double ¢5.02 with J = 13.4, 5.6Hz. The pB-CH; hydrogens of alanyl unit
appeared as a doublet at 6 4.66 with J = 4.9Hz. Methyl hydrogens of -NMe and -OMe group
also resonated as a singlet at §3.17 and 3.69 respectively. The ‘Bu hydrogens of Boc- protected
group appeared as a singlet at ¢1.36. Trimethyl group of trimethylsilyal (TMS) appeared at
00.25.

For amino acid 2.043 (*“MAla), a-NH of Boc group appeared at & 5.58 as a doublet with J =
4.5 Hz. The C-a hydrogen of alanyl unit resonated as a double §4.99 with J = 4.0 Hz. The f-
CH, hydrogens of alanyl unit appeared as a double doublet at 6 3.38 with J = 13.7, 4.0 Hz and
the doublet at 6 3.29 J = 4.8 Hz. Methyl hydrogens of -NMe and -OMe group also resonated as
a singlet at 53.25 and 3.79 respectively. The 'Bu hydrogens of Boc- protected group appeared
as a singlet at 51.45. For amino acid 2.046 ("“*Ala), a-NH of Boc group appeared at §5.54 as
a doublet with J = 7.5 Hz. The C-a hydrogen of alanyl unit resonated as a double §4.88 with J
= 3.5 Hz. The #-CH; hydrogens of alanyl unit appeared as a double doublet at 6 3.84 with J =
14.3, 4.4 Hz. Methyl hydrogens of -NMe and -OMe group also resonated as a singlet at §3.25
and 3.76 respectively. The '‘Bu hydrogens of Boc- protected group appeared as a singlet at
01.45.

(@) T4 s 3 () 335 @d, 7= 137, 4.0 Hz: 329 (0, J = 4.8 Ha) i
| 4.66 (d, J = i T;N + ; H N ‘
L1.36(s) TM : 1 45 (S 9H) 2 _SCN

: 3 P K NgZ 18 |

' 0. .-~ - ' ‘Me

b ‘ H/Me \ : )I\ N/‘-

A O (OMe ; ' V

| ) P H ~OH 379 ()

| ssi- 6;4/&) + 369 5) 558(dJ 45Hz)

' 5.02 (dd, J = 13.4, 5.6 Hz) } ; 4.99 (d,J =4.0 Hy)

1 (©) 384dd,s=143,44H2)

\ “H 3.25(s)
145 (s 9H) - Ncs A
- (Me\,‘r
)]\ N
Some
} ’01-1 3.76}-(5)
' 554(d,J = 75{ i

4 88 (d,J =3.5 Hz)

Figure 2.09. 'H-NMR Characterisation of (a) 2.038 ("*™5Ala) (b) 2.043 (*“NAla) (c) 2.046
("Ala).
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2.7.2. The Single Crystal X-Ray Structure of Cyclic Derivative of "“*Ala

The structure of cyclic N“>Ala derivative 2.047 was confirmed from X-ray single crystal
analysis (Figure 2.10, Table 2.1).

Figure 2.10. ORTEP diagram cyclic derivative 2.047 of "“*Ala.

Table 2.1. Summary table of crystal parameter of cyclic derivative of "“*Ala

Compound 2.047
Z 4
Molecular Formula C11H1gN30,S
Temperature 296K
Space Group P 21 21 21 (orthorhombic)
a(A) 8.7239(9)
b (A) 10.2860 (11)
c(A) 16.5805 (18)
a, B,y (Degree) a=Pp=y=90°
M, 289.35
V (A% 1487.8
i (mm™) 0.231
F(000) 616.0
R(reflection) 0.0340
wR2(reflection) 0.0890
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2.8. Conclusion

We have successfully synthesised triazole based unnatural amino acid derivatives via click
reaction with good yields. We have also synthesised unexplored isothiocyanyl alanine (N“*Ala),
isothiocyanyl lysine (N“Lys/*NSLys) and thiocyanyl alanine (*““Ala) from natural amino
acids serine and lysine. Furthermore, we explored the intramolecular cyclisation of some of the
-NCS containing amino acids and peptide. The —NCS containing amino acids could be useful in
designing side chain modified peptides for introducing the fluorophore. Impact of side chain —
NCS on the conformation of a designed peptide could also be investigated further. Moreover,
NCSAla/NSLya amino acids could be utilised as site-specific and residue specific incorporation
of N“Ala or N“*Lys into peptides can help to investigate the effect of modification in terms of
protein structure, stability and labeling experiments.
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2.9. Experimental Section
2.9.1 General Experimental

All the reactions were carried out under the nitrogen atmosphere using oven-dried round
bottom flasks. Reagents were purchased at the highest commercial quality and used without
further purification unless otherwise stated. Reactions were monitored by thin-layer
chromatography (TLC) carried out on a 0.25 mm silica gel 60F—254 and silica gel-G (1:4) and
visualised under UV light at 254 nm. Further visualisation was achieved by iodine vapor
adsorbed on silica gel depending on the product type. Organic extracts were dried over
anhydrous sodium sulfate. Solvents were removed in a rotary evaporator under reduced
pressure. Column chromatography was performed on silica gel 60—120 mesh using a mixture of
hexane and ethyl acetate as mobile solvent. The isolated compounds were characterised by *H,
3C NMR and IR spectroscopic techniques and Mass spectrometry. All the NMR spectra were
recorded at ambient temperature on Bruker Ascend TM Aeon 600MHz spectrometer where *H
frequency was 600MHz and **C frequency was 150MHz. NMR spectra for all the samples were
measured in either in CDClI3 or in ds-DMSO. The chemical shift values were reported in ppm
downfield from tetramethylsilane, using chloroform-d (5= 7.26 for *H NMR, 6= 77.23 for *C
NMR) or using deuterated dimethyl sulfoxide-ds (5= 2.50 for *H-NMR, 5= 39.50 for *C
NMR). 'H-NMR coupling constant(s) J is represented in Hertz (Hz). All the NMR-FID has
processed in MestReNova v6.0.2 software. High-resolution mass spectra (HRMS) were
recorded on a Water system Mass spectrometer in positive mode using electrospray ionisation-
time of flight (ESI-TOF) and/or Atmospheric pressure chemical ionisation-Time of flight
(APCI-TOF) reflection experiments. IR spectra were recorded on KBr plate in Perkin Elmer
spectrometer and reported in frequency of absorption (cm™).

2.9.2. Synthesis and Characterisations

(S) N-Boc-serine (2.034): A solution of L-Serine 2.033 (6000mg, 57.09 mmol) in 1(N)
agueous NaOH (80 mL) and dioxane (40 mL) at 0 ° C was treated with ditert butyl dicarbonate
OH (17ml, 74.22 mmol) and the mixture was allowed to warm to room

ﬂ\ JOL OH temperature and stirred for 24 hours. The dioxane was then
0" N evaporated and the aqueous layer was washed with ethyl acetate to

o remove ditert butyl dicarbonate. Then aqueous layer cooled to 0 ° C

and acidified with a 1(M) H,SO, solution (pH 2-3) and extracted with ethyl acetate at least three
times (50 ml). Then organic layer was treated with brine solution and dried over Na,SO,.
Evaporated under vacuum to give viscous liquid and on standing it forms white solid. A white
solid; 10gm,Yield 86 %; m.p. 88-91 °C. IR (KBr) v 3382, 3008, 2973, 2929, 2654, 1722, 1700,
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1625, 1527, 1460, 1438, 1397, 1371 cm™. *H NMR (CDCls; 600 MHz) § 6.43 (1H, s), 5.92
(1H, s), 5.60(1H, s), 4.34-4.20 (1H, m), 4.03-3.83 (2H, m), 1.43 (9H, s); *C NMR (CDCls; 150
MHz) 6 174, 156.5, 80.8, 63.1, 55.7, 28.5 +ESI-HRMS (m/z) calculated for CgHisNOsNa
[M+Na]* 228.0848, found 228.0843.

(S) N,C-diprotected serine (2.035): At first compound-2.034 (7000mg, 34.13 mmol) was
loaded in 100 ml single Neck round bottom flask (R.B) and then dry DCM (70 mL) was added
to it. After that N, O dimethyl hydroxyl amine hydrochloride (3460mg, 35.49 mmol) was added
to the stirred solution. Then the solution was treated with N-methyl morpholine (4.7ml, 36.86
o OH mmol) under N, at -10 ° C and to this resulting solution EDC.HCI
ﬂ\ L /(rrN{“e (7078mg, 36.86mmol was added five portions over 30 minutes
0" N OMe| (36.86 mmol). After stirring at -10 ° C for 2 h the reaction mixture
was treated with 1(M) aqueous HCI solution and extracted with 200
mL DCM. After that organic layer was treated with saturated NaHCO3 and brine solution and
dried over Na,SO,. After Evaporation of DCM to give light greenish solid and the residue was
purified by column chromatography on silica gel (60-120) using hexane/ethyl acetate (Rs = 0.4
in 1:2 hexane/ethyl acetate). A white solid; 8000mg,Yield 94 %; m.p. 112-116 °C. IR (KBr) ©
3473, 3357, 3003, 2978, 2944, 1703, 1647, 1538, 1467, 1448, 1394 cm™. *H NMR (600 MHz;
CDCl3) §5.64 (1H, d, J = 7.1 Hz), 4.78 (1H, s), 3.80 (2H, d, J = 2.6 Hz), 3.76 (3H, s), 3.21 (3H,
s), 2.90 (1H, s), 1.43 (9H, s); *C NMR (150 MHz; CDCl3) & 171.1, 156.0, 80.2, 63.8, 61.7,
52.6, 32.3, 28.5. +ESI-HRMS (m/z) calculated for CioH,0N2OsNa [M+Na]* 271.1270, found
271.1277.

H

(S)N,C-diprotected O-mesyl serine (2.036): At First compound-2.035 (4000mg,
16.12mmol) was loaded in 50 mL single neck round bottom flask. Then 50 mL dry DCM was
added it and cool it at 0 °C in an ice bath. Then EtsN (2.8ml, 19.67 mmol) was added to it. After
that methyl sulphonyl chloride (1.6ml, 19.67 mmol) was added to the
" reaction mixture dropwise under N, atmosphere. The whole reaction
mixture was stirred under N, atmosphere for 2 h in an ice bath. After
ﬁ\ ji /Errll\ge completion of reaction, the mixture was extracted with DCM and
0" °N *oMe| washed with brine and saturated NaHCO3 solution. After evaporation
o of DCM to give yellowish liquid and the residue was purified by
column chromatography on silica gel (60-120) using hexane/ethyl acetate (Rf = 0.4 in 1:1
hexane/ethyl acetate). Light green gummy compound; 5100mg, Yield 96 %. IR (KBr) v 3423,
2978, 2939, 2817, 1713, 1665, 1513, 1459, 1392, 1358 cm™.'H NMR (600 MHz; CDCl;) ¢
5.57(1H, d, J = 7.7 Hz), 4.91 (1H, s), 4.45 — 4.38 (2H, m), 3.74 (3H, s), 3.21 (3H, s), 3.00 (3H,
s), 1.41 (9H, s); 3C NMR (150 MHz; CDCls) 6 168.4, 155.2, 80.4, 68.4, 61.8, 50.6, 37.8, 32.4,
28.4. +ESI-HRMS (m/z) calculated for C1;H,3N,0,SNa [M+Na]* 349.1040, found 349.1072.
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(S)N,C-diprotected azido alanine (2.037): At first compound-2.036

(5100mg,15.63mmol) was loaded in 100 mL single neck round bottom flask, dry DMF (15 mL)

was added to it. Then degassed under high vacuum for 10 minutes and N, atmosphere was

created. After that NaN3; (3050mg, 46.91 mmol) was added to it

N3 . . . . .

o Me and again degassed in high vacuum. Then reaction mixture was

>L0JLN/([(N;OMe refluxed at 65 ° C for 24 h under N atmosphere. After completion

H of the reaction the reaction mixture was extracted with ethyl

acetate and washed with brine solution and evaporation of ethyl

acetate to give light yellowish liquid and residue was purified by column chromatography on

silica gel (60-120) using hexane/ethyl acetate (Rs = 0.4 in 4:1, hexane/ethyl acetate). Light green

liquid; 3200mg, Yield 75 %. IR (KBr) v 3422, 3058, 2980, 2939, 2105, 1714, 1666, 1499, 1455,

1392 cm™. 'H NMR (600 MHz; CDCls) 6 5.49 (1H, d, J = 7.8 Hz), 4.84 (1H, d, J = 3.4 Hz),

3.76 (3H, s), 3.55 (2H, ddd, J = 41.1, 12.4, 4.7 Hz), 3.23 (3H, s), 1.44 (9H, s); *C NMR (150

MHz; CDCl3) ¢ 169.6, 155.1, 80.0, 61.6, 52.3, 50.6, 32.2, 28.2, 28.2. ESI-HRMS (m/z)
calculated for C19H19Ns04Na [M+Na]* 296.1335, found 296.0961.

(S)Trimethylsilyl triazolyl alanine (2.038): At first compound-2.037 1500mg (5.5
mmol) was loaded in 100 mL round bottom flask and dry t-BuOH (8ml) and EtzN (2ml) added
to it. Then TMS acetylene (13.73 mmol) followed by sodium ascorbate (3.3 mmol) and CuSQOy,
5H,0 (0.55 mmol) were added to reaction mixture and reaction was stirred 50 ° C for 48 h.

N=N After complication of reaction, the reaction mixture was dried under

o 1"1\/)_ [ high vacuum. Residue was extracted with ethyl acetate and washed
>LOJLN N;l\:);[e with saturated ammonium chloride and brine solution. Then residue
H was purified on silica gel (60-120) using hexane/ethyl acetate (Rf =

0.4 in 1:3, hexane/ethyl acetate). A white semi solid compound,
1245mg, Yield 60 %. IR (KBr) © 3325, 3129, 3009, 2962, 2930, 2856, 2695, 1688, 1658, 1490,
1434, 1392, 1366, 1329, 1307, 1250, 1196, 1169 cm™.*H NMR (600 MHz; CDCls) J 7.49 (1H,
s), 5.52 (1H, d, J = 6.4 Hz), 5.02 (1H, dd, J = 13.4, 5.6 Hz), 4.66 (2H,d, J = 4.9 Hz), 3.69 (3H,
s), 3.17 (3H, ), 1.36 (9H, s), 0.25 (9H, s); **C NMR (150 MHz; CDCls) 6 169.1, 155.1, 146.5,
129.9, 80.3, 61.8, 51.2, 50.4, 32.5, 28.3, -1.0. +ESI-HRMS (m/z) calculated for C15H3N504Si
[M+H]" 372.2062, found 372.2062.
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(S)p-Nitrophenyl triazolyl alanine (2.039):At first compound-2.037 1000mg (3.66
mmol) was loaded in 50 mL round bottom flask. Then Dry THF (25ml) added to it. The
degassed 10 minutes in high vacuum. Then 1-ethynyl-4-nitrobenzene (4.02 mmol) and DIPEA
(4.39 mmol) were added to it. Then sodium ascorbate (2.19 mmol) and CuSQO,, 5 H,O (0.366
mmol) in 1ml water were added to reaction mixture and

.N

E;/)—Q_Noz reaction mixture was degassed for 5 minutes, followed
o Me by refluxed at 55 ° C for 20 h. After complication of
>|\OJLN/[WN;OM€ reaction, the reaction mixture was dried under high
H vacuum. Residue was extracted with ethyl acetate and
washed with saturated ammonium chloride and brine solution. Then residue was purified on
silica gel (60-120) using hexane/ethyl acetate (R = 0.4 in 1:1, hexane/ethyl acetate). A
yellowish solid compound; 1275mg, Yield 82 %; m.p. 163-164 ° C. IR (KBr) v 3448, 3414,
3150, 3128, 3106, 2984, 2934, 2445, 2292, 1690, 1667, 1608, 1514, 1461, 1432, 1389, 1351
cm™. *H NMR (CDCls; 600 MHz) ¢ 8.18 — 8.13 (2H, m ), 8.01 (1H, s), 7.91 (2H, d, J =838
Hz), 5.74 (1H, d, J = 4.7 Hz), 5.08 (1H, d, J = 3.4 Hz), 4.78 — 4.66 (2H, m), 3.72 (3H, s), 3.16
(3H, s), 1.29 (9H, s); *C NMR (CDCls; 150 MHz) §168.7, 155.1, 147.1, 145.4, 136.9, 126.1,
124.2, 122.5, 80.4, 62.0, 51.2, 51.1, 32.4, 28.2. +ESI-HRMS (m/z) calculated for C1gH5NgOs

[M+H]" 421.1757, found 421.1859.

(S)p-Cyanophenyl triazolyl alanine (2.040): At fist compound-2.037 100mg
(3.66mmol) was loaded in 50 mL round bottom flask. Then Dry THF (25ml) added to it and
degassed 10 minutes in high vacuum. Then 4-ethynylbenzonitrile (4.02mmol) and DIPEA
(4.39mmol) were added to it. Then sodium ascorbate (2.2mmol) and CuSO,, 5H,0 (0.36mmol)
in 1ml water were added to reaction mixture and reaction

Ef,}—@—m mixture was degassed for 5 minutes. Then whole reaction was

ﬂ\ ji Me refluxed 55 ° C for 20 h. After complication of reaction, the
o E/(rrN“OMe reaction mixture was dried under high vacuum. Residue was

o extracted with ethyl acetate and washed with saturated

ammonium chloride and brine solution. Then residue was purified on silica gel (60-120) using
hexane /ethyl acetate (Rf = 0.4 in 1:1, hexane/ethyl acetate). A white solid compound; 1375mg,
Yield 93 %; m.p. 143-144 ° C. IR (KBr) © 3373, 3122, 3122, 3104, 2978, 2937, 2222, 1698,
1673, 1655, 1613, 1514, 1478, 1458 cm™.*H NMR (CDCl3; 600 MHz) 6 7.90 (3H, d, J = 8.1
Hz), 7.66 (2H, d, J = 8.1 Hz), 5.60 (1H, d, J = 4.2 Hz), 5.08 (1H, d, J = 4.1 Hz), 4.74 (2H, d, J =
4.4 Hz), 3.76 (3H, s), 3.21 (3H, s), 1.37 (9H, s).; *C NMR (CDCls; 150 MHz) & 168.7, 155.2,
146.0, 135.1, 132.8, 126.2, 122.0, 119.0, 111.5, 80.7, 62.0, 51.43-51.30, 32.6, 28.3. +ESI-
HRMS (m/z) calculated for C19H25NeO4 [M+H]" 401.1932, found 401.1953.
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(S) o,p-Difluorophenyl triazolyl alanine (2.041): At first compound-2.037, 220mg
(0.806 mmol) was loaded in 50 mL round bottom flask. Then Dry THF (10ml) added to it.
Then 1-ethynyl-2, 4-difluorobenzene (0.887 mmol) and DIPEA were added to it. After that
sodium ascorbate (0.484 mmol) and CuSO,, 5 H,O (0.0806 mmol) in 1ml water were added to

reaction mixture and reaction mixture was degassed 5 minutes

N g followed by refluxed at 55 ° C for 20 h. After complication of
Ej—@—F reaction, the reaction mixture was dried under high vacuum.

>|\ o Me Residue was extracted with ethyl acetate and washed with
OJLN/([rN“OMe saturated ammonium chloride and brine solution. Then residue
was purified on silica gel (60-120) using hexane/ethyl acetate

(Rf = 0.4 in 1:1, hexane/ethyl acetate). A light greenish semi solid compound; 235mg, Yield 70
%. IR (KBr) © 3380, 3162, 3081, 2981, 2935, 2870, 2853, 1681, 1632, 1602, 1561, 1493, 1463,
1443, 1421, 1387 cm™. 'H NMR (CDCls; 600 MHz) & 8.22-8.18 (1H, g, J =8.4 Hz), 7.84 (1H,
s), 6.93 (1H, 1, J =16.2 Hz), 6.84 (1H, t, J = 18.6 Hz), 5.65-5.66 (1H, d, J =7.2 Hz), 5.04 (1H, 3),
4.73-4.73 (2H, d, J = 3.6 Hz), 3.740 (3H, s), 3.199 (3H, s), 1.367 (9H, s); **C NMR (CDCls;
150 MHz) & 168.8, 163.4-163.3, 161.7-161.6, 160.1-160.0, 158.4-158.4, 155.1, 140.5, 128.9-
128.8, 123.4-123.3, 115.1-115.1, 112.1-111.9, 104.2-103.9, 80.5, 62.0, 51.4, 51.0, 32.5, 28.3.
+ESI-HRMS (m/z) calculated for C1gH24F2NsO,4 [M+H]" 412.1791, found 412.1799.

(S)N,C-diprotected iodoalanine (2.042): At first compound-2.036 500mg (1.5 mmol)
was loaded in 100 mL R.B. Then 10 minutes degassed in high vacuum. After that dry acetone (5
mL) was added to it and degassed in high vacuum for 5 minutes. Then dry Nal (7.5 mmol) was
added then to it. Again reaction mixture was degassed in high
0 ! Me vacuum for 5 minutes. Finally the reaction mixture was stirred at 30
>LOJL J:ff i ° C for 24 h in dark under nitrogen atmosphere. Then reaction
mixture was dried under high vacuum and 100 ml CHCI; was added
to the reaction mixture, followed by filtered through what Mann
filter paper and organic phase was washed with saturated sodium thiosulphate solution. After
evaporation of CHClj, residue (R = 0.4 in 2:1, hexane/ethyl acetate) was purified on silica gel
(60-120) using hexane/ethyl acetate. Amber color liquid; Yield 90 %. *H NMR (600 MHz;
CDCl3) 65.45 (1H, d, J =8.2 Hz), 4.77 (1H, d, J = 3.2 Hz), 3.75 (3H, s), 3.47 (1H, dd, J = 10.1,
5.1 Hz ), 3.37 (1H, dd, J = 9.7, 5.6 Hz ), 3.22 (3H, s), 1.42 (9H, s); *C NMR (CDCls; 150
MHz) ¢ 169.0, 155.0, 80.3, 61.9, 51.2, 28.4, 5.9. +ESI-HRMS (m/z) calculated for C1gH20IN204
[M+H]" 359.0468, found-359.1791

NN
N OMe

H
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(S) N,C-diprotected thiocyanyl alanine (2.043, 5“™Ala): At first compound-2.042
1200mg (3.35mmol) was loaded in 100 mL R.B. Then 10 minutes degassed in high vacuum.
After that dry acetone (10 mL) was added to it and again degassed
in high vacuum for 5 minutes. Then preheated molecular sieve was

SCN
>L JOL N.Me added to it. Then KSCN (16.75 mmol added then) was to it. Again
0" "N *OMe
o]

reaction mixture was degassed in high vacuum for 5 minutes.
Finally the reaction mixture was stirred at 55 ° C for 24 h. Then
reaction mixture was dried under high vacuum. Then ethyl acetate was added to the reaction
mixture and filtered through what Mann filter paper and organic phase was washed with
saturated brine solution. Then residue (Rf = 0.4 in 2:1, hexane/ethyl acetate) was purified on
silica gel (60-120) using hexane/ethyl acetate. A yellowish solid compound; 800mg, Yield 82
%; m.p. 119-123 ° C. IR (KBr) v 3347, 2990, 2979, 2925, 2853, 2151, 1715, 1663, 1529, 1458,
1413, 1391 cm™.*H NMR (600 MHz; CDCls) *H NMR (600 MHz, CDCls) ¢ 5.58 (1H, d, J =
4.5 Hz), 4.99 (1H, d, J = 4.0 Hz), 3.79 (3H, s), 3.38 (1H, dd, J = 13.7, 4.0 Hz), 3.29 (1H, d, J =
4.8 Hz), 3.25 (3H, s), 1.45 (9H, s); *C NMR (150 MHz; CDCls) & 168.8, 155.1, 112.0, 80.8,
62.1, 50.6, 36.9, 32.5, 28.4. +ESI-HRMS (m/z) calculated for C11H2N304S [M+H]" 290.109,
found-290.1118.

(S) N,C-diprotected aminoalanine (2.044): At first compound-2.037 (1700 mg, 6.22

mmol) was loaded in a two neck R.B and dry methanol was added to it. Evacuation unde high

vacuum pump for 10 minutes and degassing by N, gas, Pd/C (132 mg, 1.24 mmol) was added

NH, and H, atmosphere was created by a balloon. The reaction mixture

>L o /[rr Me was stirred at room temperature for 7 h after which the reaction
o

JLN Neome | mixture was filtered through Whatmann filter paper, solvent was

H evaporated under high vacuum to afford white semi solid product

(Rf = 0.4 in 1:3, CHCI3/MeOH) which was directly used for the

next step without further purification. White semi solid compound; 1350mg, Yield 88 %; IR

(KBr) » 3400, 3342, 3002, 2978, 2932, 1704, 1646, 1530, 1455, 1394, 1365, 1287, 1251 cm"

''H NMR (600 MHz; CDCls3) ¢ 5.50(1H, d, J = 7.1 Hz,), 4.69 (1H, s), 3.76 (s, 3H), 3.20 (3H,

s), 3.04 — 2.98 (1H, m), 2.85 (1H, dd, J = 13.3, 5.8 Hz), 1.75 (2H, s), 1.42 (9H, s); °C NMR

(150 MHz; CDCl3) ¢ 171.6, 155.9, 79.9, 61.8, 53.2, 44.3, 32.2, 28.5. +ESI-HRMS (m/z)
calculated for (C10H25N304) (M+H) *248.1610, found-248.1606.
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(S) “N, ®N, C-triprotected lysine (2.049): At first compound-2.048 (1700mg, 4.47
mmol) was loaded in 100 ml single Neck round bottom flask and then dry DCM (30 mL) was
added to it. After that N, O dimethyl hydroxyl amine hydrochloride (456mg, 4.64mmol) was

added to the stirred solution. Then the solution was treated with N-

NHCbz methyl morpholine (0.750ml, 4.8mmol) under N, at -10 °C and to this
resulting solution EDC. HCI (928mg, 4.8mmol was added five

o Me portion over 30 minutes .After stirring at -10 ° C for 3 h. After that
)(OJLN 1{& reaction mixture was treated with 1(M) aqueous HCI solution and
H 5 OMe | extracted with 200 mL DCM. After that organic layer was treated

with saturated NaHCOj3 and brine solution and dried over Na;SO..
After evaporation of DCM to give light greenish liquid and the residue (Rf = 0.4 in 1:2,
hexane/ethyl acetate) was purified by column chromatography on silica gel (60-120) using
hexane/ethyl acetate. Transparent liquid compound; 1670mg, Yield 88 %. IR (KBr) v 3337,
3064, 3003, 2938, 2867, 2825, 1718, 1538, 1454, 1390 cm™.*H NMR (600 MHz; CDCls) ¢ 7.34
(4H, d, J =4.3 Hz), 7.30 (1H, g, J = 4.6 Hz), 5.24 (1H, d, J = 9.2 Hz), 5.07 (2H, s), 5.00 — 4.89
(1H, m), 4.64 (1H, q,J=7.8, 7.1 Hz), 3.75 (3H, s), 3.18 (5H, s), 1.93 — 1.82 (1H, m), 1.69 (1H,
p, J = 6.3 Hz), 1.51 (3H, ddp, J = 20.6, 13.5, 6.8 Hz), 1.41 (10H, s). +ESI-HRMS (m/z)
calculated for C,1H34N30g [M+H]" 424.2448, found 424.2449.

(S) °N,C-diprotected lysine (2.050): At first Compound 2.049 (1500mg, 3.55mmol) was
loaded in preheated dried single neck 50ml round bottom flask and dry methanol was added to
it. After that it was degassed under high vacuum and N, atmosphere

W was created. Then under N, atmosphere 10%-Pd/C (76mg, 0.70mmol)

was added and again degassed under high vacuum and H, atmosphere

o Me was created by balloon. The reaction mixture was stirred at room
)(OJLN I{L temperature (rt) for 8 h. After completion, the reaction mixture was
L OMe Tl Sfiltered through Whatmann filter paper and evaporation of methanol

in high vacuum gave white semi solid product and compound was
directly used in next step of reaction without further purification. Colorless semi solid; 100mg,
Yield 97 %.

(S)”N,C-diprotected lysine trifluoroacetate salt (2.053): At first compound-2.049
NHCbz (500mg, (0.90mmol) was loaded into 50 ml single neck round bottom
flask and DCM (2ml) and TFA (1ml) were added. It was allowed to
Me stir at room temperature for about 4 h. Then the RM was dried at high

£ COBHLN I{J‘OM vacuum and to the obtained compound, chloroform (30ml, 3 times) was
o ® | added and evaporated to obtain brownish gummy compound. The
compound was directly used for next reaction without any purification.
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Weight of the salt = 630mg.

General synthesis procedure for Isothiocyanyl derivative:

At first amino, the compound was loaded in dry 50 mL round bottom flask under nitrogen
atmosphere and dry THF was added to it. Then reaction mixture was cooled to 0 ° C and Et;N
3.3 equivalent was added to it, after 5 minute CS; 2 equivalent was added to it and stirred for 1
hour at 0 ° C. After that at 0 ° C tosyl chloride 1.2 equivalents was added to it and whole
reaction mixture was stirred at 0 ° C for 5 minutes to 30 minutes. Afterward, reaction mixture
was dried under high vacuum and ethyl acetate was added to the reaction mixture and organic
layer was treated with 1(N) HCI followed by saturated NaHCOg3 and brine solution and dried
over Na,SO,. After Evaporation of ethyl acetate, the residue was purified by column
chromatography on silica gel (60-120) using hexane/ethyl acetate.

(S)N,C-diprotected isothiocyanyl alanine (2.046, N“>Ala): Using general synthesis for
isothacyanyl and starting from 830mg (3.35mmol) of compound 2.044. The compound 2.046
was obtained (R = 0.4 in 2:1, hexane/ethyl acetate) within 5 minutes.

NCS
>L 9 Me | A light greenish solid compound; 800mg, Yield 82 % ; m.p. 80-84 °
OJLN N-ome
H o

C. IR (KBr) © 3343, 3009, 2980, 2937, 2223, 2120, 1697, 1658, 1526,
1462, 1430, 1391 cm™. *H NMR (600 MHz; CDCls) 6 5.54 (1H, d, J
= 7.5 Hz), 4.88 (1H, d, J = 3.5 Hz), 3.84 (1H, dd, J = 14.3, 4.4 Hz), 3.76 (4H, s), 3.25 (3H, ),
1.45 (9H, s); **C NMR (150 MHz; CDCls) ¢ 168.8, 155.1, 134.1, 80.7 62.0, 50.6, 47.1, 32.5,
28.5. +ESI-HRMS (m/z) calculated for C11H2N3O,SNa [M+Na]* 312.0994, found= 312.0998.

(S)N,C-diprotected isothiocyanyl lysine (2.052, N“*Lys): Using general synthesis for
isothiocyanyl and start from 900mg (3.11mmol) of 2.050, the desired compound 2.052 was
NCS obtained (Rf = 0.4 in 1:1, hexane/ethyl acetate). A light green gummy
liquid; 880mg, Yield 85 %. IR (KBr) v 3434, 2975, 2983, 2861, 2148,
2105, 1709, 1660 1503, 1456, 1389, 1366 cm™.'H NMR (600 MHz;
)( JOL Ve CDCl3) 6 5.21 (1H, d, J = 8.8 Hz), 4.62 (1H ,d, J =4.0 Hz), 3.73 (3H, s

" X OMd ) 3.47 (2H,t, J=6.7 Hz), 3.16 (3H, s), 1.75-1.58 (3H, m), 1.56 — 1.40
(3H, m), 1.38 (9H, s); *C NMR (150 MHz; CDCls) 6 172.8, 155.6,
130.0, 79.7, 61.7, 49.9, 44.8, 32.2, 32.1, 29.5, 28.4, 22.4. +ESI-HRMS (m/z) calculated for
C14H26N30,4S [M+H]" 332.1644, found 332.1643.

(0]
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(S)N,C-diprotected a—isothiocyanyl lysine (2.055, *N°Lys): Using general synthesis
for isothiocyanyl and start from 630mg (1.48 mmol) of 2.053, the desired compound 2.055 was

SCN

NHCbz

(0]

Me

1
N

‘OMe

obtained (Rf = 0.4 in 1:1, hexane/ethyl acetate). A light green gummy
liquid; 410mg, Yield 75 %. IR (KBr) v 3447, 3063, 3033, 2863, 2072,
1718, 1537, 1389, 1455, 1389, 1323 cm™. *H NMR (600 MHz; CDCls) 6
7.28 (5H, d, J = 18.9 Hz), 5.21 (1H, s), 5.03 (2H, s), 4.50 (1H, s), 3.65
(3H, s), 3.15 (5H, d, J = 2.2 Hz), 1.81 (2H, d, J = 3.3 Hz), 1.53-1.31
(4H, m); °C NMR (150 MHz; CDCls) ¢ 168.0, 156.4, 136.7, 136.5,

128.4, 127.9, 127.9, 66.4, 61.6, 57.4, 40.4, 32.5, 32.4, 29.0, 22.7.+ESI-HRMS (m/z) calculated
for C17H24N304S [M+H]" 366.1488, found 366.1512.

(R)-tert-butyl5-(methoxy(methyl)carbamoyl)-2-thioxoimidazolidine-1-
carboxylate (2.047) : Using general synthesis for isothacyanyl and starting from 830mg
0L 5 (3.36 mmol) of compound 2.044, the compound 2.047 was obtained (Rf =
>LO JLN J( 0.4, 1:5, hexane/ethyl acetate) within 30 minutes. On standing it forms
white crystal. A white solid compound; 850mg, Yield 87 %; m.p. 160-164
0% °C. IR (KBr) d 3356, 2975, 2938, 1749, 1669, 1510, 1477, 1438, 1368,
Mo Me 1342, 1396 cm™. 'H NMR (600 MHz; CDCls+DMSO-dg) 6 7.27 (1H, ),
5.16 (1H, dd, J = 11.0, 5.1 Hz), 3.83 — 3.74 (1H, m), 3.64 (3H, s), 3.33 (1H,
dd, J = 11.0, 5.2 Hz), 3.12 (3H, s), 1.37 (9H, s).2*C NMR (150 MHz; CDCls+ DMSO-dg) J

180.9, 169.7, 149.7, 83.7, 61.4, 58.7, 445, 32.5 27.8+ESI-HRMS (m/z) calculated for
Ci11H20N304S [M+H]* 290.1175, found 290.1188.

NH

(R)-N-methoxy-N-methyl-2-thioxooxazolidine-4-carboxamide (2.057):
Using general synthesis for isothiocyanyl and start from 800mg (3.05 mmol) of 2.056, the
desired compound 2.057 was obtained (Rf = 0.4 in 1:5, hexane/ethyl
s=X ] acetate). A light green gummy liquid; 350mg, Yield 60 %. IR (KBr) b
If o 3242, 2966, 2996, 2922, 2852, 1760, 1666, 1516, 1394, 1324 cm™. 'H
NMR (600 MHz; CDCls) 6 8.45 (1H, s), 4.94 (1H, dd, J = 9.6, 7.2
Hz), 4.86 (1H, t, J = 9.7 Hz,), 4.69 — 4.63 (1H, m), 3.71 (3H, s), 3.22 (3H, s); *C NMR (150
MHz; CDCls) § 189.9, 168.4, 72.2, 61.7, 57.1, 32.6. +ESI-HRMS (m/z) calculated for

CeH1:N203S [M+H]" 191.0490, found 191.0490.

(S)-methyl 3-(1H-indol-2-yl)-2-isothiocyanatopropanoate(2.066):

Using general synthesis for isothiocyanyl and start from 500mg (1.96
mmol) of 2.065, the desired compound 2.066 was obtained (Rs = 0.4 in
1:2, hexane/ethyl acetate). A light yellow semi solid; 385mg, Yield 75
%. IR (KBr) v 3416, 1953, 3055, 2953, 2925, 2853, 2226, 2076, 1745,
1619, 1546, 1488, 1457 cm™. *H NMR (600 MHz; CDCl3) ¢ 8.21 (1H,
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s), 7.58 (1H, d, J = 7.6 Hz), 7.37 (1H, d, J = 7.9 Hz), 7.23 (1H, t, I = 7.2 Hz), 7.17 (1H, t, J =
7.2 Hz), 7.13 (1H, s), 4.63 — 4.55 (1H, m), 3.76 (3H, s), 3.50 — 3.41 (1H, m), 3.36 (1H, dd, J =
14.5, 7.8 Hz); *C NMR (150 MHz; CDCls) 6 168.9, 137.3, 136.2, 126.9, 124.2, 122.4, 119.9,
118.4, 111.6, 109.1, 60.4, 53.3, 30.1. +ESI-HRMS (m/z) calculated for C13H13N,0,S [M+H]*
261.0698, found 261.0687.

(S)-methyl4-amino-2-isothiocyanato-4-oxobutanoate(2.061): Using general
9 synthesis for isothiocyanyl and start from 500mg (1.34 mmol) of 2.060, the

NH, desired compound 2.061 was obtained (R = 0.4 in 1:3, hexane/ethyl

OMe | acetate). A semi solid; 140mg, Yield 55 %. IR (KBr) v 3434, 3192, 2954,
o 2061, 1957, 1742, 1668, 1610, 1668, 1610, 1511, 1411, 1313 cm™. 'H
NMR (600 MHz; CDCls) & 5.97 (1H, s), 5.86 (1H, s), 4.78 (1H, d, J = 4.6
Hz), 3.84 (3H, s), 2.93 — 2.75 (2H, m); *C NMR (150 MHz; CDCl3) § 170.1, 168.5, 139.4,
55.7, 53.7, 38.7. +ESI-HRMS (m/z) calculated for CgHgN,OsS [M+H]" 189.0345, Found
189.0452.

SCN

Tert-butyl(2-isothiocyanatoethyl)carbamate(2.072): Using general synthesis for
N isothiocyanyl and start from 240mg (1.5 mmol) of 2.071, the desired
HNYN~ compound2.071 was obtained (Rf = 0.4 in 2:1, hexane/ethyl acetate). A
OJ\O liquid; 260mg, Yield 85 %. IR (KBr) v 3207, 2977, 2931, 2896, 2196, 2111,
1740, 1700, 1560, 1522, 1486, 1476, 1459, 1395, 1367, 1346, 1278 cm™. 'H
NMR (600 MHz; CDCls) 6 4.87 (1H, s), 3.47 (2H, t, J = 5.1 Hz,), 3.20 (2H,
d, J = 5.4 Hz), 1.27 (9H, s); **C NMR (150 MHz; CDCls) § 155.8, 132.1, 80.2, 77.4, 77.23,
77.0, 45.5, 40.6, 28.4. +ESI-HRMS (m/z) calculated for CgH15N20,S [M+H]" 203.0854, found
203.0825.

Tert-butyl 2-thioxoimidazolidine-1-carboxylate (2.073): At first compound 2.072 60
S mg, (0.30 mmol) was loaded into 25ml R.B. Then DCM: CH3;CN and EtzN
YN“ (0.90 mmol) were added to it. After that reaction mixture was refluxed at 50 °
OYN\) C for 12 h. Next reaction mixture was dried under vacuum and residue was
>|/0 purified by column chromatography on silica gel (60-120) using hexane/ethyl
acetate. The desired compound 2.072 was obtained (Rf = 0.4 in 1:2,
hexane/ethyl acetate). A semi solid compound; 49mg, Yield 80 %. IR (KBr) v 3370, 2969,
2915, 1724, 1641, 1506, 1477, 1385, 1369, 1340, 1306, 1275, 1233 cm™. *H NMR (600 MHz;
CDCl3) 6 7.72 (1H, s), 4.08 — 4.01 (2H, m), 3.56 (2H, t, J = 8.8 Hz), 1.51 (9H, s); *C NMR
(150 MHz; CDCl3) ¢ 181.2, 150.4, 83.5, 47.7, 41.1, 28.1. +ESI-HRMS (m/z) calculated for
CgH15N20,S [M+H]" 203.0854 Found 203.0907.
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Tert-butyl (3-isothiocyanatopropyl)carbamate (2.075): Using general synthesis for
isothiocyanyl and start from 604mg (3.5 mmol) of 2.074, the desired compound 2.075 was
obtained (Rf = 0.4 in 6:1, hexane/ethyl acetate). A light green gummy

,& liquid; 570mg, Yield 75 %. IR (KBr) v 3375, 3010, 2999, 2985, 2973,
0" Yo 2940, 2198, 2150, 2090, 1674, 1517, 1473 cm™'H NMR (600 MHz;
CDCl3) 0 4.82 (1H, s), 3.56 (2H, t, J = 6.5 Hz,), 3.19 (2H, d, J = 6.0 Hz),
1.89 — 1.77 (2H, m), 1.39 (9H, s); *C NMR (150 MHz; CDCls) & 156.1,
130.4, 79.6, 42.7, 37.7, 30.4, 28.4, 28.4. +ESI-HRMS (m/z) calculated for C4HygN,S [(M+H)-
Boc]" 117.0486, found 117.0453.

HNN""Nes

(6S, 9S)-tert-butyl 6-(((S)-1-methoxy-1-oxopropan-2-yl)carbamoyl)-9-methyl-8-
oxo3-thioxo-1,2,4,7-tetrazonane-1-carboxylate (2.070): Using general synthesis for

isothiocyanyl and start from 100 mg (0.24 mmol) of 2.069
the desired compound 2.070 was obtained (Rf = 0.4 in 1:2,

H
O»_ St(N%r h /ethyl tate). A liquid; 58 Yield 60 %
NH N\ H O exane/ethyl acetate). A gummy liquid; 58mg, Yie b.

9_0 50‘ N N}/I(OMe

IR (KBr) o 3327, 2979, 2926, 2854, 2106, 1740, 1681,
1523, 1454, 1388, 1367.78, 1216, 1165, 1047 cm™.'H NMR
(600 MHz; CDCl3) § 7.73 (1H, d, J = 25.9 Hz,), 6.91 (1H, s), 6.49 — 6.37 (1H, m), 5.24 (1H, s),
5.16 (1H, t, J = 6.6 Hz), 4.54 (1H, p, J = 7.2 Hz), 3.83 (2H , d, J = 7.4 Hz), 3.74 (3H, s), 1.47
(3H, s), 1.43 — 1.39 (12H, m); *C NMR (150 MHz; CDCls) 6 179.5, 176.6, 173.2, 168.1, 155.4,
80.1, 60.8, 52.8, 49.0, 48.6, 44.6, 28.5, 19.3, 18.1. +ESI-HRMS (m/z) calculated for
Ci16H27N40sS* [M+H]* 403.1651, found 403.1604.
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2.9.3.'H and *C NMR Spectra of Selected Amino acids and cyclic Derivatives
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Figure 2.11. *"H NMR spectra of synthesised compound 2.038.
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Figure 2.12. **C NMR spectra of synthesised compound 2.038.
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Figure 2.16. **C NMR spectra of synthesised compound 2.043.
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Figure 2.17. *H NMR spectra of synthesised compound 2.046.
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Figure 2.18. *C NMR spectra of synthesised compound 2.046.
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Figure 2.19. *H NMR spectra of synthesised compound 2.052.
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Figure 2.20. **C NMR spectra of synthesised compound 2.052.
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Figure 2.21. 'H NMR spectra of synthesised compound 2.047.
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Figure 2.22. *C NMR spectra of synthesised compound 2.047.
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Figure 2.24. *C NMR spectra of synthesised compound 2.057.
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Chapter 3 Application of "*4la... Thioureayl Alanines...Aminotetrazolyl Alanines...

3.1. Introduction

The key role of protein and amino acids in the structure and function of living organism has
encouraged extensive studies of amino acids. Modified amino acids with enhanced biological
activity, proteolytic stability and bioavailability are of increasing interest in protein design and
engineering.™ In the last few years, several efforts have been devoted to the synthesis of side
chain modified unnatural amino acids. This modification can be achieved by oxidation,
halogenation, C-H activation, electrophilic addition and nucleophilic substitution reactions.

Isothiocyanate as modified side chain can bring the functional tunability in the amino acids
as was described in the Chapter 2. The well-known functional conversion of isothiocyanates to
thioureas is attractive in this regard. Thiourea is an organosulfur compound which is structurally
analogous to urea. However, the nature of urea and thiourea vary considerably due to its high
coordination ability and larger cross-sectional area.™ Thiourea constitutes an important class of
compounds that possess widespread applications in medicinal chemistry™®*® such as fungicides,
herbicides,'”” rodenticides™and phenoloxidase enzymatic inhibitors.[”! It also acts as valuable
building blocks for the synthesis of amides, guanidines and varieties of heterocycles including
tetrazoles.®*™ It is also used for anion recognition/sensing®®" and in organocatalysis.!®! The
synthesis of thiourea-peptides is thus an attractive area of research, since the thiourea residues
are fairly rigid™® and may play an important role in protein secondary structure and it’s folding.

The tetrazole group acts as bioisosteric to the carboxyl group ™ with enhanced biological
functions."® Aminotetrazoles is another class of widely used heterocyclic compound in the
current research area. It has the maximum number of nitrogens among the heterocyclic
compounds and displays remarkably high thermal stabilities.’®® It has a wide range of
applications such as in high energy density materials (HEDM),®® as useful ligands in
coordination chemistry® and in bioorganic chemistry.'? In particular, 5-aminotetrazoles
function as anti-allergic and anti-asthmatic,'antiviral and anti-inflammatory,**!
antineoplastic™ and cognition disorder activities.> On the other hand 1, 5-disubstituted
tetrazoles are effective bioisosters for cis—amide bonds in peptidomimetics.!"™The importance
for the development of new aminotetrazole based amino acids molecules using different starting
material and different reaction methodology would be thus an active area of research. To meet
the challenges in side chain modifications, we describe the few reported synthesis of new side
chain modified thioureayl and aminotetrazolyl amino acids.
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3.2. General Synthetic Procedure for Thioureas

There are several reports in the literature describing in situ generation of substituted
thiourea.l!”? It can be generated by condensation of the primary or secondary amine with
isothiocyanate [, thiophosgene ™™ or its derivatives!*”. Many isothiocyanates are difficult to
synthesize and are very unstable. Hence, several routes have been reported by different research
groups for the preparation of both symmetrical *®(Figure 3.01a) and unsymmetrical thioureas
(%1 (Figure 3.01b) without using isothiocyanates directly. Prabhu and co-workers reported an
efficient method for the preparation of symmetrical and unsymmetrical thiourea derivatives by
simple condensation between amines and carbon disulfide in aqueous medium (3.003, Figure
3.01a).%%

(a) Symmetrical Thiourea By T TETEEE R .
----------------------- R
ERIN:C:NRI + H,S E\ / E (1'3/ Cl+ Na,CS; + 2R;NH, '
SR s, T S S ' | i

! Me |
. R;< _Ry/R [ T NN J
3.002 1 NJJ\ITJ 2/ Ry 3004
P R T . H/R; H PO L S
' R|NH;+ s, / o \4 JJ\
| OR | Direct or : 5 (/\JN ® + 2R;NH,
E R,RNH+ CS; RZ_NHZEcatalysed N N
3.003 3.005

R. ! ]
3’NH : i NRjR R; :
' [ .
Ph;P(SCN), |+ K, | *R, Ry, Ry, Ry, Ry = {P=NR,R | 3CS, | 4 'NH !
alkyl or aryl, unless specified. . NRR R:t i

Figure 3.01. Reported procedures for the synthesis of (a) symmetrical and (b) unsymmetrical
thiourea.
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3.2.1. Applications of Thioureas
3.2.1.1. Thioureas in Biology and Medicinal Chemistry

In 1998, Dallaire et al.,”” have synthesised a new thiourea based building block (3.014,
Figure 3.02) where from new analogues of peptide nucleic acids can be obtained. During the
past several years, peptide nucleic acids (PNAs) have appeared to be useful mimics of DNA
with promising applications in diagnostics and in the pharmaceutical areas (e.g. antisense-
antigene-therapeutic agents). They have incorporated modifications into the polyamide
backbone of PNAs and explored its effects on the binding properties with DNA/RNA and on
the transportation phenomena across the cell membranes.”® In 2010 Liu et al., [?**) and their
co-workers have synthesised and studied pseudo-peptide thioureas containing o-
aminophosphonate moiety (3.015, Figure 3.02) as potential antitumor agents.t ! In 2012,
Klein et al., [ 2 have synthesised a new class of bis(thiourea) hydrazide pseudopeptides (3.016,
Figure 3.02). This class of compounds is designed to display “amphifinity”, i.e. association
with a peptide strand on one face of the scaffold but not on the other, and hence could
potentially inhibit B-sheet aggregation.! %!

o

.
0 R 0o R 0 R
H H H
N N N
NN e AP NANINA
A l A l s H O R H O R H O
o) N o) N H JL o) R B "" 5 .““
~N NT SN N0 R R " R H
AY
o " " Do

L e, ™ iR

A 0 e A AL A A LI
Fmoe=N"">N"N N/\/N\)LOMe R2=Alkyl, Aryl R2 () ) 1 L 0|
H

O H H O H

R W ;'0" R W ;'0' R M
\EJ\WN\E)\%J\WN\E)\EJ\WN\
O R O R 0

R=Alkyl/Aryl 3.016

H H =fluorobenzene derivative.

3.014 3.015

Figure 3.02. Biologically important thiourea derivatives.

In 2012, Gowda et al., ®Y have synthesised thiouriedo derivatives of peptide conjugated
heterocycles (3.017, Figure 3.03). These compounds were evaluated for their ability to inhibit
the growth of a panel of microorganisms. All the synthesised compounds in this series have
been found to be display an excellent antimicrobial activity.”¥ Wang et al., 9 have
synthesised novel dehydroabietic acid derivatives conjugated with acyl-thiourea peptide moiety
(3.018, Figure 3.03) and evaluated their anti-tumor activity. They also showed that compound
3.020 exhibited the best antitumor activity against the HeLa cell line and even displayed more
potent inhibitory activity than commercial antitumor drug 5-fluorouracil (5-FU).**¥ In 2016,
Ghasemi and his co-workers ™ have produced thiourea-peptoids (3.019, Figure 3.03) in
moderate to good yields from a four component Ugi reaction. As small peptides are an
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important group of compounds in medicinal chemistry, they modified peptide moiety using
unnatural amino acid which shows more diversity compared to natural analogues.?'"!

F
Ph o S R! R? o
4
(0) w, N R
o NN Aar” N7 N %]\N’
_ H H H H 3 H
N . o R3 R
= Ar = phenyl (most common)/ p-tol/
S N N7 \ para nitro phenyl group
‘Xaf\( = R'= Alkyl group (H/ Me/ iPr)
Ar~N E 0 R?= Phenyl/Benzyl group
H R3= Alkyl grou (Me/Et/n-Pr/n-Bu
yl group )
3.017 3.018 R*= cHex/'Bu Group 3.019

Figure 3.03. Medically useful thiourea derivatives.

3.2.1.2. Thioureas as Sensor

In 2013, Jolliffe and co-workers have synthesised tripodal thiourea (3.020, Figure 3.04)
based on a cyclic peptide scaffold and studied their anion binding properties. The synthesised
product has high affinity towards sulfate binding in aqueous solution. The complex is mainly
supramolecular and uses hydrogen bonding as complexation technique. Thus this provides
many potential applications such as receptor binding and discriminating between anions in
aqueous media. ' In the year 2015, Costero et al., 7 have made a thiourea-modified
fluorescein derivative (3.021, Figure 3.04) by the reaction of fluorescein isothiocyanate with 2-
(2-aminoethoxy)ethan-1-ol. This simple fluorescein derivative works as a sensor and is able to
discriminate among linear aliphatic @-amino acids with different chain lengths.[?!"

o-H

Figure 3.04. Reported various thiourea compounds for sensor.
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3.2.1.2. Thioureas as Catalyst

In 2005, Takemoto et al., have demonstrated some enantioselective reactions catalyzed by
thiourea derivatives (3.022, Figure 3.05) as general acid catalysts as well as diastereoselective
reactions considering H-bond ability of thiourea derivatives.”" In 2006, Akiyama et al., have
reviewed recent Progress in chiral Brgnsted Acid Catalysis (3.023, Figure 3.05) where they
have shown monofunctional and bifunctional thiourea catalysts in asymmetric synthesis %, In
2015, Fu and co-workers have reported an important pathway for the direct enantioselective
amination of a-ketoester which is catalyzed by tertiary amine thiourea (3.024-3.027, Figure
3.05). These organic catalysts were used to carry out the reaction with 93% enantioselectivity
and 90% vyield. (¥

R! R!
Me \l/ S
J]\ R? 0 NS
R? N N
H H HO.
R= Bn/Me group
R!=H/CF3 X= OCO'Bu/'Bu group X
R’=H/CF3
3.022 3.023

@,
— HN;&QCE _/—Nz HN HN\Q/

CF; CF;

3.024 3.025

Q Ph Ph
4 S )—( S
N HN—( CF, N HN—? CF,
HN\Q HN\Q
CF, CF,

3.026 3.027

Figure 3.05. Reported various thiourea catalysts for enantioselective reactions.
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3.3. General Synthetic Procedure for Aminotetrazoles

There are several reports in the literature describing the in situ generation of substituted
aminotetrazoles. There are two ways: (2) reactions of aminoguanidine derivatives with sodium
nitrite (3.028, Figure 3.06); ! (b) synthesis of 5-aminotetrazole with the reaction of azide
anion to (i) carbodiimides (3.029, Figure 3.06) %! (ii) cyanamides (3.030, Figure 3.06% [24
(iii) nucleophilic substitution of chlorine by N3™ in R-chloroformamidines (Figure 3.031) 25a-d]
(iv) sulfite anion by N3~ in aminoiminomethanesulfonic acids (3.032, Figure 3.06) [ and (v)
nucleophilic addition of N3 to thiourea ( 3.033, Figure 3.06) in the presence of copper, mercury
251 or lead salts.[???]

H,N,
NH

RI”N,)\N‘RZ
1

3.028 R;

NaNO2
R;—NZC=N=-R, Ny a Ny R,

3.029
b

Figure 3.06. Reported procedure for the synthesis of aminotetrazole.
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3.3.1. Application of Aminotetrazoles

In 1969, Morley et al., have reported the synthesis of an analog of C-terminal tetrapeptide
amide sequence of gastrin wherein aspartic acid in position 16 was replaced by p-(5-tetrazolyl)-
L-alanyl residue (3.035, Figure 3.07).%% This tetrazole analog of the physiologically active
tetrapeptide amide was found to be as potent as its aspartyl relative. However, all the other
synthetic analogues synthesised by modification at aspartyl position showed less activity. In
1993, Ornstei et al.,'”®! have reported the synthesis and pharmacological characterisation of two
novel series of acidic amino acids (o-tetrazolesubstituted acyclic a—amino acids), 3.036 and 4-
(tetrazolylalkyl) piperazine-2-carboxylic acids) 3.037-3.038 as potential N-methyl-D-aspartate
(NMDA) antagonists. They also synthesised the piperazine tetrazoles which showed a moderate
affinity for the NMDA receptor.[?®® Sureshbabu et al., have synthesised tetrazole analogues of
amino acids starting from N*-Fmoc amino acid.”® They have synthesised aminotetrazole
analogues of aspartic and glutamic acid and successfully incorporated these amino acids into
peptides (3.039, Figure 3.07) for further study.*!

H CO,H H H H

HN-N N-N s CO,H
N ) N ?
SN I N H NH RS
(TN N. \m NH
n g N*

H
Tyr—Met—N=CH=CO=-Phe-MH,

H
- 16 17 H,N” NCO,H NN
n=1,2,3,4,5,6 N 3.038
3.035 3.036 20

N« N~ '~
NV n=123456 N ¥ H Ny
.z I (0]
N N (0]
b v R T ")z N, | CaEO)
FmocHN Y CO,Me ’
o) <

3.041
3.040

3.039

Figure 3.07. Some reported aminotetrazoles with different applications.

Few years later, Nachman et al., have reported the conformation of a C-terminal
pentapeptide, modified with tetrazole moiety in active-core of insect kinin analog which mimic
a cis peptide bond and favorably induce the formation of type VI B-turn.*¥ McManus and
Herbst et. al.,’?* proved that 5-substituted tetrazoles can be used as isosteric replacements of a
carboxyl group and 1,5-disubstituted tetrazoles can be used as isosteres of the cis-amide bond of
peptides. In 2003, Qu et al., have synthesised 3D homochiral networks containing mono [(S)-5-
(3-tetrazoyl)-phenylalaninato] zinc(ll) (3.040, Figure 3.07) and mono [(S)-5-(3-tetrazoyl)-
phenylalaninato] cadmium(I1) monoaqua(ll) (3.041, Figure 3.07).

The structure of these coordination polymers gives new insight into Sharpless reaction of chiral
5-substituted 1H-tetrazole and homochiral supramolecular array constructions. 2!
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3.3.2. Biologically Active Tetrazoles

The best well-known example of tetrazole-based antihypertensive medicine is losartan
(3.042, Figure 3.08) and its analogues and the compounds may prove useful for the treatment of
diabetes. Ram et al., "™ have reported that the compounds 3.043 and 3.044 act as promising
drug candidate against cerebral ischemia, schizophrenia. Ornstein et al., have synthesised a
compound 3.045 by 6-substitution of decahydroisoquinoline-3-carboxylic acids ! and found
that the compound behaved as antagonist of AMPA-2-amino-3-(3-hydroxy-5methylisoxazol-4-
yl) propionic acid and kainase receptors. Another class of glutamate receptor agonists is the
derivatives of isoxazoles 3.046 which has been reported by Ornstein and Dominguez et al.l¢"]

Cl

3.042 3.043 3.044

Figure 3.08. Examples of biologically active aminotetrazoles.

1,5-disubstituted tetrazole ( 3.047-3.048, Figure 3.09) fragments were studied actively and
it has been found that such compounds are anti-inflammatory agents. On the other hand, they
also exhibit weak antiulcer and analgesic activity °*. Bayer et al., have synthesised
derivatives of 3'-(5-aminol,2,3,4-tetrazol-4-yl)-3'-deoxythymidines 3.049, which show activity
against the human immune deficiency virus. %!

HO

3.046

Figure 3.09. Examples of biologically active aminotetrazoles.

Another tetrazole-based drug found in cephalosporin class %! which has been reported by
Powers and lee et al. Cephalosporin has almost similar structure to penicillinin but these types
of antibiotics have low toxicity, for example: latamoxef (3.050, Figure 3.10). Habich et al.,
have synthesised very interesting terazole containing peptide molecule 3.051 with various
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substituents at

by oxadiazole

[31c]

position-1 of the tetrazole and reported that such products can be used as
antihypertensive agents.*® Another class of 2,5-disubstituted tetrazole derivative 9H-xanthene-
9-carboxylic acid 3.052, has been reported by Huwyler et al., where tetrazole has been replaced
ring.*™ Such compounds may find use as glutamate receptor modulators.
Similar kind of compound 3.053 has been studied by Chang et al., which showed antiviral

activity.
0~ _OH
O N (o) N-N
o N™N S I°N
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N=N OMe
‘NZ > NHR
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X
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Q
o)
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Figure 3.10. Examples of biologically active aminotetrazoles.
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3.4. Background

The interest in the synthesis and application of novel unnatural amino acids (UNAAS) is
growing universally in recent years. Moreover, the synthesis of unnatural amino acids with
novel functionality is highly challenging and an emerging area of research. Side chain modified
UNAASs are very important and an attractive tool for the development of less perturbing amino
acids. The complementary use of both genetic and chemical methods has provided a wide scope
of preparation of protein construct with either natural or synthetically modified amino acid
residues.’***! In addition, side chain modified amino acids can take part in site-selective protein
modification which is very important for the preparation of the next generation of
biopharmaceuticals. Furthermore, side chain modified UNAAs with a fluorophoric group
applied for generation of unnatural fluorescent amino acids has been explored previously.
Tetrazoles and thioureas are important class of scaffolds in peptidomimetic chemistry.
However, application of these scaffolds in the UNAAs synthesis is less explored. Therefore,
generation of side chain modification with the above scaffolds would be an attractive area of
research in amino acids and protein field.

Recently, our research group is involved in the synthesis of side chain modified UNAAs. In
the present chapter, we report the well-known chemistry of -NCS which has been exploited to
generate thioureay! alanines ("“Ala = Tua) as a new class of UNAAs which is further converted
to aminotetrazolyl alanines (“"?Ala = Ata) as another class of new UNAAs. Herein, we also
report and study the photophysical property of pyrenylthioureayl and aminotetrazolyl UNAAs
as highly emissive unnatural amino acids.
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3.5. Objective

Several synthetic methodologies have appeared in the literature for the generation of
substituted thioureido and tetrazoles including 5-amino tetrazoles. However, there is no report
of unnatural thioureayl and aminotetrazolyl amino acids. Hence, we are the first to report
thioureayl and 5-aminotetrazolyl as novel class of unnatural amino acids. Considering the
importance of UNAAs in biological system, we made an effort to the synthesis of new
thioureayl and aminotetrazolyl unnatural amino acids. These unnatural amino acids can be used
for various applications like site-specific modification in protein, genetic incorporation and as

Sensor.

Utilising the above concept we outlined our objectives as follows:

() Design and synthesis of thioureayl alanines ("VAla) via nucleophilic addition of aromatic

and aliphatic amines (Figure 3.11) to isothiocyanyl alanine (Ita).

} y Al=Alkyl

1 0 Me Sa_NH

| >L Jig I} - CH,CN:DCM(1:3)

! (o) E ‘oMe T 2 - o NH 3.054-3.071
} 50°C, 12-48h, N, >|\ L 1}

i 2.046 (0] E “OMe TUpj,

' o

i (b)Amine used for the formaion of thioureayl unnatural amino acids

C,Hs

2 NH,
, A B C D E F G H
: NH NH
i H,N NH, NH, 1 A
1 J K M N (o)
\

3 Me "Bu

: CH, OMe o OMe

l H;C \©

L NH, 1 O
} NH, NH, NH, NH, NH 2

Figure 3.11. Schematic of formation of thioureayl alanine amino acids.
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(b) Study of Cu(OAc), mediated desulfurisation of thioureayl alanines (Figure 3.12) for the
formation of carbodiimide intermediates followed by their electrocyclisation with azide to

generate aminotetrazolyl unnatural amino acids.

NaNj, Cu(OAC), . H,0

(b) Aromatic (Ar) Group

@@

H
0 Me Et;N, DMF, rt, 10-18 h
>|\ JL NQ N,
O N OMe
H

FOLOLC O
2 G O O

L

Figure 3.12. Schematic of formation of 5-aminotetrazolyl alanine amino acids.

(c) Study of photophysical properties of methylpyrenylthioureayl alanine (M™™VAla),
pyrenylthioureayl alanine (*Y"“Ala) (Figure 3.13), and pyrenylaminotetrazolyl alanine
(PY™*Ala) unnatural amino acids by UV-visible and fluorescence spectroscopy.

S
LA

3.080

Figure 3.13. Synthesised fluorescent pyrenylthioureayl and pyrenylaminotetrazolyl amino

acids.
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3.6. Results and Discussion

3.6.1. Synthesis of Unnatural Thioureayl Alanines

We have already discussed the synthesis of N“Ala (2.046) in Chapter-2. Here, the
electrophilicity of —~NCS functionality of "“*Ala was first used to achieve the synthesis of
thioureayl unreported side-chain chiral thioureayl alanines ("YAla = Tua) (Scheme 3.01).
Therefore, we carried out the simple condensation reaction of N“SAla with various amines
(Figure 3.11, A-S) in CH3CN: DCM (1:3) solvent at 50 ° C for about 12-48 hours (Scheme
3.01). Yields of the products also varied. All the aromatic amines irrespective of the nature of
the substituents, except for p-acetyl aniline, afforded thioureayl alanines in very good to
excellent yield of 81-98% (Figure 3.14). The p-acetyl aniline afforded moderate yield of
thioureayl alanines (3.075, 65%) which might be because of the formation of other undetectable
side product. In case of aliphatic amines, the yields were good to moderate. The amines with
short carbon chain (ethanolamine-R, Figure 3.11) or compact amine (cyclohexylamine-S,
Figure 3.11) gave very good yield (70-78%) while the long chain amines (butyl-P, Figure 3.11
or heptylamine-Q, Figure 3.11) yielded moderately (50-60%) which might be attributed to the
steric effect. A correlation based on basicity/nucleophilicity is at this stage very difficult to
access. However, in a nut shell, the novel thioureayl amino acids are the first report which can
be easily utilised for catalytic transformation which is our future research focus.? Formation of
all compounds was confirmed by NMR, ESI-HRMS and IR.

s T e . T T 2

o) NCSMe CH;CN:DCM(1:3), }
AN L Y sleH
~OM !
o N € 50°C,5481,N, ‘ L
o 1 ﬁ\ 0 l\I’le
2.046 NHZ 3 OJLE NeoMe Ty,
Ar = Aryl 3 o
Al= Alkyl ol st i e

Scheme 3.01. Synthetic scheme for thioureayl unnatural amino acids.
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Figure 3.14. Structures of the synthesised N,C-diprotected thioureayl alanines.

3.6.2. Synthesis of Unnatural Aminotetrazolyl Alanines ("**Ala)

After successful synthesis of several thioureayl alanines ("“Ala = Tua), we thought that the
intermediate generated from an oxidative desulfurisation of various "“Ala could be trapped by

external nucleophiles such as sodium azide which would ultimately lead to the generation of

another novel class of 5-aminotetrazolyl alanines

T2AAla (Ata) via electrocyclisation. Among

the various available strategies, we adopted Cu(OAc), mediated desulfurisation of thioureayl

(Scheme 3.02) alanines for the formation of carbodiimide intermediates followed by their

electrocyclisation with azide to generate aminotetrazolyl alanines. We are the first to report this
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novel class of unnatural amino acids in good to excellent yields (Figure 3.15). The synthesis
was carried out by stirring a solution of thioureayl alanines in DMF at room temperature with
NaNs3 (3 equiv.) in presence of Cu(OAc)2/EtsN for 12 hours. We synthesised various 5-
aminotetrazolyl alanines in good to excellent yields (45%-85%). Thus, 1-phenyl-5-
aminotetrazolyl alanine (3.072) from phenylthioureayl alanine (3.054) was obtained in moderate
yield. High yields of 1-aryl-5-aminotetrazolyl alanines were observed in cases where aryl group
of arylthioureayl alanines were substituted with —Me, -Et, -nBu, dimethyl, -OH and -ClI
substituents. However, strong electron donating (-OMe) or strong electron withdrawing (-
COMe/CN) groups reduced the yield from moderate to low (61%-45%). The regiochemistry
with respect to the tetrazole moiety is the reflection of the difference in the pK,s of the amino
functionalities onto the thioureayl alanines.®® Thus, amine with less basicity, in this case the
aromatic amines, became the part of the ring nitrogen and the other amine of the f-amino alanyl
moiety with more basicity was the part of the exocyclic nitrogen with respect to the tetrazole
moiety. This may be explained by considering the protonation of more basic ‘N’ of
carbodiimide intermediate 111 (Scheme 3.02), followed by nucleophilic attack by azide to give
azidoguanidyl alanine 1V (Scheme 3.02), which underwent electrocyclisation giving products
with the observed regiochemistry at the tetrazole unit. Formation of all compounds was
confirmed by NMR, ESI-HRMS and IR.

Ar
N Oac Ar Ar
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S _NH Y 1 | )
Y S, NH ‘\%/\N) H .
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Scheme 3.02. The plausible mechanism of regiochemical outcome for the synthesis of
aminotetrazolyl alanines (TZAAIa) from thioureayl alanines ("“Ala).

98

TH-1766_126122035



Chapter 3

Application of "°*4la... Thioureayl Alanines...Aminotetrazolyl Alanines...

(78 %), t=12h

3.072 3.073

85 %), t=12h

3.075 3.076

(61 %), t=10h (60 %), t=14h

3.078
N=N

1 \
O
NH Cl
>L o l\l’le o Me
|
N,

A Ao ﬂ\OJLN/ng\OMe

O H [

(74 %), t=12h

3.079

(45 %), t=18 h

3.081 3.082

(80 %), t=12h
3.074

(72 %), t=16 h
3.077

3.080

(62 %),t=10h

3.083

Figure 3.15. Structures of the synthesised N,C-diprotected 5-aminotetrazolyl alanines.
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3.6.3. 'H-NMR Characterisation of Representative Thioureayl Alanine and
Aminotetrazolyl Alanine Unnatural Amino Acids

All the amino acids in the fully protected form were characterised mainly by NMR
spectroscopy. For amino acid 3.057 (Figure 3.16a), the hydrogen of aromatic unit appeared at o
7.16 and 7.12 as a doublet with coupling constant J = 7.6Hz and 8.1Hz respectively. One NH
(NH,) appeared as a broad singlet at 6 8.303, another NH (-NH,) appeared as a doublet with J=
5.7Hz at 6 6.68 and BOC-NH, appeared as a singlet at 6 5.62. The a—CH hydrogen of alanyl
unit was found as a broad singlet (bs) at 6 4.81ppm and B-CH, hydrogens appeared as a
multiplet at 6 4.03 to 3.77. Three protons of N-Me and OMe group appeared as a singlet at &
3.14 and 3.73 respectively. N-butyl group hydrogen appeared at 6 2.56 as a triplet with J=7.7
Hz, 6 1.54 as a double doublet with J=15.1 Hz, 7.8 Hz and 6 0.88 as a double doublet with
J=7.6 Hz, 7.1 Hz. The 'Bu hydrogens of Boc- group and two hydrogen of n-Bu group appeared
asasingletat 61.33.

For amino acid 3.075 (Figure 3.16b), the hydrogen of aromatic unit appeared at & 7.36 and
7.30 as a double with coupling constant J = 7.9 Hz and 7.8 Hz respectively. One NH (-NHjy)
appeared as a broad singlet at 6 5.36 and another NH (-NH,) appeared as a doublet at ¢ 5.72
with J=6.7 Hz. The a—CH hydrogen of alanyl unit appeared as a broad singlet (bs) at & 4.87.
The /-CH, hydrogens of alanyl unit appeared as a broad singlet at 6 3.85 and 3.58. Methyl
hydrogens of N-Me and OMe group appeared as a singlet at 6 3.14 and 3.76 respectively. N-
butyl group hydrogen appeared at 6 2.63 as a triplet with J=7.8 Hz, at 6 1.58 as a doublet of
triplet with J=15.3 Hz, 7.7 Hz and at §0.90 as a triplet with J=7.4 Hz. The 'Bu hydrogens of
Boc group and two hydrogens of aromatic ‘Bu group appeared as a singlet at §1.32.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 3.16. The chemical shift assignment for unnatural amino acids 3.057 and 3.075.
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3.6.4 Study of Photophysical Properties

Finally, we want to highlight the preliminary photophysical property of the fluorescent
amino acids (3.061, 3.063, and 3.080) in various organic solvents to check the solvatochromic
nature. The UV-visible spectra of all the compounds (10 pm) were measured using a UV-
visible Spectrophotometer with a cell of 1 cm path length at 25 ° C and 1 nm slit width. All the
sample solutions were prepared before an hour of the measurement. Fluorescence emission
spectra were recorded in a fluorescence spectrophotometer using a cell of 1 cm path length and
3nm excitation/emission slit width at 25 ° C. The excitation wavelength for recording the
emission spectra was set at the maximum wavelength of absorbance (Aa»s) in each case.

The UV-visible spectra of pyrenylthioureayl alanine 3.063 ("Y"Ala), showed slightly
distorted shapes of absorption bands compared to the pyrene in all solvents. The intensity of
absorption followed an irregular trend with a minute shift (2-4 nm) of absorption wavelength as
the polarity of solvent increases from toluene (329, 346 nm) to MeOH (326, 341 nm) (Table
3.1). However, in THF and DMF, structureless broad absorption centered at 361 nm appeared in
the spectra (Figure 3.17a). All these observations reflected the nominal solvatochromicity and
spectral modulation by the thiourea moiety.**® Whereas, in fluorescence an irregular trend of
emission had appeared at short wavelength range 390-398 nm and 410-425 nm in long
wavelength range. The emission was drastically quenched in polar solvents like DMSO, ACN,
MeOH etc (Figure 3.17b).*

R — i oo 4 — Tolu
fB) — THF : (b) — THF
Q — CHCl, — CHCI3
S — EtOAc =) — EtOAC
204 Thed S =S
2 el = o
2 — = =~
< —ovso| & oMo

0 . = .

230 330 430 954 447 540
Wavelength(nm) Wavelength(nm)

Figure 3.17. (a) UV-visible and (b) fluorescence spectra of amino acid 3.063 (*Y"™Ala) in
various organic solvents (concentration of amino acids was 10 uM).

Similarly, we have recorded the UV-visible spectra of pyrenylmethylthioureayl alanine
3.061 (M TYAla). Thus, the UV-visible spectra showed characteristic pyrenyl absorbance
bands at 347, 331, 317 nm in toluene (Table 3.1). As the solvent polarity increases, it showed
blue shifted solvatochromism along with increased absorbance at 342, 326, 311 nm in MeOH
(Figure 3.18a). Upon excitation at 345 nm and increasing the solvent polarity from dioxane to
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MeOH it showed emission at 376, 396, and 420 nm (Table 3.1) with decreased intensity which
may be due to increased non-radiative decay via solvent-solute or H-bonding interaction
(Figure 3.18b). B34l

1.0

©
o

= Tolu

(a) — THF

— CHal,

— Tolu

(b)

—— EtOAC
= Diox
=—— MeOH
—— EtOH
— ACN
— DMF
—— DMSO

Absorbance
(@»)
ol

o
o

Intensity(a.u) x 10°
N
o1

300 200 = 0955 222 489
Wavelength(nm) Wavelength(nm)

Figure 3.18. (a) UV-visible and (b) fluorescence spectra of amino acid of amino acid 3.061
(MYTYAla) in various organic solvents (concentration of amino acids was 10 pM).

On the other hand, the corresponding tetrazole derivative i.e. pyrenylaminotetrazolyl alanine
3.080 (" Ala) showed both the absorption and emission characteristics of pyrene. In the UV
visible spectra a blue shifted solvatochromicity with increased absorption was observed for all
three absorptions as the solvent polarity was increased from toluene (316, 331, 346 nm) to
MeOH (311, 327, 342 nm) (Figure 3.19a). Upon excitation at 345 nm, the three emission bands
appearing at around 375, 395 and 415 nm experienced the enhancement of emission with a blue
shift (Table 3.1) as the solvent polarity was increased from toluene to MeOH except for ethyl
acetate which had a quenching effect (Figure 3.19b).

08 — 10 — Tolu
— THF — THF
(@) — CHcl, (b)
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— Diox
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Figure 3.19. (a) UV-visible and (b) fluorescence spectra of amino acid 3.080 (*Y"**Ala) in

various organic solvents (concentration of amino acids was 10 pM).
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Table 3.1. Summary of photophysical properties of amino acids 3.063 (*Y"YAla), 3.061
MePYTUA) and 3.080 (M Ala)

Entry> 3.063 (M"YAla)

Solvent-> Tolu THF CHCI; | EtOAC Diox | MeOH | EtOH ACN | DMF DMSO

Af 0.013 | 0.210 | 0.148 0.201 0.021 | 0.309 0.290 0.305 | 0.275 0.265

(Aabs) nm 346 360 345 358 345 341 342 342 389 347
329 343 329 342 329 326 327 327 361 331
315 285 279 281 277 275 276 276 345 276
282

(Emax X 27.2 16.7 23.6 21.1 24.1 22.02 24.4 24.0 15.6 24.0

10°%)

M*em™

(Ag) nm 415 411 422 422 422 408 409 411 416 417
398 394 401 405 401 390 391 394 396 398

Entry> 3.061 ("™ TYAla)

Af 0.013 | 0.210 | 0.148 0.201 0.021 | 0.309 0.290 0.305 | 0.275 0.265

(Aaps)nm 347 344 346 343 345 343 343 343 347 347
329 329 328 327 327 326 326 327 328 331
315 315 314 313 313 311 311 312 313 316

277 279 275 277 276 276 276 277 278

(Emax X 10°%) | 46.7 42.0 46.0 30.7 32.9 18.6 22.7 23.7 45.0 46.1

M*em™?

(A4)nm 421 418 421 419,396 | 416 419 420 419 419 419
397 395 397 386 396 394 395 396 397 396
387 386 387 375 376 375 385 375 376 376
377 376 377 387 387 375

Entry> 3.080 (""" Ala)

Af 0.013 | 0.210 | 0.148 | 0.201 0.021 | 0.309 | 0.290 | 0.305 | 0.275 | 0.265

(Aabsynm 346 344 345 344 345 343 343 343 345 346
330 330 330 328 329 327 327 328 329 331
316 314 315 313 315 312 313 312 315 315
283 277 278 276 276 275 275 275 278 278

(Emax X 30.3 [307 [313 |2664 309 |[242 25.6 | 251 302 28.4

10%)

M*em™

(A2)om 420 443 441 440 443 440 442 441 443 444
397 417 418 416 417 416 415 416 417 418
377 396 397 396 396 395 395 395 396 400
445 376 377 375 375 375 375 374 377 381

»Af values is the Solvent polarity function where Af= [{(D-1)/(2D+1)}—{(n’-1)/(2n*+1)}]
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3.7. Conclusion

In conclusion, we have successfully demonstrated the multifaceted use of unexplored
unnatural amino acids, isothiocyanyl alanine ("“*Ala, 1ta). A variety of aliphatic and aromatics
substituted thioureayl alanines from isothiocyanyl alanine and subsequently the aromatic
substituted aminotetrazolyl alanines have been successfully synthesised in good to excellent
yields. The new thioureayl alanine amino acids are the first report which can be easily utilised
for catalytic transformation which is our future research focus. The regiochemistry of 5-
aminotetrazolyl alanines “T?Ala (Ata), the third class of new unnatural amino acids, with
respect to the tetrazole moiety has been explained on the basis of the difference in the pK,s of
the amino functionalities in the thioureayl alanines. Three of the pyrene labeled amino acids
from two new class possessed good photophysical properties which could find applications in
future. The thiourea moiety did not show any modulation of fluorescence of a probe probably
due to an increase in distance from the probe core. The result is exemplified in the fluorescence
of pyrenylmethylthioureayl alanine (M Ala) which exhibited both the absorption and the
fluorescence property, characteristic of pyrene and similar to what was observed for
pyrenylaminotetrazolyl alanine. The UV-visible, fluorescence property of the thioureayl amino
acids can be utilised for the metal sensing study which is described in Chapter 5.

104

TH-1766_126122035



Chapter 3 Application of ““*Ala... Thioureayl Alanines...Aminotetrazolyl Alanines...

3.8. Experimental section

3.8.1. General Experimental

All the reactions were carried out under nitrogen atmosphere using oven-dried round bottom
flasks. Reagents were purchased at the highest commercial quality and used without further
purification, unless otherwise state. Reactions were monitored by thin layer chromatography
(TLC) carried out on a 0.25 mm silica gel 60F-254 and silica gel-G (1:4) and visualized under
UV light at 254 nm. Further visualisation was achieved by iodine vapor adsorbed on silica gel
depending on the product type. Organic extracts were dried over anhydrous sodium sulfate.
Solvents were removed in a rotary evaporator under reduced pressure. Column chromatography
was performed on silica gel 60—-120mesh using a mixture of hexane and ethyl acetate as mobile
solvent. The isolated compounds were characterised by 'H, **C NMR, 2D-NMR and IR
spectroscopic techniques and Mass spectrometry. All the NMR spectra were recorded at
ambient temperature on Bruker Ascend TM Aeon 600MHz spectrometer where *H frequency
was 600MHz and **C frequency was 150MHz. NMR spectra for all the samples were measured
in either in CDCl3 or in ds-DMSQO. The chemical shift values were reported in ppm downfield
from tetramethylsilane, using chloroform-d (5= 7.26 for *H NMR, §=77.23 for *C NMR) or
using deuterated dimethyl sulfoxide-dg (6= 2.50 for *H NMR, §=39.50 for **C NMR). H
NMR coupling constant(s) J is represented in Hertz (Hz). All the NMR-FID has processed in
MestReNova v6.0.2 software. High resolution mass spectra (HRMS) were recorded on a Water
system Mass spectrometer in positive mode using electrospray ionisation-time of flight (ESI-
TOF) and/or Atmospheric pressure chemical ionisation-Time of flight (APCI-TOF) reflection
experiments. IR spectra were recorded in KBr plate in Perkin EImer spectrometer and reported
in frequency of absorption (cm™).

General procedure for the synthesis of thioureayl alanines (3.054-3.072, "Ala

= tua) from isothiocynyl alanine (2.046, "“*Ala): In 5 mL anhydrous CH,Cl,/CHsCN
(3:1) taken in a round bottom flask, "“*Ala (200 mg, 0.69 mmol) was added under nitogen
atmosphere. Degassing by N, gas for 5 minutes, various aliphatic/aromatic amine(s) (0.75
mmol) was added to it and the reaction mixture was heated at 50 ° C for about 8-12 h (for
almost all aromatic amines except for napthylamine, pyrenylamine, acetyl aniline, aminophenol,
chloroaniline the time needed are 24 h, 48 h, 48 h, 18 h, 18 h, respectively and for aliphatic or
cyclohexyl amines the time needed are 5-6 h) under N, atmosphere. After completion of the
starting material as indicated by TLC, the reaction mixture was dried under high vacuum and
directly packed into a silica gel (60-120) column. The residue was purified using hexane/ethyl
acetate.
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3.8.2. Synthesis and Characterisations

(S)- Phenylthloureaylalanlne (3.054, ""YAla): Using the general procedure and starting
from 0.69 mmol N“®Ala, the desired compound 3.054 was obtained as semi solid compound (Rs
1 =0.4in 1:1, hexane/ethyl acetate). A semi solid; 231mg, Yield 87 %. IR
(KBr) v 3483, 3376, 3310, 2999, 2980, 2931, 1679, 1683, 1597.16, 1523,
1496, 1352, 1319, 1299, 1256, 1201, 1162, 1066, 1024, 991 cm™. *H
NMR (600 MHz; CDCls) 6 8.13(1H, d, J = 42.3 Hz), 7.41 (2H, d, J = 6.8
ﬁ\ JL erMe Hz), 7.29 — 7.26 (3H, m), 6.79 (1H, d, J = 4.2 Hz), 5.63 (1H,t, J =75

“OMe | 7)), 4.85 (1H, d, J = 4.8 Hz), 4.07 — 4.06 (1H, m,), 3.85 — 3.70 (1H, m),
3.77 (3H, s), 3.19 (3H, s), 1.37 (9H, s); *C NMR (150 MHz; CDCls) ¢
181.2, 170.2, 155.8, 136.1, 130.1, 127.2, 125.4, 80.3, 62.0, 50.5, 48.0, 32.5, 29.8, 28.4. +APCI-
HRMS (m/z) calculated for C17H,7N40,4S [M+H]" 383.1753, found 383.1790.

(S)-p-methylphenyl thioureayl alanine (3.055, “®TYAla): Using the general
procedure and starting from 0.36 mmol N“*Ala, the desired compound 3.055 was obtained (R =
Me 1 0.4 in 1:1, hexane/ethyl acetate). A semi solid compound; 140mg, Yield
98 %. IR (KBr) v 3440, 2975, 2924, 2853, 1707, 1693, 1648, 1535, 1515,
1385, 1367, 1310, 1282, 1252, 1165, 1055, 1010, 988 cm'l. 1H NMR (600
MHz; CDCls) 6 8.27 (1H, s), 7.16 (2H, d, J = 7.8 Hz), 7.10 (2H, d, J = 7.9
NH Hz), 6.67 (1H, s), 5.63 (1H, d, J = 12.6 Hz), 4.81 (1H, s), 4.01 (1H , dt, J
Sl 1 Lﬂﬁ‘j = 13.1, 4.5 Hz), 3.73 (4H, ), 3.14 (3H, ), 2.30 (3H, 5), 1.34 (9H, s,); °C

R OMe/ NMR (150 MHz; CDCl3) ¢ 181.2, 170.2, 155.7, 137.1, 133.6, 130.5,
125.5, 80.1, 61.9, 50.5, 47.7, 32.4, 28.3, 21.1. +APCI-HRMS (m/z)
calculated for C1gH29N404S [M+H]" 397.1910, found 397.1906.

(S)-p-Ethylphenyl thioureayl alanine (3.056, ™ Ala): Using the general procedure
and starting from 0.38 mmol N“>Ala, the desired compound 3.056 was obtained (R¢= 0.4 in 1:1,
cn, | hexane/ethyl acetate). A white solid compound; 155mg, Yield 99 %; m.p.
| 147-151°C. IR (KBr) v 3442, 2969, 2931, 2850, 1701, 1651, 1533, 1515,
1390, 1367, 1314, 1253, 1166, 1055, 1022, 991 cm™. ‘H NMR (600
s u MHz; CDCls) 6 7.91 (1H, s), 7.22 (2H, d, J = 8.2 Hz), 7.14 (2H, d, J =
Y 8.2 Hz), 6.66 (1H, s), 5.56 (1H, d, J = 5.4 Hz,), 4.83 (1H, s), 4.09 — 3.99
0 Me (1H, m), 3.85 — 3.78 (1H, m), 3.76 (3H, s), 3.18 (3H, ), 2.64 (2H, q, J =
>LOJLN Noome| 7.6 Hz), 1.36 (9H, s), 1.23 (3H, t, J =7.6 Hz); *C NMR (150 MHz;
CDCl3) ¢ 181.4, 170.2, 155.8, 143.7, 133.6, 129.5, 125.7, 80.3, 62.0,
50.6, 48.1, 32.5, 28.5, 28.4, 15.5. +APCI-HRMS (m/z) calculated for
C19H31N404S [M+H]" 411.2066, found 411.2073.

106

TH-1766_126122035



Chapter 3 Application of N“*4la... Thioureayl Alanines...Aminotetrazolyl Alanines...

(S)-p-Butylphenyl thioureayl alanine (3.057, ®“®™“Ala): Using the general procedure
and starting from 0.41 mmol N“*Ala, the desired compound 3.057 was obtained (R; = 0.4 in 1:1,
hexane/ethyl acetate). A semi solid compound; 175mg, Yield 97 %. IR(KBr) v 3363, 3308,
nBu 3208, 3150, 2962, 2929, 2857, 2104, 1676, 1649, 1614, 1536, 1521,
1445, 1372, 1317,1339, 1287, 1255, 1197, 1167, 1065, 1023, 989 cm™.
IH NMR (600MHz: CDCl5) 6 8.30 (1H s,), 7.16 (2H d, J = 7.6 Hz,), 7.12
(2H, d, J = 8.1 Hz), 6.68 (1H, ), 5.62 (1H, d, J = 5.7 Hz), 4.81 (1H, s),
Y, 4.05-397 (IH, m), 3.82 — 3.76 (1H, m ), 3.73(3H, s ), 3.14 (3H, s ),

o he 2.56 (2H, t, J = 7.7 Hz), 1.54 (2H, dd, J = 15.1, 7.8 Hz), 1.33 (12H, s),
S A L[fN 0.89 (3H, dd, J = 7.6, 7.1 Hz): C NMR (150 MHz; CDCl5) ¢ 181.1,
170.2, 155.7,142.1, 133.7, 129.9, 125.3, 80.1, 61.9, 50.5, 47.6, 35.2, 33.5,
32.4, 28.3, 22.4, 14.0. +ESI-HRMS (m/z) calculated for Cy;HasN404S [M+H]" 439.2379, found
439.2378.

(S)-m,p-Dimethylpheny! thioureayl alanine (3.058,°®™Ala): Using the general
procedure and starting from 0.55 mmol "“*Ala, the desired compound 3.058 was obtained (R¢ =
0 4in 1:1, hexane/ethyl acetate). A solid compound; 170mg, Yield 75 %; m.p. 128-132 °C. IR
cn, | (KBr) b 3415, 3019, 2978, 2917, 2853 1706, 1653, 1538, 1503, 1392,
HyC 1368, 1215, 1164, 1052, 1018, 991 cm™. *H NMR (600 MHz; CDCls) &
8.25 (1H, s), 7.10 (1H, d, J = 7.5 Hz), 6.97 — 6.93 (2H, m), 6.65 (1H, s),
5.61 (1H, d, J = 8.1 Hz), 4.81 (1H, s), 3.99 (1H, dd, J = 8.3, 4.8 Hz,),
3.85—3.77 (1H, m,), 3.73 (4H, s), 3.14 (3H, s), 2.21(1H, s), 2.10 (3H, s),
>L )L erM 1.33 (9H, s); *C NMR (150 MHz; CDCls) ¢ 181.0, 170.3, 155.6, 138.4,
oMe| 1358, 133.7, 130.9, 126.5, 122.8, 80.0, 61.9, 50.5, 47.4, 32.4, 28.2, 19.8,
19.4. +APCI-HRMS (m/z) calculated for CigH3iN;s04S [M+H]"
411.2066, found 411.2068.

(S)-p-Methoxyphenyl thioureayl alanine (3.059, M®TYAla): Using the general
procedure and starting from 0.39 mmol N“*Ala, the desired compound 3.059 was obtained (R¢=
0.4 in 1:1, hexane/ethyl acetate). A white solid compound; 130mg, Yield 87 %; m.p. 115- 119 °
ovMe | C. IR (KBr) v 3483, 1973, 2931, 2850, 1707, 1653, 1540, 1511, 1392,
1367, 1338, 1298, 1247, 1167, 1030, 985 cm™. 'H NMR (600 MHz;
CDClg) 6 7.71 (1H, s), 7.17 (2H, d, J = 8.5 Hz), 6.92 (2H, d, J = 8.8 Hz),
s_ xu | 652 (1H, s), 554 (1H , d, J = 4.4 Hz), 4.81 (1H, s), 4.05 (1H, dd, J =
Y 10.2, 5.4 Hz), 3.81 (3H, s), 3.77 (4H, s), 3.19 (3H, s ), 1.37 (9H, s); *C

>|\ )OL Me NMR (150 MHz; CDCl3) ¢ 181.9, 170.2, 159.1, 155.9, 128.5, 128.0,
0" N Neome 115.3, 80.3, 62.0, 55.6, 50.7, 48.2, 32.5, 28.4. +ESI-HRMS (m/z)
o calculated for C1gH29N405S [M+H]" 413.1859, found 413.1843.
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(S)-m, m-Dimethoxypheny! thioureayl alanine (3.060, ™ Ala): Using the
general procedure and starting from 0.36 mmol “N“®Ala, the desired compound 3.060 was
obtained (R = 0.4 in 1:1, hexane/ethyl acetate). A white solid compound; 135mg, Yield 84 %;
( H,CO ocn, m.p. 139-143 ° C. IR (KBr) © 3471, 3439, 2961, 2917, 2856, 1707,
1643, 1603, 1538, 1451, 1390, 1365, 1332, 1268, 1204, 1160, 1055,
991 cm™*H NMR (600 MHz; CDCls) 6 8.37 (1H, dd, J = 28.0, 14.0
Hz), 6.91 (1H, s), 6.38 (2H, s ), 6.29 (1H, s), 5.64 (1H, s ), 4.83 (1H, d,
>L JL e J=4.4Hz,), 4.00 (1H, dd, J = 11.9, 5.0 Hz), 3.91 — 3.80 (1H, m), 3.74

Yome | (9H, s), 3.14 (3H, s), 1.33 (9H, s); *C NMR (150 MHz; CDCls) &
180.7, 170.3, 161.7, 155.7, 137.9, 102.8, 99.1, 80.2, 61.9, 60.5, 55.5,
50 5, 32.4, 28.3. +APCI-HRMS (m/z) calculated for CigH31N4O6S [M+H]" 443.1964, found
443.1976.

(S)-Pyrennylmethylthioureayl alanine (3.061, “*™™YAla): Using the general
procedure and starting from 0.69 mmol N“*Ala, the desired compound 3.061 was obtained (R =
0.4 in 2:1, hexane/ethyl acetate). A semi solid compound; 260mg, Yield
‘ 72 %; m.p. 177-181 ° C. IR (KBr) v 3369, 3298, 3044, 2977, 2930,
O‘ 1685, 1650, 1519, 1455, 1433, 1382, 1367, 1338, 1289, 1266, 1206,
O 1166, 1045, 1022 cm™. *H NMR (600 MHz; CDCl;) 6 8.12 (3H, d, J =
2.9 Hz), 8.06 — 8.00 (2H, m), 7.96 (3H, d,J=12.1Hz), 7.88 (1H,d, J =
Ta 6.7 Hz), 7.01 (1H, s), 6.95 (1H, s), 5.86 (1H, s), 5.22 (2H, m), 4.71 (1H,
Sk it LN“N‘ s), 3.81 (2H, s), 3.46 (3H, s), 2.67 (3H, s), 1.32 (9H, s); *C NMR (150
o e MHz; CDCls) ¢ 182.5, 170.5, 155.9, 131.2, 130.7, 129.13, 128.2, 127.5,
127.3, 126.1, 125.4, 124.9, 124.7, 124.6, 123.0, 80.5, 61.6, 50.5, 47.1,
32.0, 29.8, 28.3. +ESI-HRMS (m/z) calculated for CigH33Ns04S [M+H]" 521.2223, found
521.2232.

(S)-Naphthyl thioureayl alanine (3.062, "™ Ala): Using the general procedure and
starting from 0.41 mmol NCSAla, the desired compound 3.062 was obtained (Rf = 0.4 in 1:1,
hexane/ethyl acetate). A semi solid compound; 160mg, Yield 90 %. IR

‘ (KBr) v 3409, 2976, 2925, 2853, 1708, 1653, 1600, 1533, 1392, 1367,
O 1338, 1271, 1164, 1053, 1020, 990 cm'l. 'H NMR (600 MHz; CDCI3) o
8.15 (1H, s), 8.03 (1H, d, J = 8.3 Hz), 7.89 (2H, dd, J = 11.9, 8.2 H2),
T 7.58 — 7.20 (4H, m), 6.51 (1H, s), 5.40 (1H, d, J = 7.4 Hz), 4.71 — 4.69
Ngt Lﬂx' (1H, m), 3.94 (1H, dd, J = 11.4, 5.0 Hz), 3.80 — 3.76 (1H, m), 3.65 (3H,
o N Y oM | 5),3.06 (3H, ), 1.26 (9H, 3); °C NMR (150 MHz; CDCls) & 182.0,

\ J 170.1, 155.6, 134.8, 131.7, 130.1, 129.1, 128.6, 127.6, 127.2, 125.9,
125.6, 122.7, 80.2, 61.9, 50.3, 48.1, 32.4, 28.3. +ESI-HRMS (m/z) calculated for Ca1H2oN40,S
[M+H]* 433.1910, found 433.1905.
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(S)-Pyrennyl thioureayl alanine (3.063, ™™ Ala): Using the general procedure and
starting from 0.51 mmol ““*Ala, the desired compound 3.063 was obtained (R = 0.4 in 1:1,
hexane/ethyl acetate). A light brown solid compound; 195mg, Yield 75 % ; m.p. 183-187 °C.

o

SYNH
NH
i (0] l\l/le
OJLNerN~OMe
H 0]

IR (KBr) % 3380, 3354, 3208, 3035, 2967, 2932, 2806,1691, 1671, 1602,
1524, 1460, 1438, 1338, 1365, 1305, 1278, 1246, 1196, 1164, 1114,
1053, 1020, 993, 957 cm™. *H NMR (600 MHz; CDCl3) 6 8.49 (1H, s),
8.21 — 8.13 (6H, m), 8.10 (1H, d, J = 8.9 Hz), 8.05- 8.01 (2H, m), 7.94
(1H, d, J =8.0 Hz ), 6.54 (1H, 5), 5.43 (1H, d, J = 7.1 Hz,), 4.65(1H, d, J
= 4.0 Hz,), 3.96-3.79 (2H, m,), 3.56 (3H, s), 2.98 (3H, s), 1.01 (9H, $);
13C NMR(150 MHz; CDCls) § 182.3, 170.1, 155.6, 131.3, 131.1, 131.0,
129.2, 128.7, 128.4, 127.9,127.1, 126.7, 126.0, 126.0, 125.6, 125.5,
1245, 121.8, 80.0, 61.8, 50.4, 48.1, 32.3, 28.0. +APCI HRMS (m/z)

calculated for (Co7H31N404S) [M+H]" 507.2066, found 507.2063.

(S)-p-Hydroxyphenyl thioureayl alanine (3.064, "®™Ala): Using the general
procedure and starting from 0.39 mmol N“*Ala, the desired compound 3.064 was obtained (R¢=
0.4 in 1:2, hexane/ethyl acetate). A semi solid compound; 145mg, Yield 93 %. IR (KBr) v 3471,

OH

SYNH
NH
i [0) 1\:[6
OJL N /[r(]\kOMe
H (0]

3439.68, 2975, 2920, 2850, 1690, 1637, 1538, 1510, 1449.19, 1390, 1371,
1338, 1249, 1157, 1096, 1055, 980 cm™. *H NMR (600 MHz; CDCls) ¢
8.04 (1H, s), 7.02 (2H,d, J = 7.6 Hz), 6.79 (2H, d, J = 8.2 Hz), 6.53 (1H,
s), 5.78 (1H, s), 4.87 (1H, s), 3.97 — 3.86 (2H, m), 3.74 (3H, s), 3.16 (3H,
s), 1.39 (9H, s); *C NMR (150 MHz; CDCls) ¢ 181.7, 170.5, 156.2,
128.0, 127.8, 116.9, 80.7, 62.0, 50.6, 47.1, 32.5, 28.5.+APCI-HRMS(m/z)
calculated for C17H27N4OsS [M+H]* 399.1702, found 399.1715.

(S)-p-Chlorophenyl thioureayl alanine (3.065, “®™Ala): Using the general
procedure and starting from 0.34 mmol "“*Ala, the desired compound 3.065 was obtained (R¢ =

Cl1

S ﬁ, NH
NH
(0] I\I’Ie
> I
(0] N OMe
H o

0.4 in 1:1, hexane/ethyl acetate). A solid compound; 139mg,Yield 98 %;
m.p. 115-119 °C. IR (KBr) & 3440, 2975, 2932, 2850, 1690, 1648, 1538,
1492, 1449, 1392, 1367, 1304, 1338, 1251, 1164, 1055, 1090, 1014, 990
cm™. *H NMR (600 MHz; CDCl3) 6 8.75 (1H d, J = 11.4 Hz,), 7.29 (2H,
d, J = 4.4 Hz), 7.21 (2H, d, J = 8.3 Hz), 6.94 (1H, s), 5.80 (1H, s), 4.82
(1H, s), 4.03 (1H, s), 3.74 (4H, s), 3.12 (3H, s), 1.33 (9H, s); *C NMR
(150 MHz; CDCl3) ¢ 181.1, 170.2, 155.9, 135.4, 132.1, 129.8, 126.4,
80.4, 61.9, 50.5, 47.6, 32.4, 28.3.+APCI-HRMS (m/z) calculated for

C17H26CIN4O4S [M+H]" 417.1363, found 417.1371.
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(S)-p-Cyanophenyl thioureayl alanine (3.066, ““®™YAla): Using the general
procedure and starting from 0.36 mmol N°®Ala, the desired compound 3.066 was obtained (R¢=
0.4 in 1:1, hexane/ethyl acetate). A white solid compound;130mg, Yield 88 %; m.p. 186-190 °
CN C. IR (KBr) v 3435, 3323, 3207, 3156, 3137, 2978, 2929, 2856, 2221,
1675, 1651, 1627, 1606, 1526, 1445, 1372, 1331, 1283, 1253, 1200, 1168,
1066, 1025, 989 cm™. 'H NMR (600 MHz; CDCls) & 8.93(1H, ),
s \u | 7.60(2H,d, J=7.2 Hz), 7.53 (2H, s), 7.39 (1H, s), 5.90 (1H, s), 4.85 (1H,

TH s), 4.08-3.87(2H, m), 3.79 (3H, s), 3.18 (3H, s), 1.36 (9H, s); *C NMR
>L )OL /([rl;ge (150 MHz; CDCl3) ¢ 180.9, 170.3, 156.2, 141.9, 133.4, 123.4, 118.7,

(0) g i “OMe

108.4, 80.9, 62.0, 50.6, 47.5, 32.6, 28.4.+APCI-HRMS (m/z) calculated
for C1gH26Ns04S [M+H]* 408.1706, found 408.1716.

(S)-p-Acetylphenyl thioureayl alanine (3.067, “®®™Ala): Using the general procedure
and starting from 0.36 mmol N“*Ala, the desired compound 3.067 was obtained (R; = 0.4 in 1:1,
cocH, | hexane/ethyl acetate). A gummy compound; 100mg, Yield 65 %. IR
(KBr) v 3449, 2975, 2924, 2850, 1701, 1647, 1603, 1537, 1449, 1367,
o o 1338, 1270, 1165, 1049, 1201, 991 cm™. 'H NMR (600 MHz; CDCl3) 6

Y, 8.48 (1H, s), 7.97 (2H, d, J = 7.2 Hz), 7.41 (2H, s), 7.22 (1H, s), 5.72 (1H,
S it er?: s), 4.87 (1H, s), 4.17 — 4.03 (1H, m), 3.89 — 3.81 (1H, m), 3.79 ( 3H, s),
7 R M) 321 (3H, 5), 257 (3H, ), 1.36 (9H, 5).°C NMR (150 MHz; CDCls) &
197.03, 180.9, 170.4, 156.0, 141.7, 134.1, 130.0, 123.0, 80.6, 62.0, 50.6,
32.5, 28.4, 26.6.+APCI-HRMS (m/z) calculated for CigH29N4OsS [M+H]" 425.1859, found
425.1869.

(S)-n-Butyl thioureayl alanine (3.068, “T“Ala): Using the general procedure and
starting from 0.34 mmol N“®Ala, the desired compound 3.068 was obtained (R = 0.4 in 1:2,
cH,| hexane/ethyl acetate).A semi solid compound; 75mg, Yield 60 %. IR
\}-NH3 (KBr) v 3374, 3308, 2959, 2929, 2856, 1684, 1647, 1549, 1524, 1484,
o NH_ 1434, 1387, 1341, 1283, 1252, 1212, 1170, 1062, 1022, 989 cm™. *H
>LOJLN Ve | NMR (600 MHz; CDCls) 6 6.85 (1H, 5), 6.54 (1H, s), 5.89 (1H, s), 4.79
H (1H, s), 3.94 (1H, s), 3.7 6(4H, s), 3.18 (3H, 5), 1.52 (2H, s), 1.39 (10H,
s), 1.33 (2H, s), 0.88 (3H, s); *C NMR (150 MHz; CDCls) ¢ 182.0,
170.4, 156.4, 80.5, 61.9, 50.7, 43.9, 32.5, 30.9, 29.7, 28.4, 20.1, 13. +ESI-HRMS (m/z)
calculated for C15H31N404S [M+H]" 363.2066, found 363.2066.
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(S)-n-Heptyl thioureaxl alanine (3.069, "™ Ala): Using the general procedure and

starting from 0.34 mmol "®Ala, the desired compound 3.069 was obtained (R = 0.4 in 1:2,

hexane/ethyl acetate). A white solid compound; 80mg, Yield 58 %; m.p. 112-116 °C. IR (KBr)

v 3350, 2927, 2958, 2855, 2104, 1710, 1661, 1501, 1461, 1390, 1368,

S Me | 1265, 1168, 1054, 991 cm™. 'H NMR (600 MHz; CDCls)  6.88 (1H,

0 N s), 6.66 (1H, s), 6.55(1H, s) 5.89 (1H, s), 4.78 (1H, s), 3.93 (1H, ),

j\ I er&’ 3.75 (4H, s), 3.17 (3H, s), 1.53 (2H, s), 1.38 (10H, s), 1.24 — 1.21(9H,

ORI | m), 0.83 - 0.82 (3H, m); ®C NMR (150 MHz; CDCls) 6 182.1,

170.4, 156.3, 80.5, 61.9, 50.7, 32.4, 31.8, 29.0, 28.9, 28.4, 28.4, 26.9,

22.6, 22.6, 14.1, 14.1. +ESI-HRMS (m/z) calculated for C1gH37N404S [M+H]" 405.2537, found
405.2547.

(S)-Ethanol thioureayl alanine (3.070, "™ Ala): Using the general procedure and
starting from 0.29 mmol N“®Ala, the desired compound 3.070 was obtained (R = 0.4 in 1:4,
HO—, hexane/ethyl acetate). A semi solid compound; 71mg, Yield 70 %.
CH | IR (KBr) v 3475, 2979, 2932, 2874, 2017, 1673, 1566, 1528, 1385,
A 1301, 1253, 1207, 1162, 1054, 910 cm™'H NMR (600 MHz;
ﬂ\ JOL /(rrll‘s‘* CDCl3) 6 7.21 (1H, s), 6.16 (1H, s), 4.81 (1H, s), 3.93 (2H, s), 3.80

0" °N “OMe | (3H, s), 3.74 (3H, s), 3.67-3.39 (2H, m), 3.20 (3H, s), 1.41 (9H,
5).1*C NMR (150 MHz; CDCls) ¢ 183.6, 171.0, 156.2, 80.6, 61.9,
61.6, 50.9, 46.8, 32.7, 29.8, 28.5.+ESI-HRMS (m/z) calculated for CisH,7N4OsS [M+H]"
351.1702, found 351.1702.

(S)-Cyclohexyl thioureayl alanine (3.071, “"™Ala): Using the general procedure and
starting from 0.41 mmol N“®Ala, the desired compound 3.071 was obtained (R; = 0.4 in 1:2,
hexane/ethyl acetate). A white solid compound; 125mg, Yield 78 % ; m.p. 165-169 ° C. IR

(KBr) 3365, 3305, 3081, 2980, 2932, 2853, 1686, 1650, 1545, 1451,
s $ 1382, 1367, 1341, 1316, 1288, 1256, 1214, 1170, 1056, 1021, 988 cm™.
'H NMR (600 MHz; CDCl3) 6 6.87 (1H s,), 6.35 (1H s,), 5.82 (1H s,),

N
9 e 479 (1H, s), 3.95 (1H, s), 3.76(4H, s,), 3.62 (1H, 5), 3.19 (3H, s,), 2.02—
>L N N,
(0) E OMe
(0]

NH

1.94 (3H, m,), 1.71 (2H, t), 1.60 (1H ,d, J=12.6Hz,), 1.41(9H, s), 1.38 —
1.28 (2H, m), 1.23 — 1.13 (3H, m); B3¢ NMR (150 MHz; CDCl3) 6
180.9, 170.2, 156.6, 80.6, 62.0, 52.8, 50.7, 32.8, 32.5, 28.4, 25.5, 24.9, 24.8. +ESI-HRMS (m/z)
calculated for C17H33N40,4S [M+H]" 389.2223, found 389.2229.
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General procedure for the synthesis of 5-aminotetrazolyl alanines (3.072-3.083,
TAAla = Tza) from aromatic thioureayl alanines (3.054-3.059, 3.062-3.067,

TUAIla = tua): In a flame dried round bottom flask various thioureayl alanines (3.054-3.059,
3.062-3.067) were dissolved in 5 ml dry DMF under N, atmosphere. Evacuation under high
vacuum pump for 5 minutes and degassing by N, gas 3 equivalent of NaNs, 0.5 equivalent of
Cu (OAC),, H,0 and 3 equivalent of EtzN were added to reaction mixture while degassing was
continued. Then the reaction mixture was degassed for another 2 minutes and stirred for 8-16
hour at room temperature under N, atmosphere. After completion of the reaction indicated by
TLC (hexane/ethyl, 1:1-1:2; R¢= 0.4), the residue was extracted with ethyl acetate and washed
with saturated ammonium chloride and brine solution. The organic extract was dried over
Na,SO,, evaporated to dryness in a rotary evaporator and purified on silica gel (60-120) column
chromatography using using (hexane/ethyl, 1:1-1:2) as eluent to afford desired 5-
aminotetrazolyl alanines (3.080-3.091) as solid or semi-solid material with good to excellent
yield (60-85%). All the compounds were characterised by *H, *C, IR spectroscopic techniques
and mass spectrometry.

(S)-1-Phenyltetrazolyl-5-amino alanine (3.072, ""™*Ala): Using the general

procedure and starting from 0.16 mmol of ""T"Ala (3.054), the desired compound 3.072 was

obtained (Rf = 0.4 in 1:2, hexane/ethyl acetate). A white solid compound; 40mg, Yield 63 %;

N=N m.p. 130-133 ° C. IR (KBr) ® 3379, 2975, 2926, 2854, 1709, 1658,

N\\rN 1609, 1509, 1459, 1390, 1366, 1321, 1302, 1251, 1165, 1088, 1063,

o Ve 1020, 999 cm™.*H NMR (600 MHz, CDCl5) & 7.57-7.49 (5H, m), 5.68
ﬁ\OJLﬁerNlOMe

(0]

(1H, d, J=5.8 Hz), 5.38 (1H, s), 4.90 (1H, s), 3.92 (1H, d, J = 10.7 Hz),
3.80 (3H, s), 3.62 (1H, d, J = 4.8 Hz), 3.20 (3H, s), 1.36 (9H, s); *C
NMR (150 MHz; CDCls3) ¢ 169.8, 156.3, 154.7, 133.4, 130.3, 129.8, 124.1, 80.6 , 62.1, 51.0,
47.7, 32.5, 28.4. +ESI-HRMS (m/z) calculated for C;7HN;04 (M+H)" 392.2046, found
392.2049.
(S)-1-(p-methylphenyltetrazolyl)-5-amino alanine (3.073, M*®™Ala): Using the
general procedure and starting from 0.34 mmol of " TVAla (3.055), the desired compound 3.073
was obtained (Rf = 0.4 in 1:2, hexane/ethyl acetate). A solid compound; 105mg,Yield 78 %;
N:N m.p. 102- 106 ° C. IR (KBr) v 3417, 3050, 2956, 2925, 2853, 1705,
Nﬁz“@\m 1657, 1608, 1519, 1459, 1391, 1367, 1302, 1264, 1166, 1088, 1049,
o Mhe 1 1018, 990 cm™. *H NMR (600 MHz; CDCl3) 6 7.36 (2H, d, J = 8.2
>L0JLEL,(N~OW Hz), 7.33 (2H, d, J = 8.2 Hz), 5.68 (1H, d, J = 7.6 Hz), 5.32 (1H, s),
o 4.89 (1H, d, J = 2.1 Hz), 3.88 — 3.86 (1H, m), 3.78 (3H, s), 3.60 (1H,
s), 3.17 (3H, s), 2.41 (3H, s), 1.35 (9H, s); *C NMR (150 MHz; CDCls) ¢ 169.9, 156.2, 154.7,
140.2, 130.8, 130.7, 124.0, 80.5, 62.0, 50.9, 47.5, 32.4, 28.3, 21.4.+ESI-HRMS (m/z) calculated
for C1gH2sN704 [M+H]" 406.2203, found 406.2203.
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(S)-1-(p-ethylphenyltetrazolyl)-5-amino alanine (3.074, =®™Ala): Using the
general procedure and starting from 0.31 mmol of “®TAla (3.056), the desired compound
3.074 was obtained (Rf = 0.4 in 1:2, hexane/ethyl acetate). A semi solid compound; 105mg,

Y Yield 80 %. IR (KBr) § 3347, 2969, 2926, 2854, 1710, 1658, 1604,

Y ‘@CH 1519, 1458, 1431, 1390, 1366, 1296, 1251, 1166, 1094, 1018,

o e | 1056, 1018, 1056, 990 cm™. *H NMR (600 MHz; CDCls) & 7.39
OJLﬁLOrfN“OMe (2H, d, J = 8.2 Hz), 7.35 (2H, d, J = 8.1 Hz), 5.69 (1H,d,J =74

Hz), 5.34 (1H, s), 4.89 (1H, s), 3.89 — 3.87 (1H, m), 3.78 (3H, 9),
3.59 (1H, s), 3.17 (3H, s), 2.70 (2H, q, J = 7.6 Hz), 1.34 (9H, s), 1.24 (3H, dd, J = 13.8, 6.1
Hz,)."*C NMR (150 MHz; CDCls) 6 169.8, 156.2, 154.7, 146.3, 130.8, 129.6, 124.1, 80.4, 62.0,
51.0, 47.5, 32.4, 28.7, 28.3, 15.5. +ESI-HRMS (m/z) calculated for CioH3N7;O4 [M+H]"
420.2359, found 420.2358.

(S)-1-(p-nButylphenyl tetrazolyl)-5-amino alanine (3.075, P*®™*Ala): Using the
general procedure and starting from 0.32 mmol of B“®™Ala (3.057), the desired compound
3.075 was obtained (R = 0.4 in 1:2, hexanelethyl acetate). A semi solid compound;

N 122mg,Yield 85 %. IR (KBr) © 3298, 3052, 2977, 2952, 2928,

Y ‘@m 2857, 1690, 1653, 1604, 1578, 1538, 1519, 1458, 1432, 1394, 1365,

o e 1290, 1255, 1172, 1091, 1050, 1026, 992 cm™. *H NMR (600 MHz;
OJLgL,f%Me CDCls) 5 7.36 (2H, d, J = 7.9 Hz), 7.30 (2H, d, J = 7.8 Hz), 5.72
0 (1H, d, J = 6.7 Hz), 5.36 (1H, s), 4.87 (1H, s), 3.85 (1H, s), 3.76

(3H, s), 3.58 (1H, s), 3.14 (3H, s), 2.63 (2H, t, J = 7.8 Hz), 1.58 (2H, dt, J = 15.3, 7.7 Hz), 1.35
—1.32 (11H, m), 0.90 (3H, t, J = 7.4 Hz); °C NMR (150 MHz; CDCls) 6 169.8, 156.2, 154.7,
145.0, 130.8, 130.1, 123.9, 80.3, 61.9, 50.9, 47.4, 35.3, 33.4, 32.4, 29.7, 28.3, 22.3, 14.0. +ESI-
HRMS (m/z) calculated for C21HasN7O4 [M+H]" 448.2672, found 448.2670.
(S)-1-(m,p-Dimethyphenyl tetrazolyl)-5-amino alanine (3.076, ™®™Ala): Using
the general procedure and starting from 0.28 mmol of "MBTYAla (3.058), the desired compound
3.076 was obtained (Rf = 0.4 in 1:1, hexane/ethyl acetate). A semi solid compound; 90mg, Yield
NzN cu, | 76 %. IR (KBr) v 3354, 2975, 2925, 2854, 1710, 1658, 1604, 1510,
NYN\@CH 1456.99, 1390.56, 1366.94, 1302, 1277, 1251, 1166, 1094, 1054,
N1 o “he *1 1022, 992 cm™. *H NMR (600 MHz; CDCls) 6 7.26 (2H, t, J = 8.8
OJLELW%Me Hz), 7.18 (1H, dd, J = 7.8, 1.5 Hz), 5.68 (1H, d, J = 7.1 Hz), 5.34
0 (1H, s), 4.88-4.87 (1H, m), 3.88-3.86 (1H, m), 3.78 (3H, s), 3.61—
3.60 (1H, m), 3.17 (3H, s), 2.31 (3H, s), 2.30 (3H, s), 1.34 (9H, s ); *C NMR (150 MHz,
CDCI3) 0 169.9, 156.2, 154.7, 139.1 ,138.8, 131.14, 130.8, 125.2 , 121.2, 80.4, 62.0, 50.9, 47.4,
32.4 ,28.3, 19.9, 19.7 +ESI-HRMS (m/z) calculated for C19H3oN,;O4 [M+H]" 420.2359, found
420.2360.
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(S)-1-(p-Hydroxyphenyltetrazolyl)-5-amino alanine (3.077, "™ Ala): Using the

general procedure and starting from 0.34 mmol of "®TVAla (3.064), the desired compound 3.077

was obtained (Rf = 0.4 in 1:2, hexane/ethyl acetate). A solid compound;100mg, Yield 72 %;

NN m.p. 170-174 ° C. IR (KBr) © 3353, 3270, 2967, 2924, 2853, 1698,

Na N 1674, 1659, 1617, 1517, 1458, 1390, 1367, 1315, 1279, 1228, 1168,

@ 1105, 1063, 1019, 967 cm™. *H NMR (600MHz; CDClI3+DMSO-ds)

5\ JL LﬂMe 59.42 (1H, s), 7.17 (2H, d, J = 8.5 Hz), 6.88 (2H, d, J = 8.5 Hz),

5.91 (1H, d, J = 7.9 Hz), 5.55 (1H, s), 4.78 (1H, s), 3.71 (3H, 3),

3.62 (2H, dd, J = 24.3, 18.1 Hz), 3.06 (3H, s), 1.28 (9H, s); *C

NMR (150MHz; CDCI3+DMSOQOdg) ¢ 170.3, 158.7, 156.1, 155.0, 126.2, 124.4, 116.7, 80.4,

61.9, 50.8, 46.2, 32.3, 28.2. +ESI-HRMS (m/z) calculated for C17H26N70s [M+H]" 408.1995,
found 408.1998.

(S)-1-(p-Methoxypheny! tetrazolyl)-5-amino alanine (3.078, M°®™Ala): Using the
general procedure and starting from 0.26 mmol of M°®T™YAla (3.059), the desired compound
3.078 was obtained (Rf = 0.4 in 1:2, hexane/ethyl acetate). A semi solid compound; 67mg, Yield

N 61 %. IR (KBr) 3381, 3006, 2975, 2925, 2853, 1709, 1658, 1606,
T ‘@mcﬂs 1582, 1519, 1461, 1435, 1391, 1367, 1303, 1254, 1171, 1093, 1024,

JOL Lﬂ;« 1043, 985 cm™. *H NMR (600 MHz; CDCls) 6 7.39 (2H ,d, J = 8.5
0N “OMe Hz), 7.02 (2H, d, J = 8.6 Hz), 5.69 (1H, d, J = 6.7 Hz), 5.24 (1H, s),

4.88 (1H, s), 3.84 (4H, s), 3.78 (3H, s), 3.60 (1H, s), 3.17 (3H, 5),
1.35 (9H, s); °C NMR (150 MHz; CDCl3)  169.8, 160.6, 156.2, 154.9, 125.9, 115.3, 80.5,
62.0, 55.8, 51.0, 47.4, 32.4, 28.3. +ESI-HRMS (m/z) calculated for CigHzsN;Os [M+H]*
422.2153, found 422.2153.

(S)-1-Napthyl tetrazolyl-5-amino alanine (3.079, “*™Ala): Using the general

procedure and starting from 0.35 mmol of "*T™YAla (3.062), the desired compound 3.079 was

obtained (Rf O 4 in 1:2, hexane/ethyl acetate). A solid compound; 93 mg ,Yield 60 %; m.p.

190- 195 °C. IR (KBr) v 3311, 3056, 3000, 2975, 2924, 2853, 1711,

N\ N 1640, 1548, 1548, 1490, 1425, 1394, 1366, 1276, 1301, 1230, 1166,

1104, 1075, 1047, 1020, 948 cm™'H NMR (600 MHz; CDCl3) o

>L hit L[T 8.52 (1H, d, J = 7.8 Hz), 7.85 (1H, d, J = 8.1 Hz), 7.62 (1H, d, J =

7.5 Hz), 7.54 (2H , dd, J = 14.3, 7.9 Hz), 7.47 (1H t, J = 7.2 Hz),

6.23 (1H ,s), 6.09 (1H, s), 4.99 (1H, s), 3.92 (2H, t, J = 18.8 Hz), 3.79 (3H, s), 3.12 (3H, 5), 1.42

(9H, s); *C NMR (150 MHz, CDCls) 6 170.53, 168.0, 155.9, 148.0, 132.3, 128.1, 127.0, 126.0 ,
125.6, 124.0,122.1, 118.8, 80.2, 61.9,51.2,47.4 , 32.3 , 28.5.
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(S)-1-Pyrene tetrazolyl-5-amino alanine (3.080, ""™Ala): Using the general
procedure and starting from 0.30 mmol of ""YAla (3.063), the desired compound 3.080 was
obtained (Rf = 0.4 in 1:2, hexane/ethyl acetate). A semi solid compound; 126mg, Yield 81 %.
o= IR (KBr) v 3417, 2953, 2853, 1707, 1644, 1607, 1462, 1390, 1366,

Y 1166, 1086, 1020, 849 cm. *H NMR (600 MHz; CDCl5) 6 8.31 —

9 i LﬂMe 8.23 (3H, m), 8.19 (2H, dd, J = 11.0, 4.8 Hz), 8.14 — 8.05 (2H, m),
“ome 8.00 (1H, d, J = 7.9 Hz), 7.70 (1H, d, J = 9.1 Hz), 5.56 (1H, d, J =

6.4 Hz), 5.00 (1H, 3), 4.83 (1H, 5), 3.82 (1H, s), 3.75 (3H, s ), 3.71
(1H, s ), 3.13 (3H, s), 1.15 (9H, s); *C NMR (150 MHz; CDCls) 6 170.0, 156.3, 155.9, 133.1,
131.1, 130.7 , 130.3 , 129.6 , 127.4 , 127.0, 126.8, 126.6, 125.4 , 125.1, 124.6, 124.2, 121.0,

80.3, 62.0, 50.9, 46.9, 32.5, 28.2. +ESI-HRMS (m/z) calculated for CpHzN;O; (M+H)"
516.2359, found 516.2350.

(S)-1-(p-Chloropheny! tetrazolyl)-5-amino alanine (3.081, “®™Ala): Using the
general procedure and starting from 0.32 mmol of “®™Ala (3.065), the desired compound
3.089 was obtained (Rf = 0.4 in 1:2, hexane/ethyl acetate). A semi solid compound; 100mg,

et Yield 74 %. IR (KBr) © 3334, 2978, 2926, 2853, 1709, 1659, 1608,
Y @ 1499, 1391, 1366, 1251, 1166, 1092, 1013, 990 cm™. *H NMR (600

>L it L“Me MHz; CDCls) 6 7.51 (2H, d, J = 8.4 Hz), 7.47 (2H, d, J = 8.4 Hz),
“OMe 5.75 (1H, d, J = 6.3 Hz), 5.55 (1H, s), 4.87 (1H, s), 3.90-3.88 (1H,

m), 3.78 (3H, s), 3.59-3.58 (1H, m), 3.17 (3H, s ), 1.34 (9H, s); *°C
NMR (150 MHz; CDCls) ¢ 169.7, 156.4, 154.4, 135.7, 131.9, 130.4, 125.3, 80.6, 62.0, 51.0,
47.8, 32.4, 28.3. +ESI-HRMS (m/z) calculated for Ci7H2sCIN;O, (M+H)" 426.1657, found
426.1657.

(S)-1-(p-Cyano phenyl tetrazolyl)-5-amino alanine (3.083, “Y®™Ala): Using the
general procedure and starting from 0.21 mmol of ““B™Ala (3.066), the desired compound
3.082 was obtained (Rf = 0.4 in 1:2, hexane/ethyl acetate). A semi solid compound; 54mg, Yield

NzN 62 %. IR (KBr) v 3378, 2961, 2925, 2854, 2232, 1708, 1659, 1603,

NS N*@ 1568, 1514, 1459, 1426, 1392, 1366, 1280, 1251, 1166, 1094, 1018,

Me 990 cm™.*H NMR (600 MHz; CDCls) 6 7.85 (2H, d, J = 8.2 Hz),

5\ JL L,f ~OMe 7.74 (2H, d, J = 8.2 Hz), 5.97 (1H, s), 5.82 (1H, s), 4.88 (1H, s),

3.94 (1H, s), 3.79 (3H, s), 3.58 (1H, s), 3.20 (3H, s), 1.34 (9H, s);
3¢ NMR (150 MHz; CDCl3) § 169.4, 156.7, 154.3, 137.1, 134.2, 123.9, 117.6, 113.2, 80.8,
62.0, 51.0, 48.2, 32.5, 28.3. +ESI-HRMS (m/z) calculated for C1gH25NgO4 [M+H]" 417.1999,
found 417.1995.
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(S)-1-(p-Acetylphenyl tetrazolyl)-5-amino alanine (3.082, “®*™Ala): Using the
general procedure and starting from 0.35 mmol of “*®™YAla (3.067), the desired compound
3.083 was obtained (Rf = 0.4 in 1:2, hexane/ethyl acetate). A greenish white semi solid

N%“ENN compound; 45mg, Yield 45 %. IR (KBr) v 3377, 2961, 2925,

\N(H @\com 2854, 1687, 1657, 1602, 1574, 1515, 1463, 1426, 1392, 1364,

>L JOL /([fl\f:e 1266, 1166, 1094, 1017, 985 cm™. *H NMR (600 MHz; CDCl3) o
07N “OMe 8.15 (2H, d, J = 8.5 Hz), 7.68 (2H, d, J = 8.2 Hz), 5.73 (1H, d, J

© = 5.8 Hz), 5.67 (1H, s), 4.90 (1H, s), 3.97-3.96 (1H, m), 3.81

(3H, ), 3.62 (1H, d, J = 6.3 Hz), 3.22 (3H, s), 2.66 (3H, s), 1.36 (9H, 5); *C NMR (150 MHz;
CDCls) 6 196.6, 169.5, 156.6, 154.5, 130.4, 123.4, 80.8, 62.1, 51.0, 48.2, 32.5, 28.4, 26.9.+ESI-
HRMS (m/z) calculated for C19H2sN7O5 [M+H]" 434.2152, found 434.2154.

3.8.3. Photophysical Studies of the Amino Acids

UV-visible measurements: All the UV-visible spectra of the amino acids (10 pM) were
measured in different solvents using a UV-visible spectrophotometer with a cell of 1 cm path
length. The measurements were carried out in absorbance mode. The absorbance values of the
sample solutions were measured in the wavelength regime of 200-600 nm. All the sample
solutions were prepared just before doing the experiment.

Fluorescence experiments: All the sample solutions were prepared as described in UV-
visible measurement experiments. Fluorescence spectra were obtained using a fluorescence
spectrophotometer at 25 °C using 1 cm path length cell. The excitation wavelengths for all the
cases were set at the absorbance maxima of each sample in each solvents and emission spectra
were measured in the wavelength region of 352-600 nm with an integration time of 0.2 sec and
with slit width 3 nm. All the sample solutions were prepared just before doing the experiment.
Total volume of 1.0 ml from a stock solution of 3 ml of 10 uM concentration for each case was
used for fluorescence experiment in 1 ml cell. Fluorescence emissions were collected exciting
the samples at the wave length corresponding to their absorption maxima.
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3.8.4. 'H and **C NMR Spectra Few Selected Amino Acids

g§ E Z E & £EE £
707 T T T TR T
SYNH
NH
o l\lfle
SL LA
0~ °N OMe
H
o
N A AN
N N L CI ENCE T
.0 9‘5 9‘0 8‘5 8‘0 ?‘5 TID SIS SID 5‘5 5.0 4‘5 AID 3‘5 3‘0 2‘5 ZID 1‘5 1‘0 0‘5 1]
Figure 3.20. 'H NMR spectra of synthesised compound 3.071.
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Figure 3.21. *C NMR spectra of synthesised compound 3.071.
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Figure 3.22. *H NMR spectra of synthesised compound 3.066.
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Figure 3.23. *C NMR spectra of synthesised compound 3.066.
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Figure 3.24. "H NMR spectra of synthesised compound 3.057
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Figure 3.25. *C NMR spectra of synthesised compound 3.057
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Figure 3.26. COSY (*H-'H) NMR spectra of synthesised compound 3.057
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Figure 3.27. TOCSY (*H-'H) NMR spectra of synthesised compound 3.057.
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Figure 3.28. 'H NMR spectra of synthesised compound 3.083.

09€'8Z~
ANa--
085'Z8"

LLT'8r—
L60'T5—

¥B0'Z9—
810°LL
aﬁ.hhv

THr'LL
0r8'08 /

TSTETT—
POOLIT—

GPE'EZT—

BETPEL—
SSTLET—

Z6L'99T—

9TF'69T—

T
20

T
30

T
40

T
50

T
60

T
70

T T
90 80

100
1 (ppm)

121

T
120

T
130

CN
Figure 3.29. *C NMR spectra of synthesised compound 3.083.
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Figure 3.30. *H NMR spectra of synthesised compound 3.075
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122

T
180

T
190

L
200

TH-1766_126122035



Chapter 3 Application of "*4la... Thioureayl Alanines...Aminotetrazolyl Alanines...

- CH:
ML NH, NH» g BCH

CH:

CH3

CH2/CHz

}V:
N H, cH, .
HHY @\GMH:H - CH/B-CH: &
N U I
4 D CH»Y B CHn
OJLN B-CHz/ f-CHz
H (6]

Z

L 4

-

‘.\Ha o-CH

- @
- (= =]

CHz/ CHs

CHY CH:

T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

)
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4.1. Introduction

Side chain modified unnatural amino acids (UNAAS) have attracted current research activity
as a novel spectral probe of peptides/proteins. As for example, fluorescent UNAAs ! (4.001-
4.002, Figure 4.01), labeled EPR active UNAAs™ (4.003-4.004, Figure 4.01), photoaffinity
labels® (4.005-4.008, Figure 4.01) have been reported in recent years. As a part of our research,
we also have contributed to the generation of fluorescent triazolyl UNAAs as peptide labels for
conformational study and addressing fundamental photophysical aspects in predefined peptide
conformations.[! However, large sizes of the labels often caused problems of structural
perturbation. Therefore, simple and small functional groups as side chain labels would be more
beneficial leading to minimal or no structural perturbation of the peptide/protein secondary
structure. The intrinsic stretching vibrational motion of diatomic functional groups as
chromophores, thus, have attracted much recent interest as infrared (IR) spectral probes of
peptides/proteins.t”®!

O~_CH,
o F.c N
0? { e
-
NH o
H,N” NCO,H H,N N Ycon  HNT TCOH gy vANeon
4.001 4.002 4.003 4.004 4005 4.006

Figure 4.01. Some fluorescent, EPR and photoaffinity labeled UNAAs.

However, choosing an appropriate IR probe for a specific application is a challenging task.
In spite of the great success of ~CN as IR probe, ©*¢ 192331 jt often suffers from shortcomings
such as small dipole strength of —CN leading to weaker IR intensity than — N3 and interference
by Fermi resonance.’*® On the other hand, because of large dipole strength —Nj has got
popularity as IR probe.®*1%®! However, broad bandwidth, markedly short vibrational lifetime
and overlapped stretching with accidental Fermi resonance bands are its drawback.[X%"
Furthermore, many of the IR-chromophores, such as, -SCN, has been introduced via
derivatisation of cysteine which could be a problem when present in multiples in a protein.!*!
Therefore, novel side chain which does not rely on post-synthetic modification and possesses
stronger IR intensity would be more attractive research. However, choosing an appropriate IR
probe for a specific application is a challenging task since the probe’s geometry in solution and
vibrational properties need to be considered. Despite their analytical use,*? isothiocyanates
have attracted much research attention in current synthetic thrust.™

Moreover, the stronger IR transition dipole strength of -NCS compared to reported >C=0
and comparable to -CN/Ns group, would be a promising IR probe for studying
peptide’s/protein’s microenvironment. As a part of our continuous research efforts, the design
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of unnatural amino acids ® and the limitations of the currently used IR probes, have led us to
think —NCS, for the first time, as a new family of possible high sensitive and intensive IR
stretch probe.

4.2. Solvalotochromic IR Responsive Probes of Proteins

4.2.1. The —CN as Solvalotochromic IR Responsive Probe

In 2003, Getahun et al.,*Y have reported, nitrile-derivatised amino acids (1.079-1.080,
Chapter-1) and they used them as local environment sensors in model peptide MLCK579-595
(4.007, Figure 4.02). It is mainly advantageous to employ such a probe to investigate the
processes where a specific amino acid undergoes large environmental changes, as for example,
from polar to hydrophobic or vice versa. They also reported infrared spectroscopy in
combination with the modern chemical as well as a biological process may be used to study a
variety of structural and dynamic properties, such as side-chain packing, side-chain interaction,
peptide-protein binding, and protein-protein interaction. In 2010, Taskent-Sezgin et al.,'® have
incorporated also p-cyanophenylalanine in the model peptide (4.010, Figure 4.02) and
monitored IR of modified peptide (4.011, Figure 4.02.). They explained by IR that the Phecy
fluorescence was quenched by interactions with a Tyrosine side chain in the native state where —
CN group was exposed to solvent. C. Schultz et al.,"™ have incorporated p-cyanophenylalanine
by the genetically as infrared probe in bacteria. They also reported this unnatural amino acid is
useful for site-specific probe of protein folding, conformational changes, and biomolecular
interactions based on IR experiments.

CN CN
HZNLCOZH MLCK 3CN

1.079 BN o CO,IT ; R-R-PheCN-K-K-N-F-I-A-V-S-A-A-N-R-F-K-CONH,
L O 4.008
tMLCK 579-595 R-R-W-K-K-N-F-I-A-V-S-A-A-N-R-F-K-CONHZ\

4.007 MLCK 5CN

R-R-W-K-PheCN-N-F-I-A-V-S-A-A-N-R-F-K-CONH, :
4.009

D-P-A-AK-A-A-A-K-A-A-X-A-A-A-F-A-A-A-K-A  — 3 D-P-A-AK-A-A-A-K-A-A-X-A-A-A-Phe n-A-A-A-K-A :

Figure 4.02. Structure of p-cyanophenylalanine (1.080), f-cyanoalanine (1.079), some natural
peptide analogues (4.007, 4.010) and modified peptide analogues (4.008-4.009, 4.011) with p-
cyanophenylalanine.
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Waegele et al.,*"] have reported that the C=N stretching vibration of 5-cyanotryptophan
(4.012, Figure 4.03) is a useful infrared probe of the local environment in a membrane protein.
They investigated how the C=N stretching band of the free amino acid changes with the solvent
in two “NTrp containing mutants (4.014-4.015, Figure 4.03) of a cationic antimicrobial peptide
indolicidine 4.013 (ILPWKWPWWPWRR-NH,) after modification once at the 9™ and 11"
position with 5-cyanotryptophan. They found on binding to the model membrane the IR
bandwidth of —CN vibrational mode in indolicine changes, thus it acts as a very sensitive
infrared probe of local hydration status of the peptides.

HN CN
llth \
. CN —— I-L-P-WK-W-P-W-P-X-R-R-NH,
X . 4.014
o X=W '
! I-L-P-W-K-W-P-W-W-P-W-R-R-NH. ;
H,N” >CO,H P V. W Z HN CN!
4.012 ; 3 4.013 = S
o S S
; P I-L-P-W-K-W-P-W-X-P-W-R-R-NH,
ey T A 4.015

Figure 4.03. Structure of 5-cyanotryptophan (4.012), iodolicine (4.013) and 5-cyanotryptophan
containing indolicidine (4.014-4.015).

Jo et al.,'**® have prepared several aromatic nitrile cysteine (4.016-4.017, Figure 4.04) and
successfully incorporated site specifically into peptides/proteins via either thiol alkylation or
arylation reaction (4.018-4.019, Figure 4.04) of cysteine and studied IR. They found on
addition of Ca®* the bandwidth of the IR transition is decreased from ~19 cm™* to ~11 cm™.
Furthermore, the peak position ( 4.020, Figure 4.04) of this nitrile band (v = 2236.0 cm™%)
remains in the same position, on addition of Ca®" which signifies that the labeled cysteine
residue is exposed to solvent in CaM structures obtained in both the absence and presence of
ca®.

]"‘ = _'.
NaHCO;, a3 / }
Cyanobenzyl bromide (= By
DMF S P~ el
200 262X b2
Wa ¥

Figure 4.04. Structure of aromatic nitrile cysteine (4.016-4.017), schematic cysteine alkylation
(4.018-4.019) and IR spectra (4.020) of modified peptide.
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4.2.2. The —N3 as Solvalotochromic IR Responsive Probe
In 2008, Oh et al.,™ have established that S-azidoalanine (3-AlaNs) (1.014, Chapter-1) has

positive benefits over nitrile-derivatized amino acids when used as an IR probe as dipole
strength of the CN and SCN stretch mode is almost 19 and 5 times lower than azide stretch
mode. They also revealed the efficacy of f-azidoalanine (#-AlaN3) in place of alanine as an IR
probe of the local electrostatic environment in proteins and they have successfully investigated
the aggregation of Af(16-22) amyloid peptide(4.021, Figure 4.05) containing a single f-
azidoalanine at position twenty-one. They found that azido peak frequency of such amyloid
peptides in both water and DMSO is 2104 cm™ which signifies that the azido group in the
aggregate is encircled by a local electrostatic environment similar to DMSO.

Figure 4.05. Azidoalanine (1.014), Ag (16-22) amyloid peptide (X=H) and A (16-22) amyloid
peptide containing azidoalanine .

In 2009, Ye et al.,””® have reported that the position specific incorporation of an IR-sensitive
amino acid, para-azido-L-phenylalanine (p-PheNs) (4.005, Figure 4.06), into the G protein—
coupled receptor rhodopsin incorporated at positions M253 and L72 (4.023, Figure 4.06),
which are part of the solvent-exposed G-protein-binding pocket in the active conformation of
rhodopsin using amber codon suppression technology. The antisymmetric stretch vibration of
the azido group absorbs at ~2,100 cm™* in a clear spectral window which is sensitive to its
electrostatic environment. They used FTIR spectroscopy to study the azido probe and showed
that the electrostatic environments of specific interhelical networks change during receptor
activation.

Site specific incorportaion
-

Figure 4.06. Structure of p-azido-L-phenylalanine, G protein—coupled receptor rhodopsin 4.022
and G protein—coupled receptor rhodopsin containing p-azido-L-phenylalanine 4.023.
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In the next year 2010, Taskent-Sezgin et al.,”! have chosen N-terminal domain of the
ribosomal protein L9 (NTL9) 4.025 (Figure 4.07) and targeted methioninel(Metl) by
expression (NTL9-MetlAha) and isoleucine-4(lle4) 4.026 (NTL9*-lle4dAha) by chemical
synthesis as sites for incorporation of the azidohomoalanine (Aha) substitutions which acts as a
good IR sensitive probe of protein for monitoring protein folding, protein structure, and
electrostatic effects . They explained that the probe can be easily incorporated into proteins in
high yield in a position-specific manner using simple, readily available auxotrophic expression
systems as well as by solid-phase peptide synthesis.

NTL9-MetlAha

4.025

-3 JJ\/
. | B
C ¥
N3 NTL9*-IledAha

4.026

Figure 4.07. Structure of azidohomoalanine (1.059), ribosomal protein L9 (4.024) and modified
ribosomal protein L9 containing azidohomoalanine (4.025-4.026).

4.2.3. The —SCN as Solvalotochromic IR Responsive Probe

The SCN group has relatively large Stark tuning rate of the nitrile stretching vibrations and
it can be used to monitor the local electric field in chemical as well as biological systems. As for
example, by positioning beta-thiocyanatoalanine (8-°°“Ala) (4.027, Figure 4.08) into the
active site pocket of the enzyme ketosteroid isomerase (KSI) (4.028-4.029, Figure 4.08) and
using the nitrile stretching mode as a vibrational stark probe, Boxer, Herschlag, and co-workers
221 investigated the changes in the local electrostatic field associated with substrate binding and
steroid isomerisation induced charge localisation.

N :
i !
¢ !
,[S 5 DTNB, KCN
: —
H,N™ "CO,H ' | Buffer at pH 7
4.027 !
_______________ |‘___________-----------------------------------------------------------------------—

Figure 4.08. Beta-thiocyanatalanine (4.027), enzyme ketosteroid isomerase (4.028) and active
site pocket of the enzyme ketosteroid isomerase contained thiocyanatoalanine (4.029).
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In 2010, Edelstein et al.,””®! have synthesised thiocyanatoalanine, or cyanylated cysteine and
showed that solvent exposed cysteine residues in proteins find wide use in large protein systems
(Ac-AAAAKAAAAKAAAAKAAAAKAAAAK-NH,) as a probe of site-specific structure and
dynamics. The SCN stretching vibration of this artificial side chain provides an isolated infrared
chromophore. The cyanylated cysteine side chain in peptides (4.031-4.033, Figure 4.09)
displayed to destabilize, but not completely disrupt, the helical structure of the folded peptide
when replaced for alanine.

Ac-A-C*-A-A-K-A-A-A-A-K-A-A-A-A-K-A-A-A-A-K-A-A-A-A-K-N H, :
4.031 i

Ac-A-A-A-A-K-A-A-A-A-K-A-A-A-A-K-A-A-A-A-K-A-A-A-A-K-NH, AC-A-A-AAK-A-A-A-AK-A-CF-A-A-K-A-A-A-A-K-A-A-A-A-K-NH, |
: 4030 4.032 :
. AcA-A-AAK-A-A-A-AK-A-A-A-AK-A-A-A-AK-A-C*-A-A-K-NH, |

C*=cyanylated cysteine/thiocyanatoalanine :

Figure 4.09. Structure of natural peptide analogues (4.030) and thiocyanatoalanine containing
peptide analogues (4.031-4.033).

In the same year McMahon et al.,'*” have used p-thiocyanatoalanine into peptides via post-
translation modification at cysteine residue and studied cyanylated cysteine in two model
peptides (Ac-KWKLFKKIGAVLKVL-NH; 4.034; Ac-NPVVHFFKNIVTPRT-NH,. 4.035) (
Figure 4.10) at selected sites and have shown binding to the membrane interfaces of the human
myelin basic protein and the antimicrobial peptide CM15, infrared spectra of both systems in
buffer and exposed to dodecylphosphocholine micelles indicate that the CN stretching
absorption band of cyanylated cysteine can clearly differentiate between membrane burial and
solvent exposure of the artificial side chain. Later Fafarman et al.,*™ have also developed a
straightforward and general method to introduce the thiocyanate nitrile stretch as a site-specific
electric field probe for proteins.

! Ac-K-W-K-L-F-K-K-I-G-A-V-L-K-V-L-NH, — » AcK-W-K-L-F-K-K-I-G-C*-V-L-K-V-L-NH,
4.034 4.036
AC-N-P-V-V-H-F-F-K-N-I-V-T-P-R-T-NH, ———»  A¢-N-P-V-V-H-F -C¥*-K-N-I-V-T-P-R-T-NH,

4.035 4.037

C*=cyanylated cysteine/thiocyanatoalanine

___________________________________________________________________________________________________

Figure 4.10. Structure of natural peptide analogues (4.034, 4.035) and cyanylated cysteine
containing peptide analogues (4.036, 4.037).
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4.3. Background

Large number of unnatural amino acids (UNAASs) with various novel functional roles has
been introduced ™ and many of them have been incorporated into proteins via modern synthetic
and biological methods.>? Several of such functional amino acids have been utilised to
investigate the structure, dynamics, localisation, and biomolecular interactions both in vitro and
in vivo.[?®) Many side chain modified UNAAs have also been reported as novel spectral probes
of peptides/proteins. Since IR probe as label has been used in a variety of lipid systems for
monitoring the protein-lipid interactions of membrane, it has been found that some dye
molecules, and other fluorescent molecules are used as probes most of the times for this
purpose. However, large sizes of the side chain labels often caused problems of unfavorable
structural perturbation. The advantage lies in the fact that the IR absorption bands can be tuned
by judicious design of side chain functional group to avoid any spectral overlap with vibrational
bands in native amino acids. Therefore, several of such chromophores, such as CO, ¥
nitrobenzoxadiazole,*™™ —CN 28" ~_scN#< _NCO, -PH, and —SiH [ with distinct IR-
absorption in the well-known open window of peptide (2100—2300 cm™) have been exploited to
extract information of the micro environment of peptides/proteins.!*" & 29301

Therefore, the limitations of the currently used IR probes led us to think, -NCS as a new
family of possible high sensitive and intensive IR stretch probe which expectedly would be
utilised more efficiently for the study of the structure and dynamics of peptides/proteins.
Furthermore, the installation of such small side chains on the backbone conformation of
peptides/proteins is much less studied. Recently, our research group is involved in the synthesis
of side chain modified UNAASs. Herein, we present ““Ala & “*Lys unnatural amino acids as
infrared (IR) responsive probe in short peptides.
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4.4. Objective

The study of backbone conformations of small/large peptides from the knowledge of amide-
| IR absorptions has been a subject of investigation in recent time.’#2"* The applications of
various novel IR chromophores have been reported as IR reporters for the structure and
dynamics of the local environment.["?®] However, choosing an appropriate IR probe for a
specific application is a challenging task, so in this chapter we demonstrated the application of
—NCS as a novel chromophore. Herein, the —NCS is used for possible probing of local
structures and electrostatic microenvironment of a short peptide containing N“*Ala/ N“SLys.
From literature survey, it is clear that very few studies are available for solvatochromic IR
sensitive probe for monitoring protein folding and electrostatics. Hence, utilisation of -NCS is
not only acts as fluorescent labeling /ligation group in peptides but also as solvatochromic IR
probe in N“SAla/N“SLys containing peptides to monitor the protein conformation. Therefore,
with this aim and idea we framed our objectives as below:

(a) Design and synthesis of natural and side chain modified tripeptide/pentapeptide/hexapeptide
by incorporating natural and N“*Ala /N“Lys amino acids respectively in peptide (Figure
4.11) via well know solution phase peptide coupling protocol.

Synthsised tripeptide analogs containing natural and unnatural amino acids

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

NHCbz /NH,

>L0JLN¢JLNJ:?JBNOW | >Loﬁﬁ¢

4.067-4.069

ﬁ\OJLNJi?’\)LNJ:?)L

4 068-4.070

Figure 4.11. Synthesised natural and side chain modified tripeptide/pentapeptide/hexapeptide
analogues.

137

TH-1766_126122035



Chapter 4  Isothiocyanyl Alanine / Lysine...IR Responsive...Labeling/Ligation...Peptides

(b) The electrophilicity of —NCS in N“*Ala/ "“*Lys has been utilised for site-specific
fluorescent labeling/ligation reaction in tripeptide/hexapeptide (Figure 4.12) under
physiological condition.

o o
>LOJLN H\:)LN OMe >L0 JLN g\)LN OMe
s\ H H 3 H
NH NH
HN’gs HN & S

O‘ 4073 5
4074 P

rove m T
HNSS anyg >r0
(0] o (0] H O o ¢1 (0] (0] H O
>LOJLN¢H\I\:)J~N£ N NN N Home >L011N NANN N AN N Hone
H 0 = (o) o H o
4.077 4.078

Figure 4.12. Synthesised labeled tripeptides/ hexapeptide and ligated hexapeptide.

(c) Study of solvatochromic IR sensitivity of N“*Ala/N“SLys of in small peptide/protein

(d) We also examined the effect of —NCS side-chain conformation of short tripeptide,
pentapeptide and hexapeptide using NMR, CD, and powder x-ray diffraction.

(e) Study the photophysical properties of the fluorescence-labeled pyrenylthioureayl
hexapeptide.
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4.5. Results and Discussion
4.5.1. Synthesis of Tripeptide Containing "“*Ala

To get quick access of the tripeptide containing ““°Ala, we adopted a strategy which is
depicted in Scheme 4.01. We have synthesised our designed tripeptides (Scheme 4.01) (a) Ala-
N3Ala-Ala (4.047) (b) Ala N“SAla-Ala (4.048) and (c) Ala-Ala-Ala (4.054) decorated with our
synthesised unnatural amino acids ““*Ala and N;Ala (2.037, described in Chapter 2). Firstly,
we have prepared BocNH-"Ala-CO,H (4.038) starting from N,C diprotected serine azide
(2.037) upon treatment with LiOH in water/THF (3:1) at 0 ° C for 2 hours followed by
acidification with dilute HCI (pH=2-3). Secondly, ;Ala-Ala dipeptide was prepared (4.039) by
EDC.HCI and HOBT mediated solution phase peptide coupling protocol between, BocNH-
NSAla-CO,H (4.046) and HCl-salt of alanine methyl ester. Next, the BOC of “;Ala-Ala
dipeptide was deprotected to corresponding TFA salt of dipeptide (4.040) upon treatment with
TFA in dry DCM for 4 hours which was further used for EDC.HCI and HOBT mediated
solution phase peptide coupling with Boc-Alanine to afford our targeted azido tripeptides
(4.042). After that, H,/Pd-C mediated reduction of azido functionality of tripeptide afforded the
tripeptide 4.043 containing amino alanine (""?Ala). Finally, CS, and Et;N were added to a
solution of amino alanyl tripeptide 4.043 in THF and stirred for 4 min at 0 ° C followed by
addition of TsCl. Within 2 minutes the reaction was completed with the generation of desired
tripeptide 4.044 containing "“*Ala in 42% and a cyclic tripeptidyl thioamide 4.045 in 14%
isolated yield. All the intermediates and the final peptides were characterised by IR, NMR and
mass spectrometry.

i N.
: o N o @ N, 0 W © N
' €
| >L JL N a JL OH b JL N\)L c H
i O N ~ —> O N Y ‘OMe N.
‘ OMe 07 N — H H —>  F,;COOH;N OMe
| H 0 H § )< o = 3 3 H
‘ 0 %) 1%) 4.040

2.037 4.038 4.039
1 N\)L OMe
A R YO : 1w g )< i
Cod H | e JL N\)L OMe f SCN @2 %)
‘ ‘ N OMe ! 07" N N
p—=1 0" N Y N r )< H 0 & H [ 4.044
! 1)< o s o f 1N +
' ' N3

72 %) (90 %) 4% |

4.042 4.043 }—NH %ﬁ

H L. 4.045
' Reagents and Conditions:

'( a)LiOH.H,O, THF:H,0 (3:1),0° C,2 h (b) EDC.HCI, HOBT, DIPEA, Alanine Methyl ester salt. Dry DCM, 0 ° C to rt, Ny, 16 h (¢) Dry DCM:TFA(2:1), rt, 4 h
1(d) EDC.HCI, HOBT, DIPEA, Boc-Alanine , Dry DCM, 0 ° C to rt, N, , 16 h (¢) Pd/C(10%), H, MeOH,rt, 8 h (f) CS,, Et;N, TsCL, THF, 0 ° C, N, 2 h 2min

Scheme 4.01. Schematic of formation of different tripeptide analogues.
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Similarly, Ala-Ala-Ala (4.049, Scheme 4.02) was synthesised via solution phase peptide
coupling method. Firstly, Ala-Ala dipeptide (4.047) was prepared by EDC.HCI and HOBT
mediated solution phase peptide coupling protocol between Boc-Ala-CO,H (4.046) and HCI-
salt of alanine methyl ester. Next, the LiOH mediated hydrolysis of ester group of dipeptide
4.047 was used to prepare dipeptide acid 4.048 which was further used for EDC.HCI and HOBT
mediated solution phase peptide coupling with HCI salt of alanine ester to form desired
tripeptide Ala-Ala-Ala (4.049). All the intermediates and the final peptides were characterised
by IR, NMR and mass spectrometry.

4.046 4.047 4.048 4.049

i Reagents and Conditions:
! (a) EDC.HCI, HOBT, DIPEA, Alanine Methyl ester salt., Dry DCM, 0 ° C to rt, N,, 16 h (b) LIOH.H,0, THF:H,0=(3:1), rt , 2 h (c) EDC.HCI, HOBT, DIPEA,
. Alanine Methyl ester salt, Dry DCM, 0 ° C to rt, N, 16 h

K 0] o

: o

) H JL J\[rN /erOMe

: JL E OMe OJLN N\)LN OMe ® E \)LH

o” N H H o

/|< H H P < . 0 sC

' 3

i T A T Ny 4. Y BT
Ala-Ala-Ala Ala-NCSAla-Ala

Ala-MAla-Ala

Scheme 4.02. Schematic of formation of different tripeptide analogues.
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4.5.2. Synthesis of Hexapeptides with N“°Lys

The high reactivity of N“SAla led us to synthesise an alternative one i.e. N“*Lys and its
incorporation into a short peptide. Thus, we synthesised N““Lys (2.052) in Chapter-2 without
having any other side product in contrast to N“>Ala where side product was formed. Therefore,
compared to the N“SAla, N“*Lys was found to be less reactive, more efficient and easily
incorporable into short peptide without any difficulty. The "“Lys smoothly underwent reaction
with Boc-alanine under EDC/HOBLt coupling condition as was evident from a test reaction to
give dipeptide 4.051 (Scheme 4.03). Thus, the N“*Lys could be incorporated into a peptide at
any stage via normal peptide coupling protocol allowing peptide/protein functionalisation very
easy. Therefore, -NCS functionalisation of Lys does not rely on post-synthetic modification, i.e.
NCS|ys directly can be utilised for protein/peptide modification which is highly beneficial
without getting interfered by any other natural amino acids.

NCS
EDC.HCI'HOBT
o Me  DCM, TFA ’
S A I & TG
(0) N ‘OMe 4h,rt Boc-Alanine
B DIPEA, DCM, 4.051
2.052 4.050 0°Ctort,12h . 52 %

Scheme 4.03. Schematic of formation of dipeptide for peptide coupling compatibility test of
NCS
Lys.

After getting ““*Lys in the pure form we thought that it would be worthwhile to incorporate
it into comparatively large peptide backbone. Thus, we chose a hexapeptide sequence which is a
modified sequence of Soto’s B-sheet breaker peptide. We ultimately synthesised N“SLys
containing  pentapeptide  4.063  BocNH-Leu-Val-Phe-Phe-"“*Lys-CO(NMeOMe)]  and
hexapeptide 4.064 [BocNH-Leu-Val-Phe-Phe-"“°Lys-Gly-CO,Me] following scheme 4.06 via
a peptide coupling protocol (Scheme 4.04). Thus, starting from BocNH-Phe (4.056) the
tetrapeptide 4.062 was synthesised through the generation of compound 4.057 to 4.061 in a very
good yield. A final round of peptide coupling using PyBOP and HOBt mediated solution phase
coupling between tetrapeptide 4.062 and TFA salt of N“*Lys (4.050) and TFA salt of dipeptide
NCSLys-Gly (4.055) afforded the final targeted pentapeptide 4.063 and hexapeptide 4.064
respectively (Scheme 4.04), in a moderate yield. All the intermediates and the final peptides
were characterised by IR, NMR and mass spectrometry.

141

TH-1766_126122035



Chapter 4 Isothiocyanyl Alanine / Lysine...IR Responsive...Labeling/Ligation...Peptides

NHCbz NHCbz

; NH, NCS ;
: NCS }
0 o [ o o ;

H !
! . H ‘
: on 2 e ¥ v ke ¢ ‘
s AN Mo v KM LR e JL 8L o |
1 o oo L] owe” = P LA G
; 8 %) 0% o F,COOH,N OMe!
' °. (63 %) '
! o i

2.048 4.052 4.053 4.054 4.055

Reagents and conditions: (a) EDC.HCVHOBT, DCM,DIPEA, L-Glycine methyl ester hydrochloride, 0 ° C to rt, 16 h (b) Pd/C(10%)/H,, MeOH, rt, 12
h (¢) CS,, E;N, TsCl, THF, 0 ° C, 1.30 h (d) DCM:TFA(2:1),rt,4 h

)(JL /[ OH )<0JLN i \)LOMC —»FSCOOHJN‘i \)LOMe—>\|/°~n«N\)L ’i \)LOMe

(70 %) (79 /)
4.056 4.057 4.058 4.059

76%) ‘ a0z @37 \© :

4.060 4.061 Ne-ee--o-------HEEEL ’ ,,,,,,,,,,,,,,,,,,,,,,,,,

l k +4.055

Reagents and conditions: (¢) PyBOP/HOBT, DCM,DIPEA, L-Phenylalanine methylester hydrochloride, 0 ° C to rt, 16 h (f) DCM:TFA(2:1), rt, 4 h (g)
i PyBOP/HOBT, DCM, DIPEA, L-BocValanine, 0 ° C to rt, 16 h (h) DCM:TFA(2:1), rt, 4 h (i) PyBOP/HOBT, DCM, DIPEA, L-BocLeucine, 0 ° C to rt,
: 16hr (j) LiOH, THF:Water(3:1), rt, 3 h (k) PyBOP/HOBT, DCM,DIPEA, 0 ° C to rt,5-6 h

Scheme 4.04. Schematic of formation of "“*Lys containing pentapeptide and hexapeptide.

Similarly in order to prepare natural penta (4.067) and hexapeptide (4.068) analogues we
have first synthesised two corresponding TFA salt of the amino acid (4.065, Scheme 4.05) and
dipeptide (4.066, Scheme 4.05) by treating corresponding Boc-protected amino acid (2.049,
Chapter-2) and dipeptide (4.052, Scheme 4.04) with TFA in dry DCM for 4 hours. Next we
performed PyBOP and HOBT mediated solution phase peptide coupling protocol between
tetrapeptide (4.062) and TFA-salts of 4.065 and 4.066 to afford natural Cbz-protected penta
(4.067, Scheme 4.06) and hexapeptide (4.068, Scheme 4.06) respectively. The corresponding
side chain amino pentapeptide (4.069, Scheme 4.06) and hexapeptide (4.070, Scheme 4.06)
were prepared by deprotecting Cbz group using Pd/C under H; in dry methanol/DMF (4:1) for
12 hours. All the intermediates and final peptides were purified by silica-gel column
chromatography and characterised by IR, NMR and mass spectrometry.
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- B
NHCb !
NHCbz NHCbz NHCbz ’ |
n O
O ® N ‘
)( JL )( )L N\)L —> F,COOH;N \)LOMG
Me o F3COOH3N !
0 © ‘
1 2.049 () DCM, TFAQ:1), rt,4h  4.065 ‘ 4.052 () DCM, TFA@:1), re.4n 4066 ‘
\ \

o)
! 1 N
E 0
4.070 (72 %)\©

Reagents and conditions: (m) PyBOP/HOBT, DCM,DIPEA, 0 ° C to rt, 12 h (n) PyBOP/HOBT, DCM,DIPEA, 0 ° C to rt, 12 h (p) Pd/C(10%), H,, Dry
MeOH/DMF(4:1), rt, 12 h

Scheme 4.06. Schematic of formation of “"“*’Lys and “™?Lys containing penta and
hexapeptide.
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4.5.3. 'H-NMR Characterisation of Some Selected Peptides

The synthesized three tripeptides and hexapeptide in the fully protected form were
characterised mainly by NMR spectroscopy. As representative example the structural
assignments of peptides 4.044 and 4.064 are shown in Figure 3.13 and 3.14, respectively. For
peptide 4.044 (Boc-NH-Ala-"“*Ala-Ala-CO,Me; Figure 4.13) -NH of the N terminal alanine
and C-terminal alanine appeared as doublet at 6 7.10 and ¢ 8.20 with coupling value J = 6.9Hz
and 8.1Hz respectively. Another —NH of "“*Ala unit appeared as doublet at & 8.49 with
coupling value J =7.0Hz. The C-a hydrogen of N“*Ala unit appeared at & 4.01-3.93 as a
multiplet. The C-a hydrogen of N-terminal alanine appeared as a double doublet at 6 4.58 with
coupling value J = 13.2, 6.4 Hz and C-terminal alanine appeared as pentate at ¢ 4.27 with coupling
value J=7.1Hz. The SB-CHz hydrogens of N“*Ala unit appeared as a doublet with coupling
constants J = 6.2Hz. The methyl hydrogens of OMe groups resonated as singlet at 63.62. The

methyl hydrogens of alanyl unit appeared as a doublet at 61.19 and ¢1.29 with coupling
constant J = 7.3 Hz and 7.2Hz respectively. The 'Bu-hydrogens of Boc-protected group

appeared as a singlet at 1.37.

1.19(d,J =7.1Hz)
1.28(d,J =73 Hz)
4.01-3.93 (m)
| 849(d,J=7.0Hz) .

(0)

1.37 (9H§)J’< )
o

Vo 0 o,
7.10 (d, J = 6.9 Hz) / H™
s M 8.20 (1H, d, J = 8.1 Hz),

4.58 (dd, J =13.2, 6.4 Hz)
3.90 (d, J = 6.0 Hz),

SN 427(p, J=71H
{cH; (p z)

©}
w
=)
N
~_~
w»
N

Figure 4.13. 'H-NMR of assignment of "“SAla tripeptide-4.044.

For peptide 4.064 (BocNH-Leu-Val-Phe-Phe-"“*Lys-Gly-CO,Me: Figure 4.14). -NH of N-
terminal leucine appeared as doublet at 6 7.05 with coupling value J = 8.6 Hz; -NH of valine
appeared as doublet at 6 7.45 with coupling value J = 9.0 Hz; two —NH of phenylalanine
appeared as multiplet at 6 8.12-8.02; -NH of lysine appeared as doublet at 6 8.14 with coupling
value J = 7.9Hz; -NH of glycine appeared as doublet at 68.35 with coupling value J = 5.7Hz.
The a—hydrogen of two phenylalanine appeared as multiplet at 6 4.61-4.47; a-hydrogen of
lysine appeared as double doublet at 6 4.33 with coupling value 13.8, 8.1 Hz; a-hydrogen of
valine appeared as double doublet at 6 4.14 with coupling value J = 15.0, 6.9 Hz; a-hydrogen of
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leucine and glycine are overlapped and appeared as multiplet at 6 3.96-3.78. 6 and w-hydrogen
of lysine overlapped and appeared at ¢ 3.63 as quintet with coupling value J=6.7 Hz. The all f-
CH, hydrogens of phenyl alanine appeared at ¢3.02-2.71 as multiplet and double doublet. The g
hydrogen of valine appeared as multiplet at 61.90-1.79; p-hydrogen of lysine appeared as
doublet of triplet at 6 1.64 with coupling value J = 13.8, 7.5 Hz; g-hydrogen of leucine appeared
at 51.60-1.45 as multiplet; j~hydrogens of lysine and ‘Bu-hydrogens of Boc are overlapped and
appeared at 1.43-1.24 as multiplet. Methyl hydrogens of leucine appeared at 60.82 as doublet of
doublet with coupling value J = 19.5Hz, 6.4Hz. Methyl hydrogens of valine appeared at 60.78-
0.64 as multiplet.

_______________________________________________________________________________________

3.63 (q, J = 6.7 Hz),1.64 (dt,
J =13.8, 7.5 Hz),1.60-1.45 (m)
NCS

N

8.35f( t,J =5.7 Hz),
"li_l\\ (0)
NS

bgLOMei

3.96 -3.78 (m)

J 4.33 (dd, J = 13.8, 8.1 Hz)

7.17 (ddd, J = 20.2, 19.2, 11.8 Hz)

Figure 4.14. *H-NMR of assignment of N“°Lys Hexapeptide-4.064.
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4.5.4. Conformational Analysis of Various Synthesised Peptides via CD
Spectroscopy

After getting all the peptides in pure form, we next carried out the spectroscopic studies on
the backbone and side-chain conformation of "“>Ala containing tripeptide 4.044 with the help
of NMR, amide-I IR absorption, and circular dichroism (CD) spectroscopy. The conformation
based on CD spectroscopic study was compared with that of azidoalanyltripeptide 4.042 and
natural tripeptide Ala-Ala-Ala (4.049). We also studied the conformation of "“°Lys containing
pentapeptide 4.063 [BocNH-Leu-Val-Phe-Phe-"“*Lys-CO(NMeOMe)] and hexapeptide 4.064
[BocNH-Leu-Val-Phe-Phe-N“°Lys-Gly-CO,Me] based on CD spectra analysis and compared
with their corresponding natural analogue pentapeptide 4.069 [BocNH-Leu-Val-Phe-Phe-Lys-
CO(NMeOMe)] and hexapeptide 4.070 [BocNH-Leu-Val- Phe-Phe-Lys-Gly-CO,Me].

The CD spectra revealed that the "“*Ala containing tripeptide 4.044 mostly retained its C-
turn conformationt*? in both ACN and MeOH solvents [(+)195,-199 nm and (-) 223 nm] while
the natural trialanyl tripeptide 4.042 was found to adopt a switchable P, conformation®? [(-)
195-197 nm and (+) 216 nm, (-) 231 nm] upon changing the solvent polarity. The tripeptide
4.042 containing "“*Ala behaved in a similar way as that of natural trialanine 4.049. The blue
shifted solvatochromicity (10 nm) of ~NCS functionality was also reflected in the CD spectral®
indicating a strong H-bonding and electrostatic interaction (Figure 4.15a). Therefore, -NCS
side group had not much effect on the perturbation of the backbone conformation which
behaved in a similar way as the natural analogues adopted the conformation.

28

30} —— TriPep4.049(ACN) —— Pep 4.064 (MeOH)
(a) —— TriPep 4.042(ACN) (b) —— Pep 4.064(ACN)
—— TriPep4.044 (ACN) —— Pep 4.064 (TFE)
~ 15 s TriPep4.049(MeOH) — Pep 4.063 (MGOH)
o ——— TriPep4.042(MeOH) g —— Pep 4.063 (ACN)
% —= TriPep4.044(MeOH) | Pep 4.063 (TFE)
0 £ 4
é 8 — o ——
O ,q| \/
O
-3 .
5 .
199 260 330 2055 240 290
Wavelength(nm) Wavelength(nm)

Figure 4.15. CD spectra of (a) tripeptides Ala-Ala-Ala (4.049), Ala-"*Ala-Ala (4.042) and
Ala-"“*Ala-Ala (4.044) and (b) N“>Lys containing pentapeptide 4.063 [BocNH-Leu-Val-Phe-
Phe-N“SLys-CO(NMeOMe)] and hexapeptide 4.064 [BocNH-Leu-Val-Phe-Phe-N“SLys-Gly-
CO;Me] in various solvents [concentration of peptides was 60 uM].
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On the other hand the CD spectra of "“Lys containing pentapeptide 4.063 exhibited strong,
sharp band at (+) 198-193 and broadband at (-) 210-218 in all three solvents (ACN, MeOH and
TFE) (Figure 4.15b) similar to its native pentapeptide 4.067/4.069 indicating a mixed B-sheet
and a-helical like conformation (Figure 4.16c-d). and -NCS side group had no perturbing effect
on the conformation. On the other hand, "“*Lys containing hexapeptide 4.064 was found to
adopt predominantly a-helical sheet and turn conformation in ACN and MeOH (Figure 4.15b).
Again the natural analogous hexapeptide 4.068/4.070 also adopted similar conformation
(Figure 4.16a-b) indicating that the side chain —NCS had no effect on the backbone
conformation of the peptides containing N“°Lys. Furthermore, both the peptides containing
NCSLys maintained relatively rigid conformations in all solvents (Figure 4.15b) studied even
when the polarity was changed. Therefore "“>Lys could act as a very good spectroscopic probe
of protein/peptide which would have negligible perturbation effect on the backbone
conformation of peptide/protein.

12.0 6.0
NHCbZLys_Hexapeptide 4.068 NHZ Lys_Hexapeptide 4.070
— TFE ~—~~ — TFE
o) @ — MeOH o (®) — MeOH
(¢B] — ACN o — ACN
2 £
S £
0 ®
@)
; - 3. ,
3'.IQ.9O 240 290 990 240 290
Wavelength(nm) Wavelength(nm)
3 6
NHCbZLys_Pentapetide 4.067 NH2Lys_Pentapeptide 4.069
_ —TFE
(oY (C) — MeOH o (d) — TEE
% — ACN o 3} — MEOH
) — ACN
o O
—’ E
(@) =0 P
@)
g 240 290 Ty

0 0 240 290
Wavelength(nm) Wavelength(nm)

Figure 4.16. CD spectra of natural hexa (a-b) and pentapeptides (c-d) containing “°*NLys or
NH2
Lys.
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4.5.5. 2D-NMR Conformational Analysis of Peptides

Next, we carried out *H-"H NOESY experiment on "“*Ala containing tripeptide 4.044 in de-
DMSO at 25 ° C. The NOESY spectra of peptide 4.044 (Figure 4.17) revealed the presence of
cross peak between Ha(i)/NH (i) for all three NHs; all three NH/Hy (of "“*Ala); NH(i, of C-
terminal Ala)/NH (i + 1 of "“*Ala and i+2 of N-terminal Ala) indicating a folded C- like
conformation.®¥ Moreover, NH(i)/H; interactions of each residue and all H,/H; (of "“*Ala) are
indicative of peptide folded conformation. It was also clear from the NOESY cross peak
intensity that the H?'/ H? and carbamate-NH are very much closer and forming an H-bonded 7-
membered ring like C; conformation.!®® The presence of long-range backbone interactions
accompanying "“*Ala and side chain interactions are shown in figure 4.19a.

ol

1.0
5@ 8 8 + o - 0 ©B 48 | Jﬂ

NH/CH3 CHs/e-CH /p-CH:
» 2.0

L ]
[-]
. - = w an— 2.5
o-CH/ f-CHz /OMe
3.0
+ 8 . : - s
NH/u-CH /f-CH2 ﬂ La.0
[ -]
P +4.5
NH/o-CH /f-CH; - 5.0
-5.5
-6.0
u =
. o - 6.5
NH/NH -
4 ©® @ = e = e
NH/NH -]

+7.5
-8.0

= @ ) b @ e
= a - L8.5

-9.0

r T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Figure 4.17. The *H-'H NOESY spectra of tripeptide 4.044.
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On the other hand, the NOESY spectra of peptide 4.064 (Figure 4.18) revealed the presence
of a pattern of consecutive, medium-to-strong Hy(i)/NH(i); H.(i)/NH(i+1) [Val-Phe];
H.()/NH(i+1) [Phe-Phe]; Hy(i)/NH(i+4) [Gly-Val) NOE connectivites accompanied by
NH(i)/NH(i+1) [Leu-Val]; NH(@i)/NH(i+1) (Phe-"“>Lys); NH()/NH(i+1) [ ““’Lys- Gly];
NH(i)/NH(i+2) [Phe-"“*Lys]; NH(i)/NH(i+3)[Val-N“°Lys]; H,(i)/Hp(i+1) [Leu-Val]; Hy (i)/NH
(i+1) [Phe-Phe]; Hg (i)/NH (i+1) [Phe-N“SLys]; Hg (i)/NH (i+4) [Leu- N“>Lys] interactions. All
these interactions suggested a folded mixed conformation characteristic of a-helix and B-strand.
The presence of long range backbone interactions accompanying ““°Lys and side chain
interactions such as Hg, H,(i)/Hp, H,(i+4), indicated the peptide fold encompasses residues 1
and 5 (Figure 4.19b).
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Figure 4.18. The *H-"H NOESY spectra of hexapeptide 4.064.
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¥\ r/_\v Inter Residue

OMe
7\ ’/\, Intra Residue :

(b) NOE inteaction in NCSLys hexapeptide
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Figure 4.19. 2D-NOE interactions in (a) Boc-Ala-"“*Ala-Ala-CO,Me and (b) BocNH-Leu-
Val-Phe-Phe-N“*Lys-Gly-CO,Me from NOESY spectra

150

TH-1766_126122035



Chapter 4

Isothiocyanyl Alanine / Lysine...IR Responsive...Labeling/Ligation... Peptides

4.5.6. Probing the
Temperature *H-NMR

Intramolecular

Inspection of the temperature coefficients of chemical shifts (A6/AT) in dg-DMSO from a
variable temperature (VT) *H NMR (Figure 4.20) of hexapeptide 4.064 provided some useful
information about the H-bonding abilities of the amide protons of each residue. The measured
AS/AT values were spread over the range — 2.8 to — 6.6 ppb/K indicating the involvement of the
amide-NH for strong to moderate intramolecular H-bonding ability. The amide-NH groups of
residue 2 (Val), 3/4 (Phe/Phe) showed lowest to moderate AS/AT value of — 2.8 ppb/K and -5.0
ppb/K, respectively, indicating their strong intramolecular H-bonding status. The other residues
showed moderate H-bonding ability as was evident from moderate AS/AT values ranging from -

6.4 ("“>Lys-NH) to -6.5 (Gly-NH) ppb/K (Table 4.1).

H-

Bonding:

Study of Variable
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Figure 4.20. Variable temperature NMR

of hexapeptide 4.064.

(@) PlotdvsT

(b) A5 vs A T in ppb/K

NH1
(Gly)

8.8 = NAL

NH2
(Lys)

NH3
(Phe/Phe)

NH4
(val)

NH5
(Leu)

o NH2
A NH3
e v NH4
e <4 NH5

6, L]
890 325 360
Temperature (K)

Table 4.1. (a) Plot of & vs. T. (b) Values of AS/AT in ppb/K
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4.5.7. IR Spectral Analysis of Backbone Conformation of Peptides

The IR absorption of the amide | vibration appeared at 1750 cm™ and a broad structured
band at 1718-1690 cm™ in both ACN and MeOH for peptide 4.044 indicating a f-turn
conformation with some contribution from g-strand (Figure 4.21a).?™9 For hexapeptide 4.064,
because of its solubility, we could record IR in DMSO and DMSO-dioxane mixed solvent for
hexapeptide 4.064. Thus, in pure 20% DMSO in dioxane the amide-11 and | bands appeared at
1526 and 1668 (s), 1651 (w) cm™, respectively. Increasing the polarity by increasing DMSO
content, the bands remained almost unperturbed (Figure 4.21b) indicating that the side chain
functional group —-NCS did not perturb the a-helical sheet-like conformation. The solution IR of
the natural hexapeptide containing “®"Lys 4.068 (Figure 4.21c-e) also possess similar IR
bands reflecting that there is no conformational perturbation caused by the —NCS side chain of
NCS|ys in the hexapeptide 4.064.
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Figure 4.21. Normalized IR spectra of N“>Ala containing tripeptide 4.044 (a) "“*Lys 4.064 (b)
and N"C’Lys 4.068 containing hexapeptide (c-e) in various solvents. The (a-d) >C=0

absorption regions.
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4.5.8. Solvatochromic IR Absorptions of -NCS Functionality in Peptides

Next, the effect of solvent polarity sensitive IR absorption of -NCS at 2100-2200 cm™ was
studied in the short and long peptides 4.044 and 4.064 containing ““Ala and “N““Lys,
respectively (Figure 4.22). Thus, tripeptide 4.044 in the least polar solvent, CHCI3, showed -
NCS absorption at 2081cm . The dncs gradually increased (blue-shift) in aprotic solvents with
increasing solvent polarity and appeared at 2099 and 2103 cm™ in THF and ACN, respectively.
Thus, a 22 cm™* blue shift in dscny was observed for -NCS as the solvation environment was
changed from CHCI; to ACN (Figure 4.22a). Therefore, the shift in IR absorption of -NCS
reflected its very high sensitivity toward solvent polarity and thus can be utilised as
solvatochromic IR probe for studying protein structure and dynamics. When dissolved in a polar
protic solvent like MeOH, oycs become very lower (2044.8 cm™) than that in ACN (2103 cm™)
similar to the case of >C=0 which showed a red-shift in water compared to that observed in
DMSO.B* The large red-shift of -NCS in MeOH can be rationalised by considering the possible
electrostatic and H-bonding interaction between MeOH and —NCS functionality that established
a large dipole near the —NCS IR probe. Moreover, the significant splitting of the vibrational
bands of -NCS was observed in H-bonding solvent such as MeOH. Thus, along with the intense
band weak but prominent other bands appeared at frequencies scattered around 2116 and 2221
cm™ (Figure 4.22a).

1.10 0.036 0
] — CHcl, () ) _—
) —— THE (ab) 100% DMS
O —— ACN ©
< —— MeOH %
p> o
(¢B]
S = 0017}
= 3
£ Q
= <
2
0%so 2100 4 1950 %%ag 2145 1 205
Frequency (cm ©) Frequency(cm ™)

Figure: 4.22. (a) Normalised IR spectra of N“>Ala containing tripeptide 4.044 and (b) N““Lys
containing hexapeptide 4.064 in various solvents. The (a-b)-NCS absorption regions.

Next, we have studied solvent polarity sensitive IR response of —NCS functionality of
NCSLys in hexapeptide 4.064 in DMSO and DMSO-dioxane mixed solvent system. Thus, in
pure DMSO, it exhibited IR absorption at 2106.8 and 2183 cm™. In 50% dioxane in DMSO
bands appeared at 2105.7 and 2181.7 cm™. Both the bands either in pure DMSO or in 1:1
mixture of dioxane/DMSO appeared to be strong and broad with almost equal in intensity
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(Figure 4.22b). In the least polar solvent 20%, DMSO in dioxane, a medium intense doublet at
2097-2104 cm™ and a quintet like broadband span over 2145-2213 cm™ was the result
indicating the solvatochromic nature of -NCS functional group of "“*Lys in hexapeptide 4.064.

The DFT-calculated IR absorptions were found to be highly sensitive to solvent polarity for
NCSAla containing tripeptide 4.044, free amino acid, N“SLys and its hexapeptide 4.064 (Figure
4.23a-f) supporting the experimental observation and reflecting H-bonding interaction in a polar
protic solvent like methanol.
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Figure 4.23. Gaussian frequency analysis of N“*Ala containing tripeptide 4.044 (a-b) and
NES|ys (c-d) and N“SLys containing hexapeptide 4.064 (e-f) in various solvents.
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Therefore, the unexplored —NCS can be used as a probe of the local environment in
peptide/protein because it’s central frequency is sensitive to the polarity and hydrogen bonding
ability of local environment. In our analysis, we always observe a blue shift as the solvent
polarity increases in an aprotic solvent for both N“*Ala and N“*Lys containing peptides. In
particular case of ">“Ala containing tripeptide, we also found that the stretching frequency of -
NCS exhibited high sensitivity to H-bonding interactions in a polar protic solvent like MeOH
which can be exploited further in detail to utilise it as a specific reporter of H-bonding
interactions. The IR intensity was also found to be high and comparable to that of reported -CN
or —Nj groups.®! Further, the -NCS functionality have almost three times stronger IR transition
dipole strengths than that of a typical >C=0 stretching mode which would show promise to use
—NCS as useful IR probe for peptide structures

4.5.9. Fluorescent Labeling/Ligation of the ““°Ala Containing Tripeptide
4.044 and "“>Lys Containing Hexapeptide 4.064

Finally, we exploited the electrophilicity of -NCS of reactive tripeptide 4.044 and N“SLys
containing hexapeptide 4.064 to label covalently with chromophoric/fluorophoric amines such
as benzyl/pyrenyl or pyrenylmethyl amines as nucleophiles (Scheme 4.07).°°! As a test case, we
carried out the labeling both in organic solvent and in a neutral aqueous buffer at room
temperature with two separate nucleophiles-namely benzylamines and pyrenylamines for
labeling the "°*Ala containing tripeptide 4.044. Thus, a solution of "“>Ala containing tripeptide
in DMF was allowed to react with benzylamine at an incubation temperature of 37 ° C for about
1 h after which the product (benzylthioureayl alanine containing tripeptide, 4.073 formed was
isolated (71% vyield) and characterised by NMR, IR and Mass spectrometry (Scheme 4.07a).
Next, the same reaction was carried out under physiological condition i.e. by incubating the
peptide 4.044 (1.2 x 10> mM) in 50 mM sodium phosphate buffer of pH 7.0 at 37 ° C with an
equivalent amount of amine nucleophiles, benzylamine and/or pyrenylamine for 2 hours.

The long hexapeptide containing "“>*Lys (4.064) was next labeled with a fluorophore,
pyrenylmethylamine (4.075) as well as with non-fluorescent tripeptidyl amine 4.076 to
showcase the utility of -NCS containing amino acid as a possible labeling/ligation site in a long
peptide/protein (Scheme 4.07b). The reaction of "“*Lys containing hexapeptide (4.064) with
fluorescent pyrenylmethylamine 4.075 and tripeptidy amine 4.076 underwent smoothly at 60 °C
either in DMSO or in buffer to afford pyrenylmethylthioureayl lysine containing fluorescent
hexapeptide 4.077 and thioureayl linked bispeptide 4.078 (Scheme 4.07b). Thus, N“SLys can be
used for ligation type reaction to afford ligated bis-peptide/protein.=”
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Scheme 4.07. (a) Labeling of N“*Ala containing tripeptide and (b) Labeling/ligation of N“Lys
containing hexapeptide.

Therefore, we demonstrated the efficient, specific, chromogenic labeling of N“°Ala
containing tripeptide 4.044 and ““*Lys containing hexapeptide 4.064 exploiting the —NCS
functionality. Thus, the unnatural amino acid, N“SAla/N“Lys if can be incorporated into
proteins site-specifically then the generated protein can easily be labeled site-specifically for
various biotechnological applications. Furthermore, ““SLys can be an alternative in generation
of thiourea ligated peptide/protein.*®
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4.5.10. The Study of Morphology of Modified Peptide and Natural Analogues

Out of our curiosity and as the N“*Lys containing hexapeptide 4.064 has Phe-Phe dipeptide
unit which is the core recognition motif of the Alzheimer's s-amyloid peptide!*”, we thought
that it would be worthwhile to study the morphology of it. We envisaged that depending on the
interaction among the hydrophobic side chains and the orientation with the Phe-Phe core the
peptide might self-assemble into nanostructures. Thus, the formation of supramolecular
structures through molecular self-assembly was primarily accessed by field emission scanning
electron microscopy (FESEM) and then transmission electron microscopy (TEM) (with uranyl
acetate as the stain) in MeOH with a sample concentration of 10 puM. Our preliminary results
showed that the hexapeptide molecules form nanocluster consisting of nanoflakes. It is
interesting to note that the nanoclusters were grown with highly uniform size distribution and
the average clusters size was about 200 nm (Figure 4.24a). From FESEM image it is clear that
the spherical in shape nanoparticles of average size 200-400 nm were linked together via a
nanovesicle of 200nm long forming a helical garland like a network. The nanospherical particle
size ranges from 100-200 nm of N“Lys and “M2Lys hexapeptide was evident from TEM
(Figure 4.24b-c).

Figure 4.24. (a) FESEM image of ““*Lys hexapeptide 4.064 (b) TEM image of ““*Lys
hexapeptide 4.064 (c) TEM image of "™,Lys hexapeptide 4.070.

The crystalline nature of the peptide nanoflakes was confirmed from the X-ray diffraction
measurement on the powder sample of the hexapeptide showing three diffraction peaks (Figure
4.25a-b). Our results suggested that the initial formation of aggregates was possibly promoted
by hydrophobic interactions of as well as backbone conformation and hydrogen-bonding
interactions. More details morphological study is our future target.
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Figure 4.25. (a) PXRD of hexapeptide 4.064 and (b) PXRD of hexapeptide 4.068.

4.5.11. Study of Photophysical Properties of Pyrenylmethylthioureayl Lysine
Labeled Hexapeptide

We also recorded the fluorescence of the pyrenylmethylthioureayl lysine labeled
hexapeptide 4.077 to test the photophysical outcome and we observed that in the peptide the
chromophore retained its pyrene like absorption with good solvatochromicity and emission
property. Thus, the UV-visible spectra showed absorptions at 316, 330 and 346 in less polar
solvent CHCI,. In aprotic polar solvent, ACN, it showed a hypsochromic shift with
hypochromic effect (311, 327 and 343 nm) while the entire bands experienced hypsochromic
shift with hyperchromic effect in polar protic solvent MeOH (312, 326 and 342 nm). When
excited at 345 nm, the long wavelength absorption band of the chromophore, the peptide
exhibited characteristic pyrenyl emission bands at 377, 397, 417 nm with almost similar
intensity in all solvents except in DMSO wherein an enhanced emission was observed (Figure
4.26a-b).
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Figure 4.26. (a)UV-visible and (b) fluorescence emission spectra of fluorescent
pyrenylmethylthioureayl lysine amino acid containing hexapeptide 4.077 in various organic
solvents (conc.10 uM).
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45.12. DFT and Macromodel Optimised Geometries of "“*Ala Containing
Tripeptide and "“°Lys Containing Hexapeptide

We also carried out a DFT optimisation of the tripeptide containing "“>Ala at B3LYP/6-
31G** level of theory in water using CPCM solvent model in GO9 program package-45 and
found the ¢, y/ and y angles as -87, 61 and 63.8 degrees, respectively, in relation to the central
side chain modified amino acid ““*Ala. All these results indicated that the backbone
conformation of the peptide 4.044 was close to C;, y-turn conformation both in d6-DMSO from
experiment and in water from theory.2*! The DFT optimisation at B3LYP/6-31G** level of
theory in water as solvent (CPCM solvent model) using GO9 program package-45 which also
supported an H-bonded (2.05 A) 7-membered ring conformation (Figure 4.27a) in relation to
NCSAla of the peptide 4.044.

a) J,“

)‘J In Water X
\ ¢

Figure 4.27. (a) DFToptimised structure and (b) Clustering of structures (within 21 kJ/mole
global minima) obtained from molecular dynamics simulation for the tripeptide Ala- “*Ala-
Ala (4.044)

For hexapeptide 4.064, the 3J (HN, H,) was came out to be 7.9 Hz and it showed helical
sheet-like conformation which was also supported from Gaussian optimised geometry (Figure
4.28). Next, we carried out MD simulations using Schrodinger Macromodel software in water
for the peptide 4.044 and 4.064 using an OPLS 2005 force field and taking global minimum
conformer as the starting structure for the peptide.®® The MD simulation of the tripeptide 4.044
(Figure 4.27b) containing "“>Ala amino acid in the middle of the backbone fully supported the
H-bonded C;-turn conformation with backbone H-bond involving >CO at i and NH at i+2
supporting the experimental as well as DFT calculated optimised structure. MD simulation
(Figure 4.29) for "“*Lys amino acid containing hexapeptide 4.064 showed H-bonded helical
sheet-like conformation with backbone and side chains torsion ¢, vy, ¥/ and y2 angles as -85, -
19, 79 and -174 degrees, respectively, in relation to the side chain modified amino acid N“Lys
supporting the other experimental observations.
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Figure 4.29. Clustering of structures (within 21 kJ/mole global minima) obtained from
molecular dynamics simulation for the hexapeptide 4.064 containing N“Lys.
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4.5.13. DFT Calculation

4.5.13.1. Geometry in water as representative example and cartesian coordinates of 4.044

<9
. y?

TH-1766_126122035

)
2

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y Z
1 6 0 1.224533 -0.114078 1.862275
2 6 0 -0.138735 0.327985 1.307071
3 8 0 -1.148318 0.331690 2.024335
4 7 0 -0.162617 0.701200 0.008778
5 6 0 -1.347220 1.273703 -0.616855
6 6 0 -0.957989 2.239474 -1.745978
7 6 0 -2.304623 0.190229 -1.170501
8 7 0 -2.818952 -0.611412 -0.210654
9 8 0 -2.552337 0.093578 -2.373361
10 6 0 -3.743848 -1.692267 -0.497212
11 6 0 -5.184702 -1.386171 -0.063823
12 8 0 -6.039634 -2.244122 0.048376
13 6 0 1.488422 0.566975 3.211609
14 6 0 -3.267811 -3.022797 0.097294
15 8 0  -5.404504 -0.080332 0.134803
16 6 0 -6.754431 0.283658 0.497201
17 1 0 -0.090874 3.277476 -1.277797
18 6 0 0.785781 3.706496 -0.604035
19 16 0 1.958464 4.389534 0.252073
20 7 0 2.320376 0.103209 0.923735
21 8 0 4211872 -0.679201 0.003035
22 6 0 5.095245 -1.672485 -0.655494
23 6 0 4.466290 -2.151763 -1.966953
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E(RB3LYP) =-1411.91998053 a.u.; Imaginary Freq = 0; Dipole Moment = 8.0098 Debye

TH-1766_126122035

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y Z
1 7 0 -1.722440 -0.069116 -0.691344
2 1 0 -1.826709 -0.208322 -1.686928
3 6 0 -0.537086 0.627038 -0.204436
4 1 0 -0.691742 0.775198 0.862618
5 6 0 0.747112 -0.181982 -0.449265
6 6 0 -0.487018 1.974134 -0.946276
% 1 0 0.593890 -1.177127 -0.016401
8 1 0 0.878577 -0.310502 -1.529363
9 8 0 -0.068530 2.043681 -2.103028
10 7 0 -0.915711 3.088790 -0.279265
11 6 0 -1.196044 4.345413 -0.959835
12 1 0  -2.249426 4.399272 -1.254777
13 1 0 -0.960476 5.182470 -0.299775
14 1 0 -0.563952 4.392051 -1.844683
15 8 0 -1.669810 2.900918 0.890898
16 6 0 -0.953634 3.386212 2.040176
17 1 0 -0.721124 4.451182 1.943023
18 1 0 -1.633482 3.235879 2.880373
19 1 0 -0.031125 2.818788 2.197902
20 8 0 -3.502983 -1.385700 -0.599435
21 6 0 -4.567167 -2.192329 0.031515
22 6 0  -3.949750 -3.361107 0.804955
23 1 0 -3.375696 -3.006550 1.661229
24 1 0  -4.745305 -4.021810 1.162827
25 1 0  -3.292430 -3.943658 0.152036
26 6 0  -5.442540 -1.301315 0.916940
27 1 0 -5.831045 -0.456342 0.340105
28 1 0 -6.293896 -1.880010 1.288223
29 1 0 -4.878576 -0.920337 1.768500
30 6 0  -5.356820 -2.699996 -1.177054
31 1 0 -4.717325 -3.296839 -1.833854
32 1 0 -6.188619 -3.325959 -0.842288
33 1 0 -5.762991 -1.863673 -1.753312
34 8 0 -2476247 -0.755195 1.361529
35 6 0 -2.566649 -0.748142 0.139136
36 6 0 2.001618 0.459930 0.156137
37 6 0 3.254579 -0.393504 -0.073929
38 1 0 1.853958 0.608854 1.234163
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39 1 0 2.156110 1.454421 -0.281289
40 6 0 4498990 0.257521 0.547573
41 1 0 3.119126 -1.389058 0.363724
42 1 0 3.424822 -0.531929 -1.147588
43 1 0 4.674569 1.248342 0.114526
44 1 0 4.367958 0.390061 1.627126
45 7 0 5.674127 -0.526407 0.341284
46 6 0 6.537054 -1.286148 0.092663
47 16 0 7.751925 -2.300552 -0.227700

4.5.13.3.Geometry in water and cartesian coordinates of 4.064
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E(RB3LYP) =-3173.37472359 a.u.; Imaginary Freq = 0; Dipole Moment = 11.6465 Debye
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Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y Z
1 7 0 1.223094 -2.409822 -0.996204
2 6 0 -0.153668 -2.614260 -1.428187
3 6 0 -1.125127 -1.927181 -0.429212
4 6 0 -0.403202 -4.119086 -1.734541
5 6 0 -1.616835 -4.450912 -2.583671
6 7 0 -2.369919 -2.453493 -0.339205
7 8 0  -0.790337 -0.920457 0.193264
8 6 0 1.683726 -2.800215 0.217329
9 6 0 -2.588541 -5.351000 -2.119904
10 6 0 -3.695934 -5.683404 -2.906208
11 6 0  -3.847165 -5.121125 -4.173368
12 6 0  -2.882455 -4.229101 -4.651336
13 6 0 -1.779156 -3.899093 -3.865217
14 6 0 -3.378862 -1.931083 0.576783
15 6 0 -3.590633 -0.418263 0.307655
16 7 0 -3.843336 0.362936 1.382812
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10.001074
9.253648
9.089063
-4.079132
-5.297790
-2.797356
-5.233368
-6.330680
-4.386351
-1.618069
-6.304111
-0.439224
0.805136
-5.916814
-4.820935
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0.019741
-2.371702
-2.247711
-1.548880
-1.451874
-2.057305
-2.762914
-2.857590
-3.312680
-2.649697
-2.674125
-1.525230
-0.219789

0.146977

0.795124
-4.095411
-2.175455

0.366148

0.550870

0.322756

1.030638

1.623174

3.057814

1.578911

0.859752

0.401729

0.061804

1.824921
-0.644533

1.798616

2.053674

2.591695

3.127480

3.467075

3.665951

2.221419

1.348495

3.189954

2.678263

4.620905

5.148804

-0.842563
2.030965
3.043612
4.244553
5.196551
4.962814
3.773620
2.825671
1.064158
0.426245
1.926543

-0.349741

-0.100537
0.751117

-1.031615
2.500775
2.128029

-1.418741

-0.568518

-1.222302

-2.314809

-2.126520

-1.581253

-3.462673
0.610365

-0.537803

-1.662192

-0.023921
0.577598
1.272027
0.351313
0.945847

-0.468871

-1.346217

-0.589460
1.857238
0.426439
1.700885
2.443774

-2.238642

-2.211536
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58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

PR PRPPRPRPRRPRRRRRRRRRRRPRRRRRRRRRRRRPRPRPRPRPRPRRPPRLRO®E O

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1.869968
2.655819
3.761355
-6.912956
-6.634976
1.876462
-0.259652
-0.438347
0.493555
-2.618608
-2.472283
-4.434699
-4.706040
-2.988355
-1.032120
-4.321342
-3.906505
-2.172547
-2.764849
-3.021059
-4.828521
-7.032679
-7.401179
-5.601863
3.650921
2.948155
4.543183
4.228002
2.483453
3.753206
4.189253
5.204517
5.337449
5.778660
5.712845
3.908229
3.253699
1.370280
0.958304
2.423698
2.543865
0.147491
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3.631686
4.505891
5.684311
4.974872
6.065821
-2.002476
-2.048047
-4.668108
-4.462564
-3.257269
-5.802118
-6.382950
-5.376480
-3.792347
-3.213984
-2.399520
-0.052371
-1.830042
-3.425631
-1.085112
-0.906248
-1.984201
-3.243135
-3.420550
-3.539883
-2.009353
-1.699596
1.717079
-4.480283
-4.095865
-4.780239
-1.134820
-2.258045
-2.786760
0.285340
1.706268
0.076548
1.000843
3.475969
3.104854
3.709363
1.978471

2.421580
2.396844
2.367612
-3.054713
-3.961567
-1.647805
-2.359903
-0.790143
-2.262295
-0.897631
-1.137570
-2.526544
-4.786586
-5.640033
-4.257517
0.273838
2.299816
2.377337
1.960090
4.441302
6.118915
5.699622
3.585771
1.912635
-0.045052
2.469048
-0.949775
-0.448698
2.387525
3.565413
1.995080
1.828368
3.185969
1.559305
-2.403202
-2.957029
-2.852870
-1.407884
-1.502826
-0.588390
-2.249258
-3.349749
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100 1 0 1.078447 0.555013 -3.843467
101 1 0 1.672289 2.179262 -4.224772
102 1 0 11.025790 0.084954 -1.281205
103 1 0 9.802291 -0.937491 -2.059946
104 1 0 9.918740 0.784593 -2.478915
105 1 0 10.268720 1.905186 0.376768
106 1 0 8.544481 2.080100 0.763832
107 1 0 9.152478 2.545751 -0.841035
108 1 0 8.866500 -1.639497 0.179941
109 1 0 8.384180 -0.416190 1.377393
110 1 0 10.100042 -0.664115 0.995836
111 1 0 -4.420067 2.112462 2.265706
112 1 0 -2513319 2421202 -0.097858
113 1 0 -3.019317 3.660081 1.061641
114 1 0 -7.225744 3.755508 -0.782250
115 1 0 -6.620086 2.615315 -1.973390
116 1 0 -1.945030 2.218742 2.905821
117 1 0 -1.296424 1.201769 1.621114
118 1 0 -0.188848 3.316482 0.641895
119 1 0 -0.708301 4.179091 2.088526
120 1 0 0.569358 2.467928 3.493292
121 1 0 1.179669 1.755065 1.988819
122 1 0  -7.548390 6.204779 -4.536689
123 1 0 -5.802742 5.808001 -4.619118
124 1 0 -6.392792 6.970790 -3.401334
167
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4.6. Conclusion

The N“*Ala has been incorporated into a tripeptide sequence while N“>Lys in a hexapeptide
sequence via a peptide coupling protocol. While N“SAla containing tripeptide adopted a Co-turn
conformation, a predominant helical sheet-like conformation was evident for the hexapeptide
containing N“SLys. It was further observed that the side chain —~NCS does not perturb the
backbone conformation of the hexapeptide which was evident from IR, CD, NMR and powder
XRD analysis of both the modified and native peptide analogues. The —NCS functionality is
also shown to have the solvatochromic IR sensitivity which further can be utilised as IR
sensitive spectral probe to investigate the structure, dynamics, localisation, and biomolecular
interactions. In particular, the strong IR transition dipole strength of -NCS compared to reported
>C=0 and comparable to -CN/N3 group, would show promise as useful IR probes for peptide
structures. Furthermore, the high sensitivity to H-bonding interactions in protic polar solvent
could allow the —-NCS as a highly specific reporter for the same in a biomolecular system.
However, a rigorous theoretical calculation is needed to elucidate the molecular origin of H-
bonding and IR stretching shift. The electrophilicity of isothiocyanyl alanine (N“*Ala = Ita) and
NSSLys in a short tri-/hexa-peptides has further been exploited to label covalently with
chromophoric/fluorophoric amines such as benzyl/pyrenylamines/pyrenylmethylamines specific
ligation site in a hexapeptide, thus could be utilised as alternative to cysteine for chemical
ligation of peptides/proteins to offer thiourea linked bis-peptides/proteins. Therefore,
NCSAla/NSLys amino acids would be beneficial over the available nine canonical amino acids
for site-specific labeling and in ligation of peptide or protein if incorporated enzymatically or
studying peptides conformation and dynamics which is our current research focus.
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4.7. Experimental section

4.7.1. General Experimental

Reactions were carried out under the nitrogen atmosphere and few in air using oven-dried
round bottom flasks. Reagents were purchased at the highest commercial quality and used
without further purification unless otherwise stated. Reactions were monitored by thin-layer
chromatography (TLC) carried out on a 0.25 mm silica gel 60F—254 and silica gel-G (1:4) and
visualized under UV light at 254 nm. Further visualisation was achieved by iodine vapour
adsorbed on silica gel depending on the product type. Organic extracts were dried over
anhydrous sodium sulphate. Solvents were removed in a rotary evaporator under reduced
pressure. Column chromatography was performed on silica gel 60—120 mesh using a mixture of
hexane and ethyl acetate as a mobile solvent, an isolated compounds were characterised by 1D-
NMR (*H , °C ) and 2D-NMR (COSY, TOCSY, NOESY), HRMS, and IR spectroscopic
technique. All NMR spectra were recorded at ambient temperature on Bruker Ascend ™ Aeon
600 MHz and Bruker Avance 11, 400 MHz spectrometers where *H frequency were 600MHz,
400MHz and **C frequency were 150 MHz and 100MHz. NMR spectra for the samples were
measured in deuterochloroform (CDCIl3) and deuterated dimethyl sulfoxide-dg (DMSO-dg). The
chemical shifts value are quoted in & units, parts per million (ppm) up field from the signal of
internal  TMS. The chemical shift values were reported in ppm downfield from
tetramethylsilane, using chloroform-d (5 = 7.26 for 'H NMR, & = 77.23 for 3C NMR), using
deuterated dimethyl sulfoxide-d¢ (6= 2.50 for *H NMR, &= 39.50 for **C NMR). 'H NMR data
is represented as follows: Chemical shift, multiplicity (s = singlet, d = doublet, dd = double
doublet, ddd = Doublet of doublet of doublets, dt= Doublet of triplet, t = triplet, g = quartet, p =
Pentate, h=heptate, m = multiplet), integration and coupling constant(s) J in Hertz (Hz). High-
resolution mass spectra (HRMS) were recorded on a Mass spectrometer in positive mode using
electrospray ionisation-time of flight (ESI-TOF) reflection experiments. IR spectra of the dry
compound were recorded in KBr plate in Perkin Elmer spectrometer and reported in frequency
of absorption (cm™). Solution phase IR spectra recorded on 32mm drilled and undrilled KBr
plate from Sigma-Aldrich. All the NMR-FID was processed in MestReNova v6.0.2. Software.
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4.7.2. Synthesis and Characterisations

General solution phase peptide coupling procedure: To a solution N-protected amino
acids/peptides in dry DCM or 3:1 mixture of dry DCM and DMF, 1-[3-dimethyl amino propyl]-
3-ehtylcarbo-diimide hydrochloride (EDC.HCI) (1.4 eqv) and HOBT (1.2 eqv) or PyBOP (1.2
egiv) and HOBt (1.4 eqiv) were added and the reaction mixture was stirred for 1 h at 0 ° C.
Then the amine salt of wienreb amide or methyl ester protected corresponding amino acids or
peptide (1.1 eqiv) were added followed by diisopropylethylamine (DIPEA) (2.4-3.0 eqiv). The
reaction mixture was stirred for another 6-20 h at 0 ° C to room temperature. Afterward, the
reaction mixture was extracted with ethyl acetate three times in presence of aqueous 1N HCI
(30ml) and saturated NaHCO3 solution (50 ml each). Then the organic layer was washed with
brine solution and dried over Na,SO, After evaporation of organic layer, the residue was
purified by silica-gel column chromatography (60-120) using hexane/ethylacetate as eluent to
afford the pure product.

General procedure for tert-butoxycarbonyl (Boc) Deprotection: To solution BOC-
protected amino acids/peptides in dry DCM, TFA was added in 1:2 ratios. It was allowed to stir
at room temperature for about 4 hours. Then the reaction mixture was dried under high
vacuum. In order to obtain excess TFA free compound, the chloroform (20 ml, 3 times) and
toluene (20 ml, 2 times) were added sequentially to the reaction mixture and co-evaporated to
obtain a gummy compound. The compound was directly used for next reaction without any
purification.

General procedure for conversion of azidoalanine (N3) to aminoalanine (NH,)

or carboxybenzyl (Cbz) deprotection: To a solution of N, C-terminal protected amino
acids/peptides in dry MeOH, Pd/C (10 moles %) 0.3 equivalent was added under nitrogen
atmosphere. Then the reaction mixture was degassed for 5 min under high vacuum and
hydrogen atmosphere was created. Afterward, reaction was stirred in the H, atmosphere for 7
hours for azide to amine conversion and 12 hours for Cbz deprotection at room temperature.
After completion of the reaction, the reaction mixture was dried under vacuum and directly used
in next step without any further purification.

(S)N,C-diprotected isothiocyanyl lysine (2.052): Synthesised and described in
Chapter 2
(S)?N, *N, C-triprotected lysine (2.049): Synthesised and described in Chapter 2.
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(S5,S) N, C-diprotected azidoalanyl dipeptide (4.039): Following the general
procedure of peptide coupling protocol, starting from 1000 mg ( 4.3 mmol ) of tert-
butoxycarbonyl-protected azido alanine acid 4.038 and HCI salt of alanyl methylester 900mg
(6.45mmol) which were synthesised in chapter-2, the dipeptide 4.039 was obtained. A semi
N, solid compound; 1100mg, Yield 81 %. IR (KBr) v 3468,

)(ﬁ\ ﬁl\)cl)\ 3320, 2105, 1751, 1690, 1656, 152, 1449, 1391, 1292,
0”°N OoMe | 1215, 1166, 1055, 986, 928, 729 cm™. 'H NMR (600 MHz;

o CDCl3) 6 7.01 (1H, s), 5.45 (1H, s), 4.55 (1H,dd, J = 14.3,

7.1 Hz), 4.32 (1H, s), 3.78 (1H, dd, J = 12.3, 5.3 Hz), 3.73 (3H, s), 3.52 (1H, dd, J = 11.7, 4.7
Hz), 1.43 (9H, s), 1.40 (3H,dd, J = 7.1, 2.2 Hz); **C NMR (150 MHz; CDCI3) 6 173.08, 169.23,

155.5, 80.9, 53.8, 52.7, 52.4, 48.4, 28.3, 18.3.+ESI-HRMS (m/z) calculated for Ci,H2,N505
[M+H]" 316.1621, found 316.1611.

(S, S, S) N,C-diprotected azidoalanyl tripeptide tripeptide (4.042): Following the
general procedure of peptide coupling protocol, starting from 4.49 mmol of tert-
butoxycarbonyl-protected alanine acid and TFA-salt of azidoalanyl dipeptide-4.040 (6.29
mmol), the tripeptide 4.042 was obtained. A white
solid compound ;1250myg, Yield 72 %; m.p. 155-159 °

o 0
H -
)(OJLFI/LH,N\E)LE/Ln,OMe C. IR (KBr) ¥ 3321, 3276, 2984, 2933, 2108, 1740,
o '\N3 o

1701, 1673, 1693, 1522, 1451, 1393, 1368, 1272,

1252, 1222, 1167, 1086, 1051, 1029 cm™. *H NMR
(600 MHz; CDCl3) ¢ 7.19 (1H, d, J = 4.0 Hz), 7.09 (1H, d, J = 7.6 Hz), 5.09 (1H, d, J = 5.0 Hz),
4.63 (1H, dt, J = 8.0, 5.0 Hz), 4.55 (1H, p, J = 7.2 Hz), 4.18 (1H, s), 3.91-3.82 (1H, m), 3.74
(3H, s), 3.54 (1H, dd, J = 12.4, 5.3 Hz), 1.44 (9H, s), 1.42 (3H, d, J = 7.2 Hz), 1.39 (3H, d, J =
7.1 Hz); *C NMR (150 MHz, CDCls3) 6 173.0, 172.9, 168.7, 155.9, 80.9, 52.7, 52.5, 52.0, 50.8,
48.6, 28.4, 18.0 .+ESI-HRMS (m/z) calculated for Ci5H2;NgOs [M+H]" calculated 387.1992,
found 387.1990.

(S,S,S) N,C-diprotected aminoalanyl tripeptide (4.043): Using the general procedure
for the synthesis of amino alanine, starting from azidoalanyl tripeptide-4.042 (422 mg, 1.09
5 5 mmol), and the desired aminoalanyl tripeptide 4.043
)(JL J\n,g\)j\ J\rrOMe containing amino alanine was obtained. A gummy
o g 1;11 material; 355mg, Yield 90 %. IR (KBr) v 3444, 2981,

o -\NHz o 2928, 2038, 1670, 1533, 1455, 1368, 1323, 1299,

1251, 1167 cm™ *H NMR (400 MHz; DMSO-d) ¢
8.52-8.27 (1H, m), 8.00-7.79 (1H, m), 7.13-6.89 (1H, m), 4.70-4.50 (1H, m), 4.26 (2H, ddd, J
=28.5, 14.3, 7.3 Hz), 3.90 (3H, s), 3.67-3.53 (2H, m), 3.31 - 2.90 (2H, m), 1.36 (9H, s), 1.31-
1.22 (3H, m), 1.21-1.12 (3H, m). *C NMR (150 MHz; CDCls) § 174.9, 173.6, 169.6, 156.3,
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80.3, 52.7, 51.8, 50.86 48.7, 41.5, 28.4, 18.0, 17.1. +ESI-HRMS (m/z) calculated for
C15H20N406 [M+H]" 361.2087, found 361.2071.

(S.S,S) N,C-diprotected isothiocyanylalanine tripeptide(4.044): Using the procedure
for the synthesis of N“>Ala (Chapter-2), starting from aminoalanyl tripeptide 4.043 (355 mg,
0.88mmol), the desired tripeptide, BocNH-Ala-"“*Ala-Ala-CO2Me (4.044) was obtained ( R; =
0.5 in 1:1, in hexane/ethyl acetate). A white solid material; 150mg, Yield 42 %; m.p. 153-157 °
C. IR (KBr) v 3322, 3271, 3006, 2983, 2943, 2213,
0 a 9 2106, 1742, 1700, 1675, 1644, 1521, 1452, 1393,
)%JLNJ\H«N\_)LNJ\WOM‘: 1369, 1300, 1253, 1216, 1167, 1109, 1080, 1049 cm™.
H 6 8 90 'H NMR (400 MHz; DMSO-dg) 6 8.49 (1H, d, J = 7.0

NCS Hz), 8.20 (1H, d, J = 8.1 Hz), 7.10 (1H, d, J = 6.9 Hz),

4.58 (1H, dd, J = 13.2, 6.4 Hz), 4.27 (1H, p, J = 7.1 Hz), 4.01 — 3.93 (1H, m), 3.90 (2H, d, J =
6.0 Hz), 3.62 (3H, s), 1.37 (9H, s), 1.28 (3H, d, J = 7.3 Hz ), 1.19 (3H, d, J = 7.1 Hz ); *C NMR
(100 MHz; DMSO-dg) ¢ 173.2, 172.5, 167.9, 155.2, 129.5, 78.3, 52.1, 51.6, 50.0, 47.8, 46.2,

28.2, 17.9, 16.8. +ESI-HRMS (m/z) calculated for CysH27N4OsS [M+H]" 403.1651, found
403.1622.

As a side product we also obtained (R = 0.4 in 1:2, hexane/ethyl acetate) the cyclic thioureayl

H ) peptide 4.045. A light greenish liquid compound; Yield

B SS\N 14 %. IR (KBr) b 3327, 2979, 2926, 2854, 2106, 1740,

NH N H O 1681, 1523, 1454, 1388, 1367, 1216, 1165, 1047 cm’

%—0 — :ng\_J( L1 NMR (600 MHz; CDCl3) & 7.73 (1H, d, J = 25.9

T 0 0 & OMel .y 691 (1H, s), 6.49 — 6.37 (1H, m), 5.24 (1H, s),

5.16 (1H, t, J = 6.6 Hz), 4.54 (1H, p, J = 7.2 Hz), 3.83

(2H, d, J = 7.4 Hz), 3.74 (3H, s), 1.47 (3H, s), 1.43 — 1.39 (12H, m). *C NMR (150 MHz;

CDCl3) 6 179.5, 176.6, 173.2, 168.1, 155.4, 80.1, 60.8, 52.8, 49.0, 48.6, 44.6, 28.5, 19.3, 18.1.
+ESI-HRMS (m/z) calculated for C16H27N4OS [M+H]" 403.1651, found 403.1604.

(S,S)N,C-diprotected Ala-Ala dipeptide (4.047): Using EDC.HCI/HOBt mediated
solution phase peptide coupling protocol , starting from 500mg (2.64 mmol) Boc-alanine-4.046
and methylester alanine salt the desired dipeptide-4.047 was obtained (R= 0.5 in 1:1,
o o hexane/ethyl acetate). A Semi solid compound; 510mg, Yield
P J\ﬂg\)\ 70 %. IR (KBr) § 3323, 3090, 2984, 2939, 2878, 2850, 2789,
N T OMe 1745, 1683, 1655, 1553, 1524, 1455, 1392, 1371, 1324, 1252,
°© -~ 1222, 1110, 1167, 1071 cm™. *H NMR (600 MHz; CDCls) 6
6.78 (1H, s), 5.13 (1H, d, J = 4.3 Hz), 4.54 (1H, p, J = 7.2 Hz), 4.18 (1H, s), 3.72 (3H, ), 1.42
(9H, s), 1.38 (3H, d, J = 7.2 Hz), 1.34 (3H, d, J = 7.1 Hz)."*C NMR (150 MHz; CDCls;) 6 173.4,
172.4, 155.6, 80.2, 52.6, 50.1, 48.1, 28.4, 18.4. ESI-HRMS (m/z) calculated for C1,H23N,0s
[M+H]" 275.1607, found 275.1606.
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(S,S)C-diprotected Ala-Ala dipeptide acid (4.048): At first compound-4.047 400mg
(1.45mmol) was loaded in 100 mL single neck R.B and THF/Water (3:1) was added to it. After
that LiOH.H,0 92mg (2.18mmol) was added to the stirred solution and it was allowed to stir for
o) a © about 2 hours at room temperature. The reaction mixture was
)(OJLNJ\“N\)LOH dried under high vacuum, 5-6 ml water was added, and it was
H 0 acidified with about 1N HCI until the pH 2-3.Then product was
extracted with Ethyl acetate and was dried over Na,SO,4. After
Evaporation of ethyl acetate, we got semi solid compound- 4.053 and it was used directly for
the next step without purification. A semi solid compound; 365mg, Yield 96 %.

(S,S,S) N, C-diprotected trialanyl tripeptide (4.049): Following the general procedure
of peptide coupling protocol, starting from 1.4 mmol of tert-butoxycarbonylprotected alanyl
alanine dipeptidic acid 4.048 and TFA-salt of alanine methyl ester dipeptide (1.54 mmol), the N,
C-diprotected trialanyl tripeptide 4.049 was obtained (Rs

o o
H _ . \
)(()JLE/L[rN\:)LEJ\[rOMe = 0.4 in 1:3, hexane/ethyl acetate) as solid compound. A

o ¢ o

white solid; 300mg, Yield 62 % ; m.p. 184-188 ° C. IR
(KBr) v 3279, 3080, 2980, 2933, 1746, 1697, 1640,
1524, 1451, 1391, 1367, 1336, 1217, 1168, 1052, 1027, 957, 862 cm™t. 'H NMR (600 MHz;
CDCl3) 6 7.48 (1H, t, J = 8.9 Hz), 7.39 (1H, d, J = 5.5 Hz), 5.62 (1H, d, J = 6.0 Hz), 4.56 (1H,
d, J=5.9Hz), 4.46 (1H, p, J = 7.2 Hz), 4.21 (1H, s), 3.64 (3H, s), 1.33 (9H, s), 1.31 — 1.23 (9H,
m). °C NMR (150 MHz; CDCls) ¢ 173.1, 173.0, 172.1, 155.5, 79.7, 52.3, 50.0, 48.7, 48.0, 28.3,
28.3, 18.8, 18.5, 17.8. +ESI-HRMS (m/z) calculated for C15H2sN30s [M+H]" 346.1978, found
346.1963.

(S,S)N,C-diprotected Ala-"“>Lys dipeptide (4.051):Using EDC.HCI/HOBt mediated
solution phase peptide coupling protocol, starting from 350mg (1.85 mmol) Boc-alanine-4.046
and 600mg (1.85mmol) isothiocyanyl lysineine TFAsalt-4.050 , the desired dipeptide was
obtained (Rf=0.3 in 1:1, hexane/ethyl acetate) in 6 hours. The residue was purified by column
o o chromatography on silica gel (60-120) by using hexane/ethyl
)(OJLNJ\WINI\)LN,OMe acetate. A colourless liquid compound; 390mg, Yield 52 %. IR

H 3 P (KBr) v 3318, 2977, 2935, 2869, 2184, 2107, 1651, 1513, 1453
\ cm™. *H NMR (600 MHz; CDCls) 6 7.14 (1H, d, J = 3.1 Hz),

5.29 (1H, d, J = 3.7 Hz), 4.88 (1H, d, J = 3.2 Hz), 4.12 (1H, 3),
NCS | 367 (3H, ), 3.40 (2H, t, J = 6.6 Hz), 3.11 (3H, ), 1.73-1.61
(2H, m), 1.54 (2H, tdd, J = 13.8, 11.8, 6.3 Hz), 1.39 ~1.28 (11H, m), 1.22 (3H, d, J = 7.0 Hz);
13C NMR (150 MHz; CDCly) § 172.7, 171.9, 155.2, 129.7, 79.5, 61.5, 49.9, 48.4, 44.6, 31.9,
31.4, 29.4, 29.2, 28.2, 22.1, 18.5. +ESI-HRMS (m/z) calculated for Ci7HgN4OsS [M+H]*
402.2015, found-402.2017.
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(S)”N,*N,C-triprotected Lys-Gly dipeptide (4.059): Using EDC.HCI/HOBt mediated
solution phase peptide coupling protocol, starting from 900 mg (2.36mmol) Boc-
lysine(Cbz)CO,H 2.048 (Chapter-2) and glycine methylester salt 320mg (2.60mmol) the
desired dipeptide-4.052 was obtained as gummy liquid (R¢f= 0.35 in 1:10, hexane/ethyl acetate).
NHCbz A gummy liquid compound; 940mg, Yield 88 %. IR (KBr) o
3331, 3067, 3028, 2928, 2856, 1746, 1702, 1528, 1455, 1438,
o o 1391, 1367, 1250, 1213, 1169, 1025 cm™'H NMR (600 MHz;
)(JL E\)j\ CDCl3) 0 7.28 (4H, d, J = 4.0 Hz), 7.26 — 7.21 (1H, m), 5.54 (1H,

o A I OMel " 5), 5.37 (1H, s), 5.02 (2H, s), 4.15 (1H, d, J = 5.7 Hz), 4.00 (1H,
dd, J =18.0, 4.6 Hz), 3.87 (1H, d, J = 17.8 Hz), 3.62 (3H, s), 3.11
(2H, d, J = 4.6 Hz), 1.81 — 1.68 (1H, m), 1.60 (1H, dd, J = 13.7, 6.9 Hz), 1.52 — 1.42 (2H, m),
1.37 (11H, s )."*C NMR (150 MHz; CDCls) ¢ 172.9, 170.2, 156.6, 155.8, 136.6, 128.4, 128.0,
128.0, 79.8, 66.5, 54.1, 52.2, 41.0, 40.4, 32.1, 29.3, 28.3, 22.3. +ESI-HRMS (m/z) calculated for
C2H34N307 [M+H]" 452.2397, found 452.2390.

(S)*N,C-diprotected Lys-Gly dipeptide (4.053):Using general protocol for carboxy
benzyl ( Cbz) deprotection, starting from 350mg (0.77mmol) dipeptide-4.059, the desired
NH, amino dipeptide-4.053 was obtained as semi solid material. The
compound was directly used for next reaction without any
purification. A semi solid compound; 220 mg, Yield =90 %.

(0]

(0]
H
)<OJL§ N\)LOMe
0]

(S)°N,C-diprotected ““*Lys-Gly dipeptide (4.054): The Compound-4.053 (190mg,
0.59mmol) was loaded in dry 50 mL single neck round bottom flask under nitogen atmosphere
and dry THF was added to it. Then reaction mixture was cooled to 0 ° C and EtsN (0.248ml,
1.77mmol) was added to it, after 5 minute CS, (0.054ml, 0.89mmol) was added to it and stirred
NCS for 1 hour at 0 ° C under N, atmosphere. After that at 0 ° C tosyl
chloride (124mg, 0.64mmol) was added to it and whole reaction
o o mixture was stirred at 0 ° C for 20 minute under N, atmosphere.
)()L g\)L Then reaction mixture was dried under high vacuum and ethyl

o R o OMe | acetate was added to the reaction mixture and organic layer was
treated with 1(N) HCI followed by saturated NaHCO3 and brine
solution and dried over Na,SO,. After Evaporation of ethyl acetate, residue (R¢ =0.3 in, 1:10
hexane/ethyl acetate) was purified by column chromatography on silica gel (60-120) using
hexane/ethyl acetate. A gummy liquid Compound; 135mg, Yield 63 %. IR (KBr) v 3318, 2984,
2953, 2926, 2853, 2185, 2107, 1745, 1664, 1523, 1455, 1438, 1391, 1367, 1248, 1210, 1170
cm™*H NMR (600 MHz; CDCls) 6 7.11 (1H, s), 5.35 (1H, s), 4.19 (1H, d, J = 6.0 Hz), 4.07—
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3.90 (2H, m), 3.69 (3H, s), 3.49 (2H, t, J = 6.0 Hz), 1.86-1.76 (1H, m), 1.72-1.56 (3H, m),
1.53-1.44 (2H, m), 1.39 (9H, s); *C NMR (150 MHz; CDCls) ¢ 172.5, 170.2, 155.8, 130.0,
80.2, 53.9, 52.4, 44.9, 41.1, 31.9, 29.6, 28.3, 22.6. +ESI-HRMS (m/z) calculated for
C1sH26N305S [M+H] * 360.1593 Found 360.1579.

(S) C-protected N“°Lys-Gly dipeptide trifluoroacetate salt (4.055): using general
protocol for Boc deprotection, starting from 250mg dipeptide-4.054 (250mg, 0.69mmol) the
NCS TFA salt of dipeptide 4.055 was obtained as brown semi solid
material. The compound was directly used for next reaction without
any purification. A brown gummy compound; 334mg.

o)
H
9 ® N
F;COOH;N \)LOMe
o

(S,S)N,C-diprotected Phe-Phe dipeptide (4.057): Using EDC.HCI/HOBt mediated
solution phase peptide coupling protocol, starting from  700mg (3.02 mmol) Boc-
phenylalanine-4.056 and phenylalanine methylester salt 715mg (3.33mmol) the desired
dipeptide-4.057 was obtained (R =0.5 in 4:1, hexane/ethyl acetate).White solid compound;
900mg, Yield 70 %. IR (KBr) v 3331, 3087, 3063, 3033, 2986,
2927, 2859, 1941, 1744, 1698, 1666, 1521, 1495, 1445, 1388,
1366, 1349, 1299, 1282 1249, 1223, 1165, 1117 cm™. 'H NMR
(600 MHz; CDCl3) ¢ 7.32-7.15 (8H, m), 6.99 (2H, d, J = 7.0 Hz),
6.42 (1H, d, J = 5.9 Hz), 5.04 (1H, s), 4.78 (1H, d, J = 5.5 Hz),
4.36 (1H, s), 3.65 (3H, s), 3.04 (4H, qd, J = 14.0, 6.2 Hz), 1.39
(9H, s); *C NMR (150 MHz; CDCls) 6 171.5, 170.9, 155.4, 136.6, 135.8, 129.4, 129.3, 128.7,
128.6, 127.2, 127.0, 80.2, 55.7, 53.4, 52.3, 38.3, 38.0, 28.3. +ESI-HRMS (m/z) calculated for
C24H31N,0s5 [M+H] " 427.2233, found-427.2227.

(S,S)C-protected Phe-Phe dipeptide trifluoroacetate salt (4.058): using general
protocol for Boc deprotection, starting from 1100mg (2.58mmol)
dipeptide-4.057 the TFA salt of dipeptide-4.058 was obtained as light
brown liquid. The compound was directly used for next reaction
without any purification. Weight of the compound = 1280mg.
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(S,S,S)N,C-diprotected Val-Phe-Phe tripeptide (4.059): Using EDC.HCI/HOBt
mediated solution phase peptide coupling protocol , starting
o o from 650mg (2.99 mmol) Boc-valine and dipeptide TFAsalt-
H H - . .
\I,o\n,N\E)LFI N\E)LOMe 4.05§ 715mg (3.3§mmol) the desired trlpeptlde-4.959 was
0 _AL o obtained (R¢=0.35 in 1:2, hexane/ethyl acetate). A white solid
\© compound; 1250mg, Yield 79 % : m.p. 156-160 ° C. IR (KBr)
v 3314, 3278, 3064, 3030, 3001, 2968, 2934, 2871, 1728,
1688, 1664, 1643, 1543, 1530, 1495, 1453, 1438, 1389, 1366, 1348, 1301, 1281, 1235 cm™. *H
NMR (600 MHz, CDCls) 6 7.26-7.07 (9H, m), 6.88 (2H, d, J = 6.7 Hz), 6.45 (1H, s), 6.15 (1H,
s), 4.86 (1H, s), 4.66 (1H, dd, J = 13.4, 6.3 Hz), 4.56 (1H, dd, J = 13.9, 7.0 Hz), 3.86 — 3.78
(1H, m), 3.59 (3H, s), 3.03 (1H, dd, J = 13.5, 4.9 Hz), 2.97 (1H, dd, J = 13.9, 6.1 Hz), 2.91 (2H,
ddd, J = 13.8, 6.8, 4.2 Hz), 2.00 (1H, dt, J = 13.4, 6.9 Hz), 1.70 — 1.62 (2H, m), 1.37 (9H, s),
0.80 (3H, d, J = 6.8 Hz), 0.71 (3H, d, J = 6.6 Hz); **C NMR (150 MHz; CDCls) 6 171.6, 171.3,
170.2, 156.0, 136.4, 135.7, 129.5, 129.3, 128.8, 128.7, 127.3, 127.2, 80.2, 60.1, 54.3, 53.6, 52.4,
38.3, 38.0, 30.8, 28.4, 19.4, 17.6. +ESI-HRMS (m/z) calculated for CagHiN30s [M+H] *
526.2917, found-526.2838

(S,S,S)C-protected Val-Phe-Phe tripeptide trifluoroacetate salt (4.060): using
general protocol for Boc deprotection, starting from 300mg
tripeptide-4.059 (0.57mmol) the TFA salt of tripeptide was
obtained as semi solid material. The compound was directly
used for next reaction without any purification. Weight of the
compound = 384mg.

(S,S,S,S)N,C-diprotected Leu-Val-Phe-Phe tetrapeptide(4.061): Using PyBOP/
HOBt mediated solution phase peptide coupling protocol , starting from 170mg (0.73 mmol)
Boc-leucine and tripeptide TFAsalt-4.059 384mg (0.73mmol) the desired tetrapeptide-4.061
was obtained (R¢ = 0.4 in 20:1, chloroform/methanol). A white Solid Compound; 360mg, Yield
76 %; m.p. 186-190 ° C. IR (KBr) © 3283, 3066, 3031,
2959, 2930, 2871, 1744, 1692, 1639, 1547, 1524, 1499,
1454, 1391, 1336, 1320, 1266, 1235, 1171, 1118 cm™.
'H NMR (600 MHz; CDCls) ¢ 7.21 (8H, ddd, J = 28.9,
15.7, 7.6 Hz), 7.03 (3H, d, J = 6.4 Hz), 6.89-6.77 (1H,
m), 6.78 —6.64 (1H, m), 5.17-5.04 (1H, m), 4.76 (2H,
dd, J=13.7, 6.8 Hz), 4.29 (1H, s), 4.10 (1H, d, J = 4.2 Hz), 3.64 (3H, d, J = 1.9 Hz), 3.07 (2H,
dd, J = 12.8, 4.9 Hz), 3.05-2.91 (2H, m), 2.10 (1H, s), 1.92-1.79 (2H, m), 1.71-1.64 (1H, m),
1.59 (1H, d, J = 4.5 Hz), 1.54-1.46 (1H, m), 1.42 (9H, s), 0.92 (6H, dd, J = 11.7, 6.5 Hz), 0.85
(3H, d, J = 6.8 Hz), 0.78 (3H, 5);"*C NMR (150 MHz; CDCls) 6 173.2, 171.5, 171.1, 170.7,
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156.0, 136.7, 136.2, 129.4, 129.3, 128.6, 128.6, 127.1, 126.9, 80.0, 58.6, 54.1, 53.6, 53.6, 52.3,
41.1, 38.5, 38.2, 31.1, 285, 24.9, 23.2, 22.2, 19.4, 18.1.+ESI-HRMS (m/z) calculated for
C3sH5:N4O7 [M+H] " 639.3758, Found-639.3779.

(S,S,S,S)N-protected Leu-Val-Phe-Phe tetrapeptide acid (4.062): At first
compound-4.061 (350mg, 0.54 mmol) was loaded in 50 mL single neck R.B and THF/Water
(3:1) was added to it. After that LiOH.H,O (35mg,
0.82mmol) was added to the stirred solution at 0 ° C and it
was allowed to stir for about 4 hours at room temperature.
The reaction mixture was dried under high vacuum, 2-3
ml water was added, and it was acidified with about 1N
HCI until the pH 2-3.Then product was extracted with
ethyl acetate and was dried with Na,SO,4. After evaporation of ethyl acetate could afford solid
compound and it was directly used it for next step without purification. A white solid; 280mg,
Yield 83%.

(S,S,S,S,S)N,C-diprotected Leu-Val-Phe-Phe-"“*Lys pentapeptide (4.063): Using
PyBOP/HOBt mediated solution phase peptide coupling protocol, starting from 200mg (0.32
mmol) Boc-tetrapeptide acid-4.062 and 116mg (0.35 mmol) isothiocyanyllysine TFA salt-
4.050, the desired pentapeptide-4.063 was obtained (R¢+= 0.4 in, 1:20 hexane/ethyl acetate) in 5
hours. A white solid; 130mg, Yield 48 %; m.p. 201-205 ° C. IR (KBr) v 3293, 3065, 3030,
2928, 2186, 2103, 1710, 1688, 1649, 1523, 1454, 1390, 1366, 1236, 1168 cm™.*H NMR (600
MHz; CDCl3) 6 7.61-7.34 (2H, m), 7.16 (10H, ddd, J = 33.2, 20.2, 7.2 Hz), 6.88 (1H, d, J =9.8
NCS Hz), 5.35 (1H, s), 4.98 (2H, s), 4.79 (1H, s), 4.30
(1H, d, J = 14.7 Hz), 4.11 (1H, s), 3.71 (3H, s),
0 ome | 3.48 (2H, dt, J = 12.4, 6.2 Hz), 3.20 (4H, s), 3.11-
! \:)LN Neme| 3.01 (1H, m), 2.97 (1H, dd, J = 13.7, 8.6 Hz), 2.82
o A 0 ¢ 0 —2.70 (1H, m), 2.12 - 1.99 (1H, m), 1.88 (2H, d, J
\© = 24.6 Hz), 1.81-1.61 (6H, m), 1.57 (3H, d, J =
5.9 Hz), 1.46 (2H, d, J = 7.9 Hz), 1.42 (9H, s), 1.25 (1H, s), 0.93 (6H, dd, J = 16.1, 6.6 Hz),
0.85 (3H, d, J = 6.8 Hz ), 0.78 (3H, s ); *C NMR (150 MHz; CDCl5) 6 173.5, 171.7, 171.2,
171.1, 170.8, 156.3, 137.1, 137.0, 130.0, 129.5, 129.2, 128.5, 128.4, 126.8, 126.7, 80.3, 61.8,
59.0, 54.3, 54.0, 48.4, 44.9, 41.3, 38.5, 32.2, 32.0, 29.8, 29.7, 28.5, 24.9, 23.2, 22.5, 22.1, 19.3,
18.3.+ESI-HRMS (m/z) calculated for C43HesN7OgS [M+H] " 838.4537, found-838.4542.
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(S,S, S,S,S)N,C-diprotected Leu-Val-Phe-Phe-N“°Lys-Gly hexapeptide (4.064):
Using PyBOP/HOBt mediated solution phase peptide coupling protocol, starting from 330mg
(0.52 mmol) Boc-tetrapeptide acid-4.062 and 187mg (0.52 mmol) dipeptide TFA salt-4.055 the
desired hexapeptide-4.064 was obtained in 6 hours. A white gummy solid was formed and after
washing that solid with, EtOAc, CHCI; and diethyl ether a solid residue was formed. A white
solid; 250mg, Yield 55 %; m.p. 249-253 ° C. IR (KBr) © 3414, 3281, 3086, 3028, 2957, 2925,
2873, 2854, 2184, 2105, 1751, 1693, 1632,
1544, 1454, 1392, 1367, 1285, 1214 cm™. 'H
NMR (600 MHz; DMSO-dg) ¢ 8.35 (1H, t, J
= 5.7 Hz), 8.14 (1H, d, J = 7.9 Hz), 8.12-8.02
(2H, m), 7.45 (1H, d, J = 9.0 Hz), 7.17 (10H,
ddd, J =20.2, 19.2, 11.8 Hz), 7.05 (1H, d, J =
8.6 Hz), 4.61-4.47 (2H, m), 4.33 (1H, dd, J =
13.8, 8.1 Hz), 4.14 (1H, dd, J = 15.0, 6.9 Hz), 3.96 — 3.78 (3H, m), 3.63 (4H, q, J = 6.7 Hz),
3.02 (1H, dd, J = 13.8, 4.4 Hz), 2.97-2.85 (2H, m), 2.82 (1H, dd, J = 13.7, 9.0 Hz), 2.71 (1H,
dd, J =14.0, 10.1 Hz), 1.90 — 1.79 (1H, m), 1.64 (3H, dt, J = 13.8, 7.5 Hz), 1.60-1.45 (2H, m),
1.43-1.24 (13H, m), 0.82 (6H, dd, J = 19.5, 6.4 Hz), 0.78-0.64 (6H, m); **C NMR (150 MHz,
DMSO-dg) 0 172.2, 171.8, 170.9, 170.6, 170.5, 170.1, 155.3, 137.6, 137.5, 129.2, 129.03,
128.07, 128.00, 126.2, 126.1, 78.1, 57.0, 53.7, 53.5, 53.0, 51.8, 51.7, 44.6, 40.5, 37.4, 31.4,
31.0, 28.8, 28.2, 24.2, 23.0, 22.1, 215, 19.1, 17.7.+ESI-HRMS (m/z) calculated for
Ca4HesN70oS [M+H]" 866.4486; CuHesN7NaOoS [M+Na] © 888.4306, found-866.4535,
888.43109.

S,S, S,S,9)N,C-diprotected Leu-Val-Phe-Phe-""“Lys pentapeptide (4.067):
Using EDC.HCI/HOBt mediated general solution phase peptide coupling protocol, starting from
210mg (0.33 mmol) Boc-tetrapeptide-4.062 and 211mg (0.49mmol) Cbz-lysine TFA salt-4.065,
the desired pentapeptide 4.067 was obtained (Ry=0.4 in 20:1 CHClI3/Methanol ) in 16 hours. A
white solid; 270mg, Yield 88 %; m.p.148-152 ° C. IR (KBr) © 3289, 3065, 2960, 2871, 1703,
. 1636, 1528, 1454, 1391, 1366, 1241, 1169 cm™. 'H
NMR (600 MHz; CDCl3) 6 7.754(1H, s), 7.37-7.27

(5H, m), 7.14 (10H, ddd, J = 45.6, 23.7, 7.4 Hz), 6.82
ove| (IH, $)5.83(1H, 5), 549 (1H, 5), 5.27 (IH, 5), 5.13
S, JL \)L \)L (1H, d, J = 8.0 Hz), 5.11 — 5.01 (2H, m), 5.02 — 4.82

(2H, m), 4.83 —4.64 (1H, m), 4.20 (1H, s), 4.07 (1H,
s), 3.71 (3H, ), 3.19 (3H, s), 3.14 (3H, dt, J = 12.9,
7.1 Hz), 3.05 (1H, d, J = 14.7 Hz) 2.95 (1H, t, J = 11.4 Hz), 2.74 (1H, d, J = 12.5 Hz), 2.11 —
2.02 (1H, m), 1.74 (1H, p, J = 6.9, 6.3 Hz), 1.64 (2H, h, J = 7.8, 7.4 Hz), 1.51 (5H, dp, J = 21.8,
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7.4, 6.9 Hz), 1.41 (11H, s), 0.90 (6H, dd, J = 14.9, 6.5 Hz), 0.78 (6H, dd, J = 42.7, 6.8 Hz). +APCI-
HRMS (m/z) calculated for CsoH->N;O4 [M+H]" 930.5341, found-930.5343.

(S,S,S,S,5)N,C-diprotectedLeu-Val-Phe-Phe-""*Lys-Gly hexapeptide(4.068):
Using EDC.HCI/HOBt mediated general solution phase peptide coupling protocol, starting from
206mg (0.32 mmol) Boc-tetrapeptide-4.062 and 223mg (0.48mmol) dipeptide TFA salt-4.066,
the desired hexaeptide-4.068 was obtained in 16 hours. A white gummy solid was formed and
after washing that solid with, EtOAc and diethyl ether a solid residue was formed. A White
solid; 260mg, Yield 84 %; m.p. 233-237 ° C. IR (KBr) v 3397, 3278, 3089, 3064, 3028, 2958,
2931, 2867, 1749, 1713, 1693, 1629, 1546 1452, 1438, 1404, 1388 cm™ 1H NMR (600 MHz;
DMSO-dg) ¢ 8.25 (1H, t, J = 5.9 Hz), 8.06 (3H,
dg, J = 11.0, 7.3, 6.7 Hz), 7.43 (1H, d, J = 8.9

O

Hz), 7.32 (4H, ddt, J = 19.5, 13.9, 7.2 Hz), 7.26 —
o 3 o r 7.09 (10H, m), 7.03 (1H, d, J = 8.5 Hz), 4.99 (2H,
SL L N R AR | s), 457 (1H, td, 3 = 8.3, 4.7 Hz), 451 (1H, td, J =
IS IS 8.8, 4.3 Hz), 4.26 (1H, td, J = 8.1, 5.4 Hz), 4.13
(1H, dd, J = 9.0, 6.3 Hz), 3.93 (1H, td, J = 9.2,
5.0 Hz), 3.83 (2H, qd, J = 17.4, 5.9 Hz), 3.61
(3H, s), 3.06 — 2.89 (4H, m), 2.81 (1H, dd, J = 14.1, 8.8 Hz), 2.71 (1H, dd, J = 14.2, 9.6 Hz),
1.90 — 1.80 (1H, m), 1.64 (1H, dt, J = 13.5, 6.8 Hz), 1.52 (2H, dp, J = 13.8, 8.5, 6.3 Hz), 1.40
(3H, q, J = 7.4 Hz), 1.36 (9H, s), 1.27 (3Hq, J = 8.1, 7.4 Hz), 0.82 (6H, dd, J = 19.2, 6.6 Hz),
0.71 (6H, q, J = 7.9, 7.3 Hz). +APCI-HRMS (m/z) calculated for CsiH7,N701; [M+H]"

958.5290, found-958.5290.

('S,S,S,S,5)N,C-diprotected Leu-Val-Phe-Phe-""Lys hexapeptide (4.069): Using
general protocol for carboxy benzyl ( Cbz) deprotection, starting from 50mg (0.053mmol) Chz-
pentapeptide-4.067, the desired amino pentapeptide-

4.069 was obtained as a solid material. The formation

N1 0 s 0 Z o ome| of compound was confirmed by HRMS. A solid

oJLy, N\)Lg N\)Lg “~ | compound; 35mg, Yield 83%.+ESI-HRMS (m/z)
o /'\ o E o

calculated for CjHgsN/Og [M+H]" 796.4973, found
796.4971.
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(S,S, S,S,S)N,C-diprotected Leu-Val-Phe-Phe-""2Lys-Gly hexapeptide (4.070):
Using general protocol for carboxy benzyl ( Cbz)
deprotection, starting from 50mg (0.052mmol)

NH,
Cbz-hexapeptide-4.068, the desired amino
>|\OjiN g\j’LN g\)'iN g\j\OM hexapeptide-4.070 was obtained as a solid material
w 0w 05 o I ‘lin 20 hours. The formation of compound was

P \@

confirmed by HRMS. A white soilid; 30mg, Yield
> 72%. +ESI-HRMS  (m/z) calculated  for
Ca3HegN7Og [M+H]+ 824.4922, found 824.4925.

(6S,9S,12S)-Methyl9-((3-benzylthioureido)methyl)-2,2,6,12-tetramethyl-4, 7,10-
trioxo-3-oxa-5,8,11-triazatridecan-13-oate (4.073): In a 10 mL single neck round
0 h © bottom flask,compound-4.044 (5mg, 0.012mmol) was loaded
ﬂ\OJLN/erN\__)LN/Ln«O\ and 1ml sodium phosphate buffer PH = 7.0 1ml and 30ul DMF
"o 3 NHH o was added to it. After that benzyl amine (2mg, 0.012mmol)
S%NH was added to it and reaction mixture was stirred for 2 h under
N, atmosphere. After completion of reaction, reaction mixture
was dried under high vacuum and formation of thiourea
derivative was confirmed by NMR and HRMS. Yield 71 %. IR (KBr) v 3346, 2975, 2923,
1740, 1655, 1536, 1536, 1449, 1371, 1342, 1246, 1168, 1072, 1025 cm™. *H NMR (600 MHz,
CDCl3) 6 7.29 -7.24 (3H, m), 7.22 —7.18 (2H m,), 7.10 (1H, d, J = 4.9 Hz), 6.50 (1H, d, J =
13.3 Hz), 6.36 (1H, s), 4.99-4.95 (2H, m), 4.84 (2H, d, J = 5.1 Hz), 4.72 (1H, d, J = 13.2 Hz),
4.69-4.63 (1H, m), 4.13 (1H, d, J = 8.3 Hz), 3.53 (3H, s), 3.01 (1H ,dd, J = 11.2, 10.4 Hz), 1.49
(3H, d, J= 7.5 Hz), 1.35 (9H, s), 1.27 (1H ,d, J = 7.1 Hz). *C NMR (150 MHz, CDCl3) 6 181.2,
173.6, 171.2, 168.9, 155.4, 137.9, 128.9, 128.2, 127.8, 80.5, , 57.9, 53.0, 52.8, 50.4, 48.4, 46.4,
28.5, 18.9, 15.1. +APCI-HRMS (m/z) calculated for Cy3H3sNs06S [M+H] + 510.2386, found
510.2385.

(6S,9S,12S)-Methyl2,2,6,12-tetramethyl-4,7,10-trioxo-9-((3-(pyren-1-yl)
thioureido)methyl)-3-oxa-5,8,11triazatridecan-13-oate (4.074):In a 10 mL round

Q u @ bottom flask compound-4.044 (5mg, 0.012mmol) was loaded
S A J\[fN\)L J\n,OMe
(0) N Y N
H o H H o
NH

and 1ml sodium phosphate buffer pH = 7.0 1ml and 30ul DMF
b was added to it. 1-amino pyrene (3mg, 0.012mmol) was added
SANH to it and reaction mixture was stirred for 2 h under N;
O‘ atmosphere. After completion of reaction, reaction mixture was

’O dried under high vacuum and formation of thiourea derivative
L J was confirmed by ESI-HRMS.+APCI-HRMS (m/z) calculated
for C3,H3sNs06S [M+H]7620.2543, found 620.2523
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(6S,9S)-Methyl6-benzyl-9-(4-(((benzyloxy)carbonyl)amino)butyl)-2,2-dimethyl-
4,7,10-trioxo-3-0xa-5,8,11-triazatridecan-13-oate : Using EDC.HCI/HOBt mediated
solution phase peptide coupling protocol, starting from 600mg (2.26mmol) Boc-alanine and
327mg (2.26mmol) dipeptide TFAsalt-4.075, the desired
dipeptide was obtained (Rs= 0.3 in, 1:20 CHCls/Methanol) in
16 hours. The residue was purified by chromatography on
silica gel (60-120) by using CHCIls/Methanol. White solid
Compound; 1000mg, Yield 73 %. *H NMR (600 MHz; CDCl5)
6 7.39-7.17 (10H, m), 6.75 (2H, dt, J = 12.0, 6.7 Hz), 5.13 (4H, dd, J = 35.0, 6.0 Hz), 4.47 (1H,
td, J = 7.9, 5.1 Hz), 4.40 (1H, g, J = 7.0 Hz), 3.95 (2H, qd, J = 18.1, 5.7 Hz), 3.26-3.08 (3H, m),
3.03 (1H, dd, J = 13.9, 7.4 Hz), 1.89 (3H, s), 1.73-1.62 (1H, m), 1.51 (2H, h, J = 7.0 Hz), 1.40
(9H, s), 1.36-1.26 (3H, m).+ESI-HRMS calculated for C3;H43N4Og [M+H]+599.3081, found
599.3093.

(6S,9S,12S,15S,18S)-Methyl12,15-dibenzyl-6-isobutyl-9-isopropyl-2,2-dimethyl

4, 7, 10, 13, 16, 19-hexaoxo-18-(4-(3-(pyren-1 ylmethyl) thioureido) butyl)-3-
oxa-5,8,11,14, 17, 20-hexaazadocosan-22-oate (4.077): In a 10 mL single neck round
bottom flask, compound-4.064 (20mg, 0.02 mmol)

‘O | was loaded and 1ml DMSO was added to it. After
P O that pyrene methyl amine (5mg, 0.02mmol) was

KL
mees added to it and reaction mixture was stirred for 14
h at 60 ° C under N, atmosphere. After completion

o o o o - = E . .
>LOJLN #\:)LN i . INI\)LOMe of reaction, reactlon_ mixture _was drled_uno_ler high
o A" o Lo vacuum and formation of thiourea derivative was

e
\© confirmed by *HNMR and ESI-HRMS. 'H NMR
~ (600 MHz; DMSO-dg) 6 8.38 (1H, s), 8.34 — 8.22
(2H, m), 8.18 — 8.04 (4H, m), 8.02 (1H, d, J = 6.5 Hz), 7.80 (1H, ), 7.52 — 7.39 (1H, m), 7.29 —
7.07 (10H, m), 7.05 (1H, d, J = 8.0 Hz), 6.60 (2H, ), 5.37 (1H, s,), 4.57 (1H, s), 4.50 (1H, s),
4.43 (1H,d, J = 6.7 Hz), 4.31 — 4.20 (1H,m), 4.12 (2H, d, J = 7.3 Hz), 3.93 (2H, d, J = 4.6 Hz),
3.89 —-3.76 (3H, m), 3.60 (3H, d, J = 4.4 Hz), 3.07 — 2.95 (2H, m), 2.95 — 2.86 (2H, m), 2.81
(1H, dd, J = 12.9, 8.5 Hz), 2.71 (1H, dd, J = 24.2, 14.5 Hz), 1.84 (1H, d, J = 6.3 Hz), 1.63 (1H,
s), 1.58-1.44 (2H, m), 1.43-1.13 (14H, m), 0.82 (6H, dd, J = 19.6, 4.7 Hz),0.70 (6H, d,
J=5.0Hz).+ESI-HRMS (m/z) calculated for Cg;H77NgOeS [M+H]"1097.5534, found 1097.5583.
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(5S,17S)-Dimethyl5-((S)-2-((tert-butoxycarbonyl)amino)-3
phenylpropanamido)-17-((6S,9S,12S,15S)-12,15-dibenzyl-6-isobutyl-9-
isopropyl-2,2-dimethyl-4,7,10,13-tetraoxo-3-0xa-5,8,11,14-
tetraazahexadecanamido)-4,18-dioxo-11-thioxo-3,10,12,19-tetraazahenicosane-

1,21-dioate (4.078): In a 10 mL single neck round bottom flask, compound-4.064 (20mg,
0.02 mmol) was loaded and 1ml DMSO was added to it. After that tripeptide amine (9mg,
0.02mmol) was added to it and reaction mixture was
stirred for 8 h at 60 ° C under N, atmosphere. After

Me
oA
R @ completion of reaction, reaction mixture was dried under
NH
Ao
HN = \P
(0]

high vacuum and formation of thiourea derivative was

confirmed by "HNMR, TOCSY and ESI-HRMS."H NMR

mSs > | (600 MHz; DMSO-ds) 6 8.37 (1H, ), 8.29 (1H, d, J = 5.7

Hz), 8.09 (3H,d, J = 13.5 Hz), 7.95 (1H,d, J = 7.1 Hz),

>LJL¢\)L v KL | 7.80 (1H, ), 7.44 (1H, d, J = 7.7 Hz ), 7.37 (1H, s), 7.30 -

VN L \@ ° 7.08 (13H, m), 7.05 (1H, d, J = 7.6 Hz), 6.96 (1H, d, J =

7.9 Hz), 457 (1H, s), 4.51 (1H, dd, J = 8.0, 4.0 Hz), 4.28

(1H, dd, J = 16.4, 7.6 Hz), 4.15 (2H, dd, J = 23.2, 6.9 Hz), 3.93 (1H, d, J = 5.1 Hz), 3.83 (3H,

dt, J = 16.0, 10.1 Hz ), 3.61 (4H, ), 3.00 (2H, dd, J = 21.7, 13.5 Hz), 2.95 — 2.86 (2H, m ), 2.85

~2.76 (1H, m), 2.76 — 2.66 (2H, m), 1.85 (1H, d, J = 6.0 Hz), 1.73 — 1.59 (2H, m), 1.54 (3H, s),

1.45 (3H, d, J = 6.1 Hz), 1.35 (9H, s), 1.28 (9H, s), 1.21 (2H, s), 0.82 (6H, dd, J = 19.4, 5.7 Hz),

0.70 (6H, d, J = 5.3 Hz).+ESI-HRMS (m/z) calculated for C;H100N1:015S [M+H]71330.7121,
found 1330.7116.
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4.7.3.'H, *C and TOCSY NMR Spectra of Few Selected Peptides
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Figure 4.30. "H NMR spectra of synthesised compound 4.049.
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Figure 4.31. *H NMR spectra of synthesised compound 4.042.
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Figure 4.32. 'H NMR spectra of synthesised compound 4.044.
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Figure 4.33. °C NMR spectra of synthesised compound 4.044.
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Figure 4.34. *H NMR spectra of synthesised compound 4.063.

10£°81
BE 61|
PLITT »ﬁ
__a.if
[T
Wb~
LSBT
mm;”W
£
e
e
8se"
9ETH
94—
0SH8p=_

007
_gém\
8065 —
08—

BL0°LL

|

i

|1|lu

e
UL
E._”._:_\

F__m.__m—k
LIT6EI-L

£95°GT1
_n—w

GLI"LET

_E.:u_v

0ETIsT—

WE Ly
i

st
LU \

GOS°ELL

W

T T T T T T T T
180 170 160 150 140 130 120 110 100

T
190

0
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Figure 4.37. °C NMR spectra of synthesised compound 4.064.
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Figure 4.38. 'H NMR spectra of synthesised compound 4.078
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Chapter-5

Studies on the Switch-on Fluorescence Sensing
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5.1. Introduction

In medicinal chemistry, fluorescent sensors are very important because of their significance
to fulfill the necessity of in vivo probes, such as mapping the spatial and temporal distribution of
the biological analytes. They have other advantages including extremely high sensitivity,
moderately low cost and easy accessibility, as well as several modes of detection. Fluorescent
chemosensors that display an increase in the fluorescence intensity due to the effect of a
coordinated metal ion is known as a chelation-enhanced fluorescence (CHEF) effect (Figure
5.01).14" sSuch type of sensors have a lone pair with suitable energy, which can reduce the
fluorescence by an asset of the photoinduced electron transfer (PET) effect (Figure 5.01).1*!

Excited state Excited state

PET Effect:
* J Electron Transfer Quenches 7 , Fluorescence

Fluorescence ' - v
/ 1.7 ho CHEF Effect:

.-~ h
'/\ 4} r E energy of lone pair lowered
Tc _L Free Receptor n

(lone Pair) Fluorophore

T

Energy

Bound Receptor
Fluorophore by M™ or H*

eg-Aromatic group

Figure 5.01. PET and CHEF effect on flurosence®,

Research in the field of fluorescence sensing of heavy metal as well as transition metal ions
is rapidly increasing because of their adverse effects on biological systems and on
environment.””) Among the various heavy metal ions-based pollutants, the mercury ion (Hg®") is
in the frontline for its adverse impact on the environment and human health.®! On the other
hand, the transition metal ion copper (Cu®") is important for some physiological processes.**"!
However, an excess amount of Cu®* is highly toxic to organisms."“® Therefore design of
fluorescent chemosensors for the sensing of both Hg?* and Cu®* is highly important for the
protection of both environment and biological systems. A tremendous number of literatures
exists which report the design of various types of chemosensors for the detection of either Cu®*
or Hg*" ion.’} Many efforts have been put forth in recent times to design the fluorescence
sensors specific for the sensing of both Hg?" and Cu®* ion detection.! Few reports of
chemosensors also exist which relies the sensing via change in both color and fluorescence.!”’
However, many of them suffer from shortcomings such as fluorescence quenching by
paramagnetic Cu** and Hg®* ions mostly due to electron transfer mechanism © and spin—orbit
coupling®® respectively. Moreover, many organic chemosensors for Hg®* have poor water
solubility and suffers from surrounding effects and by the interference of other metal ions with
low limit of detection.”® Therefore, the development of fluorescence switch-on chemosensors
for the detection of Cu®* and/or Hg?* is highly desirable.
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5.2. Some Fluorescence Switch-on Sensors for Cu®* lon

For most of the reported Cu®* fluorescent sensors, it is found that the binding to the Cu®* ion
causes “Turn off” fluorescence due to its paramagnetic nature (. As a result of various research
efforts, a large number of fluorescence turn-off sensors for Cu** ion have been developed and
reported. There exist a few reports of sensors where the binding of the Cu®* ion affects an
increase in the fluorescence intensity of the probe. Here, in this section, a few such switch-on
fluorescent sensors for Cu?* ion are presented in very brief.

Yoon et al., ™ have reported a fluorescence “Turn-On” chemodosimeter (5.001, Figure
5.02) for Cu®* ion which effectively recognized Cu®" ion via a selective hydrolysis of the acetyl
group. Qian et al., % have reported a ratiometric and selective fluorescent sensor (5.002-
5.003, Figure 5.02) which showed a large red-shift in emission in presence of Cu** ion which in
turn acts as an effective sensor for a Cu®* ion. A new pyrene-based probe, 1,4-bis(1-pyrenyl)-
2,3-diaza-1,3-butadiene (5.004, Figure 5.02), which selectively senses Hg®* and Cu®* through
the enhancement of the fluorescence with the red shift of the excimer emission has been
developed by Molina et al.™® Later on, they reported another fluorescent probe, 2-aza-1,3-
butadiene derivatives'®! containing a pyrene unit (5.005, Figure 5.02) which detects Cu?* via
an enhancement of fluorescence intensity in an aqueous environment.

L \

NH HN

é b 'Q

5.001 5.002 5.003 5.004 5.005

Figure 5.02. Examples of some turn-on probe for the detection of Cu* ion

Shiraishi et al."®1 have reported a new rhodamine derivative containing an
ethylenediamine-N,N-diacetic acid moiety and used it in Cu ion sensing (5.006, Figure 5.03).
The compound 5.006 showed strong green fluorescence in presence of Cu?* ion, while with
other metal ions it showed very weak orange fluorescence. Kim et al.,*® have reported a mono
pyrenylalkylamine derivative (5.007, Figure 5.03) which exhibited an excimer emission at 455
nm along with a weak monomer emission at 375 nm in presence of Cu?" ion in 1:1 (V/V)
H,O/CH3CN.
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Figure 5.03. Examples of some turn-on probe for the detection of Cu* ion

A coumarin-based colorimetric chemosensor has also been developed by Wang et al., 1%
(5.008, Figure 5.03), which exhibited good sensitivity and selectivity for the Cu?* ion over
other tested cations (transition metal, alkali and alkaline earth metal cations) in aqueous
solution. A 1,8-naphthyridine-based fluorescent chemodosimeter (5.009, Figure 5.03), for the
selective detection of Zn?* and Cu?* ion, have been reported by Wei et al.*® The compound
5.009 exhibited a dual emissive behaviour in presence of Zn** ion and a fluorescent “on-off”
behaviour upon addition of Cu®* ion. Ham et al.,*>! have reported a sensor containing a pyrene
derivative 5.010 for the Cu?* ion. In CH3CN, compound 5.010 exhibited a Cu®* ion induced
strong static excimer emission at 460 nm, along with a weak monomer emission at 388 nm.
Yoon et al., ™! reported a rhodamine-based (5.011, Figure 5.03) ratiometric and fluorescent
“on-off” chemosensor for the Cu?* ion. The compound 5.011 showed a selective and chelation
enhanced ratiometric fluorescence change and colorimetric change with Cu®* ion over the other
metal ions examined.
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5.3. Some Fluorescence Switch-on Sensors for Hg** lon

Although Hg®* ion acts as a fluorescence quencher for many of the fluorophore !, there
exists a few reports of sensors where the binding of the Hg®" ion results in an increase in the
fluorescence intensity of the probe. Here, in this section, a few such switch-on fluorescent
sensors for Hg?* ion are presented in very brief.

Peng et al.,"*¥ have designed and synthesised chemodosimeter (5.012, Figure 5.04), which
is obtained from rhodamine B and it has the same structure to that of isopropenyl acetate. This
probe effectively detects Hg®* ion in ethanol-H,O solutions. In 2012, Das et al., ™* have
prepared rhodamine 6G based sensor and its different derivatives (5.013-5.016, Figure 5.04) to
achieve different fluorescence emission spectrum. These kinds of probe effectively detect Hg**
ion in CH3;CN-aqueous HEPES buffer at pH 7.

5.012

Figure 5.04. Examples of some turn on probe for the detection of Hg* ion

Chellappa et al., ™ have prepared a new pyrene-based ‘‘turn on’’ fluorescent sensor
(5.017, Figure 5.05) which showed significantly enhanced fluorescence intensity in the
presence of Hg®* ions and a high selectivity towards Hg®" ions over a wide range of various
metal ion in an aqueous medium. In 2014, N.Wanichacheva et aI.,[lld] have synthesised non-
fluorescent 2-[3-(2-aminoethylsulfanyl)propylsulfanyl]ethanamine (5.018, Figure 5.05) which
is covalently attached to one moiety of rhodamine-6G. It showed turn on fluorescence
selectivity and sensitivity to Hg®* ion over other various competitive metal ions.

5.017

Figure 5.05. Examples of some turn on probe for the detection of Hg?" ion
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Ye et

et al, [t
showed a

sensitivity

al., (el have reported rhodamine-5-ferrocenyl-1,3,4 thiadiazol as the fluorescent
sensor (5.019, Figure 5.06) for Hg”" in living cells. The probe showed high sensitivity and
selectivity for Cu®* and Hg?* over several common alkali, alkaline earth, and transition metal
ions. The probe was effectively used for cell imaging in HeLa cells in presence of Hg”* ion. Wu
have prepared Schiff-base colorimetric sensor (5.020, Figure 5.06). Not only it
fluorescence ‘off-on” mode in the presence of Hg”" ion with high selectivity and
but also change in color is visualized by the naked eye in presence of Hg*" ion. In
2012, Chen et al.,[llg] have synthesised new fluorophore, a cyclen moiety (5.021,Figure 5.06)
as the ionophore which showed a turn-on fluorescent sensor and displayed an effective and
selective sensing ligand for Zn**, Cd*", and Hg?* ions under the physiological condition with the
help of cysteine as an auxiliary reagent. In 2014, De la Cruz-Guzman et al., have
synthesised a rhodamine organosilane derivative (Rh-UTES) (5.022, Figure 5.06) which shows

selective turn-on fluorescent solid-sensor for Hg (11) detection.

7
2
N N N
' ~
OHHO
R |
ﬁ)@

5.020

(EtO);Si

5.021

5.022
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Figure 5.06. Examples of some turn-on probe for the detection of Hg?" ion.
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5.4. Thiourea-based Fluorescence Switch-on Metal Sensors

Dwivedi et al.,"? have synthesised a thiourea-based benzothiazole—naphthalene (BTNP)
(5.023, Figure 5.07) probe for the detection of Hg** and Cu®* transition-metal ions and it shows
higher sensitivity compared to other transition metal ions. They have demonstrated BTNP probe
act as an effective fluorescent ‘On—Off’* probe in an aqueous medium. Velmathi et al., [*?"
have synthesised a simple thiourea linked with amino Pyrene (5.024, Figure 5.07). It not only
acts as a fluorescence sensor but also naked eye sensor for the detection of Cu®* and Hg** ions.
The complexes showed good binding constants for Cu** and Hg** with stoichiometry ratio 1:1
for both Hg®* and Cu®*.

NO,

N&S

Y

NH

=

NH

5.023

5.024 5.025 5.026

Figure 5.07. Thiourea-based switch-on metal fluorescence sensor for Hg”* and Cu?* ion.

Yoon et al., *2°®! have developed a thiohydrazide derivative of rhodamine B ligand (5.025,
Figure 5.07) which showed 26 fold increment of fluorescence intensity upon addition of 1
equivalent ImM solution of Hg?* to a solution of the ligand in water—-methanol (80/20 V/v). It is
also able to detect Hg®* ion below 2 ppb. Liu et al., 2" have reported 1,8-Naphthalimidederived
N-acylthioamide, 5.026. It undergoes a sulfur-to-nitrogen exchange reaction promoted by Hg**
ion and forms the guanylated compound which emits fluorescence at a different wavelength.
Thus, this conversion allows a ratiometric detection of Hg?" ions.
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Finney et al., *? have reported that thiourea-naphthalimide conjugates (5.027, Figure 5.08)
with extended binding areas act as metal-responsive fluorescent chemosensors in aqueous
media. They have found that it is very useful turn-on response to Zn**, Cd** and Hg*" ions at
nanomolar (nM) concentration. They have also shown that the ligand is a good optical imaging
agent for the Hg® in live cells. Zhu et al.,™" have synthesised N, N’ bis(1-
phenylthiouredoethyl)-1,6,7,12-tetrakis(4-methylphenoxy)perylene-3,4,9,10-tetracarboxylic
(5.028) and studied with the focus on the photophysical, chemodosimetric mechanism, as well
as fluorogenic behaviours toward various metal cations. This new “turn-on” fluorescent
chemodosimeter 5.028 shows high sensing for the Hg** ion over other metal cations.

OCH,

5.027
Nf
@ﬁ ®
AN (0] N
H
cr H

HN
5.029 \© o

Figure 5.08. Thiourea-based switch-on metal fluorescence sensor for Hg®* ion.

&

Nile-blue-based chemodosimeter, 21 5.029, was prepared for detection of Hg?* ions in
100% aqueous solution. On addition of Hg®" to a solution of 5.029, the sensor system shows
significant blue shifts in its absorption and emission spectra due to desulfurisation-based
cyclisation reaction. The sensor is efficient for the Hg?* ion detection at pH 2 to 9. Its higher
sensitivity is sufficient to detect the Hg?* ion (less than 2ppb) in drinking water.l**! Misra et al.,
have reported the thiourea-based fluorescent molecular dyad (ANTU) 5.030, which bears
anthracene and naphthalimide fluorophore. After addition of Hg?* to the ANTU solution, it
shows significant fluorescence intensity change which has detection limit of 4 ppb for Hg?* in
aqueous-ethanol medium.[*?!
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Qian et al., have developed BODIPY -rhodamine (BODIPY=Boron Bipyrromethene) FRET-
based ratiometric probe 5.031 (Figure 5.09) which can selectively detect lower amounts of Hg?*
ions on the ppb level under normal biological conditions. It displays a clear Hg** mediated
change in the intensity ratio of the two well-separated and comparably strong emission bands of
BODIPY and rhodamine. The substantial changes in the fluorescence color can be monitored by
naked eye. 3 Zheng et al., have reported similar FRET sensor 5.032, based on intramolecular
energy transfer (ICT) from fluorescein to a rhodamine B moiety. On addition of Hg** to a
solution of 5.032, the sensor system shows dual fluorescence peaks, positioned at 520 and 591
nm. There is a 65-fold increase in the ratiometric value (lsgi/lsp0), up to addition of 1.0
equivalent of Hg*". (1301 Another FRET-based sensor 5.033 (Figure 5.09), containing
rhodamine B and a naphthalimide moiety, was made for the detecting of Hg®" over a wide pH
range by Lie et al. When Hg?" is added, it helps desulfurisation of the thiocarbonyl part which
leads to ring opening at rhodamine B part, forming imidazole derivative which helps in the
FRET process. They also reported that the compound showed color change from colorless to
red which can be noticed by the naked eye.™!

Figure 5.09. FRET based sensor for Hg** detection.

202

TH-1766_126122035



Chapter 5 Studies..Switch-on...Sensing...Hg** and Cu**lons..Pyrenylthioureayl Alanine..

5.5. Background

The unnatural amino acids based sensor systems have been developed for many years. From
Chapter-1 discussion it is clear that fluorescent amino acids whose emission spectra and
quantum vyields are very sensitive to solvent polarity, are widely used as useful probes for
investigating chemical, biochemical, and biological phenomena including metal ion sensing.!*%
Fluorescent chemosensors for the detection of environmentally as well as biologically
hazardous metal ions and some physiological essential trace elements are highly desirable. [
Transition and heavy-metal ions play vital roles in living systems but their high level
concentration is harmful.'®¥ Thus, the design and synthesis of environmental friendly
chemosensors for the detection of essential trace elements and the ecological hazardous
elements are of high importance. A fruitful design of a fluorescence chemosensor involves
attachment of a metal binding unit with a fluorophore through a spacer. Binding of a target
metal display noticeable change in the photophysical response of the fluorophore ™ further, the
selectivity of a metal sensor is solely dependent on the nature of the coordinating ligands in the
receptor unit and the interaction thereof. Therefore, many of the metal sensors containing N/O
atoms [ *! and few containing S-donor **! in the metal binding site have been reported.
Recently, the potentialities of mixed-donor-S containing ligands are considered for the design of
metal sensors. 1% In particular, thiophilic nature of Hg?* and Cu®" attracted very much for the
synthesis of sensors containing S as ligating atom. In this respect, in recent time, few thiourea
based sensor have been reported as fruitful as sensors for Hg®* and Cu®* ions and other heavy
metals.>”! However, newer design of more effective thiourea-based sensor would be interesting
and is still in high demand.

Recently, our research group is involved in the development and application of pyrenyl
thioureanyl amino acids as fluorescent chemosensor in metal ion detection. In the present

chapter, we reported the interesting photophysical properties of amino pyrene linked thiourea
used as fluorimetric chemosensor for biologically important transition metals i.e Hg?*/Cu®*.
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5.6. Objective

With this above literature background, it is clear that many thiourea based metal sensor
systems have been developed for Hg?/Cu®" ion detection. However, there is no report of
thiourea based unnatural amino acid as a metal chemosensory system, as smart fluorescent
probe for the Hg®*/ Cu®* ion over other metal ions. Keeping the idea in mind and our
continuing research efforts toward the design of unnatural fluorescent amino acids ™% and
sensors for biologically and environmentally important heavy and transition metal ions, %7 we
thought that it would be worthwhile to explore fluorescent pyrenylthioureayl alanine amino acid
(3.063,Chapter-3, "™ Ala) as a possible sensor for heavy and transition metal ions (Figure
5.10). We envisaged that thiourea-moiety would allow strong coordination with Hg?* and/or
Cu?*due to their thiophilic nature and hence would generate a detectable fluorescence signal
from pyrenyl unit.

Therefore, in this particular, we want to report the pyrenylthioureayl alanine amino acid
(3.063, YTV Ala) as a potential sensor for the detection of heavy and transition metal—ions. Thus,
we investigated the binding interaction of our newly synthesized thioureayl amino acid for
various heavy and transition metal-ions by spectroscopic methods. Among the various metal
ions, the probe showed a selective affinity for Hg®* ion in the partial aqueous medium.
However, the sensor also showed affinity for Cu®*ion in the absence of interfering metal ions. In
both the cases the sensing events were indicated by an enhancement of fluorescence and a 1:2
metal-ligand complexation possibly via the coordination with S atom of thiourea unit.

03 —7m ) G 4 =
@ — THF =< |
z =, ) z S
o —Dbiox | UV-vis L EXaonm S - Dic
504 Tlee— Y —= 2
2 — o e 2 —
< — DMSO >LOJ‘LN’(”&*0M § — DMSO
H B = |
09%5 330 430 3.069 %2 a7 540
Wavelength(nm) 28 ﬂ Wavelength(nm)

(©)

/ All Metal lons
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Figure 5.10. (a) UV-visible spectra of probe 3.063 (10 uM) (b) Fluorescence emission spectra
of the probe 3.063 (10 uM) in different solvents(c) Fluorescence emission spectra of the probe
in presence of 1 equivalent (10 uM) concentration of various metal ions .
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5.7. Results and Discussion

The synthesis of the probe pyrenylthioureayl alanine (3.063, "YTAla) was achieved by
following our reported protocol discussed in Chapter 3 with good yield (75 %).

5.7.1. 'H NMR Characterisation of Pyrenylthioureayl Alanine

The 9 hydrogens of pyrene unit appeared at 6 8.21-8.13 ppm as a multiplet, 6 8.10 as a
doublet with coupling constant (J) = 8.9 Hz, §8.01-8.05 as a multiplet and 6 7.94 as a doublet
with J = 8.0 Hz. NHy appeared as a broad singlet at 68.49, -NHg appeared at §6.54 as a singlet
and -NH,, appeared at 65.43 as a doublet with J = 7.1 Hz. The a—CH hydrogen of alanyl unit
found as a doublet at §4.65 ppm with J = 4.0Hz and ~CH, hydrogens of alanyl unit appeared
as a multiplet at & 3.96-3.79. Methyl hydrogens of N-Me and OMe groups appeared as a singlet
at 2.98 and 3.56 respectively. The ‘Bu hydrogens of Boc- found as a singlet at §1.01.

8.21-8.13(m), 8.10 (d, J = 8.9 Hz),
8.05-8.01(m),7.94 ( d, J = 8.0 Hz)

H
T 8.49 (s) !
S .N-Hy 7 '
3.96-3.79 (m) X ,
\ A —.654(9 |
| PARUY ‘
i 101 ST
2 (S) : ) Me —>298(s)
)I\ Y
" \i‘OMe

)
.|‘Hu:

Dam—

5.43 (d, J = 7.1 Hz),

»3.56 (s)

Figure 5.11. *"H-NMR characterisation of pyrenylthioureayl alanine (" Ala).
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5.7.2. Photophysical Study

After synthesising and characterising the probe 3.063 (*Y"“Ala), we turned our attention to
study the photophysical properties of the probe in presence of various metal cations in aqueous
medium.

5.7.2.1. Photophysical Properties

We have previously reported (in Chapter 3) the fluorescence behaviour of the probe
PYTUAla in different solvents of varying polarity. In brief, it showed slightly distorted shapes of
absorption bands compared to pyrene in all solvents (Figure 5.12a) whereas, in fluorescence an
irregular trend indicating a modulated pyrene emission, had appeared at short wavelength range
390-398 nm and 410-425 nm in long wavelength range (Figure 5.12b).”°! Following the
absorption and emission response in ACN/water solvent mixture (Figure 5.12c-d) and the
solubility of the sensor, we chosed 7:3 water: ACN solvent mixture for studying the interaction
with metal ions. Hence, we used this solvent system throughout the titration of the metal ions.
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Figure 5.12. (a) UV-visible and (b) Emissions behaviour of the " T Ala in different solvents (c)
UV-visible and (d) Emissions behaviour of the ™™YAla at different percentage of
water/acetonitrile (V/v).
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5.7.2.2. UV-Visible Study

We next explored the sensing capability of ™" Ala towards Hg** & Cu®* ion in presence of
other metal ions like, Ag* (Figure 5.16a), Cu*(Figure 5.17a), Cd**(Figure 5.18a), Co**(Figure
5.19a), Fe**(Figure 5.20a), Mg* (Figure 5.21a), Mn**(Figure 5.22a), Ni**(Figure 5.23a), Pb**
(Figure 5.24a), Zn**(Figure 5.25a). To do so, we added 1mM concentration of each metal ion
into the probe’s solution at fixed concentration and then photophysical properties were studied.
Thus, upon addition of 1 equivalent of various metal ions (10 uM), as their chloride salts, to the
solution of 3.063 the absorption spectra were found to be considerably modulated (Figure
5.13a) only in the presence of Hg®* ion wherein we observed slight blue shift of pyrenyl
absorption bands (2-3 nm) along with an appearance of an extra strong band at 359 nm (Figure
5.13b). The other metal ions did not show any significant change (Figure 5.13a) in the
absorption spectra of 3.063 except for Cu®* ion. The presence of Cu®* ion induced appearance of
new weak absorbance peak at 374 nm (Figure 5.13c). Thus, the UV-visible absorption
supported the binding event of the probe with Hg®* and Cu?* ions.
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Figure 5.13. (a) UV-vis spectra of probe (*"“Ala) (10 uM) in presence of various metal ions (1.0 equiv)
(b) UV-vis spectra of probe ("Y"Ala) (10 uM) in presence of increasing Hg®* concentration (c) UV-vis
spectra of probe ("Y™VAla) (10 uM) in presence of increasing Cu®* concentration.

207

TH-1766_126122035



Chapter 5 Studies..Switch-on...Sensing...Hg** and Cu**lons..Pyrenylthioureayl Alanine..

5.7.2.3. Fluorescence Study

The fluorescence study of the probe (*Y"YAla) was carried out in presence and absence of
various metal ions at different concentrations. We observed an abrupt change in the emission
intensity of the probe in presence of Hg** ion compared to Cu®* ion whereas, the other metal
ions like, Ag* (Figure 5.16b), Cu*(Figure 5.17b), Cd**(Figure 5.18a), Co®*(Figure 5.19b),
Fe**(Figure 5.20b), Mg*(Figure 5.21b), Mn*(Figure 5.22b), Ni**(Figure 5.23b), Pb*
(Figure 5.24b), Zn**(Figure 5.25b), and showed irregular and negligible change of the
emission spectra at 407nm. Upon addition of Hg?*, fluorescence intensity of the band drastically
increased (Figure 5.14b) compared to Cu®* ion (Figure 5.14c). The saturation for Hg”* reached
at 1 equivalent, while that of Cu?* required 10 equivalents. These facts implied that both the
Hg?* and Cu®* ions interacted significantly with the probe with a higher binding of Hg®* ion.
The fluorescence enhancement upon addition of Hg?* was also supported from a time resolve
fluorescence experiment showing enhancement of probe’s life time from 3.1 ns to 3.6 ns (0.5
equivalent Hg?") to 4.4 ns (1.0 equivalent Hg®* (Figure 5.14d). A two times enhancement of
quantum yield was observed for the detection of Hg®* (1equiv.) while for Cu®" it was 1.5 times
(Table 5.1). All these phenomena indicated a well-defined binding of Hg?/Cu?* ion to the
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Figure 5.14. (a) Fluorescence spectra (Lex = 342 nm) of probe (®™Ala) (10 uM) in presence of various
metal ions (1.0 equiv.) (b) Fluorescence spectra (Lex = 342 nm) of probe (7™ Ala) (10 uM) at increasing
Hg*" concentration. (c) Fluorescence spectra (Lex = 342 nm) of probe (*Y"Ala) (10 uM) at increasing
Cu®* concentration (d) Fluorescence life time of the probe in presence and absence of Hg** ion.
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Table 5.1. Photophysical summary of ™ Ala with [Hg®"] and [Cu®'] ion in Water/CHsCN

(7:3, VIV)

Hg™ (Equiv) | 2% (nm) Abs Ao | A5 (0m) | %@
0.00 342 0.115 394 4.61

0.25 342 0.083 394 5.60

0.50 342 0.084 393 6.83

0.75 342 0.109 394 7.23

1.0 342 0.124 393 9.01
Cu” (Equiv.) | 2% (nm) Abs AN /Al (m) | %0
0.00 342 0.114 394 4.21

0.25 342 0.113 395 4,24

0.50 342 0.112 394 4,38

0.75 342 0.110 408 5.32

1.0 342 0.108 406 5.96

The fluorescence change of the probe (*Y"Ala) in presence and/or absence of other metal
ions were also investigated to test the sensitivity of the probe for Hg?* ion. Then, we plotted the
emission intensity of the probe (10 uM, 1 eqiv.) Vs various metal ions at fixed concentration (10
uM, 1 eqiv.) (Figure 5.15) and compared the change in fluorescence intensity {(A — Ag)/Ap X
100%]} of the probe upon addition of various metal ions. Thus, from the bar diagram it is clear
that about 5.2 times enhancement of fluorescence intensity for Hg>* ion and 2.6 times for Cu®*
ion was observed with respect to probe.
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Figure 5.15. Fluorescence (Aex = 342 nm) intensity area changes ((A — Ag)/Ao x 100%) of probe
(*YTYAla) (10 pM) at 298 K upon addition of various metal ions (1.0 equiv.) [A is fluorescence
emission intensity area of free probe and A is the fluorescence intensity area of probe after
adding metal ions].

5.7.2.4. UV-Visible and Fluorescence Spectra of ™" Ala in Presence of other

Metal ions
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Figure 5.16. (a) UV-visible & (b) emission spectra (Aex = 342 nm) of 7"YAla (10uM) in

presence of Ag™* ion.
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Figure 5.17. (a) UV-visible & (b) emission spectra (Aex = 342 nm) of 7TYAla (10uM) in
presence of Cu'* ion.
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Figure 5.18. (a) UV-visible & (b) emission spectra (Aex = 342 nm) of 7"YAla (10uM) in
presence of Cd** ion.
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Figure 5.19. (a) UV-visible & (b) emission spectra (Aex = 342 nm) of 7Y"YAla (10uM) in
presence of Co®* ion.

211

TH-1766_126122035



Chapter 5 Studies..Switch-on...Sensing...Hg** and Cu**lons..Pyrenylthioureayl Alanine..

o
o))
o

O
o

—0.0Eq
(b) —0.3Eq
—1.0Eq
—2.0Eq
—5.0Eq
— 10 Eq

Absorbance
(@»)
w
w

Intensity(gu)xlOG
w

O
o2

O'0900 310 420 2 446 540
Wavelength(nm) Wavelength(nm)

Figure 5.20. (a) UV-visible & (b) emission spectra (Aex = 342 nm) of "TYAla (10uM) in
presence of Fe* jon.
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Figure 5.21. (a) UV-visible & (b) emission spectra (Aex = 342 nm) of ""YAla (10uM) in
presence of Mg®* ion.
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Figure 5.22. (a) UV-visible & (b) emission spectra (Aex = 342 nm) of 7Y"YAla (10uM) in
presence of Mn?* ion.
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Figure 5.23. (a) UV-visible & (b) emission spectra (hex = 342 nm) of PTUAla (10puM) in

presence of Ni*" ion.
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Figure 5.24. (a) UV-visible & (b) emission spectra (hex = 342 nm) of PTUAla (10puM) in
presence of Pb“" ion.
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Figure 5.25. (a) UV-vis, (b) emission spectra (hex = 342 nm) of " TYAla (10uM) in presence of

Zn** ion.
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5.7.2.5. Binding Stoichiometry from Fluorescence Job’s Plot for Hg”* lon

To quantify the stoichiometry between probe ("Y"YAla) and the Hg?* ion, the fluorescence
Job’s plot measurement was carried out. For this purpose, an equal concentration of probe
(™ Ala) and Hg?* ion solutions were prepared separately in 70 % water/acetonitrile (V/v)
medium. The equal concentration of the probe and the Hg?* ion solutions were mixed in
variable fractions of volume to maintain different stoichiometry at fixed total concentration.
Then fluorescence emission spectra for different compositions of the probe were recorded
(Figure 5.26a) and the maximum fluorescence intensity was found at 6:4 (probe: Hg*"). To
calculate the probe-Hg?* complexation ratio, a graph between [probe-Hg®] vs. Xprobe Was
plotted, where [probe-Hg?'] = AA/Ao x [probe], {AA = (A-Ao)}; where A and A, are the
fluorescence intensity area of the probe before and after addition of Hg?* ion to the probe
respectively and Xprone iS the mole fraction of probe, {Xyone = [probe(L)]/([probe(L)] +
[Hg®*(M)])}. The corresponding Xprone Value where the intensity of probe-Hg*" was maximum
was taken as probe-to-metal stoichiometry. The Job’s plot (Figure 5.16b) showed the point of
maxima at the mole fraction of 0.64 of the probe, which clearly indicates that, the stoichiometry
of the probe to Hg** ion in the complex is 2:1.

oa 1'4 Probe: Metal e
— 10:0 i
,>i 9:1 - 8
> —8:2 =, sl
csl —_7:3 ,>i
\>/\O 7 _gg <Fo 4l
k%) —4:6 12}
C —3:7 <<5
5] —_2:8 N~ ok :
E \ —1:9 . o6
_0:952 446 540 B0 02 o4 ofé 08 L0
Wavelength(nm) Xorape= [LVILIFIM]

Figure 5.26. (a) Fluorescence job spectra (b) Fluorescence Job’s plot of the probe, YT Ala in
presence of Hg** ion in H,O/CH3CN.( [L]= probe Conc." and [M]= Metal Conc.")
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5.7.2.6. Determination of Complexation Constant for Hg®* lon

After determining and confirming the 2:1 probe-Hg®* complexation we, next, turned our
attention to evaluate the binding constant by fluorescence spectroscopy. Thus, to determine
binding constant we have constructed the well-known Benesi-Hildebrand plot using the
following equation. In order to maintain Benesi-Hildebrand condition, we took probe
concentration much greater than ng+ ion,

1 _ _1 Y (1)
(A-Ap) (A-Ag) (Ayn-Ag) K [Probe]

where Ao, A and A, are the emission intensity area of ""“Ala in the absence, at
intermediate and at infinite concentration (where maximum intensity area was observed) of
Hg?* ion respectively. To determine the binding constant, 1/(A-Ao) vs. 1/[Probe]? and 1/(A-Aq)
vs. 1/[Probe] was plotted (Figure 5.27a-b). From the slope and the intercept of the linear fit plot
of 1/(A-Ag) vs 1/[Probe]® or 1/[Probe], the complexation constant (Kcm) can be obtained as
Keom = Intercept/Slope. The complexation constant was calculated, which was found to be
3.93x10' (M) and 9.15x10* (M™) indicating a strong complexation between Hg*" with probe
VA,

X 1.99E-007 - =
1.99x10 Equation used y = a + b*x - AR T + "
Intercept=7.41516E-8 Intercept=4.73503E-8
Slope=1.88571E-18 Slope=5.1749E-13
Adj. R-Square=0.97 Adj. R-Square=0.87
01.56)(10‘7 L 1.56E-007
<F (a)  UA-Ag o (b)
< = Linear Fit q,: a UAA
:| <\E = |inear Fit
1.13x107F — 1.13E-007
7.00x10°8 2 7.00E-008 . .
0.00 3.20x10" 6.40x10" 250x10°  1.08x10°  1.91x10°  2.74x10°

1/[Probe]2 (MY

Figure 5.27. Benesi-Hildebrand plot (a) 1:2 and (b)1:1 of ™™V Ala with Hg?*.
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5.7.2.7. Test for Selectivity in Sensing of Hg®* and Cu®* lon in Presence of
Other Interfering Metal lons

Competition experiments were carried out to explore the utility of the probe as an ion-
selective switch-on fluorescence chemosensor for Hg?* and Cu® ions. Thus, to do so, the
fluorescence spectra (Figure 5.28a-b) of the probe (10 uM, 1 equiv.) were individually taken in
presence of 1 equivalent Hg** ion (10 pM, lequiv.) along with excess concentration of other
background metal ions (20 equivalent each). Similarly, the fluorescence spectra (Figure 5.28c-
d) of the probe (10 puM) were taken individually in presence of 10 equivalent Cu?* ion (100uM)
along with other background metal ions in 50 equivalent concentration each. The fluorescence
property of the probe with Hg?* ion in presence of other background metal ions is negligibly
changed. From the bar diagram it was clear that no metal ions had interference (Figure 5.28) in
the detection of Hg?*. However, in case of Cu®* ion the probe fluorescence is quenched (Figure
5.28c-d) in presence of 50 equivalents Fe** ion which reflects that Fe** showed interference in
the detection of Cu®* ion (Figure 5.28d). These results suggested that probe 3.063 showed an
excellent selectivity for detecting the Hg*" 2% Thus, these results indicate that the probe could

- + - -

be used as a potential Hg*" ion selective turn-on fluorescence sensor.
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Figure 5.28. (a) Emission spectra (Aex = 342 nm) (b) fluorescence intensity of ™ “Ala (10uM) with Hg**
ion (1 equiv.) in absence and presence of other metal ions (20 equiv.) (¢) Emission spectra (Aex = 342
nm) (b) fluorescence intensity of ™™ Ala (10puM) with Cu* ion (10 equiv.) in absence and presence of
other metal ions (50 equiv.)
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5.7.2.8. Determination of the Detection Limit

We have calculated the detection limit of the probe "YTAla towards Hg®* ion and Cu?* ion
by plotting fluorescence intensity area of probe in presence of metal ion vs. concentration of
Hg?" ion (Figure 5.29a) and Cu®* ion (Figure 5.29b). The linear fit was drawn by taking the 11
points (0.66 UM to 7.27 pM) of the linear region and the slope was determined. The limit of
detection (LOD) has been calculated using the equation 36/K; where ¢ denotes the standard
deviation of fluorescence intensity area of the probe before adding metal ion and K represents
the slope of the plot (Table 5.2).'%"%1 A good linear relationship indicated the probe’s
efficiency for the detection of the submilimole concentration of Hg®* ions found in many
chemical and biological systems.[*¥9 The detection limits were found to be 93 nM for Hg** and
318 nM for Cu®* ion. Thus, our probe can be utilised for the detection of the submillimolar
concentration range of Hg®* compared to Cu?* ion, (8¢

7

w
[ee]
=

[P y=a+b*x
Intercept = 2.08098E7,
Slope = 2.5394E6 (a)

R%=0.97

y =a+b*x
Intercept= 2.40177E7
Slope =1.62973E6
R2=0.99

n

(b)
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e
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Area of Intensity(a.u)x10
Area of Intensity(a.u)x10

0 1 2 3 4 5 6 7 8
Conc." of Hg2*(uM)

012 3 456 7 8
Conc." of Cu”* (M)

Figure 5.29. Plot of area of intensity of probe vs (a) conc.” of Hg®* ion (b) conc." Cu®* ion.
Table 5.2. Limit of detection calculation

Repetition Avrea of Fluorescence Intensity of " "CAla
Probe for Hg”* Probe for Cu”™*
1 23187454 24565622
2 23136312 24366915
3 23026781 24240279
4 23022650 24193494
5 23009187 24137542
6 23007423 24136398
7 23036752 24061474
8 22987616 24055790
9 23180717 24032943
Average(Mean) 23066099.122 24198939.493
Standard Deviation (o) 79001.901 172856.635
Slope 2.54E+06 1.63E+06
LOD(3*a/k) 0.0933uM 0.318uM (in 3ml)
=93.3nM (in 3ml) =318nM (in 3ml)
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5.7.3. Binding Stoichiometry for Cu** lon from NMR

As the UV and fluorescence sensitivity of the probe was insignificant to quantify the
stoichiometry between probe ("YTYAla) and the Cu®* ion, we used NMR titration for the further
investigation. For this purpose, we titrated known concentration of probe (1 eqiv.) with variable
concentration of Cu®* ion in ds-DMSO. Then chemical shift of S-NH of the "YT"Ala at different
equivalent Cu®* ion was recorded (Figure 5.30a). Thus, A5vs. Xc,”* was plotted for various
equivalent of Cu?* ions, where 45 = 6— & [8y= Chemical shift of 5-NH and &= Chemical shift
of S—NH of the probe in absence and presence of metal respectively] and Xc,>* is the equivalent
Cu?* jon. The X¢ 2" equivalent corresponding to constant 46 value was taken as probe-to-metal
stoichiometry, which was found to be 0.50 (Figure 5.30b). This observation clearly indicated a
2:1 stoichiometry of the probe to Cu®* ion complexation.

€Y
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1.0FEqg 7Y A
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OHB s NHP
S L
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Figure 5.30. (@) NMR titration of " "™YAla with Cu** ion in dg-DMSO (b) Plot of A5 Vs Xc**
for binding stoichiometry.
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5.7.4. Determination of complexation Constant for Cu®* lon from NMR

After determining and confirming the 2:1 probe-Cu?* complexation, we next turn our
attention to evaluate the binding constant by NMR spectroscopy. Thus, to determine binding
constant, we have constructed Benesi-Hildebrand plot for NMR titration using the following
equation. In order to maintain Besnesi-Hildbrand condition we took probe concentration much
greater than Cu?* ion concentration.

1 _ 1 + VS oo )
(8-8) (8-8¢) (8,,-89) K [Cu?*]

Where 6,= Chemical shift (5-NH) of ligand in absence of metal; 5= Chemical shift (5-NH)
of ligand in presence of Cu®" at particular concentration and 0_= Chemical shift (4-NH) of
ligand when all of the Cu?* are in the complex. To determine the complexation constant, 1/(&

8, vs. 1/[Cu®*] was plotted (Figure 5.31). From the slope and the intercept of the linear fit plot
of 1/(&3,) vs 1/[Cu®"]; complexation constant (K, €an be obtained as, K = Intercept/Slope.

The complexation constant was calculated, which was found to be 4.11x10°® (M™) indicating a
weak complexation between Cu®* with probe T Ala.

13

Equation Used y = a + b*x

Intercept =0.44123
Slope= 107.35185

R2=0.98

0015 o.dgo 0.105
+

Figure 5.31. Benesi-Hildebrand plot of " ™YAla with Cu** from NMR chemical shift.
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5.7.5. Support of 2:1 Complexation by Mass Spectral Analysis

To support the 2:1 probe-Hg?* ion complexation, we have carried out a mass spectral
analysis of the solution of the probe containing Hg®* ion. Thus, the +ESI-Mass spectrum
analysis revealed the formation of 2:1 probe-to-metal complex (Figure 5.32) with a clear
isotopic distribution. Thus, we observed a peak at m/z = 1213.3582 which has matched with the
calculated mass for [(*Y"UAla),+Hg+H]" (1213.3604; Cs4HsoNgOsS,Hg) for Hg®*  which
corresponds to 2:1 imine complex. These results again support that one Hg®" is coordinated by
two B-NH of thoiurea of two probes (7"VAla).

Sample Name SD-PY-HG Position Vial 1 Instrument Name Instrument 1 User Name
Inj Vol 0 InjPosition SampleType Sample IRM Calibration Status All Tons Missed
Data Filename  SD-PY-HG.d ACQ Method Comment Acquired Time 4/6/2017 3:55:38 PM
x10 4 +ESI Scan (7.1, 20.7-27.5 sec, 9 scans) Frag=135.0V 2+ +
0] [2L+Hg*"+CF+2H']
1249.3378
1.05
9-
0.95
0.9
0.85-
0.8
0.75+
0.7
2+ +
= [2L+Hg*+H"]
0.6 1213.3582
0.55+
0.5
0.45
0.4
0.35+
0.3
0.25
0.2
0.15
0.1+ ‘
0.05 ‘
. L1, N il | [ s LI
1195 1200 1205 1210 1215 1220 1225 1230 1235 1240 1245 1250 1255 1260 1265
Counts vs. Mass-to-Charge (m/z)

Figure 5.32. +ESI-Mass spectrum of the Probe in presence of Hg?* ion
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5.7.6. Explanation for Fluorescence Enhancement of ™ Ala

The switch-on fluorescence response of the probe upon binding with the metal through -S-
(Hg®* or Cu**)-S-linkage can be explained by considering the role of lone pairs on sulfur and
nitrogen atoms in the thiourea moieties. The N-lone pair of directly linked »~NH is involved in
PET with the fluorophoric pyrene leading to quenching of fluorescence of parent pyrenyl in
absence of metal ions (11, Figure 5.33).%4 Further the lone of sulpher is also involved in PET
through space with the pyrene and thus drastically quenching the fluorescence. However, upon
complexation with the metal through S via the formation of imino thiourea (I11-1V, Figure
5.33) the PET is no longer operative as the lone pairs are not available. Therefore the

fluorescence enhancement is the result of metal binding.
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Figure 5.33. Probable mechanism for fluorescence quench and enhancement in (a) absence and

(b) presence of metal ion.
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5.7.7. Study of Possible Binding Mode via NMR, UV and IR

In order to support the mode of binding interaction between the probe and the metal or
probable complex structure, we titrated the known concentration of probe (1 eqiv.) with variable
concentrations of Hg®* i.e 0 to 1 equivalent of ion in dg-DMSO (Figure 5.34). We found that
after the sequential addition of Hg®* ion to the probe, the A-NH was shifted from ¢ 7.59 to 8.05
and »-NH was shifted from ¢ 10.18 to 11.14 ppm in *H-NMR whereas a-NH remained at
almost same position. We also found that when metal equivalent is 0.5, B-NH has vanished but
»~NH was still clearly visible in the NMR spectrum. So, this result is suggesting the probable
formation of stable iminium complex with Hg?* ion in 2:1 ratio which has been earlier
supported by fluorescence and mass spectroscopy. For further confirmation of stable imine
complex, we did variable temperature (VT) NMR (20 ° C to 75 ° C) experiment with 1
equivalent addition of Hg?** ion and we found that with increasing temperature the »NH and a-
NH protons shifted to up field (Figure 5.35) due to loss of intermolecular H-bonding. There is
no reappearance of S-NH peak in the NMR spectrum which infers the formation of stable imine
complex with Hg?* ion in 2:1 ratio.
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Figure 5.34. 'H-NMR titration of probe "YTYAla with Hg®* ion up to 1 equivalent in dg-DMSO.
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Figure 5.35. VT-NMR (20 ° C to 75 ° C) of probe "YTVAla after 1 equivalent addition of Hg**

ion in de-DMSO.

For further confirmation, we carried out real time UV-visible titration to check the imine
formation. Interestingly, we found that during the addition of Hg®" ion there is a generation of
probable imine band at 358 nm (Figure 5.36a) at which the intensity increases up to 1
equivalent. Whereas, for the Cu* ion the imine band is appeared as broad (Figure 5.36b) at 10

equivalent concentrations.

O- 26 (a) —0.0Eq 0'30 ——0.0Eq
8 ‘ Imine Formation Band Eg%gq 8 (b) : ggggg
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S A e = I
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Figure 5.36. Real time UV-visible titration of the probe (a) in presence of Hg** ion and (b) in

presence of Cu®*ion.
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Afterward, we used IR as a supportive tool for confirming the imine linked complex
formation. Generally, the Schiff base compounds have characteristic stretching frequency at
around 1615-1650 cm™ which is characteristic to imine part vibration 2. Similarly, when we
took IR of the probe in presence of 1 equivalent of Hg®" ion and 10 equivalent of Cu?* ion, we
found, there is clear appearance of strong band at 1613 cm™ for Hg”* ion and very weak
broadband at 1621 cm™ for Cu®* ion, which denotes the formation of the iminium complex.
However, the probe did not have any such characteristic peak at IR spectra (Figure 5.37) in the
similar range. Thus, these results also support the formation of new imine linkage complex in
presence of metal ions like Hg*" and Cu®".

1613cm™

~
o

= Probe+Cu(l1)10Eqv

32 [ —— Probe+Hg(I1)

1810 1600 1390
Wavelengthcm-1,

Figure 5.37. IR experiments of the probe in absence and presence of Hg®* and Cu®* ion.

1621cm™

Transmittance(%o)

Further support of this coordination came from an optimised geometry obtained from a
density functional calculation using Gaussian 09 program package.’®! Thus, from a TD-DFT
calculation at BALYP/LANL2DZ level of theory, we observed that the two S atoms from two
thiourea units had a significant amount of LUMO coefficient with maximum coefficient
remaining with Hg* indicating a significant overlap of the Hg** and the probes’ S atoms. Thus,
theoretical study also supported the mode of binding (Section 5.7.8).
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5.7.8. DFT Calculation
-

R
; 4
{ Wa,
R 4

]

Calculation Method B3LYP/LANL2DZ; E(RB3LYP) = -3195.06776612;

Standard orientation: Imaginary Freq = 0;

Center  Atomic Atomic Coordinates (Angstroms) Center Atomic  Atomic Coordinates (Angstroms)

Number Number Type X Y Z Number Number Type X Y 7
1 6 0  6.787199 -1.001986 -0.884282 39 7 0 4743269 0.389253 0.540847
2 7 0 7.746403 -0.163549 -1.612190 40 1 0 5380615 1.179589 -0.387435
3 6 0  7.902605 1.169414 -1.373528 :; 2 g :-;;g’_’g ;;;gif; é-ggi::g

_ 4 . 5 . . 5
4 6 0 7.179731 -2.455237 -1.213073 43 6 0 1.574308 1.404433 2.239141
5 6 0 5300786 -0.740926 -1.289947 a4 6 0 0.240077 3.811629 1.582324
6 8 0 8955925 1.670282 -2.105158 a5 6 0 1.647803 4.094874 0.436841
7 8 0  7.173068 1.840829 -0.592517 46 6 0 0558513 1.893572 3.073703
3 6 0 9.325458 3.141207 -2.075771 :; ; g f)-lﬁz_:i‘; ‘;-323’;22 2121_2‘;;‘;
= 4 0. 44> > = .
9 6 0 10'5126::6 3.187029 -3.049483 49 6 0 -0.127269 3.090492 2.770500
10 6 0 8138452 3.976858 -2.590040 so p 0 0.986416 5257450 0756418
11 6 0 9.748788 3.529637 -0.647146 51 1 0 2.463792 3.724468 -1.048735
12 8 0 7.900172 -2.727056 -2.214113 52 1 0 0.299986 1.346569 3.978133
13 7 0 6.699047 -3.448937 -0.390000 53 6 0 -0.083312 5.764049 0.072219
14 6 0 3.444188 0565326 0.145693 - p A e
15 16 0 2.348913 -0.945422 -0.383308 i N 0 1967056 5833236 1642333
16 6 0 7.173880 -4.837035 -0.458927 57 6 0 -0.772812 6.961974 -0.236758
17 8 0 6177931 -3.034531 0.890868 s8 6 0 2.154999 6.725394 1.761266
18 6 0 4.822113 -3.575246 1.140005 59 6 0 -1.833653 4.775858 3.296951
19 1 0  6.872033 -0.833183 0.194308 60 1 0 -1.435822  3.060126 4.515653
6l 6 0 -1.796449 7.434486 0.600675

20 1 0 8341711 -0.633619 -2.290829 o N 0 0498014 7518254 _1.130100
21 1 0 4702234 -1.631244 -1.090377 63 1 0 2039479 7106534 2412069
22 1 0 5270404 -0.559885 -2.374794 64 1 0 2.616846 5.163425 3.945513
23 1 0 10.897733 4.211708 -3.121284 65 1 0 2311715 8.359514 0.353071
24 1 0 11.319719 2.532419 -2.702228 gg ‘1306 g *gggggij 7342':223 gggigz-‘l‘
5 5 4 4 0. -2. .945 -0. =
5 1 0 10.205430 _2'856744 4.048031 68 [ 0 -3.444313 -0.565290 -0.145357
26 1 0 8446293 5.026373 -2.681951 69 - 0 3.080472 1.928984 0.317793
27 1 0 7.290074 3.919903 -1.903494 70 7 0 -4.743391 -0.389253 -0.540509
28 1 0 7.823151 3.625416 -3.580110 71 6 0  _1.978778 _2.110248 1.063638
29 1 0 10553187 2.872382 -0.295078 72 6 0 5300915 0.740862 -1.289701
30 1 0 8905317 3.462439 0.044460 ;i é g ’fgggzgﬁ ’;-;;zg:g ’3‘_?3827;3;'
31 1 0 10.124644 4.561000 -0.646654 s ps 0 1574159 1404195 2239323
32 1 0 7.822470 -5.051038 0.399675 76 6 0  6.787326 1.001961 -0.884031
33 1 0 6330921 -5.536312 -0.467804 77 1 0 4702342 1.631193 -1.090241
34 1 0 7.742134 -4.945529 -1.385218 78 1 0 -5.270556 0.559705 -2.374530
35 1 0 4532427 -3.130097 2.093869 bt p e e oay aonac0s
36 1 0 4.849397 -4.667255 1.228581 81 6 0 —0:558280 —1:893252 3:07381;
37 1 0 4121826 -3.268713 0.357927 82 1 0 2122377 0.509081 2.518504
38 7 0 3.080379 1.729046 0.317407
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Center Atomic  Atomic Coordinates (Angstroms) Center Atomic  Afomic Coordinates (Angstroms)
Number Number  Tvpe X Y Z Number Number  Type X Y Z

83 7 0 -7.746537 0.163564 -1.611977 127 1 0 -7.289599 -3.919732 -1.904155
84 6 0 -7.179849 2.455228 -1.212764 :ig i g *17;}-852523;‘231 *32-5;7‘;9;‘; 7365;05?343
8 1 0 6872161 0.833122 0.194553 130 1 0 8504844 3462940 0.043072
86 6 0 0.445763 -5.029915 1.252711 131 1 0 10.124018 -4.561550 -0.647325
87 6 0 0.127430 -3.090256 2.770657

8 6 0 0986796 -5.257606 -0.755867 HOMO

89 1 0 -2.464186 -3.724599 -1.048140

90 1 0 -0.299625 -1.346188 3.978152

91 6 0 -7.902538 -1.169468 -1.373581

9 1 0 8341923 0.633684 -2.290514

93 8 0 -7.900335 2.727096 -2.213758

94 7 0 -6.699113 3.448887 -0.389675

95 6 0 0.083045 -5.764100 0.072669

96 6 0 1.493544 5.522942 2.105284

97 6 0 1.176726 -3.610949 3.613928

98 1 0 -1.267580 -5.823459 -1.641574

99 8 0 -8.955809 -1.670343 -2.105276

100 8 0 -7.172874 -1.840937 -0.592735

101 6 0 -7.173868 4.837014 -0.458544

102 8 0 -6.177924 3.034408 0.891133

103 6 0 0.772482 -6.962069 -0.236278 sl

104 6 0 2.154967 -6.725290 1.761519

105 6 0 1.833857 -4.775595 3.297050

106 1 0 1.436207 -3.059740 4.515638

107 6 0 -9.325118 -3.141333 -2.076174

108 1 0 -7.822186 5.051095 0.400242

109 1 0 -6.330871 5.536242 -0.467720

110 1 0 -7.742393 4.945487 -1.384672

111 6 0 -4.822102 3.575124 1.140224

112 6 0 1.796238 -7.434502 0.601056

113 1 0 0.497539 -7.518447 -1.129514

114 1 0 2939546 -7.106364 2.412240

115 1 0 2.617128 -5.163112 3.945548

116 6 0 -10.512349 -3.187132 -3.049847

117 6 0 -8.138001 -3.976686 -2.590673

118 6 0 -9.748329 -3.530127 -0.647616

119 1 0 4532272 3.129773 2.093948

120 1 0 -4.849414 4.667113 1.229034

121 1 0 4121903 3.268795 0.357986

122 1 0 2311459 -8.359561 0.353477

123 1 0 -10.897281 -4.211852 -3.121839

124 1 0 -11.319492 -2.532710 -2.702425

125 1 0 -10.205215 -2.856601 -4.048343

126 1 0 -8.445672 -5.026233 -2.682786
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5.8. Conclusion

The newly developed pyrenylthioureayl alanine act as a novel and smart fluorescence
switch-on sensor for Hg** and Cu®* ions with more selectivity towards Hg®* ion. The probe is
also able to sense Hg** metal ion without any interference of other metal ions. The binding
affinity of Hg?* ion with probe is very high, about 3.93x10% (M™) whereas for Cu®* ion it is
4.11x10° (M) which has also been confirmed by the optical and NMR titration. Binding
stoichiometry of the probe is 2:1 (Probe: Metal) for both metal ions which is evident by
fluorescence, NMR, ESI-MS and DFT optimisation. Furthermore, we have shown that quantum
yield of ligand has increased much more in presence of metal ions. On the other hand, from the
life time measurement it is clear that life time of probe has increased from 3.11 ns to 4.44 ns
upon addition of Hg”* (0 to 1 Egiv.) ion which is supporting the previous results. The designed
chemosensor is able to detect Hg”* ion in 93nM range whereas for Cu®* ion detection limit is
318nM in a semi aqueous medium. The low and promising detection limit of our present probe
for selective sensing of Hg?* ion, might give idea for the design of new, efficient, and simple
fluorescence light-up probe for metal ion detection. So, our study proved that these types of
unnatural amino acids have the highest sensitivity for the detection of transition metal ions.
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5.9. Experimental Section

5.9.1. Synthesis and characterisation: (S)-Pyrenylthioureayl alanine (3.063):
Synthesised and described in Chapter 3.

5.9.2. Photophysical Studies of the Amino Acids

UV-visible measurements: All the UV-visible spectra of "V Ala (10 pM) were measured
in different solvents using a UV-visible spectrophotometer with a cell of 1 cm path length. The
measurements were carried out in absorbance mode. The absorbance values of the sample
solutions were measured in the wavelength regime of 200600 nm. All the sample solutions
were prepared before an hour of the measurement.

Fluorescence experiments: All the sample solutions were prepared as described in UV
measurement experiments. Fluorescence spectra were obtained using a fluorescence
spectrophotometer at 25 °C using 1 cm path length cell. The excitation wavelengths for all the
cases were set at the excitation maxima of each sample in each solvents and emission spectra
were measured in the wavelength regime of 352-580nm. All the sample solutions were
prepared before an hour of the measurement. Fluorescence emission spectra were recorded in a
fluorescence spectrophotometer using a cell of 1 cm path length and 3 nm excitation/emission
slit width at 25 ° C. All the sample solutions were prepared just before doing the experiment.
Total volume of 1.0 ml from a stock solution of 2 ml of 10 uM concentration for each case was
used for fluorescence experiment in 1 ml cell. Fluorescence emissions were collected exciting
the samples at the wave length corresponding to their absorption maxima. The fluorescence
quantum yield (®f) was determined using quinine sulphate as a reference with the known &g =
0.54 in 0.1 molar solutions in sulphuric acid where we used 2nm excitation/emission slit width.
The equation used for quantum yield (QY) calculation

Where, &g = sample’s QY ; ®r = standard’s QY (0.54 in 0.1 M H,S0O,); Is = area under the
emission curve (range-352-640nm) of sample; Iz = area the emission curve (range-352-640nm)
of standard; Ar = standard’s absorbance; As = sample’s absorbance at 342nm; ns = refractive
index of solvent, which was used for dispersion of sample (i.e. Water/Acetonitrile 7:3 ); nr =
refractive index of solvent, which was used for dispersion of standard (i.e. 1.33 for water) . Here
we consider the ratio (ns® /mg? of refractive index is 1.
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5.9.3. 'H, *C and HSQC (*H- *C) Characterisation of ™ ™“Ala
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Figure 5.38. 'H-NMR spectra of Probe ™ "Ala.
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Figure 5.39. *C-NMR spectra of Probe "Y™Ala.
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Figure 5.40. HSQC (*H-'*C) NMR spectra of Probe T Ala.
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Summary and outlook

This dissertation has a total of 5 Chapters. Chapter 2,3 explains the detailed synthesis of
unnatural amino acids such as triazolyl, thiocyanyl, isothiocyanyl, thioureayl and
aminotetrazolyl amino acids. The as synthesized amino acids were involved in synthesis of
various side chain modified peptides as described in Chapter 4. Additionally, this chapter also
includes, site specific ligation/ labeling study of short/long peptides under physiological
conditions. In the final chapter; Chapter 5, application of thioureayl alanine unnatural amino
acids as a potential metal sensing agent was shown.

Chapter 1 is a critical review of applications of UNAASs in genetic incorporation, site specific
protein modification and fluorophoric unnatural amino acids as potential sensors. This chapter
is basically a surmise of all the chapters of the present dissertation.

Chapter 2 elaborates the synthesis of triazolyl, thiocyanyl, and isothiocyanyl unnatural amino
acids via 1. “click’’ chemistry, 2. nucleophilic substitution reaction and 3. decomposition of
dithiocarbamic acids salts respectively. Our design concept is focused on possible site specific
incorporation of triazolyl amino acids, isothiocyanyl and thiocyanyl amino acids (as a new class
of side chain modified sulfur-containing amino acids).

Chapter-3 describes the application of isothiocyanyl alanine (N“*Ala) in the synthesis of
thioureayl alanines and then to aminotetrazolyl alanine as other new classes of unnatural amino
acids. Our design concept exploited the electrophilicity of -NCS functionality. The UV-visible
and fluorescence study of the "“Ala, T Aa and "“*Ala derivatives are explored further to
observe their photophysical properties.

Chapter 4 deals with development of isothiocyanyl alanine/lysine as solvatochromic IR
responsive probes for possible application in modifying the local structures and electrostatic
microenvironment of a short peptide containing "“*Ala/ N“>Lys by exploring the infrared
absorption property of -NCS functionality. The electrophilic property of N*Ala and N“*Lys in
short tri-/hexa-peptides was exploited to covalently label the chromophoric/fluorophoric amine
and a detailed conformational study was undertaken.

Chapter 5 The synthesized fluorescent pyrenylthioureayl alanine amino acid was successfully
applied as a switch on sensor for detection of Hg®* and Cu?* ions. Interestingly, we also found

out that the specific sensing efficiency of the probe remained unaltered in presence of other
metal ions.
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Diagrammatic Representation of Thesis Work
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Triazolo-B-aza-z-amino acid and its aromatic analogue (MTAA/A'TAA)
in the peptide backbone mark a novel class of conformationally
constrained molecular scaffolds to induce f-turn conformations. This
was demonstrated for ~TAA in a Leu-enkephalin analogue and in a
designed pentapeptide wherein the FRET process was established.
Restricted rotation induced chirality and turn conformation into the
achiral aromatic amino acid scaffold, “'TAA. which in a short tripeptide
backbone acted as a fi-turn mimic as a j-sheet folding nucleator.

Introduction of a conformationally constrained nonpeptide
isostere into peptide backbones in order to achieve desirable
secondary structures along with pharmacologically viable
peptide-based drug candidates is of great interest in recent
times." Among the various secondary structures,”” f-turns® are
important targets for mimicry, because they serve as recogni-
tion sites in peptides and proteins as well as they allow a
protein chain to fold back upon itself to form a compact
structure.’ Considerable efforts have thus been invested in
delineating the impact of appended molecular scaffolds on the
one hand and nucleating turn mimics on the other hand, on
the conformational preferences of proteins and peptides in
solution.'® Despite an exponential growth on the development
of constrained non-peptidic molecular scaffolds, very few
peptidomimetic drugs have been developed, necessitating an
overhaul in the existing design principles.’™

As part of our ongoing research efforts on the design of
unnatural biomolecular building blocks* viz click chemistry
and B-turn peptidomimetics,* we report herein on the
simple synthesis and application of triazolo-p-aza-e-amino acid
(1, ™1AA) and its aromatic analogue (2, *TAA) as new and novel
constrained molecular scaffolds (Fig. 1). Similar to the sugar
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Technology Guwahati, North Guwhati-781039, Assam, India.
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Fig. 1 (A) The constrained molecular scaffolds-triazolo amino acids (1, “TAA
and 2, TAA) and (B) structures of the designed peptidomimetics 3-5.

amino acids,** the rigid frameworks of pseudo-aromatic triazole
units prompted us to use triazolo amino acids as novel mole-
cular scaffolds in peptidomimetic studies.® These two molecules
with constrained backbone angles, (i) and ¢(i + 1), are expected
to induce folded conformations in linear peptides. The triazolo
amino acids are advantageous with respect to their metabolic
inertness, easy associability with biological targets and tolerance
to various reaction conditions used in peptide synthesis. More-
over, the triazolo unit acts as a trans-amide mimetic, which makes
the scaffolds more prone to nucleate B-turn structures while
present in a short peptide backbone. Though click chemistry
has been utilised in mimicking the protein’s secondary structures,
to the best of our knowledge, triazolo amino acids as scaffolds
have not been explored.® We envisioned that incorporation of
“TAA/MTAA into the backbone of a linear peptide, such as the
Leu-enkephalin analogue, might adopt B-turn conformation.®”

This journal is ® The Royal Society of Chemistry 2015
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Isothiocyanyl Alanine as a Synthetic Intermediate for the Synthesis
of Thioureayl Alanines and Subsequent Aminotetrazolyl Alanines

Subhendu Sekhar Bag™"* and Suranjan De
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ABSTRACT: The synthesis of unnatural amino acids with small side-chain Nes
functionalities usable for further transformations is highly demanding for the expansion &N"'e
of the genetic code and other possible biotechnological applications. To this end, we BO?HN T2k
wanted to report the utility of an unexplored unnatural amino acid, isothiocyanyl alanine TESAla (Tta)
(N“SAla = Ita), for the synthesis of another class of unnatural amino acids, thioureayl NNENN-@ Synthesis/
alanines (TVAla = Tua). The synthesis of a third class of unnatural amino acids, amino IH Photophysical Study
tetrazolyl alanines (*TAla = Ata), in a very good yield was subsequently achieved . e

e s . . . . . . . ocHN ‘OMe
utilizing thioureayl alanines. Thus, a varety of aliphatic- and aromatic-substituted Sy NH /
thioureayl alanines and aromatic-substituted amino tetrazolyl alanines were successfully :?::: ("“:') L.
synthesized in good to excellent yields. The photophysical properties of three of the ‘BocHN" N ome
fluorescent unnatural amino acids from two classes were also studied and presented JRCS.

herein.

Ala (Tua)

18 examples

B INTRODUCTION

In the journey of the expansion of the genetic code and other
possible biotechnological applications, the synthesis of unnatural
amino acids with various novel functional roles is highly
demanding. In these developments, a large number of unnatural
amino acids (UNAAs) have been introduced.’ Many of the
reported unnatural amino acids have also been incorporated into
proteins.”* Furthermore, several of them have been utilized as
probes for investigating protein structures, functions, and
dynamics and have even been applied to study interbiomolecular
interactions in both in vitro and in vivo.”® We also have reported
fluorescent triazolyl UNAAs as labels for investigating the
conformation of a short peptide and addressing fundamental
photophysical aspects.” However, it has often been observed that
the large sizes oflabels cause problems of structural perturbation,
leading these labels to be unsuitable as protein probes. Therefore,
nonperturbing small functional groups as side-chain labels are
highly desirable as probes over typical fluorescent probes.”
Hence, the synthesis of small side-chain-modified unnatural
amino acids is highly important.

As a part of our continuous research efforts in the design of
unnatural amino acids via click chemistry,” we thought that it
would be worthwhile to generate an amino acid with a small and
reactive functional group that can further be exploited as a
precursor for other novel families of UNAAs. Thus, we became
interested in exploiting the unexplored isothiocyanyl (—NCS)
functional group for the generation of isothiocyanyl alanine
(N“*Ala = Ita) as a new family of UNAAs. The logics behind our
choice are the following: (a) isothiocyanates are a very important
class of chromophores long known for their analytical use, such
as in the determination of the primary structures of peptides and
proteins and in amino acid analysis;” (b) recently, these
chromophores have attracted much research attention because

© 2017 American Chemical Society

< ACS Publications

of their stability, synthetic easiness, and wide applications in
organic synthesis, such as for the synthesis of thioureas and
thioamides and as precursors for various sulfur-containing
biologically active 1'1etern:)q,>cles.]0 For example, isothiocyanates
derived from the hydrolysis of plant defense compounds, i.e.,
glucosinolates, have frequently been shown to act as
insecticides.'' Moreover, the unique Cotton effect of chiral
isothiocyanates could be utilized as an altemative for X-ray
diffraction studies for stereochemical :J_t:sigﬂrnenlts.]2

In peptidomimetic chemistry, the bioisosteric replacement of
amide carbonyls by thiocarbonyls has been profoundly reported
for the synthesis of modified peptides with new properties
compared to their parent counterparts.'” Thus, several
substituted peprjd?l ureas and a few peptidyl thioureas have
been reported.""" Although there are only a few reports of
isothiocyanates derived as a-isothiocyanato alkyl esters from
amino acids/peptides, side-chain isothiocyanyl amino acids have
not been reported in the literature.'>'® Therefore, we envisaged
that the hitherto unexplored isothiocyanyl alanine (V“®Ala)
would be worthwhile for exploiting its synthetic applications for
the generation of new classes of amino acid analogues.
Furthermore, side-chain-modified ““*Ala with a reactive —NCS
functionality could be useful in designing side-chain fluorophoric
thiouereayl amino acids/peptides and for labeling these with a
fluorophore. Therefore, we wanted to report the synthesis of
NCSAla and its various synthetic applications.

M RESULTS AND DISCUSSION

Synthesis of Isothiocyanyl Alanine (NAla = Ita). To
explore our aim of the present investigation, we first synthesized
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The solvatochromic IR responsivity of small side chain -NCS in two unexplored unnatural amino acids,
isothiocyanyl alanine (“®Ala = Ita) and lysine (“SLys = Itl), without perturbing the conformation is
demonstrated in two designed short tripeptide (BocAla-¥“Ala-Ala-OMe) and hexapeptide (BocLeu-Val-
Phe-Phe-"Lys-Gly-OMe). Demonstration of site specific fluorescent labeling in both the peptides and
ligation type reaction in MLys indicates the novelty of these two amino acids as alternative to the avail-
able canonical amino acids.

@© 2018 Published by Elsevier Ltd.

Side chain modified unnatural amino acids (UNAAs) have
attracted current research activity as novel spectral probes of pep-
tides/proteins. For example, fluorescent UNAAs,' EPR active
UNAAs*© and photoaffinity labels>*® have been reported in
recent years. As a part of our ongoing research we also have
contributed to the generation of fluorescent triazolyl UNAAs as
peptide labels.” However, large sizes of the labels often caused
problems of structural perturbation. Therefore, simple and small
functional groups as side chain labels would be more beneficial
leading to minimal or no structural perturbation of the peptide
secondary structure. Intrinsic stretching vibration of diatomic
functional groups as chromophores, thus, have attracted much
recent interest as Infrared (IR) spectral probes of peptides/pro-
teins.* However, choosing an appropriate IR probe for a specific
application is a challenging task. In spite of great success of -CN
as IR probe,”™ © it often suffers from shortcomings such as small
dipole strength and interference by Fermi resonance.”** On the
other hand, because of large dipole strength -N3 has got
popularity as IR probe.”*“’ However, broad band width, short
vibrational lifetime and overlapped stretching with accidental
Fermi resonance are its drawbacks.”® Furthermore, many of the
IR-chromophores, such as, -SCN, has been introduced via
derivatization of cysteine which could be a problem when
present in multiples in a protein.® Therefore, novel side chain

# Corresponding author.
E-mail address: ssbag75@iitg.ernet.in (S.S. Bag).

https://doi.org/10.1016/j.bmcl.2018.02.021
0960-894X/© 2018 Published by Elsevier Ltd.

possessing stronger IR intensity and does not rely on post synthetic
modification would be more attractive.

As a part of our continuous research efforts in the design of
unnatural amino acids,” the limitations of the currently used IR
probes and related literature report® have led us to think —-NCS
as a new family of possible high sensitive and intensive IR
stretch probe. Although, there exists only one example wherein
phenylisothiocyanate has been genetically introduced in a
protein,’ there is no report of IR spectroscopic studies in peptide
or protein. We thought that the stronger IR transition dipole
strength of -NCS compared to reported >C=0 and comparable to
—CN/N5 group, would show promise as useful IR probes for study-
ing peptide’s/protein’s microenvironment. Recently, we reported
the synthesis of MSAla (Ita) and its versatile application as a syn-
thetic intermediate for the generation of another class of unnatural
amino acid, thioureayl alanines ("YAla = Tua).”* In this particular,
we want to report the applications of ““*Ala (1) and another
unexplored unnatural amino acid, “*Lys (2) (Fig. 1) with three-
fold aims in mind: (a) study of impact of small -NCS group on
the peptide’s secondary structures, (b) showcasing -NCS as
solvatochromic IR-responsive [2100-2270 (med) cm '] probe and
(¢) exploiting the electrophilicity of -NCS of “SAla/MSLys in
labeling of peptide and peptide ligation. This would be
advantageous over the generation of IR sensitive -NCS via
derivatisation of a native amino acid in a protein/peptide.®

To explore our aims, we first synthesised NAla (Ita) following
our recently published protocol.*® In short, the N, C-diprotected
serine 3 was converted to diprotected amino-alanine 6
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Pyrenylthioureayl Alanine as a Selective Switch-on Fluorescent

Sensor for Hg”* and cu®

Subhendu Sekhar Bag*’l'zand Suranjan De'

A new and novel pyrenylthioureayl alanine amino acid (1, *""Ala)
is explored for sensing of Hg”* ion with a switch-on fluorescence
response. The probe also shows binding interaction with Cu®* ion
in absence of other interfering metals with an enhancement of
emission. In both the cases 1:2 metal-ligand binding stoichiometry
is evident from Job’s plot analyses. The detection limits are found
to be 93 nM for Hg” and 318 nM for Cu®" ion. The association
constant for Hg”" ion is very high in the order of 10" M™.

Research in the field of fluorescence sensing of heavy
metal as well as transition metal ions is rapidly increasing
because of their adverse effects on biological systems and on
environment.' Among the various heavy metal ions-based
pollutants, the mercury ion [ng*) is in the frontline to
adversely impact the environment and human health.? On the
other hand, the transition metal ion copper (Cu®*) is important
for some physiological processes.hb However, an excess
amount of cu® is highly toxic to c:srganisms.z'“'d Therefore
design of fluorescent chemosensors for the sensing of both
Hg”" and Cu® is highly important for the protection of both
environment and biological systems. A tremendous number of
literatures exists which report the design of various types of
chemosensors for the detection of either Cu®* or Hg** ion.*
Many efforts have been put forth in recent times to design the
fluorescence sensors specific for the sensing of both ng+ and
cu® ion detection.’ Few reports of chemosensors also exist
which relies the sensing via change in both color and
fluorescence.® However, many of them suffer from
shortcomings such as fluorescence quenching by paramagnetic
cu®™ and Hg™ ions mostly due to electron transfer
mechanism”® and  spin-orbit coupling” respectively.
Moreover, many organic chemosensors for ng+ have poor
water solubility and suffers from surrounding effects and by
the interference of other metal ions with low limit of
detection.® Therefore, the development of fuorescence switch-
on chemosensors for the detection of Cu®* and/or Hg™" is
highly desirable.
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Figure 1. (a) UV-visible, (b) chemical structure and (c) fluorescence emission
spectra of pyrenyl thioureayl amino acid (1, ™™ Ala) in various organic
solvents (conc. 10 pM).

A fruitfull design of a fluorescence chemosensor involves
attachment of a metal binding unit with a fluorophore through

a spacer. Binding of a target metal display noticeable change in
the photophysical response of the fluorophore ? Further, the
selectivity of a metal sensor is solely dependent on the nature
of the coordinating ligands in the receptor unit and the
interaction thereof. Therefore, many of the metal sensors
containing N/O atoms® and few containing s-donor™® in the
metal binding site have been reported. Recently, the
potentiality of mixed-donor-S containing ligands are
considered for the design of metal sensors. ** In particular,
thiophilic nature of Hg?™ and Cu®" attracted very much for the
synthesis of sensors containing S as ligating atom. In this
respect, in recent time, few thiourea based sensor have been
reported as fruitful as ensors for ng+ and Cu®" ions and other
heavy metals.”? However, newer design of more effective
thiourea-based sensor would be interesting and is still in high
demand.
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Fig. 2. (a) Fluorescence emission spectra of the sensor 1 (10
uM) in absence and in presence of 1 equivalent (10 uM)
concentration of various metal ions. (b) Bar diagram.

Keeping the above idea in mind and our continuing
research efforts toward the design of unnatural fluorescent
amino acids’®® and sensors for biologically and
environmentally important heavy and transition metal icms,BE'f
we thought that it would be worthwhile to explore fluorescent
pyrenylthioureayl alanine amino acid (1, PAla) as a possible
sensor for heavy and transition metal ions (Fig. 1). We
envisaged that thiourea-moiety would allow strong
coordination with Hg”" and/or Cu™ due to their thiophilic
nature and hence would generate a detectable fluorescence
signal from pyrenyl unit. Therefore, in this particular, we want
to report the pyrenylthioureayl alanine amino acid (1, P"’mhlan)
as a potential sensor for the detection of heavy and transition
metal-ions. Thus, we investigated the binding interaction of
our newly synthesized thioureayl amino acid for various heavy
and transition metal-ions by spectroscopic methods. Among
the various metal ions, the probe showed a selective affinity
for Hg2+ ion in the partial aqueous medium. However, the
sensor also showed affinity for cu® ion in the absence of
interfering metal ions. In both the cases the sensing events
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